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The Fibre Laser Revolution
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Fibre lasers have been a revolution in laser technology for the manufacturing industry because of their high 
efficiency, robust, all solid state monolithic construction and reliability.  The single-fibre power limit appears to 
be around 20kW, more than enough for most applications.

Fibre lasers have also caught the imagination for applications requiring beam combination up to a 100kW in the 
near term, or multi MW in the future.  Their near-perfect beam quality, stability and versatility, coupled with 
the low cost of the gain medium, make them ideal candidates for coherently-combining perhaps up to a 1000 
individual fibre amplifier beams.  Using optical fibre circuitry derived from telecommunications, we can envis-
age all-fibre laser circuits and systems which are robust and transportable, with straight-forward management 
of heat load.  The latter attribute comes from the large surface to volume ratio, the efficiency of fibre laser and 
the thermal stability of silica. 

But what of the future? Surprisingly after 3 decades, we are still learning how a fibre laser actually works.  Unlike 
conventional lasers, the fibre laser gain medium is customisable through a wide variety of materials, dopants and 
waveguide structures – perhaps it can be described as the first fully engineerable laser? These attributes and the 
potential for virtually unlimited scalability has led to some exciting new prospects, such as space propulsion to a 
proportion of the speed of light, future particle accelerators and space debris clean up.

The talk will explore the current and future limits to fibre laser technology and speculate on the future.
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Overview and status of Direct-Drive Inertial Confinement Fusion
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Laser Direct Drive (DD) is one of the three viable approaches for Inertial Confinement Fusion (ICF) that offer a 
potential path for high yield and ignition at the MegaJoule energy scale of the National Ignition Facility (NIF).  The 
critical physics for direct drive is being studied on the OMEGA/OMEGA-EP and the NIF laser facilities.  In the DD 
approach nominally identical laser beams are used to drive an imploding cryogenic shell of deuterium and tritium 
to obtain pressures exceeding 100 Gbars and temperatures greater than 5 KeV in a hot spot surrounded and 
confined by a cold dense nearly Fermi-Degenerate fuel.  Hydrodynamically scaled implosions are studied on the 
30 kJ 60-beam OMEGA laser.  Numerous sophisticated optical, x-ray, and neutron diagnostics measure the laser-
target coupling, implosion hydrodynamics and stagnated core conditions The goal of the OMEGA experiments is 
to obtain ignition relevant hot spot pressures in OMEGA-scale cryogenic deuterium-tritium layered implosions 
and to develop a quantitative understanding of the laser and target requirements required for ignition.  In 
addition to the OMEGA experiments, research on the NIF are used to address the Mega Joule scale laser-target 
coupling physics at ignition relevant energies and corona conditions. Physics including laser-plasma coupling, 
nonuniformity seeding and growth, preheat from energetic electrons produced by the interaction of the laser 
with the plasma are addressed on NIF. In this presentation the motivation, challenges, status, and path forward 
of DD research will be presented and results from OMEGA and the NIF will be described. 

This material is based upon work supported by the Department of Energy National Nuclear Security Administration 
under Award Number DE-NA0001944, the University of Rochester, and the New York State Energy Research and 
Development Authority. 
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High speed 3D printer using laser metal deposition
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A prototype of LMD (laser metal deposition) 3D printer was developed to improve building speed and accuracy 
as shown in Figure 1(a). The prototype consists of a 6kW fiber laser, a metal powder feeding system with inert 
gas, a powder focusing nozzle, 3-axes control system and an inert gas chamber. A laser beam introduced into 
the building chamber through an optical fiber is focused on a workpiece at a diameter between 0.2 and 3.0 mm.  
Metal powders carried with inert gas are focused onto the workpiece with a powder nozzle at a diameter as small 
as 0.7 mm as shown in Figure 1 (b). Subsequently, the metal powders are melted by laser beam to build layers 
as shown in Figure 1 (c). Inert gas can be introduced into the chamber reducing content of oxygen to less than 
50 ppm. The maximum building size is 300 x 300 x 160 mm.  The highest building speed at a laser power of 4 kW 
was 359 cm3/ h for 100 x 100 x 10 mm workpiece of Inconel 718. Accuracy of the size of column workpiece was 
+/- 30 mm. 

  　          
                                     (a)               (b)                                          (c)
Figure 1 Photographs of  LMD 3D  printer prototype (a) Outlook of the 3D printer. The maximum size of building parts is 300 x 300 x 160 
mm. Inert gas including nitrogen or argon is introduced to the building chamber. (b) Powder focusing nozzle. Metal powders are focused 
with the nozzle at a diameter as small as 0.7 mm.  (c) Building process. Metal powders melted by laser beam form layers.

Parts built with the present prototype are shown in Figure 2. An overhung forked pipe of Inconel 718 is 
shown in Figure 2(a). A cross-mesh structure of SUS 316L with a line width as small as 0.3 mm built with tightly 
focused laser beam is shown in Figure 2(b).  “Laser polished” as-built surface was improved in roughness, Ra, 
from 14.1 mm to 3.9 mm as shown in Figure 2 (c). Hollow structure of SUS 316L built by removing support material 
of carbon steel is shown in Figure 2 (d).

　    　        

As built

polished

        

(a)   (b)　　　　　    (c)        (d)

Figure 2 Parts built with the prototype. (a) Forked pipe of Inconel 718. (b) Cross-mesh structure of SUS 316L with a line width of 0.3 mm. (c) 
Laser polished workpiece of SUS 316L. Roughness of upper polished surface is 3.9 mm and lower “as built” surface is 14.1 mm. (d) Sectional 
view of a hollow structure of SUS 316L formed by removing support material.  

This work is supported by manufacturing revolution program centering on 3D additive manufacturing technology 
organized by METI.
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Surfaces topography influences significantly the frictional behaviour of a tribo-pair. Understanding the physical 
mechanisms governing friction and wear in relation to the surface morphology both at the micro- and nanoscale 
is still a challenge. Nonetheless, important progresses have been achieved in the last decade thanks to the 
development of the surface texturing technology [1]. Among the different technologies available to fabricate 
micrometric surface textures, ultrafast laser ablation is one of the most flexible and reliable, enabling to achieve 
a high level of precision. Furthermore, being substantially melting free, femtosecond laser ablation avoids 
creation of burrs on the edges of the ablated structures, which could be detrimental to the desired tribological 
behavior. Thus, no further polishing of the samples is required after the laser treatment and before tribological 
characterization.

In this work, we review our most recent results on the fs-laser texturing, morphological and tribological 
characterization of steel surfaces with enhanced and controlled frictional properties under lubricated sliding 
contact. Physical interpretation of the experimental findings is provided, based on the results of numerical 
simulations solving flow dynamics equations. We show that regular patterns of circular micro-dimples on a metal 
surface may significantly reduce friction during sliding lubricated contact from the boundary to the hydrodynamic 
lubrication regimes [2]. It is assumed that the dimples can serve either as micro-hydrodynamic bearing in cases 
of full or mixed lubrication, as micro-reservoir for lubricant in cases of starved lubrication conditions, or as micro-
trap for wear debris in either lubricated or dried sliding. However, dimples with aspect ratios exceeding an optimal 
value may result in a friction increase due to the formation of eddy-like flows at their bottom which dissipate 
part of the energy [3]. Non-uniform or anisotropic texture designs are shown to produce friction reduction or 
increase according to sliding direction [4]. Furthermore, a non-uniform inclination and spatial distribution of 
striped micro-dimples enables a collective flow action on the macroscale redirecting part of the lubricant to 
convey to the textured surface enhanced load support capabilities [5]. 

Acknowledgments: This work was carried out in the framework of the LASER4FUN project (http://www.laser4fun.
eu), which has received funding from the European Union’s Horizon 2020 research and innovation programme 
under the Marie Skłodowska-Curie, Grant Agreement No 675063.

[1] I. Etsion (2012) Handbook of Lubrication and Tribology, Vol. II: Theory and Design, 2nd edn. (CRC Press), Chap. 53 Surface texturing 
[2] M. Scaraggi, F. Mezzapesa, G. Carbone, A. Ancona, L. Tricarico (2013) Friction properties of lubricated laser-microtextured-surfaces: an 
experimental study from boundary- to hydrodynamic-lubrication, Tribology Letters, 49, 117-125.
[3] M. Scaraggi, F.P. Mezzapesa, G. Carbone, A. Ancona, D. Sorgente, P.M. Lugarà (2014) Minimize friction of lubricated laser-microtextured-
surfaces by tuning microholes depth, Tribology International, 75, 123-127.
[4] A. Ancona, G. Carbone. M. De Filippis, A. Volpe, P.M. Lugarà (2014) Femtosecond laser full and partial texturing of steel surfaces to reduce 
friction in lubrificated contact, Adv. Opt. Tech, 3, 539-547.
[5] A. Ancona , G.S. Joshi, A. Volpe, M. Scaraggi, P.M. Lugarà, G. Carbone (2017) Non-uniform laser surface texturing of an un-tapered square 
pad for tribological applications, Lubricants, 5, 41, 1-13.
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Investigation of microstructural changes in a Zr-based amorphous 
alloy with nanosecond laser surface melting 
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Amorphous alloys (AMs), which are also known as metallic glasses, have a unique atomic structure, characterised 
by a lack of long range order and the absence of crystal defects and grain boundaries. Such alloys exhibit many 
desirable properties, such as high yield strength, high hardness, good wear resistance, large elastic limit and 
high corrosion resistance. Consequently, AMs in their bulk form have great potential for structural applications 
[1]. However, their brittleness and poor plasticity may induce catastrophic failure under load and thus, their 
deployment in actual engineering applications is still seriously restricted. Recently, techniques have been proposed 
to improve the plasticity of bulk AMs without compromising their strength. These include the addition of chemical 
elements and various surface treatments [2-4]. One of these techniques, which relies on laser surface melting 
(LSM), has recently been successfully exploited to improve the plasticity of AMs [5-6]. In the research presented 
here, we apply LSM on a Zr-based AM workpiece and we focus specifically on the less-known effect of this laser 
treatment on the resulting hardness of the AM specimen. As reported in Fig. 1, when irradiating this substrate 
with a nanosecond fibre laser, we found that LSM could either improve its hardness or reduce it, depending 
on the processing conditions utilised. In order to ensure the reliability of these experimental data, we applied 
the t-test procedure to verify that the mean values of the measured hardness between different processing 
conditions were indeed statistically different. The literature on LSM of AMs reports that the modification of 
their mechanical properties is related to microstructural changes within the metallic glasses [7]. Nevertheless, 
the relationship between the microstructural evolution mechanism and the resulting hardness change is still 
unclear. Therefore, in this study, the microstructural modification of the considered Zr-based AM substrate is 
investigated via scanning electron microscope (SEM) observations, energy dispersive X-ray analyses (EDX) and 
X-ray diffraction (XRD). In addition, numerical simulation is used in an attempt to explain the driving mechanism 
behind microstructural changes. 

Fig.1. Comparison of surface micro-hardness of as-cast and laser surface melted Zr-based AM samples

[1] M. Telford (2004) The case for bulk metallic glass, Materials Today, vol. 7, pp. 36-43
[2] H.B. Yu (2012) Tensile plasticity in metallic glasses with pronounced β relaxations, Physics Review Letter, vol. 108, pp. 015504.
[3] F.O. Mear (2009) Structural effects of shot-peening in bulk metallic glasses, Journal of Alloys and Compounds, vol. 483, pp. 256-259.
[4] J. Fu (2015) Evaluate the effect of laser shock peening on plasticity of Zr-based bulk metallic glass, Optics & Laser Technology, vol. 73, pp. 
94-100.
[5] Y.Y. Cheng (2017) Tailoring residual stress to achieve large plasticity in Zr55Al10Ni5Cu30 bulk metallic glass, Journal of Alloys and 
Compounds, vol. 690, pp. 176-181.
[6] B.Q. Chen (2012) Surface vitrification of alloys by laser surface treatment, Journal of Alloys and Compounds, vol., 511, pp. 215-220.
[7] Y.Y. Cheng (2016) Tensile plasticity in monolithic bulk metallic glass with sandwiched structure, Journal of Alloys and Compounds, vol. 688, 
pp. 724-728.
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Today ultra-short pulsed lasers are already widely used to realize highly precise microstructures directly in nearly 
any material. Despite of today’s availability of high power USP lasers (up to several hundred watts), it is still a 
challenge to structure large surface areas, as required on embossing rollers, within an acceptable processing time 
for industrial production. In this project, a newly developed high compact ps-laser with repetition rates of up to 
8 MHz and an average power of 300 W was distributed into 8 parallel beamlets by a diffractive optical element 
(DOE). The power was controlled by one single acousto optical modulator per beamlet. The beam array was 
focused on a cylinder surface with spot sizes of 10 µm and a distance of 20 µm from spot to spot. The efficiency 
of the complete system was 65 %.
Integrated in an ultra-high precision cylinder engraving system, the 8 spots were synchronized with a precision 
of < 1 µm. The beam delivery with the multi spot array could be actively positioned with a precision of  
+- 200 nm at engraving widths of 3 m. Between the tailstocks, the cylinder was turning with an axial and radial 
precision of < 1 µm at turning speeds of up to 4000 RPM and respectively moderate surface speeds of 20 m/s. In 
a temperature stabilized location, the precision is constant in order to texture microstructures on large surfaces 
even with processing times of several days. 
The typical layer based micro processing method was enhanced to a machining technology in which 8 layers could 
be processed within one path. According to an 8-bit data set, one modulator per channel individually controlled 
the fluence of each spot from pixel to pixel. In consideration of the large area of e.g. 3 m² (a cylinder with 3 m 
engraving width and 1 m circumference) the data set with a resolution of 5 µm reached the 4 GB limit of Windows 
based programs. The data flow was switched to an unlimited big TIF based system.

The ablation rate was investigated by ablating rotogravure cells on copper surfaces. At surface speeds of  
10 m/s and a resolution of 5080 dpi, a layer of 500 nm per spot was removed and an ablation rate of  
19,2 mm³/min was achieved. Different functional surface geometries have been realized on an embossing roller as 
a master, which is used for the replication of the structures in roll-to roll processes. With this approach functional 
structures as e.g. reduction in friction, improved soft touch or light guiding elements can be generated on large 
surfaces within shot processing times

(a) Fresnel lens, height : 35µm,           (b) Embossing plate (1m x 1,2m) µm-structured with 8  parallel spots 

[1]  Bruening, S., Du, K., Gillner, A. „Ultra-fast micromachining with multiple ultra-short pulsed laser sources“,  Physics Procedia 83, 
167-181 (2016) 

[2] Jarczynski M., Mitra T., Bruening S., “Ultra-short pulsed multi-beam processing head for parallel ultra-fast micromachining”, 
Journal of Laser Applications 29, 022214 (2016)

[3] Manfred Jarczynski, Thomas Mitra, Stephan Brüning, Keming Du, Gerald Jenke, “Parallel processing of functional surfaces with 
ultrafast lasers”, Proc. of SPIE 10520-18, Laser-based Micro- and Nanoprocessing XII (2018)

[4] Bruening S., Jarczynski M., Mitra T., Du K., Fornaroli C., Gillner A., „Ultra-fast multi-spot-parallel processing of functional micro- 
and nano scale structures on embossing dies with ultrafast lasers”, Proceedings of Lasers in Manufacturing LiM 76, (2017)
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Surface textures in the range of micrometers and sub micrometers have shown outstanding properties in the 
nature and in the technology. Especially, contact properties are in the focus of science and engineering, since the 
water repellent effect of the lotus leaf has been discovered. Amongst other, wetting and anti-icing properties, 
bacteria and cell response to the textured surface are investigated as well as friction and wear behavior under 
tribological conditions, but separately from each other. Indeed, contact properties must also be provided under 
everyday conditions such as touching, scratching or other mechanical impacts. Previous investigations show, that 
surfaces patterned in a range smaller than a bacterium reduce the bacteria settlement. This range is defined 
roughly to length scales smaller than 1 µm [1, 2]. Therefore, in this work the wear behavior of structured surfaces, 
whose topography is similar to surfaces showing anti-bacterial properties, has been investigated. From a large 
number of microfabrication techniques, direct laser interference patterning is used to fabricate the surface 
structures on polyimide. This technology is able to work without clean room conditions and without additional 
equipment such as masks or chemicals. Thus, the fabrication is cost-efficient and flexible at the same time. Two 
and three beam interference has been employed to structure surfaces of polyimide with periodically arranged 
post-like and hole-like patterns in the range of 0.5 µm and 5 µm of spatial period. A nanosecond pulsed Nd:YAG 
laser on its third harmonic wavelength of 355 nm has been used to fabricate the hierarchical surfaces with only 
two irradiation steps. The large scale structure is patterned firstly, followed by the second irradiation in order to 
produce the small scale pattern on top of the pre patterned surface. In Figure 1 (a) a SEM image of a hierarchical 
pattern consisting of a 0.5 µm post-like pattern on top of a 5 µm post like pattern is shown as it looks after the 
fabrication. Figure 1 (b) shows the same surface after a wear experiment. A 1.5 mm 100Cr6 steel ball oscillated 
over the surface in 1000 cycles loaded with 40 mN of normal force. In the study, single scale and hierarchical 
pattern has been investigated in the wear experiments and are compared to each other. The most important 
finding is the capability of a hierarchical pattern to protect the small scale pattern from mechanical damage and 
thus, to provide the contact properties for a prolonged life time.

Figure 1: SEM images of a hierarchical surface pattern in PI fabricated with direct laser interference patterning. A post-like pattern of 0.5 µm 
laid over a 5 µm post-like patter (a) as fabricated, (b) after 1000 cycles of a ball-on-disk wear experiment using a 1.5 mm 100Cr6 steel ball as 
counterpart to the patterned surfaces loaded with a normal force of 40 mN.

[1] A. J. Scardino, E. Harvey, R. De Nys (2006) Testing attachment point theory: diatom attachment on microtextured polyimide biomimics, 
The Journal of Bioadhesion and Biofilm Research, Vol 22, pp. 55-60
[2] R. Helbig, D. Günther, J. Friedrichs, F. Rößler, A. F. Lasagni, C. Werner (2016) The impact of structure dimensions on initial bacterial 
adhesion, Biomaterials Science, Vol. 4, pp. 1074-1078

Micro-nano structuring of sleeves for roll-to-roll embossing  
processes using Direct Laser Interference Patterning 

A. F. Lasagni1,2, V. Lang1,2, A. Rank1, B. Voisiat1
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Surfaces with deterministic topographies can show superior surface properties in comparison to surfaces with a 
random roughness. Such topographies can be utilized to functionalize surfaces and adjust their properties to the 
specific requirements for a certain application. However, fabrication of micro and nanostructured surfaces at high 
throughput is in several cases not simple and thus limiting their use in the industry.

Competing possibilities for fabricating nano- and micrometer-scaled textures are methods producing Laser 
Induced Periodic Surface Structures (LIPSS). LIPSS have been observed when irradiating surfaces with laser 
radiation using continuous wave and pulsed laser systems. Furthermore, different studies about LIPSS using 
especially fs- and ps-pulsed lasers showed the possibility to produce patterns with characteristic feature sizes 
bellow the diffraction limit (~15-20% of the laser wavelength) [1]. Other technology capable to fabricate periodic 
surface patterns is Direct Laser Interference Patterning (DLIP). DLIP utilizes the interference effect of periodic 
modulation of radiation occurring as consequence of intersection of two or more coherent laser beams [2]. Since 
the interference pattern is generated within the intersection area of overlapping beams, the DLIP technology can 
produce structures with feature sizes bellow the diffraction limit of conventional laser writing systems [3].

In this study, DLIP is used to fabricate periodic surface patterns on Ni-sleeves using ps-laser sources. Depending 
on the used laser parameters, also LIPSS were obtained permitting to produce hierarchical surface patterns in 
a one-step process. A unique DLIP system (developed at the TU-Dresden) for treating cylindrical parts up to 
600 mm in length and 300 mm in diameter is introduced (Figure 1a). Furthermore, using only 10 W of laser 
power, processing speeds up to 5700 mm²/min have been obtained with resolution in the sub-micrometer range 
(Figure 1b). Also, decorative elements have been processed (Figure 1c). Finally. preliminarily results for the hot-
embossing of polymer foils at impressive throughput of 12.5 m²/min (at 50 m/min) web speed are also shown.

Figure 1: (A) Large area DLIP system for 2D and 3D parts (TU-Dresden, Fraunhofer IWS). (b) Treated Ni-sleeve (300 m diameter, 300 m 
length) and (c) decorative motive also on a  nickel sleeve. 

Acknowledgments: the work of AFL is supported by the German Research Foundation (DFG) under Excellence 
Initiative program by the German federal and state governments to promote top-level research at German 
universities.

[1]  J. Bonse, J. Krüger, S. Höhm, A. Rosenfeld (2012) Femtosecond laser-induced periodic surface structures, J. Laser Appl. 24, 42006.
[2] C Gachot, R Catrin, A Lasagni, U Schmid, F Mücklich (2009) Comparative study of grain sizes and orientation in microstructured Au, Pt and 
W thin films designed by laser interference metallurgy, Applied Surface Science 255, 5626-5632
[3] C Fuchs, T Schwab, T Roch, S Eckardt, A Lasagni, S Hofmann, B Lüssem, L Müller-Meskamp, K Leo, MC Gather, R Scholz (2013) Quantitative 
allocation of Bragg scattering effects in highly efficient OLEDs fabricated on periodically corrugated substrates, Optics Express 21, 16319-
16330.
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Surface texturing of steel with bursts of femtosecond laser pulses
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An experimental study on surface texturing of steel samples using bursts of femtosecond laser pulses is present-
ed. The bursts were produced by employing a flexible array of five birefringent crystals which enables to split 
the 1030-nm 200-fs laser pulse exiting from the laser source into bursts of up to 32 sub-pulses with intra-burst 
delays on the picosecond timescale [1]. By adjusting the polarization, the number and the delay of the sub-pulses 
within the burst, different types of nanostructures have been observed and characterized by scanning electron 
microscopy and atomic force microscopy.
Laser Induced Periodic Surface Structures (LIPSS) [2] have been experimentally observed when using bursts of 
linearly polarized sub-pulses, and the dependence of the ripples morphology, i.e. spatial period and depth, from 
the burst features has been systematically investigated. Afterwards, two-dimensional surface structures have 
been fabricated in a single-step process by irradiating the samples with bursts of cross-polarized and circularly 
polarized sub-pulses. Highly regular and uniform triangular 2D structures (see Fig. 1) with a period less than 1 
micrometer have been observed under specific laser process conditions. 

Figure 1: SEM image of stainless steel surface irradiated by circular polarized burst with 4 sub-pulses delayed 1.5 ps. 

[1] B. Dromey, M. Zepf, M. Landreman, K. O’Keeffe, T. Robinson, S. M. Hooke (2007) Generation of a train of ultrashort pulses from a compact
birefringent crystal array, Applied Optics, vol. 46, pp. 5142-5146
[2] M. van Driel, J. E. Sipe, J. F. Young (1982) Laser-induced periodic surface structure on solids: A universal phenomenon, Phys. Rev. Lett., vol. 
49, pp. 1955-1958

Mon-2-OR6

Shifted laser surface texturing (sLST) in burst regime

D. Moskal, J. Martan, M. Kucera

University of West Bohemia, Univerzitni str., 8/2732, 301 00 Plzen, Czech Republic

moskal@ntc.zcu.cz

Laser scanning speed and high precision are two opposite parameters for effective laser surface texturing (LST) [1,  
2]. Application of burst mode helps to increase the processing effectivity and speed, but precision control of laser 
pulses arriving becomes difficult task for micro-texturing. In this work, one possible solution for this dilemma is 
presented: scanning strategy named shifted laser surface texturing (sLST) in burst regime [1,  3,  4]. This burst sLST 
represents an alternative method, where inertia of galvanoscan mirrors becomes useful factor at higher speeds. 
Physical principles of laser bursts interaction with material surface and resulting subsurface thermal-stress fields 
were discussed. Heat accumulation was calculated from semi-planar model of temperature distribution from 
laser spots in line of the burst [5,  6]. Residual subsurface temperature and pressure was called positive heat 
accumulation in the case of minimal output roughness of laser scanned surfaces.

Experimental application of burst sLST was performed by picosecond laser with two different galvanoscan 
systems. Results were evaluated by shape analysis of objects detected on contrast images of laser processed 
stainless steel surfaces. Deviation in sLST precision was determined from larger and smaller diameter of detected 
microobjects on surface with LabIR coating [7] (Figure 1). Depth map of laser textured surface was compared with 
goal profile and positive heat accumulation distribution. Principal limitations of burst sLST and future possibilities 
for increasing scanning speed were discussed.

  

(a)      (b)   (c)

Figure 1: Application of sLST in burst regime: (a) Detection of processed surface objects and shape analysis with high emissivity LabIR 
painting. (b) Depth map of stainless steel surface after 20 times sLST in burst mode and (c) corresponding heat accumulation in central point 
of the textured objects.
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Lightweight construction is a central issue in automotive and aerospace industry due to the need to reduce CO2 
emissions. One way to achieve weight reduction is to use different materials adapted to functions and local 
loads. The multi-material lightweight approach enables reducing dead weight while maintaining and preferably 
boosting the components’ performance. However, the combination of different materials such as fiber-
reinforced plastics (FRP) and metals require reliable joining techniques, because a direct connection fails due 
to their different chemical and physical properties. While adhesive joining typically requires long process times 
caused by extensive surface pretreatment and hardening times, fastening and riveting is not suitable for fiber-
reinforced plastics due to the punctual load transfer. A promising alternative is a novel, two-staged laser-based 
joining process, which consists of microstructuring the metal surface, followed by thermal joining. In the first 
step, spongy, randomly orientated microstructures with nano-substructures are generated on the metal surface. 
During ablation of metals with ultrashort pulsed lasers self-organizing microstructures appear, which are called 
cone-like protrusions (CLP) [1]. These microstructures enlarge the boundary surface and create interlocking 
points for the polymer. In the subsequent joining process polymer and metal are joined via thermal direct joining. 
Therefor both joining partners are clamped together, the metal surface is heated up with a diode laser and trough 
heat conduction the thermoplastic polymer matrix melts and flows into the structures. After hardening, a strong 
and durable connection between both materials is formed which is mostly based on interlocking between the 
materials. With this joining technique tensile shear strengths above 25 MPa have been demonstrated [2].

For automotive and aeronautical applications, the faultless use of the connection must also be ensured at varying 
temperatures. However, plastics and metals have very different coefficients of thermal expansion. For changing 
climates this may result in distortion and deformation of the component or even complete failure of the joint. 
In this contribution the influence of climate changes on laser-based FRP-metal hybrid joints is investigated and 
evaluated. Therefor tensile shear samples, made of stainless steel and glass fiber-reinforced Polypropylene, are 
stored in a climate chamber for temperature cycles between -40°C up to 80°C. The joint strength is tested before 
and after climate change and the joining interface is analyzed with cross-sections. 

Hybrid-Polymer-
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Laser-
beam

Heat Conduction
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a) b)

Figure 1: (a) Process chain for laser-based plastic-metal joining (b) Self-organizing Microstructures (Cone-like protrusions) on stainless steel 
(SEM-picture)

[1] M. Tsukamoto, T. Kayahara, H. Nakano, M. Hashida, M. Katto, M. Fujita, M. Tanaka, N. Abe (2007) Microstructures formation on titanium 
plate by femtosecond laser ablation, Journal of Physics, Conference Series vol. 59, pp.666-669
[2] K. van der Straeten, I. Burkhardt, A. Olowinsky, A. Gillner (2016) Laser-induced self-organizing microstructures on steel for joining with 
polymers, Physics Procedia, vol.83, pp. 1137-1144
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For many industrial applications the ultra-short pulsed (usp) laser is the tool of choice. Optical, mechanical or 
chemical properties of the treated material can be modified by means of usp laser processing [1], making the 
usp-laser treatment of catalytic active materials highly appealing for applications in various chemical processes 
[2-3]. In this study we describe how microstructured platinum samples affect a heterogeneous chemical reaction. 
By using an usp laser different surface structures are created on platinum samples which are coated with carbon 
afterwards. The catalytic activity is measured by the starting temperature of the oxidization reaction of solid 
carbon with gaseous oxygen. In order to gather information about reaction speed and required thermal energy, 
samples are examined using thermogravimetric analysis in combination with mass spectroscopy. The results 
show that different surface structures are able to achieve an enhanced catalytic activity of the platinum for the 
heterogeneous reaction.

[1] J. Bonse, S. Höhn, S. Kirner, A. Rosenfeld, J. Krüger (2017), Laser-Induced Periodic Surface Structures— A Scientific Evergreen, IEEE Journal 
of Selected Topics in Quantum Electronics, Vol. 23, No. 3
[2] K Lange, M. Schulz.Ruhtenberg, J. Caro (2017) Platinum Electrodes for Oxygen Reduction Catalysis Designed by Ultrashort Pulse Laser 
Structuring, ChemElectroChem, 4, 570-576
[3] A.Neale, Y. Jin, J. Ouyang (2014), Electrochemical performance of laser micro-structured nickel, Journal of Power Sources, Vol. 271, 42-47 
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New technology for circuit traces production: Selective Surface Activation Induced by Laser (SSAIL) was developed, 
and it enables to fabricate a fine metallic structure on dielectric materials – polymers and glass. SSAIL consists of 
three main steps: The first step is surface modification by a laser, second – chemical activation of the modified 
areas and the last step is metal deposition by electroless plating. Both picosecond and nanosecond lasers were 
validated for writing test line on various substrates, made of standard materials used in the industry without any 
additives. Wide window of laser processing parameters was investigated for surface activation.

  

a)      b) 

Figure 1: Copper grid produced on PA polymer (a) and soda lime glass (b) utilising the SSAIL method.

Samples with selective seeded copper on polymers have been investigated using X-ray photoelectron spectroscopy 
and wetting process dynamics. Based on that results, a mechanism of local activation for electroless plating of 
polymers was suggested. Experimentally, the laser activation was achieved at a high writing speed up to 4 m/s. 
Moreover, the spatial plating pitch as narrow as 25 µm for polymers, and 10 µm for glass was achieved (Figure 1).

The new laser-based technique avoiding metal-organic additives in polymers could reduce the production cost 
of circuit traces for moulded interconnect devices [1, 2]. Potential areas of application, as well as benefits of the 
SSAIL technology, will be provided.

[1] K. Ratautas, M. Gedvilas, I. Stankevičiene, A. Jagminienė, E. Norkus, N. L. Pira, S. Sinopoli, G. Račiukaitis, (2017), Laser-induced selective 
metallization of polypropylene doped with multiwall carbon nanotubes, App. Surf. Sci., 412, 319-326.
[2] P. Amend, C. Pscherer, T. Rechtenwald, T. Frick, and M. Schmidt (2010), A fast and flexible method for manufacturing 3D moulded 
interconnect devices by the use of a rapid prototyping technology, Phys. Procedia, 5 561-572.
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Silver nanowire transparent conductive film is expected as a new material of transparent electrode, because 
of its superior flexibility and electrical conductivity with transparency at visible wavelength. In addition, silver 
nanowire is mainly manufactured by the polyol process, it is easy to scale up with low cost and good uniformity. 
It is essential to form insulation areas on the silver nanowire transparent conductive film in electronic circuit. 
Laser beam processing has been widely used for the removal of transparent conductive film, since high efficiency 
and high quality removal is possible without mechanical contact. In recent years, it has been reported that 
nanostructured materials have accompanied unprecedented optical properties. Photon reaction of nanoscale 
material has become a major research area, and has been making important advances in several industrial 
applications, such as information technologies, energy, high-density data storage, life sciences, and security [1]. 
On the other hand, laser beam is an electromagnetic wave, and it has unique characteristics such as refraction 
and polarization. These characteristics have a great influence on laser-material interaction, especially in nanosize 
materials. Therefore, polarization indicated by electric and magnetic fields was discussed in this study, and effects 
of polarization on removal characteristics of silver nanowire transparent conductive film [2] by ultrashort pulsed 
laser with linear polarization were experimentally and numerically investigated. 

Figure 1 shows the schematic diagram of optical setup. Laser beam of 790 nm wavelength and 200 fs pulse duration 
was used, and top-hat intensity distribution of approximately 80 µm square spot was obtained at the imaging 
plane. Silver nanowire transparent conductive film was fixed on xyz stage. Silver nanowires of approximately 
80 nm diameter and 15 µm length are distributed in the whole area of the overcoat layer. The thickness of 
the overcoat layer containing silver nanowires is approximately 2 µm, and the total thickness of the specimen 
including PET substrate is 120 µm. Laser irradiation was carried out from the overcoat layer side.

Silver nanowires arranged in the parallel direction to polarization plane were preferentially removed at laser 
fluence less than a certain value regardless of scanning direction, as shown in Fig. 2. At high laser fluence, silver 
nanowires arranged in perpendicular direction to polarization plane were also removed. In both cases of one silver 
nanowire and crossed two silver nanowires, electromagnetic field analysis revealed that electric field intensity 
of silver nanowire arranged in parallel direction to polarization is higher than that in perpendicular direction 
to polarization. Therefore, silver nanowires were selectively removed depending on the polarization direction 
of laser beam. Electric field intensities of silver nanowire arranged in not only parallel but also perpendicular 
direction to polarization were enhanced at intersection of silver nanowires, and holes as removal marks become 
remarkably large at intersections of silver nanowires. These phenomena can be expected to control the resistance 
and invisibility of silver nanowire transparent conductive film.

[1] V. Z. Anatoly, M. Stefan (2013) Active Plasmonics and Tuneable Plasmonic Metamaterials, John Wiley & Sons and Science Wise, Preface.
[2] K. Mosbeh (2016) Advanced Materials, Structures and Mechanical Engineering, Taylor & Francis Group, p.351. 
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Damage-free ablation process for back-contacted silicon  
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With Interdigitated Back-Contacted Silicon Hetero-junction (IBC-SHJ) solar cells the highest efficiencies for 
monocrystalline silicon have been achieved [1] and a laser based patterning process is highly desired for the 
industrialization of this device design. However because of its low thermal budget, a selective damage-free 
removal of the base contact layer (30nm amorphous silicon thin film) and re-passivation of ablated area with 
the emitter contact layer still remains a challenge for laser based high-efficiency IBC-SHJ solar cells. In this 
study we investigate the ablation behavior of two hard masks comprising of  i) 800nm SiO2 film and ii) 100nm 
a-Si:H/800nm SiO2 films by single-shot laser pulses with pulse duration in femto-second and nano-second regimes 
for emitter and base patterning of IBC-SHJ solar cells. The morphology of the ablated craters is analyzed using 
light microscopy (LM) and atomic force microscopy (AFM) and threshold fluence for each process is evaluated. 
The structural modification and damage to the crystalline silicon wafer due to the ablation of hard-mask is 
studied by Raman spectroscopy (RS). Effect on the minority carrier lifetime after the ablation process (1x1 cm2 

areas spread around in a checkerboard design) is analyzed using Photoluminescence (PL) imaging. As seen in Fig. 
1 our results show that there is no decrease in minority carrier lifetime after the ablation of the a-Si:H/SiO2 hard-
mask stack with femto-second pulses. This result is also supported by Raman measurements (not shown here). 
Thus a damage-free ablation process for IBC-SHJ patterning is possible using the combination of correct laser 
parameters and hard-mask. We propose a novel patterning method based on our results for IBC-SHJ fabrication. 

[1] K. Yoshikawa et al., “Silicon heterojunction solar cell with interdigitated back contacts for a photoconversion efficiency over 26%,” 
Naure Energy, vol. 2, no. 5, p. 17032, 2017.

 

Mon-3-OR3

Femtosecond laser irradiation for the low contact resistance 
electrode fabrication on p-type gallium nitride 

Hiroyuki Katayama1, Hiroki Kawakami1, Yoshiki Naoi1, Takuro Tomita1

1- Graduate School of Technology, Industrial and Social Sciences, Tokushima University.
2-1 Minami-Jousanjima, Tokushima, 770-8506, Japan

h-katayama@ee.tokushima-u.ac.jp

Gallium nitride is expected as a candidate material for high frequency power devices because it has wide band 

gap, high dielectric breakdown electric field and high saturation drift speed. However, in the devices using gallium 
nitride, it is difficult to obtain high-quality low-resistance ohmic contact on p-type gallium nitride (p-GaN), and 
its solution is very important from the viewpoint of efficiency and lifetime of GaN devices. In order to fabricate 
ohmic electrodes on p-GaN, Mg doping during growth or ion implantation and subsequently thermal annealing 
are usually required. On the other hand, we successfully fabricated ohmic electrodes by irradiating femtosecond 
laser beam to p-GaN. This method has the advantages that local modification can be achieved with excellent 
spatial selectivity. In this report, we report the fabricating method of ohmic contacts by femtosecond laser 
irradiation and its current-voltage characteristics.  

Femtosecond laser beam with the wavelength of 800 nm, the pulse duration of 130 fs and the repetition rate of 
1 kHz was irradiated to the p-GaN epitaxial film on sapphire substrate by two ways, i.e. the surface irradiation 
and the interface irradiation. In the former, femtosecond laser beam was irradiated on p-GaN surface, and a Ni 
/ Au (20 nm / 20 nm) electrodes were deposited on the modified region. In the latter, femtosecond laser was 
irradiated thorough sapphire substrate to the interface between p-GaN and the electrode after depositing the 
electrodes. For both cases, the radius of the laser beam was 2.3 mm, and the irradiation was carried out during 
scanning in order to irradiate the entire contacting portion between the p-GaN and the electrode. In the case 
of the interface irradiation, irradiation was performed by changing the fluence from 60 mJ/cm2 to 601 mJ/cm2. 

Figure 1 shows the current-voltage characteristics for the fabricated electrodes by femtosecond laser irradiation 
on p-GaN. Fig.1 (a) shows that the electrical conductivity after the irradiation is higher than that before the 
irradiation in the surface irradiation. At this time, the resistance value decreased more than two orders of 
magnitude and reached down to 5.0 × 103 Ω. In addition, Schottky characteristic was observed for without 
irradiation, whereas Ohmic characteristic was observed after irradiation. Fig.1 (b) shows the result for the case 
of interface irradiation. When the irradiation fluence increased, the Schottky characteristic gradually changed to 
Ohmic characteristic.  The resistance value is decreased down to 2.7 × 103 Ω at the fluence of 361 J/cm2.

These results suggest that it is possible to fabricate ohmic electrodes by both irradiation methods and that 
femtosecond laser irradiation is a powerful tool for electrode fabrication on p-GaN.

This work was partially supported by JSPS KAKENHI Grant Numbers JP17H03147 and JP17H05340.

Figure 1: Current-voltage characteristics of the electrodes fabricated by femtosecond laser irradiation (a)surface irradiation, (b)interface 
irradiation through substrate
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There is an increasing demand for producing micro holes with high aspect ratio (depth to diameter ratio) in recent 
years, e.g. well-known applications are interconnecting vias in electronic industry [1] and interface probe cards 
for 3D wafer bumps. Nevertheless, there is a limited number of manufacturing technologies that are capable of 
achieving the required high aspect ratio while holes’ diameters are constantly decreasing. Laser micro drilling 
due to its intrinsic characteristics, such as capabilities for non-contact processing of a wide range of materials and 
also for producing holes with diameters down to 10 µm, is a promising technology to meet these requirements. 
At the same time, laser drilling of such holes has some limitations in terms of aspect ratio and hole morphology. 
Especially, when the number of pulses increases, the penetration rate drops due to scattering and blocking of the 
beam and so the ablation process and ejection conditions deteriorate [2].  

To address these issues, lenses with different focal distances are employed in this research and thus to investi-
gate the effects of a wide fluence spectrum in ultra-short percussion drilling on achievable holes’ aspect ratio 
and quality.  The morphology of the holes in terms of cylindricity and taper angle was investigated in details by 
employing a high resolution XCT system as shown in Figure 1. It has been demonstrated that the achievable holes’ 
aspect ratio can increase significantly by employing lenses with smaller focal distances. A simple analytical model 
is proposed to analyse the factors affecting the drilling process and also to predict the holes’ morphology.    
   

Figure 1. The XCT cross sections of the holes produced with the three lenses by delivering 500, 1000, 5000 and 10000 pulses. Note: all mea-
surements are in microns and were taken employing VG studio 3.0. [3]

 [1] B.Adelmann and R.Hellmann (2015) Rapid micro hole laser drilling in ceramic substrates using single mode fiber laser, Journal of Materials 
Processing Technology,  221: p. 80-86.
[2] H.Huang, M.Yang, and J.Liu (2014) Micro-hole drilling and cutting using femtosecond fiber laser. Optical Engineering, 53(5)
[3] V.Nasrollahi, P.Penchev, T. Jwad, S.Dimov, et al (2018) Drilling of micron-scale high aspect ratio holes with ultra-short pulsed lasers: critical 
effects of focusing lenses and fluence on the resulting holes’ morphology, Optics and lasers in Engineering, Submitted 
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Thin film patterning using ultrafast laser pulses is a dry and mask-free production technique that is being 
increasingly used for advanced manufacturing applications where etch selectivity without substrate layer damage 
is critical. In particular, ultrafast DPSS lasers have been demonstrated for the production of photovoltaic, large 
area electronics, flat panels and touchscreens. Such laser sources have been developed to provide a very high 
pulse repetition rate (within the MHz range), which when combined with a rapid scan delivery system enables 
commercially viable processing speeds. The extremely selective, efficient and non-thermal ablation process 
performed by single ultrashort pulses is well understood [1-3]. However, in the highly efficient dynamic case 
where multiple pulses are spatially overlapped, other effects must be considered for optimize the ablation 
process. Pulse overlap can, together with other parameters, influence the efficiency of the ablation process and 
even terminate it (Figure 1) when close to the ablation threshold, despite being still above it [4]. A possible 
explanation for such behaviour may lie in the pulse overlap influence on the efficiency of the removal process [5]

In this paper we analyse in detail the phenomenon of ablation termination close to the ablation threshold due 
to the laser spot overlap. The aim of the work is to develop industrially robust solutions for thin film patterning, 
especially when film and substrate physical properties force the process to be performed close to ablation 
threshold. A 532 nm DPSS ultrafast laser is employed to structure an 80nm Au layer on transparent dielectric 
using both Gaussian and reshaped top-hat intensity profiles. The impact of different pulse durations stretching 
from hundreds of femtoseconds to a few picoseconds is investigated. 

Figure 1: Laser pulse overlap O varied by adjusting the scan speed at constant pulse repetition rate near ablation threshold. Laser ablation 
stops between O = 4-20 before resuming at higher overlaps. 

[1] G. Paltauf, P. E. Dyer (2003) Photomechanical Process and Effects in Ablation, Chem. Rev., 103, 487-518.
[2] D. E. Hare, J. Franken, D. D. Dlott (1995) Coherent Raman measurements of polymer thin-film pressure and temperature during picosecond 
laser ablation, J. Appl. Phys., 77, 5950-5960.
[3] P. Lorenz, M. Ehrhardt, L. Bayer, K. Zimmer (2016) Shock-wave-induced thin-film delamination (SWIFD): a non-thermal structuring method 
of functional layers, Phys. Procedia, 83, 240-248.
[4] N. Bellini, R. Geremia, D. Karnakis (2017) Increasing laser pulse overlap restricts picosecond laser ablation of thin metal film near ablation 
threshold, Appl. Phys. A, 123, 347-346.
[5] R. Geremia, D. Karnakis, D. P. Hand (2017) The role of laser pulse overlap in ultrafast thin film structuring applications, COLA conference, 
Marseille, France

This work has been partially funded by EU project HIPERLAM, grant 723879 (www.hiperlam.eu). Riccardo Geremia is a doctoral 
student at the CDT Centre in Applied Photonics at Heriot-Watt University. We thank FlexEnable Ltd. for providing the thin film sample.
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Due to the increasing power level of semiconductor components such as LEDs and IGBTs, larger connection areas 
are required in the near future, which are also stable at high temperatures. However, these requirements cannot 
be realized by conventional joining processes such as ribbon bonding and soldering for contacting semiconductor 
components. During soldering, the required working temperature is higher than the melting temperature of 
the contacting material. Tape bonding of copper materials induces a higher mechanical load in the component, 
which can lead to damage to the component. Traditional welding methods, such as laser beam welding, are not 
used because the conventional process approaches thermally stress the sensitive substrate material beyond the 
destruction threshold. 

The Laser Impulse Metal Bonding (LIMBO) realizes a laser-gap welding process between a 200 µm thick copper 
sheet and a 105 µm thick copper plating board without damaging the underlying PCB. The central approach of 
the LIMBO process is the modulation of the focus diameter to adjust the laser beam intensity on the workpiece. 
This results in melting, deflection and contacting the upper joining partner with the lower one. However, this 
method is currently only limited to spot welding, which requires a small connection area of the joint.

The aim of this paper is to extend the Limbo process to increase reproducibility using novel strategies regarding 
energy input and beam modulation. Based on this extension, the spot welding process is transferred to a linear, 
hermetically sealed connection between the two joining partners.
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During	   the	   past	   decades,	   atomically	   thin,	   twos dimensional	   (2D)	   layered	   materials	   have	   attracted	   tremendous	  
research	   interest	   on	   both	   fundamental	   properties	   and	   practical	   applications	   because	   of	   their	   extraordinary	   
mechanical,	   thermal,	   electrical	   and	   optical	   properties,	   which	   are	   distinct	   from	   their	   counterparts	   in	   the	   bulk	  
format.	   Various	   fabrication	   methods,	   such	   as	   softs lithography,	   sc reens printing,	   coll oidals templating	   
and	   chemical/dry	   etching	   have	   been	   developed	   to	   fabricate	   micro/nanostructures	   in	   2D	   materials.	   Direct	   
laser	   fabrication	   with	   the	   advantages	   of	   unique	   threes dimensional	   (3D)	   processing	   capability,	   arbitrarys
shape	   designability	   and	   high	   fabrication	   accuracy	   up	   to	   tens	   of	   nanometers,	   which	   is	   far	   beyond	   the	   
optical	   diffraction	  limit,	  has	  been	  widely	  studied	  and	  applied	  in	  the	  fabrication	  of	  various	  micro/nanostructures	  of	  
2D	   materials	   for	   functional	   devices	   [1s 6].	   In	   this	   paper,	   we	   present	   the	   lasers matter	   interaction	   with	   2D	  
materials	  and	   the	   significant	   advances	   on	   lasers assisted	   precision	   2D	   materials	   fabrication	   toward	   diverse	   
functional	   photonics,	   optoelectronics,	   and	   electrochemical	   energy	   storage	   devices,	   including	   lenses,	   gratings,	  
polarizers,	  perfect	   absorbers	   (Fig.	   1)	   and	   supercapacitors.	   The	   perspectives	   and	   challenges	   in	   designing	   and	   
improving	   laser	  fabricated	  2D	  materials	  devices	  are	  discussed	  as	  well.	  

Figure	  1:	  (a)	  Concept	  of	  a	  graphene	  oxide	  (GO)	  perfect	  absorber	  fabricated	  by	  femtosecond	  laser.	  (b)	  The	  side	  view	  of	  the	  perfect	  
absorber.	  (c)	  The	  refractive	  index	  profile.	  (d)	  The	  thickness	  profile.	  	  	  

The	  direct	  laser	  fabrication	  method	  forms	  a	  promising	  strategy	  for	  simple,	  rapid	  and	  large-‐scale	  fabrication	  of	  
various	  patterns	  without	  masks	  and	  harsh	  conditions.	  Ultrafast	  lasers	  can	  drive	  a	  wide	  range	  of	  subtractive	  and	  
additive	  processes	  for	  the	  patterning	  and	  functionalization	  of	  2D	  materials.	  Mechanisms	  such	  as	  multiphoton	  
absorption,	   thermal	   effects,	   non-‐thermal	   interactions,	   photochemical	   effects,	   as	   well	   as	   compatibility	   and	  
integration	   with	   advanced	   diagnostics	   can	   be	   beneficial	   in	   this	   effort.	   It	   is	   expected	   that	   the	   versatile	   direct	  
laser	  fabrication	  method	  will	  play	  a	  critical	  role	  in	  the	  future	  2D	  material	  device	  fabrication	  process.	  	  

[1] 	  H	  Lin,	  B	  Jia,	  M	  Gu,	  Optics	  letters	  36	  (3),	  406s 408	  (2011).
[2] 	  X.	  Zheng,	  B.	  Jia,	  X.	  Chen,	  M.	  Gu,	  Adv.	  Mater	  26,	  2699	  (2014).
[3] 	  S.	  Fraser,	  X.	  Zheng,	  L.	  Qiu,	  D.	  Li,	  B.	  Jia,	  Applied	  Physics	  Letters,	  107,	  031112	  (2015).	  
[4] 	  X.	  Zheng,	  B.	  Jia,	  H.	  Lin,	  L.	  Qiu,	  D.	  Li,	  M.	  Gu,	  Nature	  Communications,	  6,	  8433	  (2015).
[5] X.	  Zheng,	  H	  Lin,	  T	  Yang,	  B.	  Jia,	  Journal	  of	  Physics	  D:	  Applied	  Physics,	  50,	  074003,	  (2017).
[6] T.	  Yang,	  H.	  Lin,	  B.	  Jia,	  Front.	  Optoelectron.	  https://doi.org/10.1007/s12200-017-0753-1	  (2017).	  
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Ultrafast laser processing and engineering of material properties to 
innovate manufacturing of organic electronics

J. Choi1, Y. Yoo2, H. J. Kim3, H. H. Lee4, C. Hoenninger5, E. Mottay5, R. Kling6

1- Department of Laser and Electron Beam Application, Korea Institute of Machinery and Materials (KIMM), South Korea
2- DUKSAN HI-METAL Co. Inc., South Korea

3- Department of Organic Material Science and Engineering, Pusan National University, South Korea
4- Pohang Accelerator Laboratory, POSTECH, South Korea

5- Amplitude Systѐmes, France
6- ALPhANOV, France

jchoi@kimm.re.kr

Organic electronics have drawn many attentions for next generation smart devices due to their thin, light and 
flexible forms which are desirable for wearable devices in ICT, energy, and healthcare applications such as OPVs, 
OLED displays, and various stretchable sensors. Customized flexible electronics can be achieved through the 
benefits of the variety of materials, high tunability of material properties, and cost-effective manufacturing 
process. However, industrialization of these organic electronics is still challenging due to their low quantum 
efficiency, degradation of organic active materials by oxidation and humidity as well as the need of novel low 
temperature manufacturing process. 

This talk reviews our recently demonstrated manufacturing approaches with ultrafast laser processing to increase 
the efficiency of organic semiconductors and improve electrode patterning process of flexible polymer substrates 
including novel conductive layers [1-3]. First, tailoring of material properties in organic semiconductor layers 
is presented. Laser induced photo-expansion and molecular reorientation is investigated as a new pathway to 
increase the quantum efficiency of OPVs. Second, the surface engineering of the substrate is demonstrated to 
enhance the crystallinity of organic semiconducting thin film. Finally, laser patterning of electrodes composed 
of composite materials is also demonstrated to suggest a laser based continuous manufacturing scheme. These 
techniques are investigated in the frame of European joint project (Laser Innovation for Flexible Electronics, LIFE) 
with Korean and European research consortium. These proposed processes are promising for customizable and 
efficient organic device fabrication, especially for high quantum yield OPVs and OLED lightings.

[1] S Chae, KH Jo, SW Lee, HS Keum, HJ Kim, J Choi, HH Lee (2017) Using femtosecond laser irradiation to enhance the vertical electrical 
properties and tailor the morphology of a conducting polymer blend film, ACS Applied Materials & Interfaces 9 (29), 24422-24427
[2] SW Lee, KH Jo, HS Keum, S Chae, Y. Kim, J Choi, HH Lee, HJ Kim (2017) Nanowall formation by maskless wet-etching on a femtosecond laser 
irradiated silicon surface, Applied Surface Science 437, 190-194
[3] M Lim, HJ Kim, EH Ko, J Choi, HK Kim (2016) Ultrafast laser-assisted selective removal of self-assembled Ag network electrodes for flexible 
and transparent film heaters, Journal of Alloys and Compounds 688, 198-205 
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Effects of laser wavelength in internal modification 
of glass by ultrashort laser pulses  

I. Miyamoto1,2, C. Cvecek2,3, M. Schmidt3,4

1- Osaka University, 2-1, Yamada-Oka, Suita, 565-0871, Japan 
2- Erlangen Graduate School of Advanced Optical Technologis (SAOT), Germany 
3- Bayerisches Laserzentrum, , 2-6, Konrad-Zusestr, Erlangen 91052, Germany

4- Institute of Photonic Technologies, Friedrich-Alexander-Universität Erlangen-Nürnberg, 
Konrad-Zuse-Straße 3-5, 91052 Erlangen, Germany 

miyamoto-i@ares.eonet.ne.jp 

Internal modification of glass by ultrtashort laser pulses has attracted much attention due to interesting 
applications such as waveguide formation, microwelding and so on. While a lot of research work has been 
carried out at different laser parameters, the study on the effects of the laser wavelength on internal 
modification process is quite limited. In this study, the effects of laser wavelength is analyzed by comparing 
between 532nm and 1064nm at a pulse duration of 10ps. In this work, spatial and temporal variation of 
free-electron density r(r,z,t) and laser irradiance I(r,z,t) in single and multi-pulse laser irradiation are simulated 
based on rate equation model and laser propagation equation using following equations 

𝜕𝜕𝜕𝜕(𝑟𝑟, 𝑧𝑧, 𝑡𝑡)
𝜕𝜕𝑡𝑡 = 𝜂𝜂+,-.-𝐼𝐼0(𝑟𝑟, 𝑧𝑧, 𝑡𝑡) + 𝜂𝜂2342𝐼𝐼(𝑟𝑟, 𝑧𝑧, 𝑡𝑡)𝜕𝜕(𝑟𝑟, 𝑧𝑧, 𝑡𝑡) − 𝜂𝜂672𝜕𝜕(𝑟𝑟, 𝑧𝑧, 𝑡𝑡)8 

𝐼𝐼(𝑟𝑟, 𝑧𝑧, 𝑡𝑡) =
2𝑄𝑄;

1.06	𝜏𝜏+𝜋𝜋𝜋𝜋(𝑧𝑧)8
exp	 G−

2𝑟𝑟8

𝜋𝜋(𝑧𝑧)8 − 4𝑙𝑙𝑙𝑙2 K
𝑡𝑡 − (𝑧𝑧 − 𝑧𝑧;)𝑙𝑙;/𝑐𝑐 − 2	𝜏𝜏+

𝜏𝜏+
N
8

− O𝛼𝛼(𝑟𝑟, 𝑧𝑧, 𝑡𝑡)𝑑𝑑𝑧𝑧
R

;

S 

p

where hphoto = photoionization coefficient, hcasc = cascade ionization rate, hrec = recombination coefficient, 
a(r,z,t) = absorption coefficient, w(z) = laser spot radius at location of z, t = pulse duration, Q0 = laser pulse 
energy, k = number of photon for photoionization, zf = location of geometrical focus, c = light velocity in 
vacuum and n0 = refractive index. It is noted that 532nm is characterized by smaller focused spot size and 
large photoionization rate along with smaller avalanche rate in comparison with 1064nm. In the case of multi-
pulse irradiation at high pulse repetition rates, in addition to photoioinzation seed electrons for avalanche 
ionization are provided by thermal ionization, which is caused by heat accumulation effect. Figure 1 
compares the laser energy transmission curves between 532nm and 1064nm at the same absorbed laser 
pulse energy of Qab = 1.55µJ. While the laser energy absorption with 532nm concentrates to the narrower 
region near the geometrical focus, the absorption region spreads to the significantly upper stream than1064 
due to larger hphoto and smaller focus spot size. In the presentation, ionization process is discussed by 
comparing between 532nm and 1064nm. Effect of the heat accumulation will be detailed in [1]. 

Figure 1: Comparison of laser transmission curve between 532nm and 1064nm at the same absorption energy of Qab=1.55µJ(single pulse 
irradiation, Borosilicate glass D263, l=1064nm, pulse duration tp=10ps).   

[1] I. Miyamoto, K. Cvecek, M. Schmidt: Analysis of heat accucumation effect in internal modification of glass by ultrashort laser pulses, 
Proc. 19th LPM (2018) (to be published). 
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Femtosecond laser-induced thermal effects on thick polystyrene 
samples

B. Wang1, 2, X. C. Wang1, 3, H. Y. Zheng1, 3, and Y. C. Lam1, 2

1-SIMTech-NTU Joint Laboratory (Precision Machining), Nanyang Technological University, 50 Nanyang Avenue, Singapore 639798
2-School of Mechanical & Aerospace Engineering, Nanyang Technological University, 50 Nanyang Avenue, Singapore 639798

3-Singapore Institute of Manufacturing Technology (SIMTech), A*STAR, 2 Fusionopolis Way, #08-04, Innovis, Singapore 138634

hyzheng@SIMTech.a-star.edu.sg

Thermal effects induced in materials are key factors to be considered during laser-material processing. Thermal 
effects determine the heat conduction, heat-affected zone (HAZ) and thus the precision, ablation depth and 
subsurface properties during surface treatment. Recently, ultrashort pulsed laser-induced thermal effects 
on materials have been proven to be significant, such as laser-induced phase transformation of metals [1, 2], 
thermal effects on dielectrics [3], semiconductors [4] and metals [5, 6]. In this paper, femtosecond laser-induced 
thermal effects on thick transparent polystyrene sample has been investigated experimentally and by simulation. 
Experimentally, the temperature changes over time at different sample z positions (associated with different laser 
intensities) were directly measured using an infrared camera. It was observed that the temperature increased 
more when the sample was placed near to the focal position. This was due to the higher laser intensity at the 
focal position, resulted in higher laser power absorption and thus higher sample temperature. When the sample 
was placed too far away from the focal position, the laser energy absorption is negligible and the temperature 
increase is not significant. A 3D FE model was constructed to simulate the heat conduction within the substrate at 
different z positions (laser intensity). The simulated results were compared with the experimental results. Good 
agreements were obtained between the simulated and experimental results. The results showed that a large 
percentage of laser energy can be converted to heat energy and dissipated into the bulk material. 

Figure 1: Sample temperature profiles (in Celsius) at different time (a) 1s, (b) 5s and (c) 10s measured by infrared camera.
The laser power was fixed at 5.7 mW.

[1] Y. Hirayama, and M. Obara, (2005) Heat-affected zone and ablation rate of copper ablated with femtosecond laser, Journal of Applied 
Physics, 97.

[2] S. Valette, et al. (2002) Modeling thermal effects produced by nanosecond and femtosecond laser pulses applied to metals, International 
Congress on Applications of Lasers and Electro-Optics.

[3] F. Ladieu, P. Martin, and S. Guizard, (2002) Measuring thermal effects in femtosecond laser-induced breakdown of dielectrics, Applied 
Physics Letters, 81., pp. 957-959.

[4] D.V. Tran, et al., (2006) Quantification of thermal energy deposited in silicon by multiple femtosecond laser pulses. Optics Express, 14., 
pp. 9261-9268.

[5] D.V. Tran, et al., (2007) Direct observation of the temperature field during ablation of materials by multiple femtosecond laser pulses, 
Applied Surface Science, 253., pp. 7290-7294.

[6] Y.C. LAM, D.V. TRAN, and H.Y. ZHENG, (2007) A study of substrate temperature distribution during ultrashort laser ablation of bulk copper. 
Laser and Particle Beams, 25., pp. 155-159.
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Design, analysis and simulation for gas-assisted flow of supersonic 
nozzles for laser cutting

Mohamed Darwish1, Leonardo Orazi1, Diego Angeli1, 
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Mohamed.darwish@unimore.it

The current used laser cutting nozzles are of subsonic type which is convenient for laser cutting of thin parts. In 
this work, the design, analysis and simulation of jet flow patterns of supersonic nozzles have been developed. The 
gas dynamic theory was used to calculate the desired design condition [1]. The jet flow patterns were simulated 
and analyzed using openFoam. 
The simulation results were compared with the computed results of gas dynamic theory. Also, the simulations 
were validated by comparison with experimental measurements made through shadowgraphic technique 
reported by previous researches [2-3]. 
The simulation results and the reported experimental measurements are in good agreement. However; the 
proposed simulations are more accurate than the previous simulation results reported in [2-3]. OpenFoam allows 
to consider the effect of flow turbulence which made the current simulations more close to real conditions. 
Also, we were able to investigate the exit jet pattern and the formation of Mach disks under different operating 
conditions. The simulation proved that the flow patterns of supersonic nozzle have better characteristics than 
the ones of subsonic nozzle even under the over-expansion and under-expansion conditions. Therefore; the 
supersonic nozzles could be more suitable for laser cutting of thick materials especially under the desired design 
conditions.
OpenFoam can be used to simulate any future nozzle of different geometry under different design and operating 
condition. The execution time can be optimized by just simulating a wedge cross-section of the nozzle. Also, 
different turbulence models could be chosen to validate the real experimental measurements.

 

   (a)                             (b)

Figure 1: (a) Mach No. distribution under desired design condition. (b) Pressure distribution under desired design condition  

[1] J. Anderson (2010) Fundamental of Aerodynamics (McGraw-Hill), Chapter 10
[2] Chi-Shan Tseng, Chun-Ming Chen, Chi-Chuan Wang (2013) A visual observation of the air flow pattern for the high speed nozzle 
applicable to high power laser cutting and welding, International Communications in Heat and Mass Transfer, vol. 49, pp. 49-54
[3] S Marimuthu, A K Nath, D Misra, P K Dey, D K Bandyopadhyay, S P Chaudhuri (2017) Design and evaluation of high-pressure nozzle 
assembly for laser cutting of thick carbon steel, Int J Adv Manuf Technol, vol. 49, pp. 15-24. 
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Sequential processes of volumetric restructuring of transparent 
materials by ultrashort laser pulses: 

Critical assessment through modeling and challenges 

N.M. Bulgakova1, V.P. Zhukov1,2,3, Yu.P. Meshcheryakov4

1- 1HiLASE Centre, Institute of Physics of the Czech Academy of Sciences, Za Radnicí 828, 25241 Dolní Břežany, Czech Republic 
2- Institute of Computational Technologies SB RAS, 6 Lavrentyev Ave., 630090 Novosibirsk, Russia

3- Novosibirsk State Technical University, 20 Karl Marx ave., 630073, Novosibirsk, Russia 
4- Design and Technology Branch of Lavrentyev Institute of Hydrodynamics SB RAS, Tereshkovoi str. 29, 630090 Novosibirsk, Russia 

bulgakova@fzu.cz

Almost 60 years passed from the creation of first lasers, one of the most impressive inventions of 20th century. 
Nowadays, lasers are indispensable instruments without which it is not possible to imagine everyday life and many 
fields of scientific research and applications in industry, medicine, chemistry, and communication technologies. 
However, the laser-matter interaction phenomenon is still a hot topic of research. This is conditioned by a great 
variety of lasers with different irradiation parameters as well as even much greater variety of materials, which 
can be treated by lasers for improving/modifying their properties or for processing for industrial needs (cutting, 
drilling, cleaning, etc.). Each laser-matter irradiation event triggers in a material a wealth of processes happening 
simultaneously or separated in time and space and a final material modification always represents the result of 
synergy of optical, thermodynamic, kinetic, and mechanical processes.  

In this talk, the results of a comprehensive study of the sequence of the processes, which take place in transparent 
dielectrics irradiated by single ultrashort laser pulses, will be presented. The study is based on the advanced 
models, which were developed for description of focused laser beam propagation through transparent ionisable 
solids and modeling further evolution of laser-excited material, depending on the level and spatial scales of 
energy absorption (see Fig. 1 as an example) [1,2]. The mechanisms of laser energy absorption, formation of 
defect states and their role in structural modifications of solids, difference in thermodynamic paths of material 
for different irradiation conditions, and the role of stresses in material  restructuring will be analyzed and critically 
assessed. The possibilities of enhancing the structural modification efficiency inside transparent materials via 
spatiotemporal shaping of laser beams will be addressed.

               (a)                               (b)              (c)

Figure 1: Modeling results for propagation of 80-fs laser pulse with energy of 2.5 μJ at 800 nm wavelength through fused silica sample. 
Geometric focus is located inside the sample at the depth of 120 μm; the focusing conditions correspond to the beam waist in vacuum of 
0.8 μm [1]. (a) Snapshot of the free electron density ne at time moment when ne reaches its maximum. (b) The map of the absorbed laser 
energy immediately after the laser beam propagation through the near-focal absorption region. (c) Laser-induced redistribution of glass 
density with the inset representing integration of the density change along the laser beam direction. The darker areas correspond to more 
compacted glass with a higher refractive index.   

[1] N.M. Bulgakova, V.P. Zhukov, S.V. Sonina, and Y.P. Meshcheryakov (2015) Modification of transparent materials with ultrashort laser pulses: 
What is energetically and mechanically meaningful? J. Appl. Phys., vol. 118, Article 233108
[2] V.P. Zhukov, A.M. Rubenchik, M.P. Fedoruk, and N.M. Bulgakova (2017) Interaction of doughnut-shaped laser pulses with glasses, J. Opt. 
Soc. Am. B, vol. 34, pp. 463-471
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Differentiating non-thermal ablation and heat accumulation toward 
ablation-cooled ultrafast-laser processing 

Jie Qiao 
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It is imperative to differentiate and control non-thermal ablation and heat accumulation during ultrafast laser-
material interaction to achieve efficacy in various processing tasks that fundamentally require different 
interaction mechanisms. For example, ultrafast laser polishing requires ablation-based material removal with 
minimal bulk heating, while ultrafast laser micro-welding requires controlled thermal conditions [1, 2]. 
Achieving efficacy is a non-trivial task as it usually involves time-consuming, iterative investigations to 
determine and optimize laser parameters, e.g., pulse fluence, scan speed, and repetition rate. To differentiate 
and control non-thermal ablation and thermal processing with simultaneous accuracy and efficiency, we 
have devised an integrated modeling method to predict heat accumulation during multi-pulse laser processing 
by linking a two-temperature model (TTM) and a classical heat accumulation model [3]. The experimentally 
validated TTM, alone, predicts and differentiates the onset of non-thermal/thermal ablation. It also predicts 
heat accumulation, but with lengthy simulation times on the order of several hours unsuitable for simulating 
line- and area-processing scenarios. The heat accumulation model predicts processing temperatures with short 
simulation times on the order of several minutes, but is nominally specific to laser parameters, requiring an 
input absorption coefficient to describe pulse-induced bulk energy rise.  

Figure 1: The fast, integrated modeling method prediction (dotted line) is consistent with the TTM (solid line) [3]. 

Through this integrated modeling method, a TTM-determined robust operational absorption coefficient is fed 
to the fast heat accumulation model to improve its accuracy and extend to the general case. Figure 1 shows that 
temperature prediction obtained by the integrated modeling method is consistent with the TTM results with 
improved simulation times on the order of ~1 min./pulse. The integrated modeling method paves the way for 
predicting and optimizing laser parameters to achieve efficacy in various non-thermal and thermal ultrafast laser 
fabrication tasks. In the current phase of our work, we extend the integrated modeling method to predict the 
heat accumulation impact of MHz-GHz repetition rate lasers to investigate the reduced thermal impact of 
ablation-cooled ultrafast laser processing [4]. Results of the ablation-cooled processing investigation in 
comparison to traditional ultrafast laser processing will be presented. 

[1] L. L. Taylor, J. Qiao, and J. Qiao, “Optimization of Femtosecond Laser Processing of Silicon via Numerical Modeling,” Opt. Mater. 
Express, vol. 6(9), pp. 2745–2758, Sep. 2016. 

[2] J. Chen, et al., “Avoiding the Requirement for Pre-Existing Optical Contact during Picosecond Laser Glass-to-Glass Welding,” Opt. 
Express, vol. 23(14), pp. 18645–18657, Jul. 2015. 

[3] L. L. Taylor, R. E. Scott, and J. Qiao, “Integrating two-temperature and classical heat accumulation models to predict femtosecond 
laser processing of silicon,” Opt. Mater. Express, vol. 8(3), pp. 648–658, Mar. 2018. 

[4] C. Kerse, et al., “Ablation-Cooled Material Removal with Ultrafast Bursts of Pulses,” Nature, vol. 537, pp. 84–88, 2016. 
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Analysis and comparison of short and ultrashort pulsed laser 
ablation by means of multiphysical simulations  
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With the objective of simulating ultrafast laser processing a multiphysical simulation model for laser material 
processing in general [1] has been recently extended with respect to the special physics on the ultra short time 
scale. This contribution will give a short introduction into the process model with a focus on these new 
developments, e.g. including a two-temperature model, a model for taking ballistic electrons into 
consideration and a model for estimating the dependency of optical properties from the local electron 
temperature. After this introduction the simulation model will be verified by means of comparing calculation 
results on a wide parameter field ranging from fs- to µs-pulses with experimental results e.g. given in [2]. 
Finally the model will be used to systematically analyse the changing ablation mechanisms with increasing 
pulse lengths especially with respect to the involved fluid dynamics. 

 
Figure 1: Laser scribing with ns laser pulses: The pictures at the top illustrate the dynamic development of a single ablation crater. Below 
experimental results are compared with simulation results. For more details see [3]. 
 
[1]  A. Otto, H. Koch, R. Gómez Vázquez (2012) Multiphysical simulation of laser material processing, Physics Procedia, 39, 843-852  
[2]  K.-H. Leitz, B. Redlingshöfer, Y. Reg, A. Otto, M. Schmidt (2011) Metal ablation with short and ultrashort laser pulses, Physics Procedia, 

12, 230-238 
[3]. A. Otto, H. Koch, R. Gómez Vázquez , Z. Lin, B. Hainsey (2014) Multiphysical Simulation of ns-Laser Ablation of Multi-material LED-

structures, Physics Procedia, 56, 1315-1324 
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Research on the factors affecting the processing results of laser 
ablation

Zongji Zheng1, Chengjun Wu2, Siyuan Liu3
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Topography parameters of laser processing such as diameter and depth of processed hole and surface roughness   
of workpiece are influenced by processing parameters of laser. Laser irradiates on the surface of the processed 
workpiece following by a lot of complex physical processes occurring. Then it is easy to understand that the 
processing parameters directly influence these physical processes, thus changing the processing results. However, 
these processes are coupled together, hard to separate and simplify. There is no doubt that analyzing these 
physical processes deeply can help to control the topography of the processed workpiece better. This paper 
makes some researches on physical processes such as heat transferring, solid melting, materials recasting and 
melt ejection and builds a numerical simulation model coupling the equations of multiple physical fields for 
laser ablation based on OPENFOAM. The processing results of any time node corresponding to any processing 
parameters can be predicted by the model just as depicted in Figure 1. Finally, some comparisons between 
simulation result and experimental result prove that this numerical model is high degree of applicability and 
accuracy. For instance, Figure 2 illustrates the comparison of the processing depth between the simulation and 
experiments. The results indicate that the proposed numerical model in this paper can guide engineers to select   
the processing parameters and to control the processing results.

Figure 1: Prediction of processing results processed in 0.5ms pulse duration. 

Figure 2: Comparison of processing depth between experimental results and simulation results.
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Temperature dependency of optical properties of metals: comparing 
ellipsometric data with theoretical models

M. Schmid¹, S. Zehnder¹, P. Cam¹, P. Schwaller¹, B. Neuenschwander¹

1- Bern University of Applied Science, Institute of ALPS, Pestalozzistrasse 20, CH-3400 Burgdorf, Switzerland

marc.schmid@bfh.ch

During laser processing of metals, energy is absorbed in the heated material. In the case of cutting and welding 
energy is being absorbed in the liquid phase. Therefore, it is crucial for simulating laser processing of these 
materials to know the temperature dependency of the complex refractive index of metal and alloys in the solid 
and liquid state.

On the other hand, calculating the temperature dependency of the complex refractive index still cannot be done 
in a satisfactory way for metals of interest for the industry. Several approaches based on the well known Drude 
model have been discussed in the past [1,2]. As we have reported [3-5], these models cannot be generalized and 
tend not to be reliable especially for the liquid phase.

Additionally, reported theoretical data and most of the experimental results [6, 7] only deal with pure metals 
whereas for industrial applications alloys are of greater interest. Therefore, measuring the temperature depending 
refractive index does not only help to verify the different theories of the optical properties of metals but increases 
the accuracy of simulating laser ablation processes of metals and alloys.
Based on our own experimental data of measuring, this paper shows the complex refractive index of several 
metals like Cu (figure 1) and alloys like steel and will discuss how they fit with the different theoretical models.

 
 

[1] V. I. Konov and V. N. Tokarev (1983), Temperature dependence of the absorptivity of aluminum targets at the 10.6µm wavelength, Sov. J. 
Quantum Electron, pp. 177-180.
[2] A. D. Rakic, A. B. Djurisic, J. M. Elazar, M. L. Majewski (1998), Optical properties of metallic films for vertical-cavity optoelectronic devices, 
Appl. Opt. 37(22), pp. 5271-5283
[3] M. Schmid, S. Zehnder, P. Schwaller, B. Neuenschwander, M. Held, U. Hunziker, J. Zürcher (2012), Measuring optical properties on rough 
and liquid metal surfaces, ALT 12 Proceeding, DOI: 10.12684/alt.1.78
[4] M. Schmid, S. Zehnder, P. Schwaller, B. Neuenschwander, J. Zürcher, U. Hunziker (2013), Measuring the complex refractive index of metals 
in the solid and liquid state and its influence on the laser machining, Photonic West 2013, Proc., pp. 8607-53

[5] M. Schmid, S. Zehnder, P. Cam, P. Schwaller, B. Neuenschwander (2017), Investigating optical properties of metals and alloys in solid and 
liquid state with high temperature ellipsometry, ALT 17, MD-II-4
[6] M. A: Ordal, R. J. Bell, R. W. Alexander, L.L. Long, M. R. Querry(1983), Optical properties of metals Al, Co, Cu, Fe, Pb, Ni, Pd, Pt, Ag, Ti and 
W in the infrared and far infrared, Applied Optics, Vol. 22, No. 7, pp. 1099-1119 
[7] E. T. Arakawa, T. Inagaki, M. W. Williams (1980), Optical properties of metals by spectroscopic ellipsometry, Surface Science, v 96, pp. 
248-274
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Ultrafast lasers can perform high quality and highly accurate machining thanks to suppression of thermal 
degradation [1]. The thermal influence depends on the fundamental process, i.e., laser ablation, and can be 
discussed in terms of energy injection and dissipation, namely optical excitation and thermal diffusion. The 
process is dominated by the total energy per unit area, or fluence when the energy injection prevails against the 
energy dissipation and dominated by the energy flow per area, or intensity when the infection balances with the 
dissipation. Studies on laser ablation using femtosecond and picosecond pulses typically use fluence to discuss 
the experimental results [2], whereas intensity is used for the longer pulses [3]. Up to now, there is no clear 
distinction between how to use fluence and intensity. To clarify the dominated mechanism in the laser ablation 
process, we constructed a pulse-duration tunable laser processing system with an in-situ ablation monitor and 
performed high-precision measurement of the ablation thresholds.

Figure 1 shows our approach for the high-precision measurement of the ablation thresholds. Our homemade 
laser system delivered 1-µm pulses on a target, and the pulse duration can be tuned from 0.52 to 32 ps. Single 
crystalline silicon substrates were used for the target. We performed a Monte-Carlo sampling of the ablation 
thresholds going back and forth between the ablated and non-ablated areas in the parameter space as shown 
in Fig.1. The measurement enabled the determination of the ablation thresholds with statistical errors of 5% at 
various pulse durations. The ablation thresholds were calculated as a function of fluence and intensity from the 
measurement as show in Fig.2. The result shows a two-threshold behavior: thresholds for fluence and intensity. 
Ablation cannot occur below the threshold values of 0.32 J/cm2 and 40 GW/cm2. The ablation process depends 
only on fluence when the pulse duration is shorter than 1 ps and on intensity when the pulse duration is longer 
than 20 ps. Our experimental data clearly demonstrated the role of fluence and intensity in the laser ablation.

 
                Figure 1: Monte Carlo sampling program                           Figure 2:  Relationship between threshold fluence and Intensity (Si)

[1] B. N. Chichkov, C. Momma, S. Nolte, F. von Alvensleben, A. Tünnermann (1996) Femtosecond, picosecond and nanosecond laser ablation 
of solids, Appl. Phys. A, 63, pp. 109-115
[2] P. P. Pronko, P. A. VanRompay, C. Horvath, F. Loesel, T. Juhasz, X. Liu, and G. Mourou (1998) Avalanche ionization and dielectric breakdown 
in silicon with ultrafast laser pulses, Appl. Rev. B, 58, pp. 2387-2340

[3] Quanming Lu, Samuel S. Mao, Xianglei Mao, and Richard E. Russo (2002) Delayed phase explosion during high-power nanosecond laser 
ablation of silicon, Appl. Phys. Lett., 80, pp. 3072-3074 
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Laser ablation of a liquid covered surface is a method by which a surface may be modified. In this approach, 
laser radiation is aimed at the surface of a sample, through an optically transparent liquid layer. When compared 
to laser ablation in air liquid layer, material redepositioning around ablated regions is decreased. Additionally, 
different surface features are induced by processing in air or under liquid (see Figure 1). Moreover, the ablation 
efficiency of the under liquid laser ablation process, in terms of the amount of material removed per pulse, 
can be optimized by careful variation of the height of the liquid layer [1, 2]. A liquid layer height variation as 
small as a few tens of millimeters already has a measurable effect on the amount of ablated material [2]. In the 
referenced studies, the required liquid layer height was realized by pouring a pre-defined amount of liquid on top 
of the sample surface.  Surface tension, however, causes the air-liquid interface at the boundaries of the domain 
(container) to deviate from the planar interface away from the boundaries, see Figure 2. This affects the accuracy 
with which the liquid layer height can be determined. 

Figure 1: Stainless Steel ablated in ambient air (top) and under a 
2.6 mm water layer (bottom)  using two 7 picosecond pulses at a 
frequency of 5 kHz with a wavelength of 515 nm and beam quality 
of  1.3. Pulse energy was 22 . Focus was adjusted to account for the 
index of refraction of n = 1.33 of water.       

Figure 2: Schematic view of typical setup used during liquid covered 
ablation experiments  

 
To the best of our knowledge, these accuracy issues have not been studied in previous research. Therefore, an 
experimental set-up was designed and implemented to circumvent the issues of a curved free surface. Using this 
set-up, a 7 picosecond pulsed laser source at a wavelength of 515nm, the efficiency of laser ablation of stainless 
steel was studied for a range of liquid layer heights. Based on our results,  a more detailed quantification of crater 
depth as a function of liquid layer height is obtained than is available through existing literature. 

 [1] Nikša Krstulović, Sharon Shannon, Robert Stefanuik, and Carlo Fanara (2013) Underwater-laser drilling of aluminum, International 
Journal of Advanced Manufacturing Technology, vol. 69,  pp. 1765-1773.
[2] S. Zhu, Y. F. Lu, and M. H. Hong. (2001) Laser ablation of solid substrates in a water-confined environment, Applied Physics Letters, vol. 
79, pp. 1396–1398.
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We demonstrate microfabrication of transparent thermosetting polymer, poly(dimethylsiloxane) (PDMS) using 
cavitation bubbles generated by a conventional nanosecond (ns) laser. PDMS has become a versatile material in 
the fields of biological, medical and other researches since the polymer has a lot of beneficial properties such as 
high transparency, chemical resistance, lightweight and low-cost. To microfabricate the polymer, soft lithography 
technique developed by semiconductor industries has been widely applied to surface pattern the polymer 
substrate even though the technique requires multi-step processing [1]. On the other hand, laser-induced 
plasma assisted ablation (LIPPA) [2] and laser-induced backside wet etching (LIBWE) [3] enables rapid prototype 
of transparent materials in single-step processing. These processes can deposit thin metal films selectively and 
deep-etch without severe surface roughness respectively. However, both fabrication speed is low since the target 
substrate is solid materials.

In the meanwhile, we have developed the microfabrication technique of PDMS polymer using the laser-induced 
cavitation bubble. Figure 1(a) shows the schematic diagram of the developed technique. In the process, uncured 
(liquid state) PDMS polymer, was set on the metal substrate and then, focused ns laser pulse was irradiated 
through the uncured PDMS to generate cavitation bubbles at the interface between the metal and uncured 
polymer. After scanning the laser beam (namely, connecting the cavitation bubbles), the liquid state polymer was 
cured in furnace. As a result, microgroove in which the shape of cavitation bubbles are transferred on the rare 
surface of the PDMS substrate is fabricated on the rare side of the PDMS substrate.

 

    　　　　　　　　　(a)   　　　　　　　　              (b)

Figure 1: (a) Enlarged schematic diagram of the experimental setup. (b) 3D laser scanning microscope image of fabricated microgroove on 
the rare side of the PDMS substrate.

Following the fabrication of PDMS polymer using the developed technique, microgroove with high 
aspect ratio can be easily fabricated on the rare side of the PDMS substrate since the fabrication method transfers 
the molding of the cavitation bubbles. Additionally, thin metal film deposits in the fabricated areas due to the 
metal ablation during the fabrication process. Therefore, selective metallization can be subsequently applied for 
the electrode fabrication. In this paper, fundamental characteristics of the developed fabrication technique are 
discussed.

[1] S. S. Saliterman (2006) BioMEMS and Medical Microdevices (SPIE PRESS), 3.
[2] Y. Hanada, K. Sugioka and K. Midorikawa (2006) Nanosecond laser micromachine glass, SPIE Newsroom, pp. 1-2 
[3] H. Niino,_X. Ding, R. Kurosaki, A. Narazaki, T. Sato, Y. Kawaguchi (2004) Imprinting by hot embossing in polymer substrates using a 
template of silica glass surface-structured by the ablation of LIBWE method, Appl. Phys. A 79, pp. 827–828
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electromagnetic to hydrodynamic effects 
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Ultrashort laser pulses with fluences near and slightly above the ablation threshold open broad possibilities for 
precise and efficient fabrication of the nano/microstructures on the surface of metals and dielectrics with unique 
antireflective, plasmonic, and wettability properties via single pulse and multipulse irradiation [1]. Under strong 
laser irradiation conditions, the surface relief is modified via melt flow, capillary effects, resolidification [2-3], 
subsurface nanospallation [4], and ablative evaporation [5]. The nanoroughness induced by the evolution of 
the surface relief, in turn, influences the local energy deposition and temperature gradients from pulse to pulse 
[4, 6]. A 3D numerical model, coupling electromagnetic, electron-ion heat transfer and hydrodynamic effects is 
developed to get a new insight on the surface modifications during pulse train irradiation, including laser-induced 
periodic surface structure (LIPSS) formation [4, 6], and to achieve better control over the laser ablation process.
  

Figure 1: (a) 3D electron density profile of LIPSS on fused silica substrate: (b) HSFL (high-frequency LIPSS) structures formed by irradiation 
with J = 2.4 J/cm2   fluence, (c) LSFL (low-frequency LIPSS) structures formed by irradiation with J = 3.9 J/cm2   fluence after ablation removal.  
(d-f) Ablation of nanostructured stainless steel with fluence J = 0.75 J/cm2 : (d) fluence distribution, (e) maximum lattice temperature 
distribution after , (f) steel density profile   after ablation removal.

[1] F. Műller, C. Kunz, and S. Gräf (2016) Bio-inspired Functional Surfaces Based on Laser-induced Surface Periodic Nanostructures, Materials, 
vol. 9, 476.
[2] G. Tsibidis, E. Skoulas, A. Papadopoulos, and E. Stratakis (2016) Convection roll-driven generation of supra-wavelength periodic surface 
structures on dielectrics upon irradiation with femtosecond pulsed lasers, Phys. Rev. B, vol. 94, 081305.
[3] X. Sedao, M. V. Shugaev, C. Wu, T. Douillard, C. Esnouf, C. Maurice, S. Reynaud, F. Pigeon, F. Garrelie, L. V. Zhigilei, and J.-P. Colombier 
(2016) Growth Twinning and Generation of High-Frequency Surface Nanostructures in Ultrafast Laser-Induced Transient Melting and 
Resolidification, ACS Nano, vol. 10, 6995-7007. 
[4] X. Sedao, A. A. Saleh, A. Rudenko, T. Douillard, C. Esnouf, S. Reynaud, C. Maurice, F. Pigeon, F. Garrelie, and J.-P. Colombier (2018) Self-
arranged Periodic Nanovoids by Ultrafast Laser-Induced Near-field Enhancement, ACS Photonics, DOI: 10.1021/acsphotonics.7b01438.
[5] M. V. Shugaev, I. Gnilitskyi, N. M. Bulgakova, and L. V. Zhigilei (2017) Mechanism of single-pulse ablative generation of laser-induced 
periodic surface structures, Phys. Rev. B, vol. 96, 205429.
[6] A. Rudenko, J.-P. Colombier, S. Höhm, A. Rosenfeld, J. Krűger, J. Bonse, and T. E. Itina (2017) Spontaneous periodic ordering on the surface 
and in the bulk of dielectrics irradiated by ultrafast laser: a shared electromagnetic origin, Sci. Reports, vol. 7, 12306. 
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Laser nano- and microstructuring of glasses attracts constantly growing interest due to numerous applications 
mainly in such fields as optics, photonics, and nano-fluidics. Numerous experiments have demonstrated 
possibilities of laser-induced structuring both in volume and at the surface with reduced resolution. In addition, 
both well-controlled and spontaneously formed periodic self-organized structures were often obtained, while 
their origin remained unclear.

In this study, we focus our attention on the laser-triggered material response that we investigate as a function 
of both laser parameters and material properties. For this, multi-physical approach is applied and a combined 
model is developed [1-2]. The model accounts for such effects as laser-induced modifications and mechanisms of 
glass decomposition in fused silica are numerically investigated. Cavitation is shown to be the primary mechanism 
responsible for void formation within the heat-affected zone. It is demonstrated, furthermore, that multi-pulse 
accumulation processes providing higher local temperatures/pressures lead to the rapid cavitation or nanopores 
formation, lying in the origin of self-organized nanogratings. Laser thresholds required for nanogratings formation/
erasure are defined in agreement with the available experimental findings.

    (a)                             (b)

Figure 1: (a) Snapshot  volume nanograting formation ; (b) experimental results demonstrating that nanogratings are related to nanopores 
[3].  

Additionally, we consider weaker laser interaction regimes with porous materials containing ions and 
nanoparticles. In this case, nanoparticle distributions are shown to define to a large extend not only material 
absorption properties that can evolve both in time and space, but also material temperature. Again, a detailed 
3D modeling allows us to elucidate the main driving mechanisms of the final structure formation and provide the 
optimization ways for this processing. 

[1] A. Rudenko, H. Ma, V. P. Veiko, J.Ph. Colombier, T. E. Itina (2017) On the role of nanopore formation and evolution in multi-pulse laser 
nanostructuring of glasses. Applied Physics A. 124: 63. https://doi.org/10.1007/s00339-017-1492-2
[2] A. Rudenko; J-Ph. Colombier, T.E. Itina (2017) Nanopore-mediated ultrashort laser-induced formation and erasure of volume 
nanogratings in glass, Phys. Chem. Chem.Phys., accepted.
[3] M. Lancry, B. Poumellec, J. Canning, K. Cook, J.-C. Poulin, F. Brisset (2013) Ultrafast nanoporous silica formation driven by femtosecond 
laser irradiation, Laser & Photonics Review 7(6), 953–962.
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Flexible nanostructuring of metal surfaces by femtosecond  
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The production and engineering of metallic nanostructures is of great interest because they have abundant 
physics and wide promising applications, including in plasmonics, biological sensing, magnetic recording, 
catalysts for hydrogen energy. With respect to the costly sophisticated technology of lithography and a bottom-
up self-assembly method with a weak controllable manner, it is highly desirable to develop powerful and reliable 
techniques for the flexible and rapid fabrication of micro or nanostructures on metallic materials especially 
towards the emerging field of high-temperature nanophotonics. 

We present here a new strategy to produce one or two dimensional periodic nanoscale structures in one-step 
process on different metal surfaces by utilizing infrared femtosecond laser pulses. The geometric shape, size 
and spatial distribution of the primary structure units can be well controlled with varying the incident laser 
parameters[1-4]. In addition, the experiments reveal that the formation of such surface nanostructures has 
little dependence on the focusing laser conditions, which offers an efficient method to produce large-area 
nanostructures on the material surface with a cylindrical lens[5]. Theoretical analyses suggest that the formation 
of the nanoscale metal structures is originated from the excitation of ultrafast surface plasmons and transient 
physical properties of materials, which consequently promotes the correlated physical actions between laser-
matter interactions[6]. Our investigations can provide new routes to effectively control the design and fabrication 
of nanodevices for many potential applications.

             
   (a)                           (b)

Figure 1: two-dimensional periodic nanostructures arrays directly fabricated by infrared femtosecond laser on different metal surfaces. (a) 
Molybdenum. (b) Tungsten.  

[1] Yanfu Tang, Jianjun Yang, Bo Zhao, Mingwei Wang, Xiaonong Zhu (2012), Control of periodic ripples growth on metals by femtosecond 
laser ellipticity, Optics Express, Vol.20, pp. 25826-25833
[2] Lu Xue , Jianjun Yang, Yang Yang, YishanWang, Xiaonong Zhu (2012), Creation of periodic subwavelength ripples on tungsten surface by 
ultra-short laser pulses, Applied Physics A, Vol.109, pp.357-365
[3] Wanwan Qin and Jianjun Yang (2017), Controlled assembly of high-order nanoarray metal structures on bulk copper surface by femto-
second laser pulses, Surface Science, Vol.661, pp.28-33
[4] J. Cong, J. Yang, B. Zhao, X. Xu (2015), Fabricating subwavelength dot-matrix surface structures of Molybdenum by transient correlated 
actions of two-color femtosecond laser beams, Optics Express, Vol. 23, pp. 5357-5367
[5] H. Qiao, J. Yang, F. Wang, Y. Yang, J. Sun (2015), Femtosecond laser direct writing of large-area two-dimensional metallic photonic crystal 
struc- tures on tungsten surfaces, Optics Express, Vol.23, pp. 26617-26627
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Periodical microstructures on titanium have shown the enhancement of specific functions such as the control 
of cellular behavior [1] or the reduction of ice accumulation [2]. Advanced laser processing technologies such 
as Direct Laser Interference Patterning (DLIP) offer new possibilities to fabricate these structures with feature 
sizes in the micro and nanometer range which are suitable for to obtain the aforementioned surface functions. 
The DLIP principle is based on the overlap of two or more coherent laser beams, allowing to create well defined 
pattern geometries by varying the number of used laser beams as well as the incident angle of each beam.
 
In this work, we demonstrate the possibility to produce homogeneous periodic surface microstructures using 
nanosecond DLIP with a two-beam configuration on Ti6Al4V. The produced microstructures were fabricated 
using line-like patterns in the spatial periods of 4.3 µm, 5.8 µm and 7.2 µm. The strategy used to produce these 
structures consisted on the use of cumulative laser pulses permitting to significantly increase the structure depth 
of the patterns and thus the aspect ratio. Also, by controlling the pulse to pulse overlap and hatch distances, 
homogeneous microstructures could be produced. Thereby, a method for quantifying the surface homogeneity in 
terms of different topographical parameters was developed. In general, it was observed that surface error could 
be reduced by reducing the hatch distance, increasing the pulse to pulse overlaps as well as using high fluence 
values. 

To characterise the structures, different methods were used including Scanning Electron Microscopy (SEM) and 
White Light Interferometry (WLI). 

Figure 1: Scanning electron micrographs of the nanosecond DLIP microstructure produced on Ti6Al4V using the spatial period of 
Λ= 5.82 µm, hatch distance of 29.1 µm, F= 1.42 J/cm2 and 96.6 % overlap. Inset picture show a smooth interference minima produced by 
the molten material redeposited due to the thermal gradients involved.

Acknowledgments: this work was carried out in the framework of the LASER4FUN project (http://www.laser4fun.
eu), which has received funding from the European Union’s Horizon 2020 research and innovation programme 
under the Marie Sklodowska-Curie grant agreement No 675063.

[1]  S. Schlie, E. Fadeeva, A. Koralova, A. Ovsianikov, J. Koch, A. Ngezahayo, B.N. Chikov (2011) Laser-based nanoengineering of surface 
topographies for biomedical applications. Photonic. Nanostruct.- Fundamentals and Applications. 9, 159-162. 
[2] Del Cerro, D. A., Römer, G.R.B.E., Huis in’t Veld, A.J. (2010). Picosecond laser machined designed patterns with anti-ice effect. In proc. of 
the 11th International Symposium on Laser Precision Microfabrication. 
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The TRUE antifouling capabilities of Laser processed surfaces, bio-
inspired by springtails and tested under REALISTIC conditions
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Human centred approaches to curb biofouling are often inefficient, resulting in widespread material deterioration, 
human infection and at worst antimicrobial resistance. It is encouraging that today, nature’s defence mechanisms 
are being explored - inspiring a new age of highly precise as well as ecologically and economically more 
sustainable anti-adhesive surfaces. However, the major challenges in translating such surfaces from lab to ‘real 
world applications’ lie in:

1. The high throughput, mechanical stability and hierarchical recapitulation limitations of current 
structuring techniques 

2. The lack of standardised bacterial protocols performed under ‘realistic conditions’.

The cuticular morphologies of springtails are unique. Overhanging cross sections of nanoscopic granules are 
responsible for the superior wetting resistance, whereas submicron spacing deters bacterial colonisation 
regardless of hydrophobicity [1] and the comb arrays maintain structural integrity. Advanced laser techniques 
promise to better recapitulate hierarchical structures, all whilst overcoming the current manufacturing throughput 
limitations, at a decent price. 

The work performed here is twofold. Firstly, we demonstrate the varying antifouling capabilities of laser processed 
surfaces that incorporate differing bio-inspired elements. Secondly, we investigate how well these claims stand 
when tested under more realistic conditions. Perfluoropolyether (PTFE) replicas of the following surfaces:

•	 honeycomb arrays with 1-μm periodicity fabricated using PN on ferric treated stainless steel (SS) [2],
•	 hierarchical structures created by picosecond DLIP processing on SS (LSFL Λ ≈ 800 nm and HSFL Λ ≈ 

200 nm) with periodicities (1.2 µm – 5.5 µm) [3],
•	 and line-like structures on polystyrene, by a two-beam DLIP process, with periods of 0.8 µm – 1.9 µm 

[4],
were incubated in two types of bacteria solutions: Fresh (typical lab culture) and long-term conditioned Escherichia 
coli (more realistic culture). 

At first glance, the PN honeycomb arrays experienced little to no colonization by standard lab cultures in 
comparison to the significantly adhered bacteria cells found under more realistic conditions. As such, we predict 
that similar discrepancies will be found in the on-going experiments on the two hierarchically structured surfaces. 
Our results call for the research community to consider even more realistic testing methods under application-
based conditions before disseminating research and application claims.

Acknowledgment: this work was carried out in the framework of the LASER4FUN project (http://www.laser4fun.
eu), Funded by the European Union’s Horizon 2020 research and innovation programme under the Marie 
Skłodowska-Curie grant agreement No 675063.

[1] Hensel R, Helbig R, Aland S, Voigt A, Neinhuis C, Werner C (2013) Tunable nano-replication to explore the omniphobic characteristics 
of springtail skin. NPG Asia Materials. 5 e37
[2] J.-M. Romano, A. Garcia-Giron, P. Penchev, S. Dimov (2018) Triangular laser-induced submicron textures for functionalising stainless steel 
surfaces, Appl. Surf. Sci. 440C 162–169.
[3] A. I. Aguilar-Morales, S. Alamri; A. F Lasagni (2018). Micro-fabrication of high aspect ratio periodic structures on stainless steel by 
picosecond direct laser interference patterning. Journal of Materials Processing Technology. 252,  313-321.  
[4] S. Alamri, A. F. Lasagni (2017) Direct laser interference patterning of transparent and colored polymer substrates: ablation, swelling, and 
the development of a simulation model, Proc. SPIE 10092, Laser-based Micro- and Nanoprocessing XI, 1009219
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Cost-effective large-area nano texturing of metallic surfaces remains a challenge within the laser community. 
The minimal feature size is intrinsically limited by the diffraction limit of light. Photonic Nanojet (PN) is a high-
intensity near-field phenomenon that takes place when irradiating micro-sized spheres and depends on the 
refractive index, incident laser wavelength and spheres’ diameter [1,2]. In dry laser cleaning (DLC), the PN 
effect has the drawback of damaging the substrate [3]. In manufacturing, the PN direct-write laser technology 
has been used to fabricate nano-scale hillocks and craters (FWHM~λ/3) [4]. In this research, transparent silica 
microspheres (SiO2, ∅=1μm, n=1.45) have been deposited in a hexagonal closed-packed monolayer onto X6Cr17 
stainless steel plates and subsequently irradiated by near-infrared pulsed laser sources, i.e. a randomly-polarised 
nanosecond laser (τ=15-200ns, λ=1064nm) and a circular-polarised femtosecond laser (τ=310fs, λ=1032nm). FE 
simulation were conducted for different laser wavelengths and spheres’ radii to predict the PN focal length and 
waist, and a FWHM at the substrate surface of ~200nm (~0.2λ). Varying the pulse energy and focal offset, arrays 
of subwavelength holes from 200nm to 1μm were fabricated in a Gaussian-shaped single-shot irradiation. The 
influence of consecutive multi pulses and the formation of Laser-Induced Periodic Surface Structures (LIPSS) 
[5] were studied. The process settings for large-area texturing were optimised by maximising PN texturing and 
minimising the DLC effect.

Acknowledgment: this work was carried out in the framework of the LASER4FUN project (http://www.laser4fun.
eu), which has received funding from the European Union’s Horizon 2020 research and innovation programme 
under the Marie Skłodowska-Curie grant agreement No 675063.

[1] Z. Chen, A. Taflove, V. Backman (2004) Photonic nanojet enhancement of backscattering of light by nanoparticles: a potential novel 
visible-light ultramicroscopy technique, Opt. Express. 12 1214–1220.

[2] S. Lecler, Y. Takakura, P. Meyrueis (2005) Properties of a three-dimensional photonic jet, Opt. Lett. 30 2641–2643.
[3] M. Mosbacher, H.-J. Münzer, J. Zimmermann, J. Solis, J. Boneberg, P. Leiderer (2001) Optical field enhancement effects in laser-

assisted particle removal, Appl. Phys. A. 72 41–44.
[4] E. McLeod, C.B. Arnold (2008) Subwavelength direct-write nanopatterning using optically trapped microspheres, Nat. Nanotechnol. 3 

413–417
[5] J.-M. Romano, A. Garcia-Giron, P. Penchev, S. Dimov (2018) Triangular laser-induced submicron textures for functionalising stainless 

steel surfaces, Appl. Surf. Sci. 440C 162–169.
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Crystalline sapphire (Al2O3) is a hard (9 on the Mohs scale) and transparent material widely used in industry. 
Ultrashort pulsed laser processing is an effective and flexible way of machining this material. When applying 
IR laser wavelengths, sapphire can be laser-processed inside the bulk (sub-surface) to produce 3D structures, 
which can find uses, for example, in the production of microfluidic devices [1]. Ultrashort and tightly focused 
laser pulses trigger several energy absorption mechanisms inside the bulk. The deposited energy locally modifies 
the structure of sapphire. The physical phenomena, which affect the morphology (shape and dimensions) of the 
modifications are complex and still not fully understood. State-of-the-art (numerical) models of sapphire laser 
processing [2] describe mainly femtosecond pulsed laser-material interaction. Therefore, a numerical model was 
developed including phenomena occurring in picosecond laser-material interaction. The physical phenomena in 
this 2D-axisymmetric, time dependent, numerical model include, but are not limited to: multiphoton absorption, 
tunneling ionization, avalanche ionization, recombination of carriers, diffusion of carriers and heat diffusion. 
Based on these phenomena, three quantities are calculated, namely electron density, electron temperature and 
lattice temperature. The model was implemented in COMSOL Multiphysics®. It was validated by comparing the 
simulation outcomes to results from literature. Figure 1 shows an exemplary simulation result—i.e. the lattice 
temperature profile, at three time instances, induced by a collimated Gaussian laser beam. In addition, using 
the model, the effect of pulse energy on electron density, electron temperature and lattice temperature in the 
material was studied. It was found that, sapphire is modified by the laser radiation if avalanche ionisation is 
triggered in the bulk. That is, only in that case the lattice temperature reaches sufficiently high values, required 
to induce modifications.  

Figure 1: An example of the calculated (simulated) lattice temperature in sapphire at three time-steps. The simulation was axisymmetric; 
each plot shows half of the temperature profile at each time step. The horizontal axis represents the distance from the centre of the 
incident beam entering the sapphire from the top. The vertical axis represents the distance to the surface (top) of the sapphire. Simulation 
conditions: laser wavelength λ=1030 nm, pulse energy Ep=0.11 µJ (collimated beam) and pulse duration  of tp=3 ps (FWHM). 

[1] S. Juodkazis and H. Misawa (2007) Forming tiny 3D structures for micro- and nanofluidics, SPIE Newsroom, no. July, pp. 4–6.
[2] N. M. Bulgakova (2007) Theoretical Models and Qualitative Interpretations of Fs Laser Material Processing, J. Laser Micro/
Nanoengineering, vol. 2, no. 1, pp. 76–86.
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Self-cleaning properties of water repellent surfaces are of high interest for the home appliances industry. While 
surface functionalization has attracted a significant interest, both from industry and research, the durability of 
engineered surfaces remains a challenge, as wear and scratches deteriorate the surface functional response.

In this work, a cost-effective combination of surface engineering processes on stainless steel was studied. Low 
temperature plasma surface alloying [1] using a carbon-based gas increased surface hardness from 172 to 305 
HV. Near-infrared nanosecond laser patterning was then used to fabricate channel-like patterns that enabled air 
trapping, and thus, superhydrophobicity, i.e. static contact angles (CA) higher than 150° with very low roll-off 
angles [2].

To mimic the wear resulting from a daily use of home appliances, rubbing tests were conducted onto the engi-
neered surfaces. In particular, the modification of surface topographies and water CA were analysed while in-
creasing the number of rubbing cycles. The evolution of wettability and its dependence to the wear was studied. 
As the samples with increased surface hardness exhibited a better wear resistance, the laser-textured surfaces 
remained hydrophobic after a bigger number of rubbing cycles when compared to non-treated surfaces. A con-
clusion is made about the potential increase of functionalised surfaces’ lifespan when the proposed combined 
surface engineering approach is applied.

Acknowledgment: this work was carried out in the framework of the LASER4FUN project (http://www.laser4fun.
eu), which has received funding from the European Union’s Horizon 2020 research and innovation programme 
under the Marie Skłodowska-Curie grant agreement No 675063.

[1] H. Dong (2010) S-phase surface engineering of Fe-Cr, Co-Cr and Ni-Cr alloys, Int. Mater. Rev. 55 65–98.
[2] A. Garcia-Giron, J.M. Romano, Y. Liang, B. Dashtbozorg, H. Dong, P. Penchev, S.S. Dimov (2018) Combined 

surface hardening and laser patterning approach for functionalising stainless steel surfaces, Appl. Surf. Sci. 
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Generation of laser Induced surface structures has been reported as an effective way to functionalize the surface 
of a solid material [1], [2]. Structures size, symmetry and hierarchical formation has a huge bearing in determining 
the materials macroscopic properties [3]. Therefore, fabrication of surface morphologies at different scales is on 
high demand since they can be possibly employed to enable a variety of unexplored surface functionalities such 
as bactericidal, anti-icing and anti-reflective surfaces. Spikes (Figure 1 B), laser induced conical microstructures 
are renown for hydrophobic and blackening properties. Recently we showed that by fine tuning the laser process 
parameters is possible to vary spike size from some tens of microns down to a minimum of few μm[4].  

Here we demonstrate the possibility to produce a variety of 2D morphologies in the submicron regime (Figure 1 
A). Trains of double pulses with variable interpulse delay (from 0 ps up to 4 ns) produced by a delay line have been 
utilized. On stainless steel we performed a comprehensive investigation of the impact of process parameters 
(fluence, overlap, and scanning interval) on the structure morphology. Large surfaces were homogeneously 
textured. We believe that our work provide ground-breaking results on surface functionalization which are 
potentially exploitable for industrial applications.

Figure 1 SEM of textured stainless steel surface illustrating structures of various sizes. A: submicron 2D structures obtained with double fs 
pulse irradiation C: Spikes generated with trains of fs pulses at 2 MHz

Acknowledgments: this work was carried out in the framework of the LASER4FUN project (http://www.laser4fun.
eu), which has received funding from the European Union’s Horizon 2020 research and innovation programme 
under the Marie Skłodowska-Curie grant agreement No 675063.

[1] J. Bonse, R. Koter, M. Hartelt, D. Spaltmann, S. Pentzien, S. Höhm, A. Rosenfeld, and J. Krüger, “Tribological performance of 
femtosecond laser-induced periodic surface structures on titanium and a high toughness bearing steel,” Appl. Surf. Sci., 2014.

[2] C. Simitzi, P. Efstathopoulos, A. Kourgiantaki, A. Ranella, I. Charalampopoulos, C. Fotakis, I. Athanassakis, E. Stratakis, and A. 
Gravanis, “Laser fabricated discontinuous anisotropic microconical substrates as a new model scaffold to control the directionality 
of neuronal network outgrowth,” Biomaterials, vol. 67, pp. 115–128, 2015.

[3] V. Zorba, E. Stratakis, M. Barberoglou, E. Spanakis, P. Tzanetakis, S. H. Anastasiadis, and C. Fotakis, “Biomimetic artificial surfaces 
quantitatively reproduce the water repellency of a lotus leaf,” Adv. Mater., vol. 20, no. 21, pp. 4049–4054, 2008.

[4] F. Fraggelakis, G. Mincuzzi, J. Lopez, I. Manek-Hönninger, and R. Kling, “Texturing metal surface with MHz ultra-short laser pulses,” 
Opt. Express, vol. 25, no. 15, pp. 18131–18139, 2017.
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Numerous studies on the effect of laser-texturing on tribological systems were performed since Etison in 1996 
[1]. An experimental study was conducted to define a novel approach to find a most appropriate lubricant for a 
mechanical equipment by studying the friction behavior during the reciprocating sliding contact under dry and 
lubricated conditions. Starting with the ultrashort pulsed laser texturing of martensitic steel surfaces, the present 
study aims at investigating the spreading of lubricant at different temperature versus the tribological effects.

Micro-texturing was performed using a 1030-nm-wavelenght femtosecond laser system. Surfaces were micro-
textured with three different geometrical patterns. As according to our past experimental activities, noticeable 
friction reduction was expected by texturing the surfaces with micro-dimples arrays with size for each dimple in a 
range of 100-200µm. Therefore, different texture geometries were designed, distributing the dimples differently 
on the surfaces while keeping their size within that range. Tribological characterization were performed on three 
micro-textured geometrical patterns and un-textured polished surfaces as a reference. Experiments are carried out 
using a reciprocating ball-on-disk tribometer to determine coefficients of friction (COF), under dry and lubricated 
conditions (Mineral oil 15W40, Pure Glycerol). Mineral oil is commonly used in engines, Pure glycerol is a highly 
viscous, bio-compatible and environmentally friendly fluid with unique properties and it can be considered as 
the replacement for traditional mineral oil [2]. So, it is relevant to study the friction behaviour of such lubricants 
for metals. Regarding the variation in the COF among lubricated surfaces, mineral oil gives consistent results and 
glycerol exhibits a shift towards higher Hersey numbers due to viscous effects and less friction. Micro-textured 
surfaces have lower COF as compared to the un-textured polished surfaces from boundary to mixed lubrication 
regime. Textured surfaces with different geometrical patterns shows a friction reduction under different lubrication 
regimes. Furthermore, wettability of the different micro-textured surfaces was evaluated by measuring the water, 
mineral oil and pure glycerol contact angle. All considered textures showed a slight reduction of Static Contact 
Angle (SCA) for the 3 liquids, compared with the polished surface. As expected, the spreading of oil is higher than 
with glycerol. Mineral oil exhibited a more persistent philic behaviour and an almost complete spreading over the 
polished and textured surfaces, explaining why it gives more consistency in the friction reduction compared to 
glycerol. We highlight that mineral oil is relevant for low and high dynamic velocities in the case of textured and 
un-textured samples, whereas, glycerol is beneficial at certain velocities. Therefore, we propose a novel approach 
for the design of tribological systems depending of surface texturing, lubricant, working temperature and sliding 
velocity.

Acknowledgments: This work was carried out in the framework of the LASER4FUN project 
( http://www.laser4fun.eu ), which has received funding from the European Union’s Horizon 2020 research and 
innovation programme under the Marie Sklodowska-Curie grant agreement No 675063.

[1] Michele Scaraggi • Francesco P. Mezzapesa • Giuseppe Carbone • Antonio Ancona • Luigi Tricarico; Friction Properties of Lubricated 
Laser-MicroTextured-Surfaces: An Experimental Study from Boundary- to Hydrodynamic- Lubrication, Tribol Lett (2013) 49: 117.
[2] Le, V.N.-A.; Lin, J.-W. Tribological Properties of Aluminum Nanoparticles as Additives in an Aqueous Glycerol Solution. Appl. Surf. 
Sci. 2017, 7, 80.

Tue-2-OR12

TU
ES

D
AY

TU
ES

D
AY



84 85

Positive effect of laser structured surfaces on tribological 
performance

T. Stark1, S. Alamri2, A. Aguilar2, T. Kiedrowski1, A. F. Lasagni2,3

1- Robert Bosch GmbH, Robert-Bosch-Campus 1, 71272 Renningen, Germany
2- Fraunhofer-Institut für Werkstoff- und Strahltechnik IWS, Winterbergstr. 28, 01277 Dresden, Germany

3- Institut für Fertigungstechnik, Technische Universität Dresden, Zeunerbau, George-Bähr-Str. 3c, 01069 Dresden, Germany

tobiasbenedikt.stark@de.bosch.com

In recent years laser surface structuring has emerged as a viable tool to enhance surface functionality. In this 
study an ultrashort pulsed laser is used to create cross-like surface structures in order to improve tribological 
properties. The objective is to decrease friction and wear especially for the mixed lubrication regime in which 
body and counterbody are in contact. We state a hypothesis that the high flow resistance in small channels 
helps to hold the lubricant in the tribocontact and therefore separates contacting asperities. Direct Laser Writing 
and Direct Laser Interference Patterning methods are used to create cross-like structures of different channel 
sizes. Tribological properties of these structures are evaluated by means of a ball-on-disc tribometer. The surface 
structures and the wear behavior are analyzed with confocal microscopy and SEM. The results show both a 
decrease and increase of the coefficient of friction depending on the size of the channels. This behavior is 
discussed and compared to the hypothesis stated above.

Acknowledgments: this work was carried out in the framework of the LASER4FUN project (http://www.laser4fun.
eu), which has received funding from the European Union’s Horizon 2020 research and innovation programme 
under the Marie Sklodowska-Curie grant agreement No 675063.
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Icing represents a major problem in the aviation industry. While icing of common components such as airfoils 
due to the impingement of (supercooled) liquid water droplets is widely studied, even if not yet fully understood, 
supporting structures like grids on engine air intakes have been investigated to a lesser extent (Figure 1) [1]. An 
optimization of these protection grids will lead to reduce icing severity and, subsequently, to avoid loss of 
efficiency and safety issues that can lead to hazardous situations [2]. 
 

 [3] 
Figure 1. Helicopter air intake protection grids of the AIRBUS H 225 of the SuperPuma family and their icing. (Airbus Helicopters). 
 
The presented study investigates the icing behaviour of steel grids in use on helicopters and turboprop engines 
through the development of new analytical tools that enables a quantitative study of the icing phenomena of 
such structures and the employment of an ice accretion model hereby proposed. Additionally, different 
short/ultra-short laser treatments on the reference stainless steel are investigated, in order to evaluate how the 
wettability modification of the wires, showed can improve the passive icing protection properties of these 
components. Two different laser technologies are compared: Direct Laser Writing (DLW), in the nano- and 
femto-second pulse duration range, and Direct Laser Interference Patterning (DLIP) in the pico-second rage. The 
experimental work is carried out in the Airbus’ lab-sized icing wind tunnel iCORE (icing and COntamination 
REsearch facility). A variation of the most relevant parameters, i.e. air stream velocity, air temperature, angle of 
attack, liquid water content of the cloud and mesh size of the grid, will allow identifying their influence on the 
icing behaviour of the grid components. After comparing the icing behaviours of the different surface 
treatments, the best solution could be selected. 
 
 
[1] J. Helbach (2015), Empirical Investigation on the Icing Behaviour of Grid Structures in a Lab-scale Icing Wind Tunnel, Bachelor Thesis 
submitted to the Institute of Product Development and Design at Hochschule Koblenz, Germany. 
[2] N. Karpen (2016), Empirical Investigation on the Icing and De-icing Behaviour of Grid Structures in a Lab-scale Icing Wind Tunnel, Bachelor 
Thesis submitted to the Institute of Aerodynamics and Chair of Fluid Mechanics at RWTH Aachen, Germany. 
[3] Transport Canada: https://www.tc.gc.ca/eng/civilaviation/publications/tp185-4-07-winter-operations-4043.htm. 
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Laser-Induced Periodic Surface Structures (LIPSS) are regular nanoscale structures which develop on top of 
surfaces when processed with a laser beam in a narrow range of laser fluence levels typically near the ablation 
threshold [1]. Whereas LIPSS are well researched on metals and semiconductors, over a broad spectrum of 
processing parameters (wavelength, pulse duration and fluence) [2], only a few dozen of studies address LIPSS 
formation on polymers. A literature study was carried out to map out these studies, see Figure 1. As can be 
concluded from this figure, most studies report the formation of LIPSS on polymers when processed with 
nanosecond UV laser pulses. It was claimed that high absorptivity of the polymer regarding to the laser 
wavelength is necessary in the nanosecond regime to develop LIPSS [3]. At this pulse duration regime, the laser 
wavelength plays a dominant role in effectively laser processing of the polymers. It can also be concluded from 
figure 1, that only a handful of studies report LIPSS on polymers while applying laser pulses in the femtosecond 
regime. At these pulse durations the high peak densities result in non-linear two- and multiphoton absorption 
and ionization before material relaxation occurs, opening the possibility to process materials which are 
transparent at the given laser wavelength. 

So far, LIPSS on polymers using pulse durations in the picosecond regime have not been reported. Therefore, 
this paper reports the processing window of LIPSS on two of the most common polymers (Polystyrene and 
Polycarbonate). Because of results achieved using ns and fs, a wavelength in the UV range was used. More 
specifically, the experimental setup  consists of a Yb:YAG pulsed (6,7 ps) laser source (M21.3) emitting a 
wavelength of 343 nm. 

Figure 1: Research activities (literature overview) in the field of LIPSS on polymers (legend), categorized by pulse duration (vertical axis) 
and laser wavelength (horizontal axis) used in various studies of the publications in literature  

[1] S. He, J.J. Nivas, K.K. Anoop, A. Vecchione, M. Hu, R. Bruzzese, S. Amoruso  (2015) , Surface structures induced by ultrashort laser pulses: 
Formation mechanisms of ripples and grooves, Applied Surface Science, Vol. 353, pp. 1214-1222 
[2] J. Bonse et. al. (2016), Laser-Induced Periodic Surface Structures- A Scientific Evergreen, IEEE Journal of Selected Topics in Quantum
Electronics, Vol. 23, Issue: 3 
[3] M. Bolle and S. Lazare (1993) , Characterization of submicrometer periodic structures produced on polymer surfaces with low-fluence
ultraviolet laser radiation,  Journal of Applied Physics, Vol. 73, pp. 3516–3524
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European Union’s Horizon 2020 research and innovation programme under the Marie Skłodowska-Curie grant agreement No 675063.
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Ranging from friction reduction, bacterial adhesion control and light guiding, the modification of the material 
surface is the key for improving the device performances or even creating new functions. Among different 
laser processing techniques, Direct Laser Interference Patterning (DLIP) is one of the most efficient routes for 
texturing materials with controllable structures up to the nanometer scale and with high throughput. The use 
of different structuring methods lead to different results and with unique features, aimed in some cases to 
mimic the structures already present in nature. Taking Polycarbonate as reference material, novel 
structuring approaches have been tested. 

A pixel-wise structuring strategy gave the possibility to study the structuring process for single pulses. A model 
has been developed taking in to consideration experimental observations from pigmented and non-
pigmented polycarbonate treated with ultraviolet (263 nm) and infrared (1053 nm) nanosecond laser sources. 
Depending on the laser processing conditions (e.g. laser wavelength and energy density), the type of material 
used as well as the spatial period of the produced surface patterns different structuring mechanism were 
identified [1]. Changing the structuring conditions, hierarchical structures with selective wetting properties can 
be fabricated on polycarbonate. Two different methods for producing hierarchical microstructures have been 
provided, both relying on a pixel-wise structuring technique and able to achieve depths up to 20 µm. The level 
of anisotropy is adjusted by regulating the structuring parameters and the wettability response is 
correlated with the structural information. As a result, hierarchical structures with a high level of 
anisotropy (line-like) can be associated with a spreading of the water droplet in the direction 
perpendicular to the lines, while balanced hierarchical structures (pillars-like) show an isotropic increase of 
the contact angle up to 110° [2]. 

New strategies can be applied in order to fabricate microstructures having an inclination with respect to 
the direction normal to the sample. Tilting the sample plane, line-like and pillars-like structures are fabricated 
with inclinations from 0 to 75 degrees and the structure features (period, depth and inclination) are correlated 
with the structuring parameters and theoretical laws. 

Figure 1: Micrographs of structured polycarbonate by DLIP, showing (a) simple Pillars-like pattern with a periodicity of 2 µm, and (b) 
hierarchical pillar-like structure with a double periodicity of 2 µm and 26 µm. 

Acknowledgments: this work was carried out in the framework of the LASER4FUN project 
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[1] S. Alamri and A. F. Lasagni (2017) Development of a general model for direct laser interference patterning of polymers, Optics Express, 
25 (9), 9603-9616. 
[2] S. Alamri, A. I. Aguilar-Morales and A. F. Lasagni (2018) Controlling the wettability of polycarbonate substrates by producing
hierarchical structures using Direct Laser Interference Patterning, European Polymer Journal 99, 27-37.
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Laser-generation and modification of nanoparticles and sub-microparticles is a steadily growing research field. 
A recently published review gives a comprehensive state of the art overview and shows up where particular 
applications can benefit from laser-generated particles [1]. Laser irradiation of particles in free liquid jet has 
proven as an efficient method to investigate laser fragmentation and laser melting in liquid environments [24]. 
Nanosecond-pulsed UV laser light, e.g. 355 nm, can be applied efficiently for laser melting and reactive laser 
melting of particles in liquids [5]. 

Here we demonstrate the gradual optical modification of coatings made of ITO particles in the nano- and sub-
micrometer size regime. UV laser irradiation of the particle dispersions resulted in a change of particle absorption 
properties in the near-infrared regime [6].

Figure 1 a) illustrates the laser irradiation of particle dispersions in a free liquid jet on the left and the gradual 
change of the particle color with increasing number of irradiation steps on the right. 
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Figure 1: (a) Schematic illustration of the laser irradiation process in a free liquid jet (left) and pictures of the dried ITO powders after 
different numbers of irradiation cycles (right). (b) Ratios of absorption, transmission and reflection at 1600 nm determined on PET-foils 
coated with the laser-irradiated ITO particles for different numbers of irradiation cycles [5].

The changes of absorption, transmission and reflection properties (as illustrated in Figure 1 b) at 1600 nm)   
not only depend on the processing steps (number of irradiation cycles). Also the surrounding liquid and laser 
parameters, such as fluence applied on the liquid jets’ surface, play a crucial role on particle modification.

[1] D. Zhang, B. Gökce, S. Barcikowski (2017) Laser Synthesis and Processing of Colloids: Fundamentals and Applications, Chemical Reviews, 
117, 3990-4103
[2] M. Lau and S. Barcikowski (2015) Quantification of mass-specific laser energy input converted into particle properties during picosecond 
pulsed laser fragmentation of zinc oxide and boron carbide in liquids, Applied Surface Science, 348, 22-29 
[3] M. Lau, A. Ziefuss, T. Komossa, S. Barcikowski, (2015) Inclusion of supported gold nanoparticles into their semiconductor support, Physical 
Chemistry Chemical Physics, 17, 29311-29318

[4] F. Waag, B. Gökce, C. Kalapu, G. Bendt, S. Salamon, J. Landers, U. Hagemann, M. Heidelmann, S. Schulz, H. Wende, N. Hartmann, M. 
Behrens, S. Barcikowski (2017) Adjusting the catalytic properties of cobalt ferrite nanoparticles by pulsed laser fragmentation in water with 
defined energy dose, Scientific Reports, 7, 13161
[5] Y. Ishikawa, Y. Shimizu, T. Sasaki, N. Koshizaki (2007) Boron carbide spherical particles encapsulated in graphite prepared by pulsed laser 
irradiation of boron in liquid medium, Applied Physics Letters, 91, 161110
[6] M. Lau, T. Straube, V. Aggarwal, U. Hagemann, B. Oliveira Viestel, N. Hartmann, T. Textor, H. Lutz, J. Gutmann, S. Barcikowski (2017) Gradual 
modification of ITO particle’s crystal structure and optical properties by pulsed UV laser irradiation in a free liquid jet, 46, 60396048
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There is a growing interest from machine builders to combine the capabilities of high speed laser galvanometer 
scanners with traditional machine tool platforms to achieve flexible laser machining processes. However, there 
are certain hurdles that a machine builder needs to overcome to manufacture a unified tool. 
 
Traditionally the galvanometer scanner control platform is isolated from the automation controller that is 
typically used to control the motion and operation of machine tool tables. The operation of such an arrangement 
is essentially a hand shaking operation, where the automation controller instructs motorized axes to move a 
part to an appropriate position under the galvanometer scanner and then informs the galvanometer scanner 
controller to carry out its operation. The galvanometer scanner controller then informs the automation 
controller that the process is complete and the process repeats until the part processing is complete. 
 
There are numerous limitations to this approach. Typically, the Automation controller and galvanometer 
scanners controller are design to operate from different principles. For example the automation control come 
from a background where long travel motorised platforms are combined with controlling a rotary spindle at 
different speeds, whereas the galvanometer scanner controller is designed for controller high speed motion 
over a relatively short range of travel and controlling a laser. Hence, the methodology of programming each 
controller is different in terms of language, parameters, capability and historical background. The paper 
describes the use of an Industry standard industrial network, such as EtherCAT (IEC 61158) to combine the 
operations of two such machine platforms to produce an integrated automation platform. This approach has 
considerable importance as Industry 4.0 leads automation away from proprietary networks. 
 
Additional advantages that are extremely valuable to the machine builder and ultimately the end process are 
realised by combining the operations of the galvanometer scanner and machine tool platform. The field of view 
of the galvanometer scanner can be less than the area required to be processed. The combined control platform 
has the ability to overlay the small field of view of the galvanometer scanner with the longer travel of machine 
tool motorised tables, in a process referred to as XLScan (eXtra Large Scan). The XLScan reduces the effect of 
stitching errors which are associated with traditional ‘Step and Scan’ approached described above, providing the 
ultimate accuracy and throughput combination possible, Figure 1. Throughput on the machine can be vastly 
improved, while providing the required accuracy, as the high speed, high acceleration component of motion can 
be carried out more effectively by the low inertia motion platform of the galvanometer scanner rather than the 
machine tool platform, whose acceleration will ultimately be limited by the load and their own mass. 

  
Figure 1: Stitching errors clearly visible in tradition ‘Step and Scan’ methods. No stitching errors in XLScan method. 
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Ultra-short fiber lasers enable low cost of ownership applications
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Ultra-short pulsed lasers are a key enabler for fine materials processing of high value materials used in medical, 
electronics and touch panel applications. The next generation of all fiber ultra-short lasers offer considerably 
smaller and distinctly lower cost of ownership than the pioneering solid state ultrafast MOPA laser sources. We 
will summarise a number of applications examples along with an illustration of the integration benefits that next 
generation picosecond and femtosecond fiber lasers provide. Low cost, compact fiber sources are expected make 
a range of new applications affordable. 

                                  

 
(a)      (b)

Figure 1: (a) layer removal, glass and sapphire processing, (b) fine engraving and singulation of thin brittle or heat sensitive materials.  
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Laser-induced cleaning process of contaminants from the surface of solid substrates is an attractive technique 
in laser applications [1]. Through non-contact processes by using a high power laser equipment, it is possible to 
perform the one-batch cleaning processing of large area on the solid surface. In this paper, from the viewpoint 
of fundamental aspect, laser-induced ejection of millimeter-sized liquid droplet from metal surface with 1 Joule-
per-pulse-class nano-second-pulsed laser is reported. 

We used an aluminum plate (A1050, 1mm-thickness) as the solid substrate, and liquid of an organic carbonate 
as the contaminat. By the liquid dropping with the volume of ten-micro-liter, ten-five millimeters-sized liquid 
droplet was prepared on the metal surface. The laser beam of nano-second-pulsed laser (wavelength: 1053 nm, 
pulse-duration: 5.7 ns, pulse repetition rate: 1 Hz, laser pulse energy: 1 J) was incident onto the surface at the 
incident angle of 45 degree in the ambient air. The surface damage threshold fluence of the aluminium plate in 
the air was estimated to be 1 J/cm2. 

Figure1 shows the top-view CCD camera image of the sample surface before and after the laser irradiation at the 
fluence of 0.8 J/cm2. After the single-shot irradiation (Fig. 1(b)), major part of the liquid droplet was desorbed 
from the surface. Some small droplets of the liquid were re-deposited around the irradiated area (orange-colored 
arrows in Fig. 1(b)). By the five-shot irradiation (Fig. 1(c)), the original droplet was totally eliminated from the 
surface with negligible surface damage of the laser-irradiated area. The liquid ejection from the surface was 
observed at the fluence above 0.6 J/cm2. It is suggested that optimized laser fluence below the surface damage 
threshold fluence of the aluminium plate effectively induced one-batch cleaning processing of large liquid droplet 
on the metal surface.

(a)  (b)  (c)

Figure 1: Laser-induced ejection of millimeter-sized liquid droplet from aluminum metal surface with 1 Joule/pulse ns-laser at the fluence of 
0.8 J/cm2. (a) Before the laser irradiation (arrow: original liquid droplet). (b) After 1-pulse laser irradiation (orange-colored arrows: jumped-
out and re-deposited on the surface). (c) After 5-pulse laser irradiation (orange-colored arrows: jumped-out and re-deposited on the surface). 

Acknowledgments: We are grateful to Dr. N. Okada of Corporate Manufacturing Engineering Center, Toshiba 

Corp. for helpful discussions. This work was funded by ImPACT Program “Ubiquitous Power Laser for Achieving 
a Safe, Secure and Longevity Society (Program Manager: Dr. Yuji Sano)” of Council for Science, Technology and 
Innovation (Cabinet Office, Govermment of Japan).

[1] D. Baeuerle (2011) Laser Processing and Chemistry (4th Ed., Springer-Verlag, Berlin & Heidelberg), Chapter: 23.7, pp.549-559.

millimeter-sized liquid droplet 
and laser irradiation area
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How a new random trigger-feature for ultrashort-pulsed laser 
increases throughput, quality and accuracy in micromachining 
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For most micromachining applications, the laser focus has to be moved across the workpiece, either by steering 
the beam or by moving the workpiece. To maximize throughput, this movement should be as fast as possible. 
However, the required positioning accuracy often limits the obtainable speed. Especially the machining of small 
and complex features with high precision is constrained by the motion-systems maximum acceleration, limiting 
the obtainable moving spot velocity to very low values. In general, processing speed can vary widely within the 
same processing job. To obtain optimum quality at maximum throughput, ideally the pulse energy and the pulse-
to-pulse pitch on the workpiece are kept constant. This is only possible if laser-pulses can be randomly triggered, 
synchronized to the current spot velocity. For ultrafast lasers this is not easily possible, as by design they are 
usually operated at a fixed pulse repetition rate. The pulse frequency can only be changed by dividing down with 
integer numbers which leads to a rather coarse frequency grid, especially when applied close to the maximum 
used operating frequency. 

This work reports on a new technique allowing random triggering of an ultrafast laser. The resulting timing 
uncertainty is less than ±25ns, which is negligible for real-world applications, energy stability is <2% rms.
The technique allows using acceleration-ramps of the implemented motion system instead of applying additional 
override moves or skywriting techniques. This can reduce the processing time by up to 40% [1].
Results of applying this technique to different processing geometries and strategies will be presented.

[1] Jaeggi, B., Neuenschwander, B., Zimmermann, M., Zecherle, M., Boeckler, E.W., (2016) “Time-optimized laser micro machining by using 

a new high dynamic and high precision galvo scanner,” Proc. of SPIE 9735 
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Improvements in ultra-short pulse laser system’s performance, reliability and cost have resulted in their adoption 
into industrial micromachining manufacturing applications. With pulse durations shorter than major relaxation 
times for electron-to-lattice coupling, the heat conduction to the surrounding material can be avoided, leading 
to virtually no recast or cracks and very minimal heat affected zone. This non-thermal “cold” ablation provides a 
unique machining quality.

Another milestone in ultra-short pulsed laser technology is to offer high power lasers that meet the demanding 
throughput requirements of industries. High average power femtosecond laser systems with the average power 
of more than 100 W allow satisfying these needs. An industrial femtosecond Spirit® 1030-100 laser system from 
Spectra-Physics® with pulse duration <400 fs, pulse energies of >100 µJ and average output powers of >100 W 
launched recently is an ideal tool for industrial µ-machining of a wide range of materials with highest levels of 
throughput at lowest cost-of-ownership. Additionally with the user-configurable burst mode enables, processing 
with increased ablation efficiency, and thus increased throughput and quality for certain materials. Pulse energy 
and repetition rate adjustability (single shot – 10 MHz) make the Spirit 1030-100 the ideal source for ablation 
and cutting. The integrated pulse picker offers full control of the laser output with single pulse selection and fast 
power control via an analog input signal.

The key issue for application of such fs lasers is to combine high throughput and good processing quality in order 
to minimize post-processing costs. 

In this paper, an overview of actual industrial applications for Spirit 1030-100 laser will be given. In particular, the 
Spirit 1030-100 laser system has been tested for cutting of 75 μm thick ribbons of PI and PET plastics, typically 
used for flexible OLED displays. We have studied the maximum possible cutting speed in a high quality machining 
regime as a function of applied average power, repetition rate and wavelength. The processing strategies en-
abling compromise between throughput and processing quality will be discussed.
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Recent advances in fiber laser microfabrication
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The range of laser microfabrication applications continues to increase across many different industries from 
medical devices and sensors, to semiconductor and microelectronics. The applications vary widely from bulk 
removal processes such as micro drilling, cutting and milling to surface modification and transfer processes, to 
joining processes such as welding.

In order to address the increased quality and precision needs, as well as ever increasing throughput requirements 
while minimizing capital and operating costs new laser solutions are needed.  

In this paper we present new fiber lasers that cover a wide range of wavelengths and pulse durations, and show 
how the adequate choice of laser can be used to drive processing advantages in a number of applications.

In the near IR high beam quality fiber lasers operating in the continuous wave (CW) and millisecond pulse 
duration regimes can be used for micro welding a variety of materials including thin dissimilar metals, as well as 
for high speed cutting of reflective, coated or painted metals. High pulse energy high peak power lasers with pulse 
duration in the microsecond regime can be used to scribe, cut and drill ceramics with high ‘micromachining’-
like quality at high speed. In the nanosecond regime lasers are available both with constant or configurable 
pulse duration, as well as with wide range of beam quality specifications allowing for tailoring the laser source 
to the end application. Application examples are given from large area laser cleaning/ablation using high pulse 
energy and high average power lasers with selectable pulse duration in the 25-100 ns regime, to marking and 
surface patterning done with lasers operating in the short 5 ns to 0.15 ns pulse duration regime. In the ultrashort 
regime we introduce new ~ 2 picosecond and ~ 500 femtosecond fiber lasers that can be used in applications 
where minimizing heat affectation is critical from dark marking of stainless substrates to  fine cutting and micro-
structuring of metal foils.

When shorter wavelength laser sources are needed new green and UV fiber laser sources are available. We show 
examples of micromachining of polymers, composites and ceramics using a high pulse energy green laser with 
selectable pulse duration in the 1-10 ns range. Short ~1 ns UV fiber lasers allow for innovative processes such as 
removal of parylene conformal coatings from thin metal films. New UV lasers operating at high repetition rate 
(quasi CW) can be used for annealing of semiconductor materials and examples are shown.

Various laser machining techniques are covered as well as requirements for the laser workstations needed to 
drive the applications discussed.
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Laser drilling of fine holes is becoming a more important industrial requirement with growing applications with 
big potentials in various industries such as:  battery, fuel cell, consumer electronics and automotive. New laser 
sources and improved drilling methods are opening up new capabilities.  Potential end users are interested in 
drilling a wide variety of materials including metals, ceramics and semiconductors. There are many different 
requirements for each application, but they can typically be divided into two main groups: high quality and high 
speed drilling. 

For high quality results ultrafast lasers are the main sources which can meet very high quality requirements, but 
at very low speed and therefore for some applications are considered not to be commercially viable. 

Nanosecond lasers can offer a more cost effective solution for fast drilling of large arrays of micro holes offering 
good quality at high processing  speeds. Recently fibre lasers have been found as a very good laser source to drill 
micro holes mainly due to a very good beam quality, good pulse parameters and low costs. 

One of the biggest advantages of fibre lasers is electronic control of pulses which allows changing temporal 
pulse shape including peak power, pulse duration and pulse energy. This advantage can be used for many drilling 
applications to change the hole shape or increase productivity of a drilling process. Moreover it can be used to 
improve the hole quality and the process reliability.           

Figure 1: Precise drilling of holes in thin copper foil. 

In this presentation influence of temporal pulse shape of nanosecond fibre lasers on hole drilling process will 
be presented. Methods of changing hole shapes, specifically the hole taper and to reliably achieve very small 
holes down to <10µm (smaller than the focal spot size). The key to this control is the versatility of pulsed MOPA 
fiber lasers and the ability to tune key pulse parameters. The optimal spatial forms will be described in details an 
additionally the influence of temporal pulse shape on productivity of drilling processes will be discussed. Examples 
of drilling various materials including metals and ceramics by single shot or percussion drilling techniques will be 
presented, but are mainly focused on thin metal foils. 
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Inline LIPSS monitoring method employing light diffraction
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Laser induced ripples that are also known as Laser Induced Periodic Surface Structures (LIPSS) have gained a 
considerable attention by researchers and industry due to their surface functionalization applications. LIPSS 
are commonly produced with polarised ultra-short lasers and represent subwavelength ripples that can act as 
diffraction grating and can be used to obtain structural colours. At the same time their generation is susceptible 
to any laser parameters’ fluctuations such as fluence, scanning speed, polarization and wavelength. To maintain 
optical properties of LIPSS when texturing large surfaces or in batch manufacture of parts it is required to monitor 
and potentially control their main characteristics, i.e. spatial periodicity, orientation and amplitude.  Therefore, 
it is necessary to develop inspection and quality control methods for identifying shifts and changes in these 
characteristics. One of the well-known and widely used by industry method for characterising and inspecting 
surfaces is light diffraction. This research is focused on developing a concept for inline monitoring of LIPSS optical 
response by employing this method. A simple setup was designed and implemented for measuring the diffraction 
angle and intensity of the reflected monochromatic light from LIPSS surfaces. The capabilities of this concept for 
determining quickly any relative shifts in their optical response were investigated, especially to judge whether 
the laser texturing process is in control. The ultimate objective of this research is to develop a sensor that can be 
used to identify as quickly as possible any shifts in processing conditions and thus to flag up processing issues or 
even trigger respective rectifying measures to return the process back in control.   
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Ultrashort pulsed (USP) laser processing provides a better surface quality, higher precision and less thermal 
impact compared to processing using longer pulsed laser radiation. However, USP processes are still not 
established for broad industrial applications due to their low productivity. In order to improve the processing 
speeds, the utilization of high power USP-Laser systems in the range of hundreds of Watt average power is one 
major research topic in the field of USP processing. Since the well-known and often reported optimum fluence 
for metal processing is limiting the usable pulse energy, the high average power must be put into effect by high 
repetition rates, pulse bursts or parallel processing with multiple laser foci. In case of high repetition rates and 
pulse bursts the temporal and spatial distance of consecutive pulses becomes so small that heat accumulation 
and shielding effects of plasma and particles affect the processing quality and achieved efficiency significantly. 
Moreover, for processing with high ablation rates an efficient removal of the ablated material to inhibit re-
deposition and agglomeration must be ensured for achieving precise and clean processing results. In order to 
gain a better insight of these still barely investigated effects we apply in situ imaging during ablation processes 
using high average laser powers of several hundred Watts. 

An ICCD-Camera is used to analyze and quantify interactions between subsequent pulses for USP processing 
using bursts and repetition rates in the range of several Megahertz. Additionally, a high speed camera is applied to 
visualize the process on longer time scales. That allows the observation of plume dynamics and debris deposition 
as a function of several processing parameters. The resulting consequences for high power USP processing are 
discussed.
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Measurement of keyhole depth during laser beam micro welding 
with scanners
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The consistency of the weld depth is a challenging quality criteria for weld seams. Applications, for example the 
contacting of battery cells, demand a minimum weld depth to ensure the electrical connection, but have also 
a maximum depth restriction. Regarding 18650 type round cells, the penetration of the steel case needs to be 
lower than the case thickness of about 0.3 mm to avoid damage to the battery cell such as leakage or a damaged 
sealing. For the mass production of energy storage systems a huge amount of battery cells needs to be electrically 
contacted. Therefore a highly capable laser welding process and in best case a process monitoring are necessary. 

In macro applications of laser beam welding, an interferometric measurement has been used to determine the 
keyhole depth of several millimeter during the welding process. For laser micro welding with keyhole depths in 
micrometer scale no such system is commercially available due to the challenging scanner integration, the small 
spot diameter and the resulting narrow keyhole.

Hence this study is an investigation of the suitability of scanner-integrated, interferometric measurement of the 
keyhole depth for laser micro welding processes. The goal is to achieve measurements with smallest possible 
spot diameter. Therefore a high brilliant fiber and a disk laser are used to achieve a variety of spot diameters. 
Additionally a spatial power modulation (superposition of the linear feed with a circular oscillation) is used to 
control the weld seam geometry. The modulation is influencing the keyhole behavior and represents a further 
challenge for the measuring system that is investigated in this paper.
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Time resolved study of plasma luminescence in different dielectrics 
irradiated by subpicosecond bessel laser pulses 

 
M.Somayaji1, C.D’Amico1, M.Bhuyan1, Jean-Philippe Colombier1, R. Stoian1*  

 
1- Laboratoire Huber Curien,UMR 5516 CNRS, Université de Lyon, Université Jean Monnet, 42000 St. Etienne, France 

 

razvan.Stoian@univ-st-etienne.fr 
 

Laser modification of dielectrics is at the base of important applications in optics and photonics and ultrafast 
laser pulses are today robust tools for three-dimensional processing [Ref Nolte APA 2003]. Volume modifications 
are achieved via nonlinear excitation over the bandgap and energy transfer to the dielectric molecular structure 
intermediated by a transient free carrier plasma. In optical materials this leads to either positive or negative 
refractive index changes, relevant for designing embedded optical functions. Understanding electronic 
excitation and relaxation dynamics in dielectrics through real time studies is therefore important to control the 
transformation path. Particularly helpful is the observation of the evolution and decay of carrier plasma 
emission. Controlling emission parameter will yield informations with respect to the transformation cycle. Here 
we concentrate on the development of fs induced carrier plasmas in fused silica upon excitation with ultrashort 
Bessel pulses. Tight and moderate focused Bessel beams of fs and ps durations are used to modify the materials 
and the interaction region is spectrally imaged on a gated ICCD with a dynamic range in the ns domain. The 
choice of non-diffractive irradiation is motivated by the generation of a high aspect structure with uniformity 
extending over few tens or hundreds of microns. We will discuss plasma characteristics pertaining to the 
generation of positive and negative index change domains. We observe sub-ps plasma decay in case of final 
positive index changes and a long plasma relaxation on tens of ns in the conditions of negative index changes. 
The plasma evolution is compared to the laser-generation of free carriers in other three materials: air, water 
and chalcogenide glass (GLS Gallium Lanthanum Sulfide). The results are discussed in terms of achievable plasma 
temperature, decay times and the possibility to induce molecular decomposition with the excitation of 
molecular spectra. We equally indicate material specific dependencies on the obtained spectra. 
 

 
 
Figure1: Time resolved image sequence of luminescence snapshots in fused silica glass (a) and(b) in air showing ns dynamics. The spectra in 
the case of fused silica correspond to conditions for generation negative index changes (60 fs, 5 µJ/pulse, tight focusing (half cone angle 15°). 
(c) and (d) Examples of spectra obtained in fused silica and air at two different time moments. Molecular spectral lines are seen in air during 
the ionization stage. 
 
[1] S. Nolte, M. Will, J. Burghoff and A. Tunnermann(2003) Applied Physics A, vol. 77, p.109-111 
[2] M. K. Bhuyan, M. Somayaji, A. Mermillod-Blondin, F. Bourauard, J.P. Colombier and R. Stoian (2017) Optica, Vol. 4, No. 8, 2334-2536 
[3] Manoj Kumar BHUYAN, Praveen Kumar VELPULA, Madhura SOMAYAJI, Jean-Philippe COLOMBIER and Razvan Stoian (2017) JLMN- journal 
of Laser Micro/Nanoengineering, Vol .12, No.3 
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Early motion of matter observed by ultrafast transient studies of 
reflectivity and absorption 
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Ultrashort pulsed lasers offer a high potential for precise and efficient material processing. A deep understanding 
of the fundamental laser-material interaction aspects is of great importance to optimize laser processes for 
industry. The transient pulse reflectivity in conjunction with the transient absorption decisively influences the 
laser-material interaction. We present a unique pump-probe ellipsometry experiment allowing the 
determination of the transient complex refractive index of laser irradiated materials [1-2]. We performed 
measurements on the industrial relevant metal Cu at laser fluences near the ablation threshold with a pump 
pulse centered at 1056 nm with a pulse duration of 680 fs (see Fig. 1a). A simulation including an accurate 
description of optical, thermal and thermomechanical properties is predicting the measured refractive index n 
and extinction coefficient k in the first 20 ps [3-4]. The overall transient behavior shows that the mechanical 
motion of the material is starting already in the first picosecond after the pump pulse, when the electron 
temperature and thus the heating rate of the lattice are at their maximum. The pump pulse is leading to a 
rarefaction of material at the surface, which in subsequent ps will drive the ablation of the material (see Fig. 1b). 
A consequence of a longer pump pulse or a second pulse of a pulse burst at longer delays than ~1 ps will lead to 
a compensation of the rarefaction and thus lead to a less effective ablation when the quotient of 
absorbed energy and ablated volume is considered. 

This early motion of matter could be responsible for the main contribution of the ablation efficiency 
decrease with increasing pulse duration or double pulse delay, which many research groups had previously 
observed. The here presented results provide a deeper understanding of laser ablation. This knowledge is 
inevitable for further improving laser ablation efficiency and quality for bulk materials and thin films. 

(a) (b)
Figure 1: (a) Temporal dynamic of optical indices in laser irradiated copper material by a 680 fs and 1056 nm pump pulse at the threshold 
fluence. Corresponding simulation results are presented by the black solid line. (b) Total Pressure evolution inside the material within the 
framework of FEM continuum simulation of the 2T-TE model is shown for different times.  

[1] Domke, M., Rapp, S., Schmidt, M. and Huber, H. P., Opt. Expr. 20(9), 10330–10338 (2012). 
[2] Rapp, M. Kaiser, M. Schmidt, and H. P. Huber, Opt. Expr. 24, 17572–17592 (2016). 
[3] Winter, J., Rapp, S., Schmidt, M., and Huber, H. P., Appl. Surf. Sci. (2017). 
[4] Winter, J., Rapp, S., Schmidt, M., and Huber, H. P., Proc. of SPIE Vol. 10091 (2017) 
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Powder bed fusion (PBF) is an additive manufacturing technique which is well suited to creating near-net shape 
components with intricate features and internal structures. However, high integrity engineering applications will 
not permit the incorporation of many defects observed in current class PBF systems. Therefore, there are limita-
tions as to which engineering context this manufacturing method may be used. Undertaking in process geometri-
cal measurements, condition monitoring and intra layer integrity evaluation are therefore key aspects for pushing 
additive manufacturing forward and assuring that parts are of the required quality [1].

Beyond identification of defects, next generation machine tools will be able to propose and execute repair strat-
egies to some classifications of defects once observed. Current approaches on improving as-built density focus 
on full layer remelting, however this has been shown to have undesirable effects on the tailored microstructure 
[2]. By minimising additional build time and maintaining tailored microstructure, localised rework of observed 
defects will represent a step change in machine tool technology. This will serve to open numerous applications 
for additive manufacturing by minimising time and material along with ensuring part integrity.  

This talk will firstly address the rapidly shifting state-of-the-art in-situ monitoring, focusing on metal powder bed 
fabrication methodologies. Typical data sets created by these will be introduced and capability examined, before 
discussion on how this information can be utilised in-process to enact corrective rework. Efficacy of different 
approaches to rework will be discussed in terms of the change in defect geometry and microstructure. Finally, 
conclusions will be drawn on the path to applying this in production and developments required in monitoring 
technology. 

Figure 1: a) Micrograph of defect found in PBF sample before and after application of hatch rework operation. b) Micrograph of defect 
found in PBF sample before and after application of spiral rework operation. c) Surface of defect, d, taken with focus variation microscopy. 
d) Surface of repair, r, taken with focus variation microscopy. e) Variation in height across defect, d. f) Variation in height across defect after 
spiral repair, r. 

[1] S. Everton, M. Hirsch, P. Stravroulakis, R.K. Leach, A.T. Clare (2016) Review of in-situ process monitoring and in-situ metrology for metal 
additive manufacturing, Materials & Design, 95, pp. 431-445

[2] E. Yasa, J. Deckers, J.P. Kruth (2011), Rapid Prototyping, 17, pp. 312-327
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Multi pulse pump-probe diagnostics  
for development of advanced transparent materials processing

M. Jenne1,2, D. Grossmann1,3, F. Zimmermann1, D. Flamm1, J. Kleiner1, M. Kumkar1, S. Nolte2

1- TRUMPF Laser- und Systemtechnik, Johann-Maus-Str. 2, 71254 Ditzingen, Germany
2- Institute of Applied Physics, Friedrich-Schiller-University Jena, Max-Wien-Platz 1, 07743 Jena, Germany

3- Chair for Laser Technology, Technical University Aachen, Steinbachstr. 15, 52074 Aachen, Germany

malte.kumkar@trumpf.com

Ultrashort laser pulses offer a variety of different machining procedures for transparent materials based on 
nonlinear induced absorption. The benefit of in-situ diagnostics for generating deeper inside into the underlying 
effects of laser matter interaction is well known, for example to visualize the absorption of complex shaped beams 
[1] or the effects of heat accumulation in multi pulse exposure [2]. For development of industrial applications at 
elevated average power, the impact of individual pulses, of pulse groups and the accumulation has to be taken 
into account. 
For this purpose we developed a novel pump-probe system, integrated into an experimental processing system. 
By applying pump-probe microscopy with processing beams with flexible pulse duration, burst and spatial 
beam shaping options up to MHz repetition rate, combined with high temporal resolution by probe pulses of 
200 fs duration, at variable delay with increments smaller 1 ps within an essentially indefinite range, support for 
profound understanding of coupled impact from individual pulses and by accumulation can be gained. 

Figure 1: Transverse pump-probe imaging. (a) Shadow images for percussion drilling for different number of pulses (15 µJ, 10 ps) and delays 
of probe with respect to last pulse. (b) Polarisation microscopic image for a delay of 4 ns with respect to the last of 50 pulses (10 µJ, 10 ps) 
focussed with a repetition rate of 100 khz into glass.  

This is exemplified by illustrating some effects to be taken into account for percussion drilling, melt generation 
inside of the bulk and for inscription of elongated modification for cutting applications of glass. The impact of 
accumulation on beam propagation and absorption becomes apparent by pump-probe applied in bright field 
illumination microscopy perpendicular to the direction of the processing beam (Fig. 1.a). Insight into the transient 
buildup of pressure waves and stress, responsible for buildup and development of cracks, is visualized by pump 
probe polarization microscopy (Fig. 1.b). Pump-probe imaging is applied for realizing aberration correction for 
inscription of elongated modifications. The benefits gained from in-situ diagnostics with high spatial and temporal 
resolution are further demonstrated by observing the influence of pulse duration and bursts on the inscription of 
such elongated modifications. 

[1] K. Bergner, D. Flamm, M. Jenne, M. Kumkar, A. Tünnermann, S. Nolte (2018), “Time-resolved tomography of ultrafast laser-matter 
interaction“, Optics Express, vol. 26, pp. 2873-2883
[2] I. Miyamoto, Y. Okamoto, R. Tanabe, Y. Ito, K. Cvezek, M. Schmidt (2016) “Mechanism of dynamic plasma motion in internal modification 
of glass by fs-laser pulses at high pulse repetition rate”, Optics Express, vol. 24, pp. 25718-25731
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On-line interferometric observation of thermomechanically  
induced refractive index changes during glass welding  

by ultra-short laser pulses

K. Cvecek1,2, J. Heberle2,3, I. Miyamoto2,4, M. Bergler3,5, D. De Ligny5, M. Schmidt1,2,3
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Gordan-Str. 6, 91052 Erlangen, Germany
3- Institute of Photonic Technologies, Friedrich-Alexander-University of Erlangen-Nuremberg, Konrad-Zuse-Str. 3/5, 91052 Erlangen, 

Germany
4- Osaka University, Japan, Osaka University, 2-1 Yamada-Oka, Osaka 565-0871, Japan
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Glass welding by ultra-short puled lasers is known to exhibit a strongly localized heat affected zone, thereby 
allowing the fusion welding of glass parts with thermally sensitive components nearby. While the temperature 
of the heat affected zone can be estimated by simulations [1], measurements of the Raman shift [2] or 
thermography cameras, the shape of the temperature and stress gradients cannot be completely recovered by 
the aforementioned techniques due to specific limitations. However, the shape of the refractive index change 
induced by the thermomechanical gradients has an impact on the laser beam propagation into the molten zone 
and could cause e.g. an eventual focus shift or deteriorate the beam quality.
In this work we present an interferometric approach to measure a 2-dimensional change of the refractive index 
around the molten zone during before, during and after welding. The optical path length around the molten zone, 
see Figure 1 (a), is measured using a pump probe setup in combination with a high speed camera [3]. Due to the 
low Signal-to-Noise-Ration of the interference fringes the phase information is extracted from the by using a 
Bayesian network to determine the most probable phase for a given image section, see Figure 1 (b). Because the 
motion of the interference fringes is monitored with a high speed camera the fringes move between two frames 
less than by a fraction of π, allowing a well-defined calculation of accumulated total phase starting from the cold 
state of the material. Moreover comparisons between phase distribution inside the cold and unmodified glass 
with the hot and modified as well as cold and modified glass make it possible to estimate the thermal and the 
stress-induced refractive index modifications around the molten zone separately. 

  (a)              (b)
Figure 1: Intermediary image of a melt pool of the glass welding process after 14000 pulses at 450 kHz pulse repetition rate, 5 mm/s feed 
speed and 2 µJ pulse energy. (a) Digital zoom of the high speed camera image in pump probe configuration. (b) Phase map recovered from 
Figure (a) used in the algorithm for refractive index map determination (not shown).  

[1] Miyamoto, K. Cvecek, Y. Okamoto, M. Schmidt (2013) “Internal modification of glass by ultrashort laser pulse and its application to 
microwelding,” Appl. Phys., A Mater. Sci. Process. 06, pp. 187–208
[2] T. Yoshino, Y. Ozeki, M. Matsumoto, K. Itoh, (2012) “In situ Micro-Raman Investigation of Spatio-Temporal Evolution of Heat in Ultrafast 
Laser Microprocessing of Glass, ” Jpn. J. Appl. Phys. 51, pp. 102403-1 - 102403-5. 
[3] I. Alexeev, J. Heberle, K. Cvecek, K.Y. Nagulin, M. Schmidt (2015) “High Speed Pump-Probe Apparatus for Observation of Transitional Effects 
in Ultrafast Laser Micromachining Processes,” Micromachines, 6, pp. 1914-1922
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Application of fibre lasers in micro joining of thin structural alloys 

J. Coroado1, S. Ganguly1, W. Suder1, S. Williams1

1- Welding Engineering and Laser Processing Centre, Cranfield University, Cranfield, MK43 0AL, UK

j.c.coroado@cranfield.ac.uk

Laser welding represents several advantages over conventional arc fusion methods, such as low heat input, 
low distortion, high welding speeds and accuracy [1]. A wide range of material processing applications such 
as marking, drilling and welding are possible with new generation of nanosecond pulsed fibre laser. However, 
with regards to welding of very thin metallic sheets, the performance of such laser needs to be understood and 
compared with the effectiveness of a continuous wave laser for similar application. The purpose of this study is to 
compare both lasers under identical laser material interaction parameters to understand and correlate the joining 
flexibility, penetration efficiency and productivity offered by these two different systems.  Experiments were 
conducted in aluminium 5251 alloy and austenitic stainless steel, SS304L, to investigate how the energy applied 
by lasers interact with two different alloys based on their different physical properties. To assess this, several 
experiments were performed using different laser parameters in the bead-on-plate configuration. Subsequently, 
micrographs were analysed to understand the weld pool formation in these two processes. For pulsed laser, 
unstable penetration and porosities near the bottom of the keyhole was observed for AA5251, whereas for 
SS304L the process was very stable and no porosity was observed. Similar energy input and processing conditions 
revealed that CW processing generates more robust weld quality, with better flexibility to control the weld shape. 
Processing efficiency and productivity is also higher for CW processing when compared to pulsed laser processing 
with equivalent energy for these two different alloys. 

Figure 1: Micrographs of the comparison between CW laser for SS304L (A) and AA5251 (B) with PW laser for SS304L (C) and AA5251 (D) 
using a power density of 52 MW/cm2 and a specific point energy of 0.25 J.

[1] W. Suder and S. Williams (2011), “Use of fundamental laser material interaction parameters in laser 
welding,” CLEO - Laser Sci. to Photonic Appl., vol. 24, no. August 2012, pp. 1–2, 2011.
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Localised modifications inside polycarbonate and polyethylene 
terephthalate by using ultrashort laser pulses for microwelding applications
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Over the past few years, an increase in product quality requirements and the trend towards miniaturisation of 
plastic products from the automotive, electronics and medical technology sector could be observed. This leads 
to an increase in the demands on the production and joining processes. Laser-based joining processes offer the 
advantage of enabling non-contact energy input as well as low mechanical stress on the joining partners. Whilst 
in the past, the use of absorbers such as carbon black was necessary due to the transparency of most polymers 
in the wavelength range of classic beam sources (λ= 800 – 1100 nm), it is nowadays possible to join transparent 
polymers without the use of absorbers. For this purpose, novel radiation sources are used which emit radiation in 
the area of the polymeric intrinsic absorption bands (λ= 1500 – 2000 nm). However, the volume absorption of the 
laser radiation leads to a heat-affected zone which is vertically extended over the entire cross-section. As a result 
of the high thermal load, the formation of cracks and cavities can occur during the welding process.

heat-affected zone

transparent joining partners

cw-Laser
λ ≈ 1500 – 2000 nm

heat-affected zone

transparent joining partner

absorbing joining partner

cw-Laser
λ ≈ 800 – 1100 nm

I >1012 W/cm² 

ultrashort pulse laser
λ ≈ 800 – 1100 nm

transparent joining partners

heat-afftected zone

    (a)        (b)        (c)

Figure 1: (a) classic laser transmission welding (b) absorber-free laser transmission welding (c) laser transmission welding with ultrashort 
pulse laser

A new approach is the use of ultrashort laser pulses for welding applications. Due to the high intensities which 
are achieved by focusing the ultrashort laser beam into the material, nonlinear absorption processes such as 
multiphoton or tunnel ionisation can be initiated. This enables precise processing at low thermal stress as the 
material modification is only confined to the focal volume. Whilst glass welding with pico- and femtosecond lasers 
has been the subject of research for many years [1], only few articles are available on welding of transparent 
polymers by using ultrashort laser pulses. In previous works, thermal damage could be observed after irradiation 
with femtosecond laser pulses, which is caused by the significantly lower melting temperature of polymers 
compared to glass [3, 4]. 

In this paper, we report on local melting of polycarbonate by using pulse durations in the picosecond range. A 
galvanometric scanning system was used to achieve high feed rates of up to 6 m/s. The influence of the focal 
length as well as the laser power and feed speed on the shape of the heat-affected zone were investigated. The 
specimens were investigated using polarisation and scanning electron microscopy. The presented results provide 
a basis for future damage-free laser transmission welding of transparent polymers.

[1] I. Miyamoto, K. Cvecek, Y. Okamoto, M. Schmidt (2010) Novel fusion welding technology of glass using ultrashort pulse lasers, Physics 
Procedia, vol. 5, pp. 483-493 
[2] A. Volpe, F. Di Niso, C. Gaudiuso, A. de Rosa, R. Martínez Vázquez, A. Ancona, P. Lugarà, R. Osellame (2015) Welding of PMMA by a 
femtosecond fiber laser, Optics express, vol. 23, pp. 4114-4124
[3] G. Roth, S. Rung, R. Hellmann (2016) Welding of transparent polymers using femtosecond laser, Appl. Phys. A, vol. 122, pp. 1-4 
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Micro joining of dissimilar metals with ns pulsed fiber lasers

J. Gabzdyl1, A. Rosowski1,2, D. Capostagno3
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2- Institute for Manufacturing, University of Cambridge, 17 Charles Babbage Road, Cambridge CB3 0FS, UK

3- SPI Lasers LLC, 4000 Burton Drive, Santa Clara CA 95054 USA.

jack.gabzdyl@spilasers.com  

The commercial interest in joining thin section materials in areas such as consumer electronics and battery 
technology is growing. For bonding thin material, there is a general requirement for reliable joining processes 
that avoid over-penetration, distortion and warping. The challenge is even greater for joining bright metals and 
even more so when the materials are dissimilar, where the fusion welding process creates problems associated 
with the formation of brittle intermetallics phases. The use of ns lasers for joining is unlike conventional welding 
in that it does not generate a large melt pool which restricts the opportunity for the formation of these unwanted 
intermetallic phases. 

More commonly attributed for use in marking and engraving, ns pulsed fiber lasers have low average powers 
compared to CW or QCW sources, typically <100W and low pulse energy, just 1mJ which is 1000x less than 
typical Diode Pumped Solid State and QCW pulses. Operating with pulse durations typically in the 100-500ns 
range, with peak powers of up to 10kW and pulse repetition frequencies of >50kHz these lasers are significantly 
differentiated from conventional CW and QCW sources. The ability to optimise the input energy characteristics to 
specific applications is key in their use for joining dissimilar metals.

 
    (a)                             (b)

Figure 1: (a) Array of spiralled spot welds Cu to Al. (b) Cross section through spiral spot of Cu to AL joint.  

In this presentation a wide range of joint configurations and materials combinations based on aluminium, stainless 
steel, copper and brass are presented with detailed analysis of physical properties and weld metallurgy. The 
flexibility of scanner based beam delivery gives the opportunity to create tailored joint configurations optimised 
to the application.  The results highlight the appeal of using ns welding for today’s industrial joining challenges.
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        New approach for assembling dissimilar materials:  
laser technology

A. Henrottin1, J. Patars1, J.A. Ramos-de-Campos1

1 -LASEA, Laser Engineering Applications, Rue des Chasseurs Ardennais n°10, B-4031 Angleur, Belgium

ahenrottin@lasea.com

The research of new assembly technologies for dissimilar materials is growing up continuously mainly for avoiding 
the adding of chemical adhesive, assembly elements or additional materials, and gives the possibility to join 
complex geometries structures while maintaining their integrity. The applications are various as for example 
in the transport sector for producing lighter structures and with lower energy consumption or medical field for 
eliminating the glue which possibly can be affected the drug.

Lasea is offering laser solutions for the polymer-polymer joining since its origin. In 2013, Lasea started looking into 
the joining of metals with polymers thanks to the participation in the European project PMJoin. In the present 
study, we explained the method for laser welding dissimilar materials and the most recent results achieved in 
terms of substrates having complex properties for the joining process; high reflective, thin or transparent. This 
complete non-contact laser process allows to strongly join up to the breaking on of the part without affecting the 
joining area.

(a) (b)
 
Figure 1: (a) Lasea’s machine for the laser hybrid joining, (b) example of an optimized hybrid joining with breaking of the polymer keeping 
intact the welding.

At the present time, the laser method used for hybrid welding of dissimilar material (mainly metal/polymer) are 
based on the use of high powerful lasers for the structuration of the metal plate previous to the joining to the 
polymer. These lasers are typically in the kW range and CW or long pulsed. This type of laser presents serious 
limitations when we try to use them in order to structure very thin metal plates or with high reflectivity. Thanks 
to the use of short and ultra-short pulsing lasers as we propose, we are able to overcome those limitations and 
achieve very good results.

In this research, we show the method developed following a two steps process and that makes advantage of very 
complex bio-inspired patterning technics. The first step is based in the use of short and ultra-short pulsed lasers 
for the structuration of the first material followed by a second step of heating up with a second laser in order to 
melt the second material onto it.
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Towards industrial application of ultrafast laser microwelding

R.M. Carter,1, P. Morawska1, D. Polyzos1, S. Hann1, M.J.D. Esser1, D. P. Hand1

1- Applied Optics and Photonics group, School of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh, EH14 4AS, UK

R.M.Carter@hw.ac.uk

We report continued progress towards industrialisation of picosecond laser welding of highly dissimilar materials; 
i.e. glasses to metals. The welding process relies on a tightly focussed 1030 nm 400 kHz 5.9 ps laser system. This 
tight focus ensures highly localised absorption through a combination of linear and non-linear processes at or 
around the desired weld plane [1,2]. Suitable preparation of the two materials ensures that the plasma formed 
through this absorption is unable to escape and is confined to the interface region. This plasma mixes, cools and 
ultimately forms a weld between the two materials.  
We will report on recent progress in increasing the reliability of the weld process, with a particular emphasis on 
the requirements for part preparation, surface cleanliness and calibration of the laser welding system.  In addition 
we will present recent work on quantifying the optical retardation, which is directly related to the degree of 
stress induced into the part, through polariscopic measurements [3] with direct comparison to standard adhesive 
techniques. Finally we will report on recent work to expand the range of laser systems applicable for this highly 
industrially relevant process with an emphasis on reducing costs.

 

Bright-field image Calculated Retardation 
value in glass cube 
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Figure 1: (left) Example composite image of the polariscopic analysis (viewed from the side) of a 10 mm3 SiO2 glass cube microwelded to 
Al6082. Insert: example micrograph (top-view) of the spiral weld forming the bond between the materials. (right) Calculated retardation 

values in the vertical plane.  

This project has received funding from the Engineering and Physical Sciences Research Council (EPSRC) under 
grant EP/K030884/1 and from Leonardo MW Ltd. M. J. Daniel Esser would like to acknowledge the financial 
support received from the Royal Academy of Engineering and Leonardo MW Ltd. for the Research Chair in Laser 
Device Physics & Engineering.

[1] R.M. Carter, J. Chen, J.D. Shephard, R.R. Thomson, D.P. Hand (2014) Picosecond laser welding of similar and dissimilar materials, 
Applied Optics, vol. 19, pp. 4233-4238.

[2]   R.M. Carter, M. Troughton, J. Chen, I. Elder, R.R. Thomson, M. J. D. Esser, R. A. Lamb, and D. P. Hand, (2017) Towards industrial ultrafast 
laser microwelding: SiO2 and BK7 to aluminium alloy, Applied Optics, vol. 56, pp. 4873-4881.

[3] A Patterson, E & F Wang, Z. (1991). Towards full field automated photoelastic analysis of complex components. Strain, vol. 27, pp 49 – 
53.
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Application of pulsed fibre lasers in dissimilar joining of ultra-thin 
alloys 
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Application of state-of-the-art pulsed Nano-second fibre lasers [1] in dissimilar joining of thin metallic sheets 
were investigated in this study. Dissimilar combinations between copper to aluminium and aluminium to 
stainless steel were studied. Apart from the physical properties, two chemically dissimilar alloys, are often 
characterised by their distinct lack of solid solubility [2]. In such conditions, mixing of the two alloys in liquid 
state results in formation of intermetallic alloys which can be extremely detrimental due to their extreme 
hardness and brittle behaviour. Formation of intermetallic compounds is dependent on diffusion and thereby a 
welding thermal cycle has significant influence on the formation of intermetallic compound. The state-of-the-
art fibre lasers has relatively short pulse duration and high repetition rate with moderate average power and 
significantly high peak power. The short pulse duration and high repetition rate in such laser make them a 
suitable choice for such application as the application in energy is in short pulses which would prevent formation 
and growth of intermetallic compounds by restricting diffusion. The presented work show a systematic 
evaluation of application of such laser in different thickness of Al, Cu and stainless steel in order to make 
dissimilar joints. Fundamental laser metal interaction [3] was studied to understand how the different alloys 
responded to the laser energy in forming the melt pools.  Figure 1 shows two joints between copper and 
aluminium of 0.2 mm thickness and the mixing between the alloys as studied using energy dispersive 
spectroscopy. Different overlap joint configuration was studied between aluminium and stainless steel and 
aluminium and copper. The result showed that high strength joints can be formed between such the dissimilar 
configurations. It was observed that joint quality, robustness would be dependent on the joint configuration i.e. 
which alloy is irradiated and how the melt pool formation is controlled.   
 

 
 
Figure 1: A & B – macrograph of joints between aluminium and copper, C, D, E and F show the mixing between the two different alloys in 
different joint set up.   
 
[1] Gabzdyl, J, Capostagno, D (2017) Joining Dissimilar Materials with Pulsed Nanosecond Fiber Lasers, 14(3), pp. 38-41 
[2] Meco, Sonia and Cozzolino, Luis and Ganguly, Supriyo and Williams, Stewart and McPherson, Norman (2017) Laser welding of steel to 
aluminium: thermal modelling and joint strength analysis. Journal of Materials Processing Technology, 247. pp. 121-133.  
[3] W. Suder and S. Williams (2011), “Use of fundamental laser material interaction parameters in laser welding,” CLEO - Laser Sci. to Photonic 
Appl., vol. 24(2) 
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Excitation of surface plasmon polaritons on non-metallic materials 
with intense femtosecond laser pulses and its application to  

nano-processing

G. Miyaji

Department of Applied Physics, Tokyo University of Agriculture and Technology, 2-24-16 Nakacho, Koganei, Tokyo 184-8588, Japan

gmiyaji@cc.tuat.ac.jp

Superimposed multiple shots of low-fluence femtosecond (fs) laser pulses can form a periodic nanostructure on 
various kinds of solid surfaces through ablation, of which size is 1/10 – 1/5 of the laser wavelength.  Miyazaki 
and I have proposed that the periodicity of the nanostructure is attributed to the excitation of surface plasmon 
polaritons (SPPs) [1-3], and have developed the new control methods for forming the homogeneous nanograting 
on the solid surfaces [4-6].  However, the excitation of SPPs on non-metallic material surfaces was never been 
directly observed.

Nowadays, we have observed anomalies appearing in the reflection of intense fs laser pulses at a Si grating 
surface with a grating structure [7].  We prepared a laminar Si grating as the target that was fabricated on the 
polished p-type crystalline Si (100) substrate by the photolithography and dry-etching process, having the groove 
period of 1300 nm, the width of 650 nm, and the depth of 66 nm.  The intense linearly-polarized, 800-nm, 100-fs 
laser pulse was focused on the grating surface in air with a 500-mm focal-length lens at the incident angle θ.  The 
reflectivity of the p-polarized fs laser pulse at the Si grating surface represented the characteristic dependence 
on the incident angle, which included the abrupt decrease to form a sharp dip at the specific incident angle θ 
= 24°, where the Si grating is deeply ablated along the edge of the grooves.  Just like the Wood’ anomalies [8], 
the experimental and calculation results obtained demonstrate that SPPs can resonantly be excited on the non-
metallic materials through the grating coupling of the incident fs laser pulse, and that enhanced near-fields can 
form periodic structures on the surface.  

The reflectivity with a sharp dip, or surface plasmon resonance curve (so-called SPR curve), has many information 
about the characteristic properties of SPPs such as SPP wavelength, propagation time, propagation length, 
propagation velocity, and spatial mode (or plasmonic bandgap) [9].  These properties of SPPs can be understood 
to control the shape and size of the nanoablation on solid surfaces.  The author focused on the damping property 
of the SPPs indicated by the sharpness of the SPR curve.  When the p-polarized fs laser pulse irradiated at the Si 
grating surface, it was observed that the full width at half maximum of the SPR curve decreased monotonously 
in increasing the laser fluence.  The experimental and calculated results have shown that the internal damping of 
SPPs decreases, and then the propagation length becomes longer by an increase of electron density in a Si grating 
surface induced with fs pulses at a higher fluence.

[1] G. Miyaji and K. Miyazaki (2008) Origin of periodicity in nanostructuring on thin film surfaces ablated with femtosecond laser pulses, Opt. 
Express, vol. 16, pp. 16265-16271.

[2] G.Miyaji, K. Miyazaki, K. Zhang, T. Yoshifuji, J. Fujita (2012) Mechanism of femtosecond-laser-induced periodic nanostructure formation 
on crystalline silicon surface immersed in water, Opt. Express, vol. 20, pp. 14848-14856.

[3] K. Miyazaki and G. Miyaji (2014) Mechanism and control of periodic surface nanostructure formation with femtosecond laser pulses, 
Appl. Phys., A: Mater. Sci. Process., vol. 114, pp. 177-185.

[4] K. Miyazaki and G. Miyaji (2013) Nanograting formation through surface plasmon fields induced by femtosecond laser pulses, J. Appl. 
Phys., vol. 114, pp. 153108/1-6.

[5] K. Miyazaki, G. Miyaji, T. Inoue (2015) Nanograting formation on metals in air with interfering femtosecond laser pulses, Appl. Phys. Lett., 
vol. 107, pp. 071103/1-5.

[6] G. Miyaji and K. Miyazaki (2016) Fabrication of 50-nm period gratings on GaN in air through plasmonic near-field ablation induced by 
ultraviolet femtosecond laser pulses, Opt. Express, vol. 24, pp. 4648-4653.

[7] G. Miyaji, M. Hagiya, K. Miyazaki (2017) Excitation of surface plasmon polaritons on silicon with an intense femtosecond laser pulse, Phys. 
Rev. B., vol. 96, pp. 045122/1-6.

[8] R. W. Wood (1902) On a Remarkable Case of Uneven Distribution of Light in a Diffraction Grating Spectrum, Phil. Mag., vol. 4, pp. 396-402.
[9] H. Raether (1988) Surface Plasmons on Smooth and Rough Surfaces and on Gratings (Springer, Berlin), Chap. 2.
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Static and dynamic contact angle of water influenced by 
femtosecond laser based ripple structures on metals 
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Functionalization of surfaces based on ultrashort pulse, laser irradiation can be adapted to broad range of 
applications. The appearance of laser induced periodic surface structures (LIPSS or also referred to as ripples) 
has been reported for several materials such as metals [1], semiconductors [2] or dielectrics [3]. Smart surfaces 
based on LIPSS show high potential in various mechanical [4], optical [5] or medical [2] application. As a result 
of both, the modification of surface topography and chemistry, LIPSS have a versatile influence on the wetting 
behaviour of liquids on solids [6]. 

In this contribution, we investigate the influence of femtosecond laser process parameters on the static and 
dynamic contact angle after applying LIPSS on different metals like brass and stainless steel. The novel approach 
of this study is the combination of high pulse repetition rate (up to 600 kHz), 220 fs pulse duration, 1030 nm 
laser wavelength with comprehensive consideration of laser fluence, pulse overlap and time based effects on 
static contact angle (SCA), advancing (ACA) and receding contact angle (RCA) as well as the contact angle 
hysteresis (CAH), respectively. 

For brass we show the behaviour of SCA as a function of laser fluence and pulse overlap. Directly after laser 
irradiation, the SCA drops to very low values in the hydrophilic regime (fig 1a). In contrast, SCA measurements 
after 12 days reveal contact angles in the hydrophobic regime. Figure 1b depicts the influence of laser pulse 
overlap on the SCA on the first and the last day of the observation time for LIPSS covered surfaces. A high pulse 
overlap lead to both, small SCA on the first day and high SCA on the last day. Further we show laser parameter’s 
effect on the dynamic contact angle on brass and stainless steel.  

     (a)   (b) 
Figure 1: (a) Temporal evolution of static contact angle of water on brass, (b) Influence of pulse overlap on SCA directly after irradiation 
and in the steady state (+12 days) 

[1] J. Bonse, S. Höhm, Sandra; S. Kirner, A. Rosenfeld, J Kruger (2017), Laser-Induced Periodic Surface Structures— A Scientific Evergreen.
IEEE J. Select. Topics Quantum Electron. 23 (3), p. 1–15. 
[2] K. Wallat, D. Dörr, R. Le Harzic, F. Stracke, D. Sauer, M Neumeier, A. Kovtun, H. Zimmermann, M. Epple (2012): Cellular reactions toward 
nanostructured silicon surfaces created by laser ablation, Journal of Laser Applications 24 (4), p. 42016.
[3] S. Schwarz, S. Rung, R. Hellmann (2016), Generation of laser-induced periodic surface structures on transparent material-fused silica, 
Applied Physics Letters 108 (18), p. 181607 
[4] Z. Wang, Q. Zhao, C. Wang (2015), Reduction of Friction of Metals Using Laser-Induced Periodic Surface Nanostructures, Micromachines 
6 (11), p. 1606–1616 
[5] B. Nayak, M. Gupta (2010), Self-organized micro/nano structures in metal surfaces by ultrafast laser irradiation, Optics and Lasers in
Engineering 48(10), p. 940-949 
[6] A. Cunha, A.P. Serro, V. Oliveira, A. Almeida, R. Vilar, M. Durrieu (2013) Wetting behaviour of femtosecond laser textured Ti–6Al–4V 
surfaces, Applied Surface Science 265, p. 688–696 
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Fabricating reflective waveplates using nanostructured surfaces has taken great interest in recent years due to 
their simple structure: a diffractive grating composed of ripples with subwavelength period. The surface ripples 
act as an artificial birefringent material: the anisotropy of the surface corrugation generates a phase delay 
between two perpendicular light polarizations. This phase delay changes the polarization state of the reflected 
light from linear to circular, and vice versa, when the right conditions are met. These conditions are related to 
the morphology of the ripples. The control of the period, fill factor, depth and orientation of the ripples are 
crucial to optimize the change of the polarization of the reflected light [1]. 

Although there are different strategies to fabricate subwavelength diffraction gratings to convert the 
polarization of light in reflection mode , here we propose the use of Laser Induced Periodic Surface Structures 
(LIPSS) as a new approach for this purpose. LIPSS are an excellent choice because they are obtained through a 
one-step method in air environment.      

LIPSS are periodic superficial structures generated by interaction of a laser beam with an electromagnetic wave 
scattered at the surface. The morphology of the LIPSS mainly depends on process parameters and thus will do 
the polarizing capability of the modified surface. Here we present an analysis of the influence of different 
processing parameters on the period and depth of the resulting LIPSS in stainless steel as well as on the quality 
of their polarization conversion efficiency.  

Figure 1. a) Representation LIPSS depth and period vs. number of pulses. b) SEM micrographs of fabricated subwavelength grating, inset of 
cross section to determinate the depth 

In order to analyze the dependence of LIPSS period and depth on the number of applied pulses, stainless steel 
samples were irradiated by a laser of 800 nm of wavelength and pulse duration of 130 fs. Single lines were 
obtained in the samples for different scan speeds at a constant fluence. As shown in Figure 1.a), SEM 
micrographs revealed LIPSS with different periods. Also, the period of the structures decreases as the number 
of pulses increases. On the other hand, the depth of the structures increases with the number of pulses. It is 
remarkable that, under the same conditions, for a number of pulses higher than 40 LIPSS with two different 
periods and depths appeared.  

The conditions that provided LIPSS with the best quality were used to fabricate large area subwavelength 
reflective gratings (Figure 1.b) with periods of 580 nm and 630 nm. These gratings were able to convert the 
incident linear polarized laser light at 633 nm into reflected circular polarized light, and vice versa, with ellipticity 
values lower than 2,7°. This is, to the best of our knowledge, the first report on the use of LIPSS for polarization 
conversion. 

 [1] S.S. Stafeev, V. V. Kotlyar, A.G. Nalimov, M. V. Kotlyar, L. O’Faolain (2017) Subwavelength gratings for polarization conversion and
focusing of laser light, Photonics Nanostructures - Fundam. Appl, 27, 32–41
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The interaction between ultrashort laser pulses and material surfaces with laser peak fluence close to laser 
ablation threshold results in the formation of Light-Induced Periodic Surface Structures (LIPSS) [1]. Thermal and 
mechanical response to laser energy absorption is strongly dependent on material properties, especially the 
atomic crystal structure and surface orientation [2,3]. In our work, laser-induced defects generation and surface 
modification on BCC and FCC materials is highlighted. For BCC materials as Cr, LIPSS and defects investigation on 
polycrystalline and monocrystalline samples having different orientation growth unveils singular responses to 
energy absorption. An AFM surface characterization of the irradiated area in the sub-phase explosion regime 
suggests that the types, sizes and dimensions of the spallation-induced roughness centers play a key role in 
triggering the generation of high-spatial frequency nanostructures (HSFLs) upon irradiation by multiple laser 
pulses [3]. In depth, a detailed experimental characterization combining EBSD analysis with HR-TEM revealed 
the presence of vacancies and dislocations in the subsurface region on the (110) oriented planes and inhibited 
defects generation on (100) orientation.For FCC materials as Ni, the revealing of periodic nanovoids trapped 
under the surface as well as nanocavities emerged at the surface supports the formation of HSFLs, where the 
system experienced a phase transition and a cavitation process far beyond equilibrium state [4]. Mastering both 
surface roughness and excitation regime leads to further development in geometric reduction of nanopatterns 
dimensions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[1] X. Sedao, M.V. Shugaev, C. Wu, T. Douillard, C. Esnouf, C. Maurice, S. Reynaud, F. Pigeon, F. Garrelie, L.V. Zhigilei, and J.P. 

Colombier, (2016), “Growth twinning and generation of high-frequency surface nanostructures in ultrafast laser-induced transient 
melting and resolidification,” ACS Nano, vol. 10, pp. 6995 

[2] X. Sedao, C. Maurice, F. Garrelie, J.P. Colombier, S. Reynaud, R. Quey, and F. Pigeon, (2014), “Influence of crystal orientation on 
the formation of femtosecond laser-induced periodic surface structures and lattice defects accumulation,” Appl. Phys. Lett., vol. 
104, pp. 171605 

[3] A. Abou Saleh, E.T. Karim, C. Maurice, S. Reynaud, F. Pigeon, F. Garrelie, L.V. Zhigilei and J.P. Colombier, (2018), “Spallation-induced 
roughness promoting high spatial frequency nanostructure formation on Cr,” submitted to Appl. Phys. A. 

[4] X. Sedao, A. Abou Saleh, A. Rudenko, T. Douillard, C. Esnouf, S. Reynaud, C. Maurice, F. Pigeon, F. Garrelie, and J.P. Colombier, 
(2018), “Self-Arranged periodic nanovoids by ultrafast laser-induced near-field enhancement,” ACS Photonics, DOI: 
10.1021/acsphotonics.7b01438 
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Fig. 1 (a) EBSD Band Contrast map of grain boundary between (100) and (110) Cr orientations and (b,c) AFM characterization of 
the red and green squares marked on (a) for the (100) and (110) orientations respectively 
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Laser induced ripples (also known as Laser Induced Periodic Surface Structures, LIPSS) have gained a 
considerable attention by both researchers and industry due to their surface functionalization applications. 
These ripples acts as diffraction gratings for the visible light therefore it is widely used in some optical 
applications and color marking. In this research, a method is proposed for producing holograms by varying the 
ripples’ orientation along the beam path during the laser scanning and thus producing a pattern of ripples 
orientations. It was demonstrated that, by employing this method, it was possible to produce linear and radial 
pattern of gratings by changing the ripples’ orientations following a given periodic function. As a result, smooth 
transitions of diffracted monochromatic light along the beam path were achieved, especially in reflecting 
different colors from different locations when changing the azimuthal and incident angles of the incident white 
light. In addition, the reflection of polarized white light by such periodic gratings was investigated and it was 
shown that it was fully dependent on the ripples’ orientations in respect to the light linear polarization vector.  

 
 
Figure 1. The effect of azimuthal and incident angles on the diffracted light on: (a) linear periodic pattern of LIPSS orientations. (b) Circular 
periodic pattern of LIPSS orientations 
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The formation of laser-induced periodic surface structures (LIPSS) by ultrashort pulse lasers has been investigated 
in a variety of materials. For some dielectrics, the LIPSS are formed parallel to the polarization direction[1]. Three-
mol% yttria-stabilized tetragonal zirconia polycrystal (3-mol% Y2O3-doped ZrO2, 3Y-TZP) is a fine ceramic with 
high fracture resistance and flexural strength utilized for medical implants. We have investigated LIPSS formation 
on 3Y-TZP and found that the LIPSS were parallel to the linearly polarized light and the periods Λ were slightly 
larger than the laser wavelengths λ (343, 515, 810, 1030 nm) [2-4]. In this study, cross-polarized double pulse pair 
and counter-rotating circularly polarized double-pulse pair irradiation were carried out to investigate the LIPSS 
formation mechanism.

A Ti:sapphire laser (810 nm, 100-fs FWHM) was used for this experiment. A Mach-Zehnder interferometer with a 
half-waveplate and polarizers was constructed for generating a cross-polarized double pulse with controlled peak 
fluences. With adjusting a quarter-waveplate (QWP) placed after the interferometer, a counter-rotating circularly 
polarized double pulse could be also generated (Fig. 1(a)). The delay τ was changed in the range -100 ps<τ<+100 
ps. The positive delay corresponds that the vertically polarized pulse arrives earlier than the horizontally polarized 
pulse. The peak fluence of “pulse a” (Fa) was first fixed to a certain value and then the ratio of the peak fluences 
(r=Fb/Fa) was set from 1 to 3 by adjusting the peak fluences of “pulse b” (Fb). In the experiments, 40-pairs of 
double pulse (80 pulses) were irradiated onto a 3Y-TZP plate in ambient air. The 3Y-TZP plates were made from a 
fine powder (TZ-3YB-E, Tosoh) at a sintering temperature of 1350 ºC and the surface was wet-polished to mirror 
quality. The irradiated surfaces were measured by a confocal laser microscope.  

Figure 1(b) shows the images of LIPSS formed by irradiation of cross-polarized double pulses. In this case, the 
peak fluence of the two pulses were set the same (Fa=Fb) and Fa was set high enough to generate LIPSS with only 
“pulse a”. For smaller delay where the pulses overlapped in time (|t|<200 fs), the morphology (the shape and 
the direction) of the LIPSS depended on the delay sensitively (0 fs case in Fig.1(b)). In this delay range, the LIPSS 
formation is closely related with the polarization states of combined laser electric field. For larger delay where the 
pulses did not overlap in time (τ=-200 fs and +200 fs cases in Fig. 1(b)), the directions of the LIPSS were parallel 
to the polarization of the first arrived pulse. The LIPSS became unclear for larger delay (τ>20ps), most probably 
due to the changes of the surface condition by the first arrived pulse.  In the presentation, it will be shown that 
the shapes of the LIPSS are different for the counter-rotating circularly polarized double pulse case, however, the 
dependences on delay are similar to the cross-polarized double pulse case. 

 [1] M. Rohloff, S. K. Das, S. Höhm, R. Grunwald, A. Rosenfeld, J. Kruger, and J. Bonse (2011) “Formation of laser-induced periodic surface 
structures on fused silica upon multiple cross-polarized double-femtosecond-laser-pulse irradiation sequences ,” J. Appl. Phys. 110, 014910.
 [2] M. Kakehata, H. Yashiro, A. Oyane, A. Ito, and K. Torizuka (2015) “Femtosecond laser-induced periodic surface structures on yttria-
stabilized zirconia,” Proc. The 7th international congress on Laser Advanced Materials Processing-LAMP2015, A201.
 [3] M. Kakehata, T. Takahashi, H. Yashiro, A. Oyane, A. Ito, T. Nishikawa, K. Torizuka (2016) “Wavelength dependence of femtosecond laser-
induced periodic surface structures on yttria-stabilized zirconia, “ Proc. LPM2016, #16-08.
[4] M. Kakehata, H. Yashiro, A. Oyane, A. Ito, and K. Torizuka (2016) “Pulsewidth dependence of laser-induced periodic surface structure 
formed on yttria-stabilized zirconia polycrystal,” Proc. SPIE LASE2016, paper 9740-50.

           

(b)

Fig. 1(a).  Schematic of double pulse setup. The cross-polarized pulse pair (v, h) and counter-rotating circularly polarized pulse pair are gener-
ated by adjusting a quarter-waveplate (QWP). (b) Microscope images of LIPSS formed by cross-polarized double pulse irradiation.
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Laser-induced periodic surface structure (LIPSS) had been investigated for various materials including metals, 
semiconductors, and dielectrics [1].  For infrared radiations (e.g. 800nm of Ti:Sap. laser), most of dielectric ma-
terials are transparent and hence the formation of LIPSS requires higher fluences (> 2 J/cm2) in order to induce 
multi-photon absorption. On the contrary, LIPSS on metals could be generated near ablation threshold (e.g. 
> 0.25 J/cm2 for copper).  To reduce the LIPSS thresholds for the transparent material, we coated the dielectric 
substrates with metals and investigated the formation of LIPSS [2].   It was expected that LIPSS formed on the 
metals might be imprinted on the surface of dielectrics and we could generate LIPSS on the transparent materials 
with lower fluences.

Ti:Sap. laser (100 fs, 800 nm, 1 kHz) was used to irradiate the SiO2 substrates with Cu (thickness of 100 nm or 200 
nm) or Au (100 nm) coating.   These thickness could be ablated several 10s shots of laser pulses.   Figure 1 shows 
dependences of LIPSS period as a function of irradiated peak fluence with representative SEM images.   Target 
material was SiO2 with copper coating of 100 nm.   Contrary to the expectation, we found two regimes.   One is in 
high fluence (> 4 J/cm2), where we observed the same results with or without coating.   The periods of LIPSS were 
almost the same as wavelength of the irradiated laser.   The other is in low fluence (< 3 J/cm2), where the periods 
of LIPSS were 1/4 – 1/5 of the laser wavelength and the orientations of LIPSS were always perpendicular to the 
polarization of light.   These results might be explained by the interaction between a surface electric wave excited 
during LIPSS formation on Cu and incident laser light.

Figure 1: Dependences of LIPSS period as a function of irradiated peak fluence.   Target material was SiO2 with Cu coating of 100 nm.   SEM 
images of (a)-(f) correspond to the fluence (a) 1.3 J/cm2, (b) 2.1 J/cm2, (c) 2.7 J/cm2, (d) 6.4 J/cm2, (e) 15 J/cm2, (f) 17 J/cm2, respectively.  

[1] J. Bonse and J. Krüger (2012) “Femtosecond laser-induced periodic surface structures”, Journal of Laser Applications 24, 042006.
[2] K. Tanaka, Y. Izawa, M.Fujita, M. Kubo, M. Nakai, T. Norimatsu (2005) “Femtosecond-laser-induced periodic structures on SiO2 suraface 
with copper coating”, Proceedings of the 12th International Display Workshops in conjunction with Asia Display 2005, pp. 2025-2028. 
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During past decades, there is a growing interest in surface nanostructuring of glass materials using available 
technologies [1, 2]. Among them, femtosecond laser irradiation is one of the most advantageous and sophisticated 
contactless methods due to instantaneous and highly localized modification of electronic and optical properties 
of the material surface before it undergoes energy relaxation [3]. Surface modification with laser-induced periodic 
surface structures (LIPSS) depends strongly on many parameters, both on material properties and irradiation 
conditions (pulse intensity, wavelength, light polarization, pulse repetition rate, and processing speed) [4].In this 
work, we will present results of a systematic study of the LIPSS produced on fused silica and Ultra-Low Expansion 
(ULE) glass. The irradiation was performed using IR (1030 nm) fs-laser in the fluence range close and well above 
the ablation thresholds of these two materials. We have systematically investigated the morphology of LIPSS 
formed in single- and multi-pulse regimes for both fixed irradiation spots and upon scanning the sample in raster 
fashion under fixed laser focus (to avoid possible change in linear polarisation induced by phase shifts in laser 
scanners [5]), Fig. 1.

(a)                                                                                                       (b)

Figure 1: Micrographs of (a) fused silica and (b) ULE glass irradiated using infrared 245 fs-laser at the fluence ∼3 J/cm2 using raster scan on 

the sample surfaces at 0° angle of incidence.

In the case of ULE glass, microscopy results show the formation of coarse LIPSS with their periodicity close to the 
laser wavelength and orientation perpendicular to the polarization of the incident laser beam. For high-purity 
fused silica at the same irradiation conditions, a more complicated pattern of LIPSS is produced where local 
regions with both perpendicular and parallel orientation and even the coexistence of the two orientations are 
observed. The physical mechanisms responsible for this difference will be discussed. 

[1] S. Inoue, S-Zhu. Chu, K. Wada, D. Li, H. Haneda (2003) New roots to formation of nanostructures on glass surface through anodic oxidation 

of sputtered aluminium, Sci. Tech. Adv. Mater., vol. 4, pp. 269–276.

[2] S. Graf, C. Kunz, F.A. Müller (2017) Formation and properties of laser-induced periodic surface structures on different glasses, Materials, 

vol. 10., Article 933
[3] N.M. Bulgakova, V.P. Zhukov, I. Mirza, Yu.P. Meshcheryakove, J. Tomáštík, V. Michálek, O. Haderka, L. Fekete, A.M. Rubenchik, M.P. Fedoruk, 
T. Mocek (2016) Ultrashort-pulse laser processing of transparent materials: Insight from numerical and semi-analytical models, Proc. SPIE, 
vol. 9735, Article 97350N 
[4] R. č. Buividas, M. Mikutis, S. Juodkazis (2014) Surface and bulk structuring of materials by ripples with long and short laser pulses: Recent 
advances, Prog. Quant. Electron., vol. 38, pp. 119– 156
[5] G. Anzoline, A. Gardelein, M. Jofre, G. Molina-Terriza, M.W. Mitchell (2010) Polarization change induced by a galvanometric optical scanner, 
J. Opt. Soc. Am. A, vol. 27, pp. 1946-1952
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We demonstrate a rapid, accurate, and convenient method for tailoring the optical properties of diamond surfaces 
by employing laser induced periodic surface structuring (LIPSS)[1]. The characteristics of LIPSS-based fabricated 
photonic surfaces were adjusted by tuning the laser wavelength, number of impinging pulses, angle of incidence 
and polarization state. First, using Finite Difference Time Domain (FDTD) modeling, the optical transmissivity and 
bandwidth were calculated as function of the LIPSS period (Fig. 1a) and the aspect ratio (Fig. 1b). The highest 
transmission of ~99.5% was obtained in the near-IR for LIPSS structures with aspect ratios of the order of ~0.65. 
Secondly, the irradiation parameters for the generation of high quality LIPSS were identified for three different 
harmonics of a Ti:Sapphire laser (λ ~ 800, 400 and 267 nm) and also harmonics from an Ytterbium fiber laser at a 
λ of ~ 520 nm and ~ 1040 nm. Moreover, an exhaustive analysis on how irradiation parameters such as number 
of pulses or fluence affect LIPSS morphology (period and aspect ratio) was performed by means of SEM and AFM 
microscopy. 

Figure 1: (a) Transmission of LIPSS on diamond substrate as a function of LIPSS spatial period (Λ) and incident wavelength with a fixed 
aspect ratio of 0.4. (b) Computed transmission of diamond LIPSS as a function of aspect ratio and incident wavelength for Λ = 500 nm. (c) 
Example of one of the fabricated surfaces with a LIPSS nanopattern highly coherent and homogeneous with a line spacing (Δx) of 1µm. The 
inset below consists of the 2D-FFT spectra of the image together with the calculation of the DLOA, a parameter that serves to analyze the 
nanopatterns coherence [2].

Finally, diamond surfaces were fabricated following a previously proved scanning strategy [3] and studying the 
conditions for fabricating spatially coherent LIPSS-based nanostructures over large areas maintaining a high 
degree of nanostructure fidelity and optical performance. Figure 1c shows how tuning scanning parameters, 
such as line spacing, diamond nanostructured surfaces almost absolutely coherent were fabricated. The present 
technique enabled us to identify the main laser parameters involved in the machining process, and to control 
it with a high degree of accuracy in terms of structure periodicity, morphology and aspect ratio. While our 
experimental demonstrations have been mainly focused on diamond anti-reflection coatings and gratings, this 
technique can be easily extended to other materials and applications, such as integrated photonic devices, high 
power diamond optics, or the construction of photonic surfaces with different tailored characteristics.

[1] J. Bonse, S. Höhm, S. V Kirner, A. Rosenfeld, J. Krüger, Laser-Induced Periodic Surface Structures;  A Scientific Evergreen, IEEE J. Sel. 
Top. Quantum Electron. 23 (2017) 1. doi:10.1109/JSTQE.2016.2614183.

[2] I. Gnilitskyi, T.J.-Y. Derrien, Y. Levy, N.M. Bulgakova, T. Mocek, L. Orazi, High-speed manufacturing of highly regular femtosecond 
laser-induced periodic surface structures: physical origin of regularity, Sci. Rep. 7 (2017) 8485. doi:10.1038/s41598-017-08788-z.

[3] E. Granados, M. Martinez-Calderon, M. Gomez, A. Rodriguez, S.M. Olaizola, Photonic structures in diamond based on 
femtosecond UV laser induced periodic surface structuring (LIPSS), Opt. Express. 25 (2017). doi:10.1364/OE.25.015330.
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Laser surface texturing (LST) has demonstrated large improvements of several tribological properties of sliding 
or mating surfaces. In particular, the fabrication of micrometric-sized dimples has recently shown its potential 
in terms of friction reduction and increased wear resistance [1-4]. These improvements require the generation 
of high-quality surfaces, in which the formation of rims due to molten material flow should be minimized. If 
the rim formation around the dimples cannot be avoided, then additional post-processing is often required to 
achieve the desired tribological properties [1]. This adds production costs and manufacturing time. Therefore, 
ultrashort pulse durations of hundreds of femtoseconds have been alternatively employed [1]. The presence of 
molten material significantly decreases with the use of ultrashort pulses, and consequently, the height of the rims 
reduces, while the need for post-processing becomes less common. Nevertheless, the economic feasibility of LST 
with laser pulses in the femtosecond regime may be compromised due to the high costs and industrial readiness 
of these laser sources. This work investigates the effect of different laser pulse durations (10ps, 170ps, 5 ns, 16 
ns and 46 ns) on the rim formation on grey cast iron surfaces textured with micrometric-dimples using NIR laser 
beams. Friction coefficient and wear resistance properties of the laser-textured surfaces have been assessed by 
means of reciprocating sliding assays. Our results show that by optimizing the laser processing parameters, it is 
possible to reduce rim formation under short laser pulse irradiation significantly, avoiding the use of high-cost 
ultrashort laser pulse sources or post-processing (see Figure 1). In addition, a five-axis nanosecond pulsed laser 
prototype machine has been designed and built to demonstrate the viability of the process to a technology 
readiness level six (TRL 6). 

Figure 1. Confocal microscopy images and cross-section profiles showing the effects of laser processing parameters, in particular pulse 
duration, on rim formation on laser textured grey cast iron. Optimized LST using 170 ps pulse duration (Left) and non-optimized LST using 170 

ps pulse duration (right).

[1] V. Ezhilmaran, L. Vijayaraghavan, and N. J. Vasa (2017) Investigation of Nd3+:YAG Laser Aided Surface Texturing to Improve Tribological 
Characteristics of Piston Ring, Journal of Laser Micro/Nanoengineering, vol. 12, no. 3.
[2] J. Schneider, D. Braun, and C. Greiner (2017) Laser Textured Surfaces for Mixed Lubrication: Influence of Aspect Ratio, Textured Area and 
Dimple Arrangement, Lubricants, vol. 5, no. 3, p. 32.
[3] M. Scaraggi, F. P. Mezzapesa, G. Carbone, A. Ancona, D. Sorgente, and P. M. Lugarà (2014) Minimize friction of lubricated laser-microtextured-
surfaces by tuning microholes depth, Tribology International, vol. 75, pp. 123–127.
[4] S.-C. Vlădescu, A. V. Olver, I. G. Pegg, and T. Reddyhoff (2016) Combined friction and wear reduction in a reciprocating contact through laser 
surface texturing, Wear, vol. 358–359, pp. 51–61.
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Increasing productivity of ultrashort pulsed laser ablation for 
combination process with ns-laser
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1- Fraunhofer-Institute for Laser Technology, Steinbachstr. 15, Aachen, Germany, 52074

andreas.brenner@ilt.fraunhofer.de

Surface functionality is an increasing and crucial factor for the success and acceptance of a product. Through 
structured surfaces products can gain additional functions. In the automotive industry for example microstructures 
enable friction reduction in combustion engines or optimize the efficiency of LED-based illumination systems. 
Furthermore, in the area of consumer products optical and haptic functions determine essentially the product 
quality.

The most common way to create surface functionality in mass production are replication processes via structured 
mold tools. Currently used manufacturing processes for tool structuring like photochemical etching are limited 
in precision and in flexibility. A new and promising approach is to combine nanosecond (ns) and picosecond (ps) 
pulsed laser ablation sequentially - similar to mechanical roughing and finishing process [1]. Thereby, a surface 
structure is roughly fabricated by a ns-laser and afterwards finished by a ps-laser generating finer, more complex 
structures. The pulse duration of about several ns leads to material removal with a significant amount of melting, 
which results in ablation depth of several micrometers [2-3]. Due to pulse durations in the range of electron-
phonon coupling times ultrashort pulsed laser radiation enables materials processing with a minimum thermal 
damage and thus high precision [4]. However, one of the main drawbacks is the low productivity of the ps process 
that significantly determines the productivity of the whole combined process.

To overcome the above-mentioned drawback, we investigate ultrashort pulsed laser processing using pulse bursts 
and varying pulse durations. By reducing the pulse duration from 10 ps to 900 fs the productivity gets doubled (cf. 
Figure 1a) without any negative impact on the surface quality (cf. Figure 1b). Using average powers of more than 
70 W an ablation rate of up to 13 mm³/min is achieved. Not only productivity benefits from burst processing, but 
also the surface quality gets significantly improved. The roughness of a ns pre-structured surface improves from 
Ra = 1.40 µm to Ra = 0.54 µm.
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Figure 1: Influence of the pulse duration on hot-working steel 1.2738 pretreated by milling and polishing with an initial surface roughness 
of Ra = 0.31 µm. (a) By reducing pulse duration from 10 ps to 900 fs volume ablation rate gets doubled for any number of pulses per burst 
(PpB) without (b) any negative impact on the surface quality.  

[1] A. Brenner, C. Fornaroli, A. Gillner (2017) Combination of short and ultrashort pulse laser processing for productive large scale structuring 
of 3D plastic mould steel, ICALEO 2017 Conference Proceedings (online), Atlanta, 26.10.2017 - 27.10.2017, Paper M301
[2] B. Chichkov, C. Momma, S. Nolte, F. von Alvensleben, A. Tünnermann (1996) Femtosecond, picosecond and nanosecond laser ablation of 
solids, Appl Phys A, 63, 109-115.
[3] Y. Zhu, J. Fu, C. Zheng, Z. Ji (2016) Effect of nanosecond pulse laser ablation on the surface morphology of Zr-based metallic glass, Opt. 
Laser Technol, 83, 21-27.
[4] B. Zheng, G. Jiang, W. Wang, X. Mei (2014) Ablation characteristics and interaction mechanism of ultra-fast pulse laser-induced damage in 
titanium alloy, J. Xi’an Jiaotong Univ., 48 (12), 21-28. 
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The use of lasers to create microstructures on metal surfaces in order to change the wettability properties a 
material has been widely explored, mainly using ultra-short pulsed lasers working in the femto and picosecond 
regime. In order to explore a more robust industrial method for the creation of super-hydrophobic surfaces, a 
fibre based nanosecond pulsed laser has been used to process polished Ti6Al4V samples to produce customised 
topography. The samples then received a low temperature annealing post treatment. This, decrease the time 
needed for reaching the super-hydrophobic point considerably. The nanosecond pulsed laser provides a thermal 
component in the surface, helping with the creation of micro pillars in the surface morphology. The use of 
scanning electron microscopy (SEM) with energy dispersive X-Ray analysis (EDX), white light optical profiling, 
and contact angle measurements were used to characterize and quantify the effects of the surface modification 
on the wetting properties of the material. 
 

  
   (a)                                                                                                      (b) 

 
Figure 1: (a) Surface pattern on Ti-6Al-4V modified by laser processing, (b) SEM image of microstructure on Ti-6Al-4V surface. 
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Enhancing surface functionalities by Direct Laser Interference 
Patterning – Basic principles, industrial approaches and structure 

lifetime

T. Kunze1, B. Krupop1, S. Alamri1 T. Steege1, A. Aguilar1 S. Trautewig1, F. Rößler2, A. Lasagni2

1- Fraunhofer-Institute for Material and Beam Technology IWS, Winterbergstr. 28, 01277 Dresden, Germany
2- Institute of Manufacturing Technology, Technische Universität Dresden, George-Bähr-Str. 3c, 01062 Dresden, Germany

 tim.kunze@iws.fraunhofer.de

Functionalization of technical surfaces with micro- and nanostructures is an innovation driver of the 21st century. 
These biologically inspired structures, which are mostly adapted from nature, offer a tremendous innovation 
potential to enhance the biocompatibility of implants, to reduce fuel consumption in tribological applications, 
tailor the wettability properties for self-cleaning surfaces, or provide advance in optical applications such as 
product protection. The efficient fabrication of these versatile surface structures is currently among the greatest 
technical challenges in the development of new customized surface functionalities. Established manufacturing 
techniques, such as electron beam lithography or direct laser writing techniques either demand too great a cost 
or too much time, or they only allow for low spatial resolution [1]. Direct laser interference patterning (DLIP) 
arose as a flexible tool near to industry that can be used to fabricate tailored surface topographies for a great 
variety of applications [2]. The DLIP technology benefits not only from the progress in the field of commercially 
available high-power laser sources, but also from the improvement of innovative beam guidance approaches.
The versatility of the DLIP technology to fabricate well-defined surface topographies impacts a variety of 
applications in the fields of tribology, wettability, biocompatibility, contact modification, adhesion, absorption, 
decoration and product protection [3]. This often requires the utilization of flexible machining concepts capable 
of allowing both, a high flexibility and high performance. This work presents an industry-near and compact DLIP 
solution for the fabrication of flexible surface structures employing linear stage and scanner-based systems.

Figure 1 : (a) Laser intensity modulation during DLIP processing. (b) Compact, scanner-based approach for industrial environments. (c) DLIP 
surface structure with enhanced lifetime. 

Using the so-called flexDLIP paradigm enables the implementation of variable structural combinations at 
perspective processing rates of up to 300 cm²/min and above. Since the structure lifetime strongly impacts the 
surface functionality, application examples in the field of tribology and product protection are presented which 
give rise to prolonged structure stability in relevant environments.

[1] A. F. Lasagni, T. Roch, J. Berger, T. Kunze, V. Lang, E. Beyer (2015) To use or not to use (direct laser interference patterning),
that is the question, Proc. of SPIE Vol. 9351, 935115

[2] A. F. Lasagni, C. Gachot, K. E. Trinh, M. Hans, A. Rosenkranz, T. Roch, S. Eckhardt, T. Kunze, M. Bieda, D. Günther, V. Lang, F. Mücklich 
(2017) Direct Laser Interference Patterning, 20 years of development: From the basics to industrial applications, Proc. of SPIE Vol. 
10092, 1009211

[3] F. Rößler, T. Kunze, A. F. Lasagni (2017) Fabrication of diffraction based security elements using direct laser interference patterning, 
Optics Express 25, 22959
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Mimicking structures and functionalities found in nature is one of the principal goals of biomimetics, where 
different disciplines team up. In order to achieve this, the specific solution found by nature in a certain species 
has to be transferred, often simplified, in order to mimic its properties on a different material and for a certain 
application. Here, we report an experimental study that combines biology, surface science and materials physics 
to fabricate bio-inspired micro- and nanostructures on a glass substrate for fluidic applications, using a high-
repetition rate femtosecond laser. The particular structures of interest are found on the skin of the Texas horned 
lizard and bark bug, both featuring exceptional fluid transport capabilities thanks to their skin topography and 
surface chemistry [1] [2]. Laser-fabricated structures similar to natural ones were achieved by exploring the 
different irradiation parameters (e.g. pulse fluence, repetition rate, number of scans, scan speed and geometry), 
leading to the formation of bug- and lizard-like capillary channels with adjustable surface roughness (c.f. Fig. 1A,B). 
The wetting behaviour of these structures was determined by measuring the contact angle of the structured glass 
surfaces with a water drop and was found to be adjustable over a certain range (c.f. Fig. 1C).  Moreover, the water 
transport properties present in both types of structures (Fig.1D) were characterized by means of a video camera, 
revealing directional fluid transport. Possible applications of these functional structures fabricated on glass slides 
in microfluidics and other fields will be discussed.

Figure 1: A, B. Optical micrographs of laser-processed glass surfaces fabricated by overlapping scan lines with different interline distances (5 
and 3 µm). C. Contact angle of the structures with water vs. total number of scans for the two interline distances quoted. The solid line at 
30.2º corresponds to the CA of the unexposed glass surface. Insets show the water droplet deposited on each area. D. Lizard tile distribution 
pattern on a microscope glass slide using different interline distances.

[1]  P. Comanns, G. Buchberger, A. Buchsbaum, R. Baumgartner, A. Kogler, S. Bauer, W. Baumgartner, Directional, passive liquid 
transport: the Texas horned lizard as a model for a biomimetic “liquid diode,” J. R. Soc. Interface. 12 (2015) 20150415.

[2]  S.V. Kirner, U. Hermens, A. Mimidis, E. Skoulas, C. Florian, F. Hischen, C. Plamadeala, W. Baumgartner, K. Winands, H. Mescheder, 
J. Krüger, J. Solis, J. Siegel, E. Stratakis, J. Bonse, Mimicking bug-like surface structures and their fluid transport produced by 
ultrashort laser pulse irradiation of steel, Appl. Phys. A Mater. Sci. Process. 123 (2017).
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Short and ultrashort pulsed laser processing of zinc: resolidification 
morphology of ablated craters 
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Zinc is a widely used metal in galvanizing and alloying, primarily for its excellent cathodic protection and corrosion 
resistance properties. To improve surface functionality, (ultra) short pulsed laser-surface texturing can be used 
to add functionalities like superhydrophobicity, oleophilicity, and/or improve functionalities like corrosion 
performance and visual appearance to the Zn layer on steel [1,2]. To study the surface morphology of laser-
textured surfaces, ablation of bulk and coated polycrystalline zinc is performed with single, as well as multiple 
nanosecond and picosecond laser pulses at a wavelength of 1030 nm.  The morphology of thousands of ablated 
craters is studied, by varying the laser fluence over a wide range, as well as varying the number of pulses on the 
same location between N=1 and N=50. From the analysis, it can be concluded that, within the boundary of our 
experimental (laser) conditions, ablated craters are always showing molten features, see figure 1. In addition, 
depending on the pulse duration, resolidification of zinc results in jets with meso- and micro scale spherical 
endings, micro rims and protrusions as well as nano-roughness or a rim around the ablated crater. In contrast 
to nanosecond laser processing, it is found that craters formed using picosecond pulses deviate significantly 
from the Gaussian shape of the laser intensity distribution, due to different temperature gradients in electronic 
and lattice subsystem. Also, the surface tension of the liquid melt in the crater as well as the cooling rate, plays 
a major role in the morphological evolution of surface structures which are formed. In conclusion, the crater 
morphology of ps- and ns-ablated craters differ substantially.  Therefore, depending on the requirements of the 
surface texture for a given application, either ps- and/or ns-pulsed laser sources can generate different kinds of 
textures resulting from resolidification.  

Figure 1: (a) SEM image (tilted 60°) of ps pulsed laser ablated crater for 40 pulses showing deviation from Gaussian shape. (b) Optical 
microscope image (top view) of ns pulsed laser ablated crater for single pulse showing jet with micrometric spherical ending.

[1] B. Qian and Z. Shen (2005), Fabrication of superhydrophobic surfaces by dislocation-selective chemical etching on aluminum, copper, and 
zinc substrates, Langmuir, 21 (20), 9007-9009.
[2] T. H. Muster, W. D. Ganther and I. S. Cole (2007), The influence of microstructure on surface phenomena: rolled zinc, Corrosion science, 
49(4), 2037-2058.
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Microtexturing by laser ablation of solid targets can lead to changes their optical properties [1, 2]. In this report 
laser micro-manufacturing of different metals and semiconductors is experimentally studied. It is shown that 
pulsed nanosecond laser ablation of Ni, Ta, Ti, Al, Stain steel, Si and glassy carbon in air leads to formation of 
a quasi-periodic array of micro-cones. Such microstructured materials can be considered as broadband ultra-
black absorbers from UV to near IR region of the spectrum. The dramatic reduce of mirror reflection coefficient 
(MCR) (less than 0.2 %) of laser-treated surfaces are due to both the microstructures generation under their 
laser ablation and change of their chemical composition. In the first case incident light is almost completely 
absorbed on structured surface for the sake of reflection from side walls of structures. The change of the chemical 
compound of laser-treated surface is caused by formation of oxides films with band gap from 0.8-7 eV that makes 
contribution of MCR drop. At the same time for Aluminum combination of the traditional blackening methods 
(anodizing and inking) with laser-microfabrication allows to reduce SCR even less than 0.05% . Such super “black 
surfaces” can be used as cover for satellites. 

The second part of experimental study is devoted to fabrication solar elements based on the microstructured 
Silicon. In this case the MS Si array is covered by transparent conductive layer of tin oxide after removal of the Si 
oxide layer. Comparative studies of the conversion efficiency of light to electricity show more than 20% increase 
compared to the initial flat Si surface. 

Therefore technique of laser-assisted structuring of materials allows increase of absorbance. Laser-structured 
black targets promises to produce extremely efficient broadband light sources with flat spectral response. 

a b
Fig. 1. A- SEM view of laser- microtextured Ni surface (scale bar- 10 µkm), b- mirror reflection spectrum of laser-structured Ni target. 

1. A. Y. Vorobyev and C. Guo (2008) Colorizing metals with femtosecond laser pulses, Appl. Phys. Lett. vol. 92, pp. 041914.
2. E. V. Barmina, E. Stratakis, C. Fotakis, G. A. Shafeev (2013) Laser-assisted micro- and nanostructuring of solids», in Ultrafast Laser Micro- and 
Nanoprocessing, ed. K. Sugioka, Singapore: Pan Stanford Publishing.
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Microscopic characterization of laser-written phenomena for 
component-wise testing of photonic integrated circuits
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Photon-based quantum information processing demands up-scaling of photonic integrated circuits (PICs) and 
imposes strict requirements on the properties of PIC components in terms of loss [1], control of polarization 
[2] and so on. Those ever-stricter demands pose a great challenge to all the current PIC fabrication 
technologies [1, 3, 4], especially direct laser writing [2, 3] that faces fabrication errors, repeatability and 
substrate uniformity issues. A solution for non-destructive testing of large-scale PICs in a component-wise 
manner is desired to meet those demands.

Here, we demonstrate a method based on adaptive 3D third harmonic generation (THG) microscopy to test 
the performance of a PIC in a component-wise manner, through ascertaining qualitative or quantitative links 
between the THG image of a PIC component and its properties, like loss, polarization and intensity splitting 
ratio, bearing in mind that any arbitrary location in the volume of a PIC chip can be non-destructively imaged in 
3D with the THG microscope. Moreover, through discovering new phenomena, we demonstrate that this 
method also opens us a new pathway to studying the fundamentals of light-matter interaction in transparent 
materials. 

As one example of how to determine component performance based on THG images, a set of 3D tritters [5] 
were fabricated. A simulation method was developed to predict the performance of tritters. Inputs of the 
simulation were the waveguide shape and relative position from THG images and the measured projected 
refractive index profile. The simulated output-splitting ratios of the tritters based on the designed and 
measured X12/X13 ratios from the THG images were both compared with the measured results as shown in 
Fig1. It can clearly be seen that the simulated transmission based on the measured X12/X13 ratio agreed well 
with the measured transmission.  

Figure 1: Predication of the performance of 3D tritters based on the THG images. Schematic of 3D tritter (a) and THG image of a fabricated 
tritter in its coupling region (b); comparison between measured transmissions of the tritters and the simulated values based on designed 
(c) and measured (d) X12/X13 ratio. 

[1] Metcalf, B. J. et al. Quantum teleportation on a photonic chip Nat. Photonics 8, 770-774 . 
[2] Crespi, A. et al. Integrated photonic quantum gates for polarization qubits. Nat. Commun. 2, 566. 
[3] Flamini, F. et al. Thermally reconfigurable quantum photonic circuits at telecom wavelength by femtosecond laser micromachining. 
Light Sci. Appl. 4, e354. 
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[4] Dai, D-X., Bauters, J. & Bowers, J. E. Passive technologies for future large-scale photonic integrated circuits on silicon: polarization 
handling, light non-reciprocity and loss reduction. Light Sci. Appl. 1, e1.
[5] Spagnolo, N. et al. Three-photon bosonic coalescence in an integrated tritter. Nat. Commun. 4, 1606 (2013).

Femtosecond laser direct writing of PDMS/metal composite 
microstructure under different metal ion concentrations
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Polymer/metal composite structures can provide both polymer-originated mechanical properties, including 
flexibility and elasticity, and metal-originated optical/electrical properties, which enables realization of novel 
plasmonic and flexible electronic devices [1, 2]. Laser direct writing (LDW) based on two photon excitation has been 
employed for the fabrication of polymer micro- and nanostructures as well as metal ones by photopolymerization 
and photoreduction, respectively. Recently, fabrication of polymer/metal composite structures by the simultaneous 
induction by using femtosecond laser has been demonstrated [3, 4]. The output of fabricated polymer/
metal composite structures largely depends on various parameters including the concentration of metal ions. 

In this study, we experimentally investigate the effect of metal ion concentration in the mixture on the 
formation of polymer/metal composite structures with femtosecond LDW. First, mixtures of PDMS/silver 
benzoate in hexane and PDMS in hexane were prepared. Then PDMS/silver composite line structures or 
PDMS line structures were fabricated by scanning focused femtosecond laser pulses (522 nm, 63 MHz, 192 fs) 
to the corresponding mixtures, respectively. The laser pulses were focused with an objective lens (numerical 
aperture (N.A.) 0.4) and scanned on the mixture at 2 mm/s. Figure 1 shows the dependence of the line widths 
of the fabricated structures on laser power. The threshold of formation of PDMS/silver composite structure 
was 14 mW (0.22 nJ/pulse), while that of PDMS structure was 60 mW (0.95 nJ/pulse). The threshold for the 
formation of PDMS/silver composite structure was lower than that of PDMS structure. This is attributable to 
the increase of optical absorption by the formation of silver nanoseeds in the mixture before laser irradiation 
in the case of PDMS/silver composite structure. Line widths of PDMS/silver composite line structures were 
smaller than those of PDMS line structures under the comparable conditions of laser power. Silver ions in the 
mixture might decrease unsaturated bonds of unreacted PDMS, which could inhibit polymerization of PDMS. 

Figure 1: Line widths of PDMS structures and those of PDMS/silver composite structures fabricated by femtosecond LDW at different laser 
powers. 

[1] S. Shukla et al. (2010) Fabrication and characterization of gold-polymer nanocomposite plasmonic nanoarrays in a porous alumina 
template, ACS Nano, vol.4, pp. 2249-2255

[2] S. Mannsfeld et al. (2010) Highly sensitive flexible pressure sensors with microstructured rubber dielectric layers, Nat. Mater., vol.9, pp. 
859-864

[3] S. Shukla et al. (2011) Subwavelength direct laser patterning of conductive gold nanostructures by simultaneous photopolymerization 
and photoreduction, ACS Nano, vol.5, pp. 1947-1957

[4] Y. Nakajima et al. (2017) Femtosecond-laser-based fabrication of metal/PDMS composite microstructures for mechanical force sensing, 
Opt. Mater. Exp., vol.7, pp. 4203-4213
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Chemically assisted femtosecond laser micromachining  
in lithium niobate
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Femtosecond lasers with high intensity has emerged as promising tool for high-precision  3D micro/nanopro-
cessing of a broad variety of dielectric materials due to nonlinear absortion inside transparent media [1]. Fem-
tosecond micromachining has been used to  fabricate different functional microstructures also from a lithium 
niobate [2-4]. Ablated [2, 4] structures have not so good surface quality so chemically assisted femtosecond laser 
micromachining becomes important for more precise structures [3].

We report results on optimization of the fabrication procedure that employs both femtosecond laser modification 
and hydrofluoric acid etching for production of the rectangular voids with dimensions 200 x15 mm2 and depths up 
to 450 μm in z-cut plates of lithium niobate with thickness of 0.5 mm. The fabricated structures had 3 μm lateral 
resolution. To optimize the structure quality and machining speed, we explored various laser-machining parame-
ters, including laser polarization, repetition rate (1-600 kHz), pulse energy (0,025-3 µJ), exposure time, relative 
position of the crystal with respect to the focus as well as etching procedures. The modification of the lithium 
niobate crystal areas which must be etched was made by direct femtosecond laser 3D writing with 260 fs pulses 
at 1030 nm starting from the bottom of the lithium niobate samples, as shown in Fig. 1 (a). After laser machining, 
samples were etched in HF (5-45%) or  a mixture of HF and HNO3 acids without stirring. The etching time was from 
minutes to  hours at room temperature. The etching rates in HF (45 %) for optimaly modified regions of lithium 
niobate were in the range 1.8-4 μm/min at 18 oC  (200-400 time faster as in nonmodified regions). Volume modi-
fications etched for optimal parameters of the laser and scanning speed 5 mm/s are presented in Fig. 1 (b-e). Also 
the small range at the top was not etched and it is probably related with beam focusing in birefringent crystals [5].

a     b                        c                       d                     e
Figure 1: Modification scheme of the lithium niobate crystal with focused femtosecond pulses (a). Volume modifications etched in lithium 
niobate after 2 hours processing in 45 % HF acid solution when optimal parameters of the laser were selected (b-e). Pulse energy and pulse 
repetition rate were 3 µJ, 20 kHz (b), 1.5 µJ, 20 kHz (c), 3 µJ, 15 kHz (d), 1.5 µJ, 15 kHz (e), respectively. The gap between modified areas was 
15 mm.

[1] K. Sugioka (2017), Progress in ultrafast laser processing and future prospects, Nanophotonics 6 (2):393–413
[2] M. Wang et al. (2017) Fabrication of high-Q microresonators in dielectric materials using a femtosecond laser: Principle and applications, 
Opt. Commun., 395, pp. 249-260
[3] P. Sivarajah et al. (2013) Chemically assisted femtosecond laser machining for applications in LiNbO3 and LiTaO3, Appl. Phys. A, 112, pp. 
615-622
[4] G. Bettella et al. (2017) Lithium Niobate Micromachining for the Fabrication of Microfluidic Droplet Generators, Micromachines, 8, 185
[5] P. Karpinski et al. (2016) Laser-writing inside uniaxially birefringent crystals: fine morphology of ultrashort pulse-induced changes in lithium 
niobate, Opt. Express, 24, pp. 7456-74
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Femtosecond laser has been used for inscribing optical waveguides in various transparent materials such as glass, 
crystals and polymers thanks to the unique capability of locally modifying refractive index in the vicinity of focal 
spot [1]. This has allowed producing three-dimensional photonic circuits for a broad spectrum of applications 
[2]. Typically, a refractive index change on the order of ~10-4-~10-3 can be achieved by irradiating the interior 
of glass or crystal with tightly focused femtosecond laser pulses, which is sufficient for producing single-mode 
waveguides of low propagation losses. For producing compact integrated photonic devices, however, there exists 
a major challenge in inducing large refractive index changes smoothly distributed in the laser irradiated regions 
because of the limitation imposed by the bend loss at small radii of curvature. 

Here, we solve this issue by creating a peculiar sandwich structure at the bend of waveguides [3]. By sandwich-
ing the curved waveguide between a pair of vertical walls produced within fused silica glass by femtosecond 
laser direct writing, as shown in Figs. 1(a) and 1(b), the refractive index change in the guiding area can be 
substantially increased. By optimizing the geometrical parameters of the bend-loss-suppression walls (BLSWs), 
the bend loss of curved waveguides with a bending radius of 15 mm was reduced from ~3.5 dB to ~0.3 dB, as 
shown in Figs. 1(c) and 1(d). Our technique will benefit high-density integration of waveguides into compact 
photonic circuits.

[1]K. Sugioka, and Y. Cheng, Ultrafast lasers—reliable tools for advanced materials processing, Light: Sci. Appl. 3, e149 (2014).
[2]F. Chen, and J. R. Vazquez de Aldana, Optical waveguides in crystalline dielectric materials produced by femtosecond-laser micromachining, 
Laser Photonics Rev. 8(2), 251–275 (2014).
[3]Z. Liu, Y. Liao, Z. Fang, W. Chu, and Y. Cheng, Suppression of bend loss in writing of three-dimensional optical waveguides with femtosecond 
laser pulses, arXiv:1802.03461 (2018).

Figure 1(a) 3D configuration schematics of the waveguide and modification structures, the insets show the cross sections of the waveguide 
and BLSWs. Scale bar: 30 μm. (b) A top view micrograph of a section of curved waveguide sandwiched by a pair of BLSWs. The top view 
photographs of a waveguide bend carrying 633nm beam without (c) and with (d) BLSWs. The total length of waveguide is ~2 cm and the 
curvature radius of waveguide bend is 15 mm.
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Lowering the threshold for ultrafast laser photoinscription in 
chalcogenide glasses by thermal annealing
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Focusing an ultrashort laser beam into Chalcogenide (ChG) glasses can easily induce local index changes, which 
can be used to define complex optical functions in the mid-Infrared domain, due to the transparence of these 
materials in this spectral window. The efficiency by which one can achieve local refractive index changes is 
therefore of interest for many integrated photonic applications. This efficiency is crucially affected by the glass 
thermal history [1, 2].

Here we present a study of the positive refractive index change (local densification) induced by focused ultrashort 
laser pulses in three bulk ChG glasses, Ga-La-S, Ge20As20S60 and Ge15As15S70, as a function of a thermal treatment 
made by many annealing cycles under the glass transition temperature (Tg). After each cycle we photoinscribe 
the sample and we study the photoinduced index modification in terms of relative yield by using Phase Contrast 
Microscopy. 

The results show that the first annealing cycle can notably increase the laser-induced index contrast for a given 
laser dose. This is due to the lowering of the threshold for the apparition of positive index changes. In the 
subsequent annealing cycles the laser-induced index contrast decreases monotonically. In Fig. 1 we show the 
result obtained for Ge20As20S60 sample after the first annealing cycle, for two different laser doses. Same behavior 
is observed for Ge15As15S70 sample, although in this case the enhancing effect is much less pronounced. By the 
contrary, a completely opposite trend has been found in the case of GLS sample, where the laser-induced index 
contrast decreases monotonically cycle after cycle.   

Figure 1: Laser-induced index contrast before and after the first annealing cycle in Ge20As20S60. The photoinscription parameters (laser and 
focusing conditions) are the same before and after annealing: pulse energy = 10 nJ, pulse duration = 2 ps, repetition rate = 100 kHz. Annealing 
cycle parameters: Tg = 305 °C, Tmax = 250 °C.  

For a non-relaxed ChG glass, a monotonic compaction of the microscopic structure is expected by annealing under 
Tg; this leaves less room for the laser radiation to further densify the material as, after annealing, it is already in a 
higher density state [2]. The non-monotonic behavior observed is therefore an unexpected result. Furthermore, 
a deeper analysis showed that the strength of the enhancing effect depends on the heating ramp: the faster 
the heating and the higher the effect. This indicates that it could be the result of two competing mechanisms; 
one is the well-known monotonic relaxation of the microscopic structure with the annealing time, the second 
mechanism, not yet identified, clearly depends on the heating ramp. The nature of this second mechanism will 
be discussed.   

[1] P. Lucas and E. A. King (2006) Calorimetric characterization of photoinduced relaxation in GeSe9 glass, J. Appl. Phys., vol. 100, pp. 023502-1 – 023502-6
[2] C. D’Amico, C. Caillaud, P. K. Velpula, M. K Bhuyan, M. Somayaji, J.-P. Colombier, J. Troles, L. Calvez, V. Nazabal, A. Boukenter, R. Stoian (2016) Ultrafast 

laser-induced refractive index changes in Ge15As15S70 chalcogenide glass, Opt. Mat. Express, vol. 6, pp. 1914 – 1928
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Femtosecond laser-induced space-selective crystallization of oxide glasses has been first described almost two 
decades ago but hasn’t been implemented in applications so far. Only recently, femtosecond laser direct writing 
of a crystal-in-glass channel waveguide with oriented LaBGeO5 single-crystal structure has been reported for 
lanthanum borogermanate (LBG) glass [1] and second harmonic generation in the LaBGeO5 waveguide has been 
demonstrated [2]. One of the problems limiting the feasibility of this method is a seed crystal precipitation. 
In most glasses, the laser-induced growth of a continuous crystalline track by the moving femtosecond beam 
requires a starting seed microcrystal preliminary grown by the stationary laser beam. Its precipitation occurs to 
be a significantly unpredictable and stochastic process which may take from several seconds to dozens of minutes 
at constant irradiation conditions [3] and a mean value of this time strongly depends on the pulse energy and 
pulse repetition rate [4].

We report a method of the fast laser-induced growth of a seed crystal in LBG glass. We have shown that applying 
a beam with gradually increasing pulse energy greatly accelerates LaBGeO5 crystal precipitation. For instance, in 
case of 180 fs laser pulses emitted at 200 kHz repetition rate and focused with the objective lens with N.A.=0.65 
inside LBG glass at 100 µm under its surface, increasing pulse energy the from 0 to 350-400 nJ during 60 s nearly 
always provides LaBGeO5 microcrystal formation. At the same time it takes more than 90 s with large dispersion 
of this time to precipitate the crystal by the beam with constant pulse energy of 150-200 nJ while higher pulse 
energies typically resulted in a significantly larger area of refractive index change and increased the crystal growth 
time even more. Structural transformations in the laser-exposed area during the seed crystal formation including 
the precipitation of crystalline phases other than LaBGeO5 have been investigated by Raman microspectroscopy. 
Possible mechanisms of microcrystal growth acceleration are discussed. The suggested method provides 
stabilization and better control of the seed crystal growth, which substantially improves the performance of the 
laser direct writing crystal-in-glass architectures.

This work was supported by the Russian Science Foundation (grant 17-73-20324)

[1] A. Stone, H. Jain, V. Dierolf, M. Sakakura, Y. Shimotsuma, K. Miura, K. Hirao, J. Lapointe, R. Kashyap (2015) Direct laser-writing of ferroelectric 
single-crystal waveguide architectures in glass for 3D integrated optics, Scientific reports, vol. 5, pp. 10391(1-10)
[2] A.S. Lipatiev, T.O. Lipateva, S.V. Lotarev, A.G. Okhrimchuk, A.S. Larkin, M.Yu. Presnyakov, V.N. Sigaev (2017) Direct Laser Writing of LaBGeO5 
Crystal-in-Glass Waveguide Enabling Frequency Conversion, Cryst. Growth Des., vol. 17, pp. 4670–4675
[3] A. Stone, M. Sakakura, Y. Shimotsuma, K. Miura, K. Hirao, V. Dierolf, H. Jain (2011) Unexpected influence of focal depth on nucleation 
during femtosecond laser crystallization of glass, Opt. Mater. Express, vol. 1, pp. 990-995
[4] T.O. Lipateva, S.V. Lotarev, A.S. Lipatiev, P.G. Kazansky, V.N. Sigaev (2015) Formation of crystalline dots and lines in lanthanum borogermanate 
glass by the low pulse repetition rate femtosecond laser, Proc. SPIE, vol. 9450, pp. 945018(1-8).
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Fabrication of photonic crystal spatial filters in glass using Gaussian 
and Bessel beams
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Spatial light filtering is a broadly used technique for cleaning the light beams. Commonly, a confocal 
system of lenses and a pinhole is used for such purpose; however such systems often suffer from 
mechanical instability and are relatively large in size, which restricts their usage in micro-optical devices. 
In addition, their usage is limited in high power optical systems due to laser damage of the pinhole.

Photonic crystals (PhCs) are well known for photonic band-gaps – the forbidden frequency ranges, for which the 
light waves cannot propagate through the structure. The frequency (or chromatic) band-gaps of photonic crystals 
can be utilized for frequency filtering. In analogy to the chromatic band-gaps and the frequency filtering, the angular 
band-gaps and the angular (spatial) filtering are also possible in PhCs. The length of PhC filters are typically below 
millimeter, and their operation does not require focusing, therefore they are perfect candidates for integration 
into miniature devices or for high power spatial filtering implementations. For example, it has been shown, 
that PhCs spatial filters significantly improve the beam quality when placed in a microchip laser resonator [1].
 
The discussed PhC structures typically have periodicities of micrometer scale and are fabricated in the bulk of 
glass via point-by-point direct laser writing process, where the glass is locally modified using tightly focused 
femtosecond laser beam with Gaussian profile. Here we discuss the peculiarities of direct laser writing of 
such filters. We demonstrate, that the above mentioned strategy allows the precise fabrication of various 
PhCs geometries, both 2D and 3D, periodic or quasi periodic. We also discuss the limitations of this method: 
as the process is a point-by-point serial process, the fabrication durations relatively long, which might be 
a limiting factor for industrial applications. Also, the maximum length of the PhC filter is limited by the focal 
length of the objective. Depending on the focusing conditions, strong spherical aberrations can occur too. 
             

Figure 1:(a) Schematic illustration of direct laser writing process in glass using Gaussian (left) and Bessel (right) beams. (b) Optical 
microscope image of an example 1 x 1.2 mm2 PhC microstructure fabricated in AR coated BK7 glass sample.

As an alternative method, we demonstrate the fabrication of PhCs using Bessel beam. In this case the point-
by-point writing becomes a line-by-line writing. Such strategy significantly improves the fabrication throughput 
of 2D PhCs and allows the fabrication of much longer PhCs, which are required for wide angle filters, where 
chirped or numerically optimizes geometries are especially useful [2, 3].  

In summary, we here we discuss peculiarities of direct laser writing of PhCs in glass, compare different 
fabrication strategies, when Gaussian and Bessel beams are used, and show, that the fabricated PhC 
microstructures can be efficiently used for spatial light filtering in various applications.
[1] D. Gailevicius et al. (2016), Scientific Reports, 6, pp. 3417
[2] V. Purlys et al. (2013), Physical Review A, 87, 033805
[3] D. Gailevičius et al. (2017), Annalen Der Physik, 529, 1700165

(a) (b)
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Three-dimensional (3D) metal micro/nanostructures exhibit unique electrical, electromagnetic, optical and 
chemical properties owing to the fusion of both advantages of inherent properties of metals at the micro/nano 
scale and 3D geometrical shapes. Compared with two-dimensional (2D) metal micro/nanostructures, integration 
of 3D metal micro/nanostructures in/on a substrate provides superior functionalities such as high-density 
electrical interconnections, high-efficiency electromagnetic in-situ modulation and biological manipulation, 
and high-sensitivity detection in 3D space, which are very attractive for future microelectronic, micro/nano-
photonic, microelectromechanical systems (MEMS), lab-on-a-chip (LOC) and biochip applications [1-3]. However, 
high-performance on-chip integration of metallic structures with high conductivities in 3D configurations 
remains challenging for current fabrication technologies [4-6]. To address this issue, we propose a technique 
based on femtosecond (fs) laser processing of 3D glass microchannels and new electroless plating process for 
fabrication of 3D metallic microstructures in glass. The fabrication procedure consists of two main steps. First, 
3D microchannels with controllable feature sizes and configurations are prepared by fs laser assisted chemical 
etching of glass. For example, a 3D helical microchannel with filled red ink (shown in Figure 1a) can be fabricated. 
Then, new electroless plating process is performed for metallization of glass channels. With this technique, highly 
conductive 3D metallic microstructures such as a helical silver microstructure (see Figure 1b) embedded inside 
glass can be reliably prepared after electroless plating. 

Figure 1: Optical microscope images of (a) a 3D helical microchannel in glass fabricated by fs laser assisted chemical etching and (b) a 3D 
helical silver microstructure embedded inside the glass channel in (a) by electroless plating. 

[1] R. Galland, P. Leduc, C. Guérin, D. Peyrade, L. Blanchoin, M. Théry (2013) Fabrication of three-dimensional electrical connections by means 
of directed actin self-organization, Nat. Mater., vol. 12, pp. 416-421
[2] A. Ishikawa and T. Tanaka (2013) Three-dimensional plasmonic metamaterials and their fabrication techniques, IEEE J. Sel. Top. Quant., 
vol. 19, pp. 4700110

[3] J. Xu, H. Kawano, W. Liu, Y. Hanada, P. Lu, A. Miyawaki, K. Midorikawa, K. Sugioka (2017) Controllable alignment of elongated microorganisms 
in 3D microspace using electrofluidic devices manufactured by hybrid femtosecond laser microfabrication, Microsystems ＆ Nanoengineering, 
vol. 3, pp. 16078
[4] M. Hossain and M. Gu (2014) Fabrication methods of 3D periodic metallic nano/microstructures for photonics applications, Laser Photon. 
Rev., vol. 8, pp. 233-249
[5] L. Hirt, A. Reiser, R. Spolenak, T. Zambelli (2017) Additive manufacturing of metal structures at the micrometer scale, Adv. Mater., vol. 29, 
pp. 1604211

[6] K. Liu, Q. Yang, Y. Zhao, F. Chen, C. Shan, S. He, X. Fan, L. Li, X. Meng, G. Du, H. Bian (2014) Three-dimensional metallic microcomponents 
achieved in fused silica by a femtosecond-laser-based microsolidifying process, Microelectronic Engineering, vol. 113, pp. 93-97

Tue-5-OR15

TU
ES

D
AY

TU
ES

D
AY



134 135

Large area surface structuring of metallic materials
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The structuring of metals is becoming increasingly interesting for industrial use. Some applications in various 
industries have been established for several years with laser systems that emit pulses in the range of a few nano-
seconds. The use of ultrashort laser pulses, however, increases the achievable precision and quality due to the 
minimized heat affected zone. Throughout this technology new products can be generated or existing products 
can be improved. However, the processing has to be done with very low energy densities in order to avoid thaw-
ing and melting layers. Unfortunately, this dramatically increases the process times. Within the last few years, 
significant advances in the two pillars of process development and laser system technology have significantly 
increased process efficiency at consistently high quality. Thus, the ultrashort laser pulses have become attractive 
for industrial use.

There have been developed different strategies to parallelise the process [1] and the deflection systems have 
improved a lot in terms of speed, dynamic, stability and field size. This enables to apply higher average power at 
constant low energy density to improve the process efficiency for flat or even curved workpieces (figure 1).

  
(a)    (b)      (c)

Figure 1: Large scale laser processing of embossing rollers (a) as preform in extrusion of PC films (b) for back light units in flat screen dis-
plays(c) [2].

With the availability of high performance and highly repetitive picosecond and even femtosecond beam sources, 
many applications become economical [3]. Especially with large components like embossing rollers or combus-
tion engine blocks, however, the availability of suitable system technology, as well as secondary parameters, such 
as stability and possibilities for monitoring such processes, decide on a successful introduction to production. 
Still each individual application needs a certain evaluation about the optimum pulse duration, wavelength and 
machine concept [4].

[1] S. Nolte, et.al. (2016) Ultrashort Pulse Laser Technology (Springer Cham) chapter 11
[2] BayerMaterialScience AG, Wetzel GmbH, Dausinger + Giesen GmbH (2012) Laser structuring of embossing rollers for optically functional 
film surfaces LAWALZ, Final report of a joint research project, TIB Hannover, TIBKAT:770806473
[3] ROBERT BOSCH GMBH: Herausragendes neues Produktionsverfahren – Bosch-Forscher mit Innovationspreis ausgezeichnet. Press release 
PI 6323, September 2008. 
[4] S. Sommer, F. Dausinger (2011) Flexible and precise material processing with femto-second disk lasers. In: Japan Laser Processing Society 
(Ed.): 12th International Symposium on Laser Precision Microfabrication LPM 2011 (Takamatsu, Japan)
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Beam on demand for high throughput femtosecond processing
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Femtosecond lasers have opened a wide spectrum of industrial applications across a variety of sectors. New 
applications are still emerging thanks to the use of high power, more than 100 W, and high repetition rate, up 
to several MHz. Nevertheless, high throughput in production raises new questions, for instance how to alleviate 
detrimental thermal effects at high average power [1]. News tools are required such as high-speed scanners for 
fast beam steering or diffractive optics for parallel processing. In both cases, the challenge is to maintain the 
quality and precision of femtosecond processing obtained at lower power or lower repetition rate, either by its 
synchronization with the scanner for beam steering or by its spatial phase management for diffractive deflection. 

We present a flexible laser using both spatial and temporal shaping. High repetition rate femtosecond oscillators 
coupled to an advanced fast modulation architecture open new possibilities for temporal shaping of the amplified 
output pulse train of a femtosecond laser [2]. The presented laser architecture allows to generate burst modes 
with arbitrary internal structure and envelopes or to adapt the laser frequency to the variation of beam speed 
during the process.

User programmable spatial beam shaping can also offer a significant improvement to the development of flexible 
micromachining applications. Electrically addressed spatial light modulators (SLM) add flexibility and ease-of-use 
while maintaining a high spatial resolution compatible with complex optical functions like multi beams, non-
diffractive structured beams or multiplexed lenses. An adequate phase function displayed on a phase modulator 
leads to a custom intensity distribution in the Fourier plane of an objective lens, and consequently provides 
a customized laser tool. While applied to Gaussian beams it can redirect the photons into targeted regions, 
where they are required. With conversion efficiencies reaching 95%, phase-only beam shaping is considered as 
an energy efficient solution. 

All presented solutions contribute to increase the application range of femtosecond processes from cutting or 
surfacing to bulk processing of transparent materials. An original approach for high speed cutting of dielectrics 
is the use of a non-ablative method, based on laser-induced cleaving, where cutting is achieved by generating 
volume microcracks in glass along a defined laser trajectory [3]. In this case the control of the longitudinal and 
transverse laser beam profiles becomes extremely important. Correction of the beam wavefront using spatial 
light modulators leads to a more efficient use of the laser power and opens the possibility to cut along curved 
trajectories for free-form three-dimensional processing.

All the solution presented, closely related to laser control are used for generating a specific shape of a single 
beam or a multitude of laser beams hence enabling or improving micro-processing results and speed.

Figure 1 : Example of micro cracks generation and orientation by both temporal (bursts of 4pulses) and spatial beam shaping with two 
optical functions integrated in the phase mask (a), results on Soda Lime  (80µJ on the target) with various beam orientation angle φ (b). 

Integrated industrial solution : fs laser+SLM (Yuja Multi)

[1] Neuenschwander, B., Jaeggi, B., Zimmermann, M., Markovic, V., Resan, B., Weingarten, K., de Loor, R. and Penning, L., Laser surface structuring with 100W of 
average power and sub-ps pulses, Journal of Laser Applications (JLA), Vol. 28, 022506 (2016) 
[2] G. Dalla Barba, M. Delaigue, J. Pouysegur, B. Tropheme, E. Audouard, M. Melo, M. Berendt, E. Mottay, C. Hönninger, “Fast pulse-to-pulse modulation scheme 
for high power and high pulse repetition rate femtosecond lasers”, 10522-52, Photonics West SPIE conf. (2018) 
[3] Mishchik K., Beuton R., Dematteo Caulier O., Skupin S., Chimier B., Duchateau G., Chassagne B., Kling R., Hönninger C., Mottay E., and Lopez J., “Improved 
laser glass cutting by spatio-temporal control of energy deposition using bursts of femtosecond pulses,” Opt. Express 25, 33271-33282 (2017)
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High-precision surface profiling using multi-hundred Watts 
ultrashort pulse lasers and ultrafast polygon-mirror based scanner 
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High-rate laser processing by using recently developed ultrashort pulse lasers, supplying multi-hundred Watt 
laser powers at MHz pulse repetition frequencies, in combination with ultrafast polygon-mirror based scan 
systems seems to be a key enabling technology for high-throughput and precision micro fabrication [1]. In fact, 
ultrafast laser beam movements in the range of hundreds meters per second and above is considered as a core 
feature to bring high-average power lasers from the laboratory to industrial production. This is in particular 
valuable in power scaling as the ablation rate scales-up with pulse repetition frequency and average laser 
powers for high-volume machining. In addition, that is also thanks to ultrafast laser beam moving, detrimental 
machining effects such as high thermal load and material melting as well as laser beam shielding affected by 
pulse – plasma/particle interactions, can be avoided even for MHz-pulses. In this way, high-rate machining can 
overcome the main limitations of highly-repetitive ultrashort pulses when applied at comparably slow speeds, 
thus facilitating high processing quality and removal efficiency for high-throughput micro machining. 
 
This will be demonstrated by the example of high-rate surface profiling using ultrashort pulse lasers up to 
500 W laser powers and 80 MHz maximum pulse repetition frequency. A polygon-mirror based biaxial scan 
system was applied for flexible laser beam raster scanning at up to 1,000 m/s ultrafast scan speeds.  
By investigating picosecond and femtosecond pulses, the peak fluence, pulse repetition frequency, average 
laser power and scan speed were varied in order to evaluate their influence on materials ablation. Based on 
the results obtained, the dependency of the studied processing parameters on the removal rate will be 
discussed and optimum parameter settings will be derived with regard to machining quality, efficiency and 
throughputs.  
 
Inspired by bionic surface functionalities, large-area riblet production will be presented to demonstrate the 
high potential of the high-rate laser micro machining technology for innovative industrial applications. Laser-
made riblet structures have already proven to be effective for aerodynamic drag reduction [2]. So, by taking 
into account industry-relevant processing times of 100 cm²/h (Fig. 1), flexible laser-based riblet profiling is an 
efficient way to reduce skin friction and wall shear stresses of surfaces in turbulent flows thus to enhance the 
operational performance of a large number of industrial products, i.e., wind turbine blades, aircraft wings, etc.   
 

    
 

Fig. 1 a) Riblets made in stainless steel by femtosecond laser profiling; processing rate: 100 cm²/h @ 55 W laser powers and 128 m/s scan 
speed; b) Riblet processed with 10 ps pulses at 230 W, 300 m/s and 20 MHz. 
 
[1] J. Schille., L. Schneider, A. Streek, S. Kloetzer, U. Loeschner (2016) High-throughput machining using a high-average power ultrashort 
pulse laser and high-speed polygon scanner, Optical Engineering, 55(9), 096109 
[2] F. Siegel, U. Klug, R. Kling (2009)Extensive Micro-Structuring of Metals using Picosecond Pulses - Ablation Behavior and Industrial 
Relevance,  Journal of Laser Micro / Nanoengineering JLMN, 4(2),104-110 

a 

b 

Depth: 42 µm 
Width: 122 µm 
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High power laser processing with ultrafast and  
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1- Fraunhofer-Institute for Laser Technology, Steinbachstrasse 15, 52074 Aachen, Germany

arnold.gillner@ilt.fraunhofer.de

High power ultrashort pulsed lasers will be an ultimate manufacturing tool for a large variety of materials. Ultra-
short pulses in the ps- and fs-range lasers provide outstanding properties for high precision manufacturing with 
almost no thermal effects and numerous new processing possibilities especially in transparent media [1]. However, 
using high power ultrashort pulsed lasers with high repetition rates in the MHz region can cause thermal issues 
like overheating, melt production and low ablation quality as long certain parameter sets and fluence ranges have 
been considered. High ablation quality only can be achieved, when the processing fluence is close to the ablation 
threshold, which requires new processing strategies and innovative system components [2]. 

Using high scanning speeds in range of a couple of 100 m/s offers the capability of high ablation rate while 
keeping the fluence in a productive but high accuracy range. However even for high scanning speeds the scan 
to scan repetition and the layer to layer have to be investigated. High scan speeds also lead to overheating of 
reduced processing quality. If all influence factor taking into account high ablation rates can be achieved. [3].

Fig. 1: Process chart for ultrafast scanning vs. 
ablation rate

Fig. 2: Precise ablation of Inconel using high power ultrafast 
laser wit ablation rate of up to 20 mm³/min

Beside ultra high speed scanning using polygon scanners the use of multiple laser beams provide the best and 
most versatile high power ablation solution. With switchable single beams using special light modulators and 
parallel acoustooptic modulators together with diffractive optical beam splitter, high ablation rates can be 
achieved while maintaining the high processing quality of ultra short pulse laser ablation. But again using multiple 
laser beams each single beam can influence the adjacent beam either by heat accumulation or by plasma and 
vapour emission. Distance of the single beams, repetition rate and scanning strategy have to be matched to the 
material and ablation geometry. With a careful adaption of all parameters highly accurate and fast processing can 
be achieved. With this approach a next step up to an all optical manufacturing system can be provided.

[1] Du, K., Brüning, S., & Gillner, A,. High power picosecond laser with 400W average power for large scale applications. Paper presented at 
the Proceedings of SPIE - the International Society for Optical Engineering,  8244, (2012)
[2] Gillner, A., Hartmann, C., & Dohrn, A., High quality micro machining with tailored short and ultra short laser pulses, 3rd Pacific International 
Conference on Applications of Lasers and Optics, PICALO 2008 - Conference Proceedings, 685-690. (2008)
[3] Finger, J., Reininghaus, M., Effect of pulse to pulse interactions on ultrashort pulse laser drilling of steel with repetition rates up to 10 MHz 
(2014) Optics Express, 22 (15), pp. 18790-18799
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High-throughput nanoparticle generation by  
ultra-short pulsed laser ablation in liquids

R. Streubel, M.R. Kalus, S. Barcikowski, B. Gökce

Technical Chemistry I, University of Duisburg-Essen and Center for NanoIntegration Duisburg-Essen CENIDE, Germany

bilal.goekce@uni-due.de

Pulsed laser ablation in liquids is an innovative method, which enables the production of an almost unlimited 
array of highly pure colloidal nanoparticles that can be utilized in a wide range of applications [1]. However, until 
recently the drawback of this method was its limited productivity that was an order of magnitude lower compared 
to other colloidal synthesis methods. Our recent study has shown that productivities of >600 mg/h are necessary 
to make laser ablation synthesis more economical than wet chemical synthesis [2]. To study the problem of low 
productivity, different entities and dynamics occurring during the laser synthesis need to be considered.

In this contribution, we show how high-throughput generation of nanoparticles is achieved by ultra-short pulsed 
lasers. One approach utilizes a high-repetition-rate laser system consisting of a 500W ps-laser source and a 
laser scanner that reaches a scanning speed of up to 500m/s. This unique system enables spatial bypassing the 
cavitation bubble and thereby applying most of the laser energy to the target. The cavitation bubbles are laterally 
separated by varying the scanning speed to obtain the best scanning parameters. [3]

Figure 1: Schematic showing the laser ablation in liquid setup. An ultrafast laser beam is deflected by two scanning systems, a polygon scanner 
for the horizontal (fast) axis and a galvanometric mirror for the vertical (slow) axis, to ablate a target which is placed in a water-filled chamber. 
Water is pumped into this chamber while the synthesized colloid is collected in a different vessel. Magnification shows the spatial bypassing 
a cavitation bubble by high-speed scanning.

A more cost-effective way to increase the yield at a given power is further demonstrated. In this context, a second 
type of bubbles is introduced, which are often neglected but also severely affect the productivity of the process [4]. 
With lifetimes from milliseconds to seconds, these so-called persistent microbubbles are systematically studied 
in this work by quantifying their composition, amount, size and dwell time in liquids with different viscosities and 
by relating the results to the nanoparticle productivities. Depending on the liquid, these persistent microbubbles 
shield up to 65% of the incoming laser beam and require attention by means of reducing their dwell time in the 
ablation zone and enhancing the nanoparticle output by liquid flow. [4] 
Both strategies are discussed and productivities of up to five grams per hour are demonstrated in a continuous 
process. [3]

[1] D. Zhang, B. Gökce and S. Barcikowski (2017), Laser Synthesis and Processing of Colloids – Fundamentals and Applications”, 
Chemical Reviews, 117, pp. 3990-4103.

[2] S. Jendrzej, B. Gökce, M. Epple and S. Barcikowski (2017), How Size Determines the Value of Gold - Economic Aspects of Wet Chemical 
and Laser-Based Metal Colloid Synthesis, Chemical Physics and Physical Chemistry, 18(9), pp. 1012-1019.

[3]  R. Streubel, S. Barcikowski and B. Gökce (2016), Continuous Multigram Nanoparticle Synthesis by High-Power, High-Repetition-Rate 
Ultrafast Laser Ablation in Liquid”, Optics Letters, 41, pp. 1486-1489.

[4]  M.-R. Kalus, N. Baersch, R. Streubel, E. Goekce, S. Barcikowski and B. Gökce (2017), How persistent microbubbles shield nanoparticle 
productivity in laser synthesis of colloids – quantification of their volume, dwell dynamics, and gas composition, Physical Chemistry 
Chemical Physics, 19(10), pp. 7112-7123. 
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High-efficiency sub-micrometer multi-beam interference structuring 
for large-scale surface using ultrashort laser pulses

C. He1,2, K. Vannahme2, A. Gillner1,2
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Structures in sub-micron or nanometer scale on the surface of modern devices have the potentials to generate 
new functions or enhance their mechanic, optical or biological performance [1, 2]. Laser direct structuring using 
multi-beam interference, can fabricate linear periodic patterns having a periodicity from hundred nanometer 
to tens of micrometer. Nevertheless, the structuring efficiency, which is relative to patterning speed, structure 
periodicity, depth  and laser fluence applied, and homogeneity of interference pattern are still the main concerns 
and need to be taken into consideration especially for large-scale surface. In this paper, the structuring efficiency 
of two beam interference was defined and was investigated on tool steel using an ultrashort pulsed (USP) laser. 
During the multi-beam interference structuring, the USP laser, which has a pulse width of 10 picoseconds, worked 
at a wavelength of 532 nm and repetition rate of 100 kHz.  Linear patterns with a periodicity of 940 nm and was 
fabricated on an area of 100 mm X 100 mm. We achieved a patterning speed up to 500 mm/s on the surface 
of tool steel by means of an x-y linear working stage. The local morphology was analyzed by an atom force 
microscopy (AFM). Moreover, the global homogeneity of the patterned surface was quantitatively characterized. 
The results demonstrated a stable structuring process with minor deviation of structure periodicity and depth.

(a) (b)
Figure 1: Multi-beam interference structuring of a 100 mm X 100 mm area tool steel (a) an overview of the patterned surface (b) Atom 
force microscopic (AFM) image of the sub-micrometer structure.  

                             

 [1] G. M. Burrow and T. K. Gaylord(2011) Micromachines, 2, pp. 221-257.
[2] J. Berger, T. Roch, S. Correia, J. Eberhardt and A. La-sagni(2016) Thin Solid Films, 612, pp.342-349.
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Safety implications of using lasers during precision microfabrication 

A. Paul Tozer1, David Lawton1,

1- Lasermet Ltd, 137 Hankinson Road, Bournemouth BH9 1HR

david.lawton@lasermet.com

This paper discusses how to assess the laser safety implications of using lasers in precision microfabrication. 
It begins with a risk assessment to ensure the safety of personnel in the vicinity. The paper discusses how the 
engineering controls should be put in place and how all relevant personnel should be educated as to the risks 
posed by potentially harmful laser radiation. The dangers radiating from relatively low power lasers can still 
pose risks of blindness and burns depending on the power density.  The way this is calculated is described to 
establish safety critical NOHDs and more. Higher powered lasers may require active laser guarding systems. The 
functionality of these is discussed. Overall the risks involved must be understood to prevent harm to personnel. 
The speaker will describe how this is achieved. Also conformance to the latest internationally recognised laser 
safety standards (which changed in 2014) should be adhered to and the paper discusses how this is done.  As 
more lasers are used in even more applications the potential risk of serious injury must be kept under control.  
This is the duty of the Laser Safety Officers who are responsible for the safety aspects of lasers in the workplace 
and are the first port of call.

Figure 1: Laser beam definitions used in calculating laser safety levels

The diagram above is a snapshot showing some of the beam profile information used when calculating the 
hazards associated with laser radiation. This (and more) information is required to establish laser safety levels 
when calculating NOHDs (Nominal Occular Hazard Distances) and Maximum Permissible Exposure limits (MPEs). 

This, together with other relevant and important factors, is described during the presentation.
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High-rate laser micro processing - quo vadis? 
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High-rate laser micro processing will be presented as a key enabling technology for modern micro fabrication 
and production. This very-recent high-rate machining technology combines the advantages of high-power lasers 
and high-speed processing. The primarily goal is to bring innovative and well-established laser micro-machining 
processes from the lab to the industry by enhancing productivity, processing speed and throughput. This 
becomes possible, on the one hand, by recent progress in the development of laser sources supplying hundreds 
to thousands Watts of laser powers at excellent beam qualities. On the other hand, as another core feature for 
high-rate machining, (ultra)fast scan systems are utilized, intended to avoid thermal damage to the substrates 
even at high laser powers by deflecting the laser beams at unprecedented speeds. Therefore, high-aperture 
galvanometer and polygon mirror based scan systems are used together with large focal-length objectives that 
enables high beam moving speeds ranging between several ten meters to kilometers per second. Thanks to the 
excellent beam quality, this is along with small spot sizes of several 10 µm delivered at large scan fields up to 
700 x 700 mm² that is another technological advantage for large-area micro production. For precision micro 
processing, the laser activity is controlled by fast laser beam switching thus to exactly synchronize the laser beam 
with the (ultra)fast scan systems.  

High-rate laser micro machining is a very suitable tool to produce micro-scale surface features with structural 
dimensions ranging from hundreds nanometers to several tens of micrometers. Inspired by nature, these 
(sub)micro-scale features can be used to control mechanical, chemical and physical surface functionalities 
including, for example, self-cleaning and wettability, static friction and adhesion, as well as optical and micro-
fluidic properties, etc. This will be demonstrated by machining examples thus in order to point out the great 
potential of the technology for a high number of innovative industrial applications. Fig. 1 a shows a large-area 
ripple-textured AISI 304 surface, processed with a picosecond laser (1064 nm, 10 ps, 200 W), by utilizing the 
polygon scan system and 400 m/s scan speed, the processing rate for this 140 x 140 mm² diffraction grating was 
633 cm²/min. Inspired by the Lotus effect, Fig. 1 (b) depicts a hydrophobic surface on AISI304 as a result of 
chaotic micro structures, processed with cw single mode fiber laser radiation of 2.5 kW and a scan speed of 
10 m/min, while the processing rate was 540 cm²/min.    

 

 

 

Fig. 1: Machining examples to demonstrate the great potential of the high-rate laser micro processing 
technology for bio-inspired surface functionalization, (a) large-area ripple-textured AISI 304 surface, (b) 
micro-structured hydrophobic AISI304 surface.   
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High efficiency femtosecond ablation with GHz pulses

G. Bonamis1,2, K. Mishchik1, J. Lopez2, E. Audouard1, C. Hönninger1, E. Mottay1 , I. Manek-Hönninger2

1- Amplitude Systemes, Pessac, France
2- Université Bordeaux CNRS CEA, CELIA UMR5107, 33405 Talence, France

eric.mottay@amplitude-laser.com

High productivity is the aim of many development efforts in current femtosecond laser micro-machining 
applications. Ultrafast lasers with a high average power, up to 500 W, and high repetition rates, up to 20 MHz, are 
today available for production. At high repetition rates, thermal accumulation occurs and can have a detrimental 
effect on the processing quality. The current approach [2] is to take advantage of this phenomenon as long as the 
target material can withstand the thermal load.  

Recent works at very high repetition rates (up to several GHz) has shown a potential increase of ablation efficiency 
[1], involving specific physical mechanisms. The GHz ablation regime allows very short delays between two pulses 
(in the nanosecond or picosecond range). One hypothesis, called “ablation cooling”, is that most of the heat is 
carried away by ablation before thermal diffusion in the material [1]. Nevertheless, the exact physical mechanism, 
and the role of experimental parameters (use of bursts of pulses, number, energy and duration of pulses in the 
bursts) remains unclear.

GHz oscillators have been of interest recently [3]. In this contribution, we report on a simple and easy to use GHz 
amplified femtosecond laser source. The laser source is based on a passively mode-locked oscillator with a near 
GHz repetition rate. GHz pulses are then selected, and the obtained bursts of pulses are further amplified in a 
limited number of high-power amplifiers. 

The presented GHz femtosecond laser source is used with a galvanometric scanner to perform ablation 
experiments. The scan speed is fixed to have a total spatial overlap of the burst pulses and no overlap between 
two bursts, experimental conditions are thus similar to percussion drilling. In the presented results, bursts of 100, 
200 or 400 pulses are used at 0.88, 1.76 and 3.52 GHz, for copper and aluminum. Measurements of the specific 
ablated volume show the existence of optimal fluences as is the case with single pulse ablation [2]. The use of 
GHz pulses allows to reach ablation efficiency 3 times higher than those obtained with conventional percussion 
drilling [4,5].

A detailed description of the laser source together with the analysis of ablation efficiencies will be presented 
during the conference.
 

Figure 1: Specific ablated volume (ablated volume divided by burst fluence energy) versus burst fluence energy. Number of pulses and 
repetition rate in the burst are shown in inset. a) case of copper, b) case of Aluminum 

 [1] C. Kerse, H. Kalaycioglu, P. Elahi, B. Cetin, D; Kesim, Ö. Akçaalan, S. Yavas, M. Asik, B. Öktem, H. Hoogland, R. Holzwarth, F. Ömer Ilday, “Abla-
tion-cooled material removal with ultrafast bursts of pulses”, Nature, 537, 84–88 (2016) 
[2] J. Lopez, K. Mishchik, G. Mincuzzi, E. Audouard, E. Mottay and R. Kling “Efficient metal processing using high average power ultrafast laser”, JLMN, 
12, 296-303 (2017) 
[3] L. Krainer, R. Paschotta, J. Aus der Au, C. Hönninger, U. Keller, M. Moser, D. Kopf, K.J. Weingarten, “Passively mode-locked Nd:YVO4 laser with up to 13 
GHz repetition rate”, Appl. Phys. B, 69, pp. 245-247 (1999)
[4] W. Hu, Y. C. Shin, G. King, “modeling of multi burst mode pico second laser ablation for improved material removal rate”, Appl. Phys. A 98, 407-415 
(2009)
[5] J. Byskov-Nielsen, J. Savolainen, M. Christensen, P. Balling, “Ultra short pulse laser ablation of metals: threshold fluence, incubation coefficient and 
ablation rates. Appl. Phys. A, 101, 87-101 (2010)
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Repair of nanoscale defects by femtosecond laser
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Fused silica, doped with metallic particles by ion implantation, can achieve high optical nonlinearity and ultrafast 
response time, which makes it an attractive material for all-optical communication and optoelectronic devices 
[1]. During the ion implantation process, the introduced ions generate trains of defects in lattices. The major 
defects, illustrated in our SRIM simulations, are vacancies and interstitial atoms [2]. These nanoscale defects 
largely influence the optical properties as well as crystalline construction [3, 4].

The femtosecond laser has been used to repair the nanoscale defects in fused silica after Cu ion implantation. 
The optimized laser fluence is about 0.2 J/cm2 which is much lower than the ablation threshold. The AFM images 
in Fig. 1 demonstrates a good modification of the surface and no unexpected ablation . The optical absorption 
spectra show that the various types of defects with formation energies between 1.9 and 6.2 eV can be repaired 
successfully. The Raman spectra imply that the broken chemical bonds can be reconnected after femtosecond 
laser irradiation. These characterizations showed that interstitial atoms caused by the introduced ions could gain 
suitable energy to fit vacancies, and then the broken chemical bond recovered. The mechanism of the defect 
repair is assumed to be the strongly modified inter-atomic forces caused by the excitation of electrons.

  Figure 1: (a) fused silica implanted by focused copper ion beam. (b) as-implanted specimen irradiated by the focused low energy 
femtosecond laser with a laser fluence of approximately 0.2 J/cm2.  

[1] B. Canuc, R. Rangelrojo, H. Marquez, L. Rodriguezfernandez,  A. Oliver (2015) Nanoparticle containing channel waveguides produced by a 
multi-energy masked ion-implantation process, Opt Express, 23, 3176-3185
[2] Q. Cao, J. Zhang, J. Du, H. Zhao, S. Liu, and Q. Peng (2017) Athermal repair of nanoscale defects in optical materials using a femtosecond 
laser, Nanoscale, 9, 17233-17240
[3] A. Rousse, C. Rischel, S. Fourmaux, I. Uschmann, S. Sebban, G. Grillon,   P. Balcou,  E. Forster,  J. Geindre, P. Audebert,  J. Gauthier,  D. Hulin 
D (2001) Non-thermal melting in semiconductors measured at femtosecond resolution, Nature, 410, 65–68.
[4] Y. Zhang, R. Sachan, O. Pakarinen, M. Chisholm, P. Liu, H. Xue, J. William (2015) Ionization-induced annealing of pre-existing defects in 
silicon carbide, Nature Commun, 6, 8049-8055
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3D nano-printing custom laser targets: Development and first 
commercial use

John H Campbell1, Ying Liu2, Jared Hund3 and Yongfeng Lu2 

1- Material Science Solutions, Livermore, CA, 94550
2- Scott Engineering Center, University of Nebraska, Lincoln, NE 68588

3- Belcan Livermore Lab, Livermore CA, 94551

campbelljh@comcast.net

More than 10,000 mm-to-cm scale experimental packages (“targets”) are fabricated annually to support U.S. 
laser-driven high-energy-density (HED) physics research. Each target is a unique combination of materials and 
structures assembled into a precision package. Most HED experiments in the U.S. are carried out on a suite of 
high-peak-power (GW to PW) laser facilities located at government Laboratories. 

Two-photon polymerization (2PP), a 3D nano to microscale additive manufacturing process [1], is being used 
for the first time to commercially fabricate custom mm-scale components that are assembled into certain HED 
targets. Of particular interest is the use of 2PP to deterministically print low-density polymer matrices (“foams”) 
at millimeter scale with sub-micrometer resolution (Fig 1a and b). Another interest is in printing low-mass, high-
strength mechanical structures that are impractical or impossible to fabricate with current precision micro-
machine tools (Fig 1c).

Figure 1: Examples of 2PP printed structures for laser-target applications: (a) “foam” plate 1.5x1.5x0.10-mm3 with a 4 x4x2-mm3 lattice 
structure (density ~0.2g/cm3); (b) “foam” rod 2.0x0.25x0.35-mm3 with a 6.2x6.2x1.0-mm3 lattice structure (density ~0.1g/cm3) and (c) 
prototype low mass/large stiffness target support.

First demonstrated use of 2PP to fabricate prototypical target components was reported by Bernat et al [2] and 
Jiang et al [3]. Since that time interest has grown significantly with advances in improved processing conditions 
[4, 5], better foam matrices [5, 6], and reduced structure shrinkage and deformation [6].   The availability of 
commercial 2PP systems as integrated packages with improved writing speed and printing volume has helped put 
this work on a common manufacturing footing. 

Recent R&D has focused on developing a greater suite of resins coupled with process engineering models and 
finite element analysis (FEA) to better define and control the structure and writing conditions.  Several recent 
advances will be discussed with examples of how they improve part manufacture and process yield.

The field has advanced to the point that a number of 2-PP manufactured target structures are now commercially 
available. 

[1] T. Baldacchini, Ed.(2015) Three-Dimensional Microfabrication Using Two-Photon Polymerization, Elsevier 
[2] T. P. Bernat, et al. (2016) Fabrication of Micron-Scale Cylindrical Tubes by Two-Photon Polymerization, J. Fus. Sci. and Tech., 70, pp.310-315.  
[3] L. J. Jiang et al. (2016) Direct Writing Target Structures by Two-Photon Polymerization, J Fus. Sci. and Tech., 70, pp.295–309.
[4] J. S. Oakdale et al. (2016), Post-print UV curing method for improving the mechanical properties of prototypes derived from two-photon 
lithography, Opt. Exp. 24, 27077.
[5] O. Stein et al (2017), Fabrication of Low-Density Shock-Propagation Targets Using Two-Photon Polymerization, J. Fus. Sci. and Tech. (in 
press) 
[6] Ying Liu et al. ,(2017) Three-Dimensional Printing and Deformation Behavior of Low-Density Target  Structures by Two-Photon  
Polymerization, Proc. of SPIE Vol. 10354 103541U pp. 1-16
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The selective laser melting (SLM) involves the use of a laser beam for selectively heating powdered metallic 
material to a temperature above its melting point, and the fabricated 3D part is characterized as high mechanical 
strength. SLM has the ability to direct manufacture of complex parts (e.g. parts with a complex internal fluid 
channel and light weight structure), receiving attention from the world. 

Some studies using simulation and experimental design to find out appropriate SLM process parameters. Gusarov 
et al. [1] studied the melt pool temperature distribution of single track, and used the experimental cross-section 
melted track for comparison and verification. Recently, Foroozmehr et al. [2] used finite element software to 
investigate the SLM process of stainless steel 316L powders. The absorption penetrating depth of laser power 
on the powder bed is considered. However, the penetrating energy irradiating the substrate is not considered.

This study uses finite element software to simulate the single melted track of the powder (Maraging Steel) on the 
substrate (S45C). The simulation model considers the absorption penetrating depth of laser power on the powder 
bed and the penetrating energy irradiating the substrate, the volumetric heat source is applied to the powder bed 
model and the surface heat source is applied to the substrate model, so as to obtain the simulated temperature 
field distribution. The interface melt width between powder bed bottom and substrate surface and the substrate 
melt depth are estimated according to the temperature field distribution. In experiments, the self-developed SLM 
experimental system is used, and the laser power and scanning speed are adjusted to discuss the effect of single 
continuous track on the S45C substrate, which is compared with theoretical simulation. 

Figure 1 shows the cross-sectional SEM image of the single melt track and the interface melt width and substrate 
melt depth are measured. Note that the proportional change of Ni element can be obtained by Energy Dispersive 
X-ray Analyzer to judge the actual substrate melt depth. Figure 2 shows the comparison between the simulated 
and experimental interface melt depths. The simulation results of only considering the volumetric heat source 
are lower than the simulation results of applying volumetric heat source and surface heat source. According to 
the temperature field analysis data, when the laser power is 79 W and the scanning speed is 40~90 mm/s, the 
percentage error in the simulation and experimental results of interface melt width is 10~15 %.

Figure 1 SEM image of the single melt track Figure 2 simulated and experimental interface melt depths

[1] A. V. Gusarov, I. Yadroitsev, P. Bertrand, and I. Smurov, “Heat transfer modelling and stability analysis of selective laser melting,” Applied 
Surface Science, vol. 254, pp. 975-979, Dec 15 2007.

[2] A. Foroozmehr, M. Badrossamay, E. Foroozmehr, and S. i. Golabi, “Finite Element Simulation of Selective Laser Melting process 
considering Optical Penetration Depth of laser in powder bed,” Materials & Design, vol. 89, pp. 255-263, 1/5/ 2016.
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Advanced beam path analysis in 3D Additive Manufacturing systems

A. Koglbauer, S. Wolf, O. Märten, R. Kramer

PRIMES GmbH, Max-Planck-Str. 2, 64319 Pfungstadt, Germany

o.maerten@primes.de

In recent years, the field of additive manufacturing (AM) has seen a tremendous development, influencing a wide 
field of scientific and industrial applications. Especially in metal processing like SLM, the technology is changing 
the manufacturing landscape via its unique design and fabrication possibilities, allowing accelerated product 
development and complex, lightweight metal parts. However, in order to become a viable industrial production 
method, e.g. for small batch series, arises a demand for quality standards and repeatability. Especially industries 

with high security demands like aerospace, automotive or medicine require a high level of quality monitoring [1].

In terms of laser beam diagnostics, the special geometric constraints posed by the interior of an AM machine 
(like limited space and a high variety of possible beam incident angles), typically restricts the analysis to the 
center of the scanning field.  Consequently, all investigations associated with the beam deflection system, like 
field distortion or flatness, rely on alternative methods, such as the writing of test patterns on a work piece 
and subsequent visual inspection. In addition, many of the parameters crucial for a solid understanding of all 
process relevant conditions exceed the possibilities of conventional beam diagnostic concepts, like e.g. the 
determination of the marking speed. Thus, a thorough characterization of the laser beam in the scanning field is 
only inadequately provided by state of the art beam diagnostic devices. 

Our novel measuring concept is adapted to the special framework conditions of an AM machine. It allows a 
compact measuring instrument capable of addressing a majority of the above-mentioned scanner specific 
measurement tasks, including quantities so far inaccessible to conventional beam profilers. Even the accurate 
stitching of two overlapping exposure schemes is feasible.

Figure 1: a) Working principle: The scanned laser beam intersects with a structured pattern in a transparent signal plate. Scattered light 
from the pattern is monitored via a photodiode. b) Reconstruction of the beam path and width in the device coordinate system.

Utilising the scanner to steer the beam in a straight line across an in-glass measuring pattern (see Fig.1), we 
deduce all relevant parameters from the temporal sequence of the scattered light monitored via a photo-diode. 
This includes not only the beam width, but an absolute position measurement of the written beam path in the 
reference frame of the signal plate as well as the marking speed. All quantities can be measured with a high level 
of accuracy, reproducibility and temporal resolution. Independent of beam incident angle, power level or scanning 
speed. We present various measurements, outlining the great potential, this novel measuring technology holds 
for scanner system characterization.

[1] DIN 35224:2016-09, Welding for aerospace applications - Acceptance inspection of powder bed based laser beam machines for additive 
manufacturing
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A monolithic gimbal micro-mirror fabricated and remotely tuned 
with a femtosecond laser 

Saood Nazir & Yves Bellouard 
Galatea Lab, STI/IMT, École Polytechnique Fédérale de Lausanne (EPFL), rue de la Maladière 71b, Neuchâtel, Switzerland

saood.nazir@epfl.ch 

The concept of monolithic fabrication is crucial to device miniaturisation and realisation of optical circuits inside 
a single transparent material. Although a majority of the fabrication techniques have thus far been limited to 
mostly passive elements, we propose a novel flexure based mirror fabricated monolithically inside a substrate 
of fused silica using ultrafast laser machining and then, adjusted with the same laser. Unlike actuation principles 
based on electrostatics, electro-wetting or pressure actuation, this mirror can be tuned by the same 
femtosecond laser in a non-contact manner with sub-micron precision. The general concept of non-contact 
repositioning [1] is based on exploiting the volume changes [2], which occur in the bulk of fused silica when 
exposed to a femtosecond laser. Such volume changes, which can be either positive or negative [3], can be 
combined with complex flexure mechanics to achieve the desired end motion with unprecedented resolution, 
limited only by our measuring capabilities. 
By using a 3D Finite Element Model (FEM), the design of the flexure mechanics was refined to find the optimal 
parameters such as the thickness and length of the flexures, the angle of intersection and design of the notch 
hinge. After, the 3D design was transferred onto a sample of 1 𝑚𝑚𝑚𝑚  thick fused silica using ultrafast laser 
machining. The sample was mounted on an 𝑋𝑋𝑋𝑋 stage and translated at a speed of 8 mm/sec under the focus of 
the objective, which is further mounted on a vertical stage. The laser emits short pulses of 275 fs at a wavelength 
of 1030 nm and a repetition rate of 786 KHz. After the laser exposure for about 2 hours, the sample was put in 
a bath of dilute hydrofluoric acid (HF, ~2.5 %) for another 30 hours to remove the laser-affected zones.  

Fig. 1. Top view of the mirror structure and the flexure mechanics. Different parts labelled by characters are explained in the text.  

A displacement amplification mechanism is implemented by employing a notch hinge (a) to achieve a substantial 
rotation at the mirror point (b). To operate the device, a femtosecond laser is used to write inside the long 
elongated beam as shown (c), causing it to expand or shrink. Because of the difference in the stiffness at the 
ends of the beam, the beam pushes towards the left (due to the volume expansion), or opposite in case of 
shrinkage, thus causing the mirror to rotate and maintain its new position permanently. 

Fig. 2. a) An FEM simulation of the deformed mirror superimposed on the un-deformed one (In red). b) Kinematics of the over all system. 

Such a method of monolithic micro-optic fabrication is a necessary tool for further integration and complete 
packaging of complete optical circuits on a chip, such as laser cavities, where non-contact repositioning can allow 
for fine tuning and alignment of critical components with very high precision. 
[1] Y. Bellouard (2015), "Non-contact sub-nanometer optical repositioning using femtosecond lasers," Opt. Express 23, 29258-29267 
[2] A. Champion et al. (2012), Direct volume variation measurements in fused silica specimens exposed to fs laser, Opt. Mater. Exp. 2, 789-
798 
[3] Y. Bellouard et al. (2016), "Stress-state manipulation in fused silica via femtosecond laser irradiation," Optica 3, 1285.
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Femtosecond Laser fabrication of Volume-Phase Gratings in 
CdSxSe1-x Quantum Dot doped Borosilicate Glass 

 
J.J. Azkona1,2, M. Martinez-Calderón1,2, E. Granados1,2, M. Gómez1,2, A. Rodriguez1,2, S.M. Olaizola1,2 

 
1 Ceit, Manuel Lardizabal 15, 20018 Donostia / San Sebastián, Spain. 

2 Universidad de Navarra, Tecnun, Manuel Lardizabal 13, 20018 Donostia / San Sebastián, Spain. 
 

jazcona@ceit.es 
 
The diffraction efficiency of femtosecond laser fabricated Volume-Phase Gratings (VPG) [1] is limited by 
irradiation response of the material. When a laser beam is focused into the glass, a refractive index change of 
Δn ~10-3-10-4 is induced in the volume where beam is focalized, leaving fringes of modified material. When 
assembled in proper 3D structures, these fringes form a refractive index modulation that diffracts light as a 
volume-phase grating. We use this method to fabricate high efficiency VPGs in CdSxSe1-x quantum dot doped 
borosilicate glass (commercially OG530 glass from Schott Glass Inc.), a material where a suitable refractive 
index change has been reported [2]. In order to do this, we demonstrate that control over the inscribed 
thickness (L) is the key parameter to achieve maximum diffraction efficiencies.  
 
We first tested material response dependence on different laser parameters as energy pulse or processing 
depths. We observe that irradiation modified zones show similar widths and thicknesses, for a range of 
processing parameters. After this analysis, we have fabricated preliminary VPGs and characterized their 
diffraction efficiencies in order to optimize the processing conditions that achieve the best combination of 
thickness and Δn. Once these parameters were established, we aim to enhance diffraction efficiencies by 
fabricating VPGs with variable thickness (L). For this, four samples of overlapped 4 layers (L=60 µm), 6 layers 
(L=90 µm), 8 layers (L=120 µm) and 10 layers (L=150 µm) were fabricated. Fig. 2 shows experimental 1st order 
efficiencies of the fabricated VPGs, measured at the Bragg condition, superimposed over a Rigorous Coupled 
Wave Analysis simulated sweep on different refractive index changes. We adjust simulation fine tuning in 
order to get the better Δn estimation possible. As the thickness of the fabricated VPGs was increased the 
diffraction efficiency also increased, reaching a maximum value of 67%. These results demonstrate that the 
control over inscribed thickness (L) is crucial to achieve maximum diffraction efficiencies. Finally, VPG 
dependence on incident polarization was measured and no birefringence was observed. 
 
 

 
Figure 2: Estimation of fabricated VPGs refractive index change. Experimental points (black dashed lines) correspond to VPGs of 4 layers 
(L=60 µm), 6 layers (L=90 µm), 8 layers (L=120 µm) and 10 layers (L=150 µm). Colored dashed lines correspond to RCWA simulated 
efficiencies with a Δn=0.00005 variation. 
 
[1] A. Dias, A. Rodríguez, M. Martínez-Calderón, M. Gómez-Aranzadi, and S. M. Olaizola (2015) , “Ultrafast laser inscription of 

volume phase gratings with low refractive index modulation and self-images of high visibility,” Opt. Express, vol. 23, no. 20, p. 
26683. 

[2] R. Martinez-Vazquez, R. Osellame, G. Cerullo, R. Ramponi, and O. Svelto (2007) , “Fabrication of photonic devices in 
nanostructured glasses by femtosecond laser pulses.,” Opt. Express, vol. 15, no. 20, pp. 12628–12635. 
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Laser processing of silicon suboxide for the fabrication of multilevel 
fused silica diffractive phase elements

L. J. Richter, C. Beckmann, J. Meinertz, J. Ihlemann

Laser-Laboratorium Göttingen e.V., Hans-Adolf-Krebs-Weg 1, 37077 Göttingen, Germany

juergen.ihlemann@llg-ev.de

UV excimer laser ablation offers fast and flexible ways for thin film patterning. A prerequisite for precise ablation is 
strong absorption in the UV regime. In contrast to UV-transparent fused silica (SiO2), silicon suboxide (SiOx, x ≈ 1) is 
absorbing in the UV and can be machined with high precision. By thermal annealing in air, the silicon suboxide can 
subsequently be oxidized to fused silica [1]. This two step process allows for the fabrication of microstructured 
components made entirely of fused silica. For example, diffractive optical elements with two phase-quantized 
levels (binary DOEs) can be produced via structured rear-side ablation of a thin film of silicon suboxide on a fused 
silica substrate followed by oxidation [2]. Such phase elements can be used as projection masks for precise laser 
microfabrication, e.g. for parallel nano hole drilling [3].
In a next step, a multilevel phase structure is produced by repeating the ablation step after recoating the surface 
with additional layers of silicon suboxide. A diffractive phase element in form of a three level line grating (Fig. 1) 
exhibits a diffraction efficiency of more than 60% in the +1st order. This efficiency can be enhanced by increasing 
the number of recoating and ablation steps and thus the number of phase levels.  

               

Figure 1: AFM record of a three level fused silica phase element fabricated according to the following scheme: SiOx deposition – ablation – 
SiOx deposition – ablation – oxidation to SiO2. Laser ablation parameters: 193 nm, 450 mJ/cm², 1 pulse (2x). 

[1] T. Fricke-Begemann, J. Meinertz, R. Weichenhain-Schriever, J. Ihlemann (2014) Silicon suboxide (SiOx): laser processing and applications, 
Applied Physics A 117, 13-18

[2] J.-H. Klein-Wiele, J. Békési, P. Simon, J. Ihlemann (2006) Fabrication of SiO2 phase gratings by UV laser patterning of silicon suboxide 
layers and subsequent oxidation, Journal of Laser Micro/Nanoengineering 1, 211-214

[3] R. Karstens, A. Gödecke, A. Prießner, J. Ihlemann (2016) Fabrication of 250-nm-hole arrays in glass and fused silica by UV laser ablation, 
Optics and Laser Technology 83, 16-20
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Photonic crystal lasers

S. Noda

Department of Electronic Science and Engineering, Kyoto University
Kyoto 615-8510

snoda@kuee.kyoto-u.ac.jp

Semiconductor lasers have contributed to modern society over a wide range of fields, particularly tele- and data-
communications and optical storage. To date, much interest has been devoted toward expanding the utility of 
semiconductor lasers for these fields, such as by widening their range of accessible wavelengths and improving 
their modulation speed. On the other hand, with regard to high-brightness applications, semiconductor lasers 
have had difficulty simultaneously achieving high output powers and high beam qualities, so their development 
has lagged behind that of other lasers.  Moreover, as with many other lasers, semiconductor lasers have not 
been capable of on-chip beam pattern, polarization, and direction control; these functionalities required the 
addition of external elements which forfeits the advantage of compactness for which semiconductor lasers are 
renowned.  Now, with the development of photonic-crystal lasers [1-7], which are a new type of semiconductor 
laser, this paradigm is expected to change; Photonic crystal lasers are attracting attention for their simultaneous 
achievement of high output power and high beam quality, and also their exhibition of functionalities that are 
not easily achievable with other types of lasers, such as polarization and beam-pattern control as well as on-chip 
beam-direction control, which eliminates the need for bulky external optics. In this presentation, I will talk about 
the recent progress of Photonic crystal lasers. 

[1] M. Imada, S. Noda, et al. Appl. Phys. Lett., vol. 75, pp. 316–318 (1999). 
[2] S. Noda, et al, Science, vol. 293, pp. 1123–1125 (2001). 
[3] E. Miyai, S. Noda, et al, Nature, vol. 441, pp. 946 (2003). 
[4] H. Matsubara, S. Noda, et al, Science, vol. 319, pp.445-447, (2008).
[5] Y. Kurosaka, S. Noda, et al, Nature Photonics, vol. 4, pp. 447–450 (2010). 
[6] K. Hirose, S. Noda, et al, Nature Photonics, vol. 8, pp. 406-411 (2014). 
[7] S. Noda, et al, IEEE J. Sel. Top. Quantum Electron., vol.23,: 4900107 (Nov./Dec. Issue 2017) (Published on line on 24 April 2017). 

Wed-3-IN4

Spontaneous growth of femtosecond laser synthesized Ag@C 
nanoparticles and ex-situ formation of functional nanocomposites 

with SU-8 

Dongshi Zhang1, Wonsuk Choi1, 2, Koji Sugioka1

1 - RIKEN Center for Advanced Photonics, Wako, Saitama 351-0198, Japan

2 - Department of Nano-Mechatronics, Korea University of Science and Technology (UST), 217 Gajeong-Ro, Yuseong-Gu,  
Daejeon 3 4113 34113, Korea South Korea

ksugioka@riken.jp

The technique of laser synthesis and processing in liquids (LSPC) has already demonstrated its ability to synthesize 
a large variety of nanomaterials with both physical and chemical properties highly different from chemically-
synthesized counterparts [1-3]. However, two issues of the LSPC-synthesized metallic particles still remain 
unresolved, which are surface oxidation and larger particle growth. The former deteriorates the particles’ purity, 
while the latter increases the specific surface area of the colloids, both of which are not suitable for their practical 
applications in biological, catalytic, optics and photonic fields. In this work, pure Ag particles are synthesized by 
femtosecond laser ablation of silver in acetone. The colloidal Ag particles just after the synthesis are very tiny (3~4 
nm) and active, which are mixed with SU-8 polymer solution for ex-situ formation of nanocomposites and then 
characterized using XRD, TEM, Raman and XPS. It is found that as time passes, the surface plasmon resonance 
(SPR) peak of the composites in the absorption spectra of the composites within 32 hour redshifts from 404 nm 
to 410 nm (Figure 1a), indicating spontaneous growth of nanoparticles and the interaction between Ag NPs and 
SU-8 molecules. Meanwhile, the band gap of the colloids (Figure 1c) calculated using the Tauc plot in Figure 1b 
first rapidly increases and then gradually decreases. This phenomenon also suggests the spontaneous interaction 
between Ag particles and SU-8 polymer. TEM images (Figures 1d-f) show that the Ag particles become aggregates 
after their surface functionalization by SU-8 molecules (Figure 1d), which may arise from the viscosity of the SU-8 
polymer. 

Figure 1. (a-c) optical properties and (d-f) TEM images of the Ag-SU-8 particle-polymer nanocomposites synthesized by ex-situ conjugation 
of laser-generated Ag particles and SU-8 polymer solution. 

Reference
[1] Zhang, D.; Gökce, B.; Barcikowski, S., Laser Synthesis and Processing of Colloids: Fundamentals and Applications. Chem. Rev. 2017, 117, 
3990-4103.
[2] Zhang, D.; Gökce, B., Perspective of laser-prototyping nanoparticle-polymer composites. Appl. Surf. Sci. 2017, 392, 991-1003.
[3] Zhang, D.; Liu, J.; Liang, C., Perspective on how laser-ablated particles grow in liquids. Sci. China Phys. Mech. Astron. 2017, 60, 074201.
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Silicon nanoparticle generation by nanosecond pulsed laser 
irradiation on waste silicon powder 
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Silicon nanoparticles possess some significant properties such as size-confinement effect, which are 

distinctly different from bulk silicon. This characteristic of silicon nanoparticles will improve capabilities of 
lithium ion batteries as well as other high value-added products. One of the currently used methods to fabricate 
silicon nanoparticles is chemical vapor deposition (CVD) process. However, in this method, it costs extremely to 
obtain high-purity silicon nanoparticles since impurities are contained during the chemical reaction process.  
Although the new fabrication method by femtosecond pulsed laser irradiation on single-crystal silicon wafers is 
reported [1], the production cost is still high due to its low efficiency of nanoparticle generation.  

 
In this study, we propose silicon nanoparticle generation by irradiating nanosecond pulsed laser on waste silicon 
powder. Currently, enormous silicon is disposed from the wire-saw slicing process of single-crystal silicon ingots 
and wafers as waste powder [2]. By reusing the disposed silicon powder, silicon nanoparticles can be generated 
at low cost. In addition, a nanosecond pulsed laser was used to improve the nanoparticle generation efficiency 
and to remove impurities in waste silicon powder. The generated nanoparticles are collected by a glass substrate 
through which the laser was irradiated. In the present experiment, nanosecond pulsed laser irradiation in various 
experimental condition was carried out to clarify the effect of each experimental parameter. This study will open 
up new techniques to fabricate high-purity silicon nanoparticles with higher efficiency. 
 
Fig. 1 demonstrates that the morphology of nanoparticle deposition is controllable by the distance between the 
silicon powder target and the glass substrate. In addition, the nanoparticles are deposited more efficiently at 
higher scan speed of the laser beam. Moreover, the size of silicon nanoparticles was evaluated by the shift of 
the peak on Raman spectra [3]. As a result, it was proved that silicon nanoparticles possessing high crystallinity 
with a diameter of ~5 nm were successfully generated. Removal of the impurities in waste silicon powder by 
laser irradiation was also confirmed by X-ray Photoelectron Spectroscopy.  

 

Figure 1: SEM images of silicon nanoparticles generated at different distances between the silicon powder target and the glass substrate:  
(a) 50 μm, (b) 100μm, (c) enlarged image of (b). 

 
 
 
[1] E. I. Ageev, D. V. Potorochin, D. V. Sachenko, G. V. Odintsova (2017) Generation of web-like structures and nanoparticles by femtosecond 
laser ablation of silicon target in ambient air, Opt Quant Electron, vol. 49, pp. 40 
[2] A. Yoko and Y. Oshima (2013) Recovery of silicon from silicon sludge using supercritical water, The Journal of Supercritical Fluids, vol. 75, 
pp. 1-5 
[3] V. Paillard, P. Puech, M. A. Laguna, R. Carles, B. Kohn, F. Huisken (1999) Improved one-phonon confinement model for an accurate size 
determination of silicon nanocrystals, Applied Physics, vol. 86, no. 4, pp. 1921-1924 
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Laser-based, site-specific fabrication of protein-incorporated 
hydrogels on surfaces for biosensing applications

M. Massaouti1, M. Chatzipetrou1, G. Tsekenis2, I. Zergioti1,2

1- Department of Applied Physics, National Technical University of Athens, Athens, 15780, Greece
2- Biomedical Research Foundation of the Academy of Athens, Soranou Ephessiou 4, 11527 Athens, Greece 

zergioti@central.ntua.gr 

Hydrogels have recently received considerable attention as smart materials in the fabrication of various biosensors, 
due to their unique properties which can be customized to the suit the needs of each individual application. 
Further to this, the shift to a 3D surface geometry increases their loading capacity and better preserves the protein 
function due to the hydrophilic environment in comparison to conventional 2D functionalization techniques. 
To date, various microfabrication techniques have been employed for fabricating micropatterns of protein-
incorporating hydrogels on surfaces such as robot-controlled, pin-based, inkjet printing and photolithography. 

Herein, an elegant approach based on the use of the Laser Induced Forward Transfer (LIFT) as a laser direct-write 
printing technique [1, 2] for creating micropatterns of functional hydrogel networks onto receiving surfaces in 
a spatially controlled and contactless manner, where no masks or time-consuming procedures are required, is 
presented. The technique has been employed for transferring and photo-polymerizing acrylate monomers into 
hydrogel networks onto silane-modified silicon based surfaces. The proteins (antibodies) were either incorporated 
into the prepolymer solution or bound to the hydrogels upon their polymerization. 

More specifically, antibodies were covalently immobilized into the hydrogels with the use of NHS-acrylate, while 
the porosity or the hydrogel was adjusted by varying the ratios of the following three monomers: 2-hydroxyethyl 
acrylate, poly (ethylene glycol) diacrylate and trimethylolpropane triacrylate. Τhe hydrogel was rendered 
antifouling through the introduction of [2-(acryloyloxy) ethyl] trimethylammonium and 3-sulfopropyl acrylate, 
which are positively and negatively charge respectively.

The antibody loading efficiency and their ability to recognize and bind to their antigen has been evaluated 
for prepolymer solutions of different compositions (monomer functionalities and ratios in the mixture) as 
well as laser printing conditions and compared to both hydrogels that have been drop casted and then either 
photopolymerized or chemically polymerized.  

[1] C. Boutopoulos, V. Tsouti, D. Goustouridis, S. Chatzandroulis I. Zergioti (2008) Liquid phase direct laser printing of polymers for chemical 
sensing applications, Applied Physics. Letters, vol. 93, 191109, pp. 1-3.

[2] M. Chatzipetrou, M. Massaouti, G. Tsekenis, A. K. Trilling, E. van Andel, L. Scheres, M. M. J. Smulders, H. Zuilhof, I. Zergioti (2017) Direct 
Creation of Biopatterns via a Combination of Laser-Based Techniques and Click Chemistry, Langmuir, vol. 33, pp. 848–853.
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Low-profile interconnects via laser-induced forward transfer

K.M. Charipar, N.A. Charipar, A. Piqué

Naval Research Laboratory, Materials Science & Technology Division, 4555 Overlook Ave. SW, Washington, DC 20375, USA

kristin.charipar@nrl.navy.mil

Direct-write techniques that enable the fabrication of functional materials have seen rapid growth over the past 
decade. These digital microfabrication methods offer several advantages over traditional lithographic techniques, 
including high processing speeds, high resolution, and the ability to fabricate complex 2D and 3D structures.  
Specifically, laser-induced forward transfer (LIFT) is a non-lithographic process that can be utilized to efficiently 
print a variety of materials on various substrates with high precision.  By using high viscosity pastes, structures 
can be printed with high positional accuracy that maintain the shape of the apertured laser beam.  This capability 
lends itself to applications such as sensors and microelectronic components requiring the printing of features 
with narrow pitch.  As bare die size and pitch between components decrease, the need for efficient, small 
footprint interconnects becomes more relevant. Because of the versatility of the LIFT process, interconnects can 
be printed directly onto the bond pads of flip-chip bare die [1]. In this paper, we will demonstrate the use of LIFT 
for printing high-aspect ratio vertical interconnects with LED bare die.  By combining high-aspect ratio vertical 
micro-pillars with freestanding voxels, low-profile interconnects can also be laser printed.  Additionally, we show 
that nano-pastes can be thermally cured using an oven reflow process without a degradation in performance of 
the LED bare die. This method is compatible with die that are not designed for flip-chip packaging.  Finally, while 
wirebonding is a serial process that occupies a large circuit footprint, laser printing of wirebond-like structures 
decreases this footprint and increases the speed at which interconnects can be fabricated.  We will conclude with 
a discussion comparing and contrasting the laser printed vertical, low-profile interconnects with existing circuit 
fabrication techniques to summarize the potential of LIFT.

This work was funded by the Office of Naval Research (ONR) through the Naval Research Laboratory Basic 
Research Program. 

[1] K.M. Charipar, N.A. Charipar, J.C. Prestigiacomo, N.S. Bingham, A. Piqué (2018) Laser printing of flip-chip interconnects for high frequency 
applications, J. Manufact. Processes, 32, 110-115. 

Wed-3-OR9

Apatite coating based on laser-induced forward transfer 
for dental treatment
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If apatite, the major inorganic component of teeth, can be coated at high speed on the tooth surface, it would 
be useful for treatment of periodontal disease and prevention of dental caries. Especially, if we can coat apatite 
immobilizing proteins promoting adhesion to periodontal tissues or antibacterial substances, it opens a way to form 
highly- functional tooth surfaces. We developed a technique to deposit apatite films immobilizing physiologically-
active substances such as protein by a biomimetic method using calcium phosphate supersaturated solution 
similar to body fluid [1]. However, in this method, to obtain a film thickness of micrometers, it generally takes 
a long time of about several hours to one day. On the other hand, if the laser-induced transfer method is used, 
coating can be carried out by transferring the substance to the target substrate at high speed without requiring a 
vacuum [2]. Although the source material is instantaneously exposed to a high temperature and pressure state, 
it has been reported that the physiologically-active substance can retain the activity even after the transfer [3]. 
Therefore, in this study, we have developed apatite coating technology using laser-induced forward transfer of 
apatite prepared by biomimetic method.

 

Laser-induced forward transfer with optical stamp shown in Fig. 1 was used. This method consists of a two-step 
transfer using a transparent optical stamp coated with PDMS resins PDMS. A pulsed Nd:YAG laser operated at 
1064 nm was used because it is popular as a dental laser. However, apatite does not have light absorption at this 
wavelength. Thus, we inserted another layer between apatite and substrate as a release layer, which has strong 
light absorption and releases the apatite layer. 

Figure 2 shows SEM images of (a,b) the source film after transfer and (c,d) the apatite chip transferred onto the 
PDMS stamp surface. By the use of the optical stamp and release layer, the apatite film was successfully transfer-
red with keeping film state. Now we are studying the second transfer. Anyway, the laser-induced forward transfer 
would be an effective tool for future apatite coating to the teeth.

[1] A. Oyane, X.P. Wang, Y. Sogo, A. Ito and H. Tsurushima (2012) Calcium phosphate composite layers for surface-mediated gene transfer, 
Acta Biomater., 8, 2034-2046.

[2] A. Narazaki, R. Kurosaki, T. Sato and H. Niino (2013) On-demand patterning of indium tin oxide microdots by laser-induced dot transfer, 
Appl. Phys. Exp., 6, 092601. 
[3] Y. Tsuboi, Y. Fruhata and N. Kitamura (2007) A sensor for adenosine triphosphate fabricated by laser-induced forward transfer of luciferase 
onto poly(diemthylsiloxane) microchip, Appl. Surf. Sci., 253, 8422-8427.

Figure 2: SEM images of (a,b) apatite source film after laser 
irradiation and (c,d) transferred apatite onto a PDMS surface 
layer of optical stamp. (a,c: lower magnification images, b,d: 
higher magnification images)

Figure 1: Schematic of “apatite coating” based on laser-induced forward 
transfer with optical stamp. (a) First, a transparent optical stamp with a 
resin surface contacted apatite film. (b) A laser pulse was irradiated onto 
the film, which transferred apatite to the stamp. (c)The second transfer was 
carried out from the stamp to a receiver, resulted in apatite coating.
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Sacrificial-layer free laser-induced forward transfer of 
mammalian cells 

Jun Zhang1,2,3,4, Bastian Hartmann1,2, Julian Siegel1,2, Gabriele Marchi5, Hauke Clausen-Schaumann2,3, 
Stefanie Sudhop2,3, Heinz P. Huber1,2
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2- Center for Applied Tissue Engineering and Regenerative Medicine CANTER, Munich University of Applied Sciences,  

Lothstrasse 34, 80335 Munich, Germany
3- Center for NanoScience, University of Munich, 80799 Munich

4- Experimentelle Unfallchirurgie, Klinik und Poliklinik für Unfallchirurgie, Am Biopark 9, 93053 Regensburg, Germany
5- Photonics Laboratory, Munich University of Applied Sciences, Lothstrasse 34, 80335 Munich, Germany

heinz.huber@hm.edu

According to the superior cell survival rates, laser-induced forward transfer (LIFT) has been used in recent years 
for the flexible and gentle 3D-bioprinting of cells [1]. One drawback of the state-of-the-art nanosecond laser 
based cell printing is the fact, that material from an inorganic sacrificial layer, which is required for laser energy 
absorption, is transferred to the printed target structure where it contaminates the printed construct [2]. Instead 
of an inorganic sacrificial layer, protein based donor films have been used in combination with nanosecond ultra-
violet (UV) laser sources. However, UV radiation can introduce DNA double strand breaks, thereby imposing the 
risk of cancerogenisis [3]. 

Here we present a new method for the rapid, laser induced transfer of hydrogels and mammalian cells, without 
the drawbacks of contamination by inorganic particles or DNA damage. Our new method uses an industrial, di-
ode-pumped, saturable absorber mode-locked femtosecond (fs) laser as alternative, which emits in the near-in-
frared window of biological tissue. 

We focus a fs laser pulse (λ = 1030 nm, 400 fs, few μJ) directly underneath a cell layer through a transparent ac-
ceptor slide by a microscope objective (cf. Figure 1 (a)). Multi-photon absorption leads to plasma ionization and 
rapid cavitation bubble expansion, which generates a jet of material, transferring cell-laden hydrogel from a gel/
cell reservoir to an acceptor stage. Figure 1 (b) presents microscope image of transferred human mesenchymal 
stem cells (SCP1) on accepter slide (red Propidium Iodide (PI) staining indicates dead cells, live cells are displayed 
in green). The transferred cells reveal a well-defined form and have survival rate around 95%.

 

    (a)           (b)

Figure 1: (a) Schematic representation of the cell transfer setup. (b) Representative microscope image of cell-laden hydrogel droplets after 

femtosecond laser-induced transfer (red PI staining indicates dead cells, live cells are displayed in green).

[1] Koch L, Deiwick A and Chichkov B (2014) Laser-based 3D cell printing for tissue engineering, BioNanoMaterials, 15, 71-78
[2] Serra P, Fernández-Pradas JM, Colina M, et al. (2006). Laser-induced forward transfer: a direct-writing technique for biosensors prepara-

tion. Journal of Laser Micro/Nanoengineering, 1, 236–242.
[3] Xiong R, Zhang Z, Chai W, Chrisey DB, Huang Y. (2017) Study of gelatin as an effective energy absorbing layer for laser bioprinting. Biofab-

rication; 9: 24103–24117.
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Printing with light
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In recent years, printed electronics has seen an impressive number of new developments. Printing on flexible, 
stretchable or thermoformable substrates enables new applications in sectors like health care and logistics. 
Meanwhile, the current production technologies are relying on traditional approaches for material deposition, 
such as screen printing, inkjet printing and dispensing. Compared to these traditional approaches, novel, photon-
ic based processes, like Laser Induced Forward Transfer (LIFT), can offer better resolution, higher throughput and 
better device performance, while enabling printing on sensitive and conformal surfaces. At the same time LIFT 
enables printing of viscous materials, traditionally deposited using dispensing, while allowing significantly higher 
printing speeds, reducing overall costs. In this contribution, we will present our own efforts and results using this 
technology for the printing of  multi-layer printed electronics, combining conductive inks, non-conductive mate-
rials and conductive adhesives for component integration.

LIFT, like inkjet, allows mask-less and non-contact printing as well as offering significant speed advantages com-
pared to traditional approaches. For industrial scale production of densely filled patterns, traditionally screen 
printing is used. A novel photonic analog to screen printing will be introduced. Similar to LIFT, Photonic Ablation 
and Transfer Technology (PhATT) uses light pulses applied from the backside through a transparent donor sub-
strate to transfer functional materials onto an acceptor substrate using a non-contact approach. In contrast to 
LIFT, a high intensity Xenon flash lamp with a broadband emission covering the entire visible spectrum is used as 
a light source. By using a mask, a large number of droplets can be transferred using a single pulse. This results in a 
very high printing speed (areas of 5 by 5 centimetres have been printed in 100 µs), enabling potential integration 
of this technique in roll-to-roll production lines.

 
     (a)           (b)

Figure 1: LIFT-Printed electronics on flexible substrates. (a) LIFT-printed silver ink circuit integrating a 0402 LED component using LIFT-print-
ed conductive adhesive (b) LIFT-printed silver in on a conformal surface, using a stand-off distance of 1cm.
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Laser-induced forward transfer of silver nanowires for the 
production of transparent electrodes
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Many optoelectronic devices and components require thin, transparent and conductive parts to operate 
adequately. Most of these devices, such as solar cells, touch screens or OLEDs, rely on the use of conductive 
oxides, among which indium tin oxide (ITO) is the most extended one. However, ITO has some drawbacks 
concerning the scarcity of indium, its brittleness or the high production temperature. As possible ITO alternatives 
carbon-based nanostructures, such as graphene or carbon nanotubes, have been considered, though worse 
optoelectrical properties are observed. Silver nanowires (Ag-NWs) appear as promising candidate since they offer 
both high conductivity and optical transmittance. Besides, they present flexible and stretchable properties, ideal 
for wearable electronics. In addition to that, the manufacturing costs regarding the production process and the 
materials synthesis are substantially lower.

Printed electronics provides with several techniques for depositing Ag-NWs on transparent substrates, ensuring 
enough percolation and low concentration for proper conductivity and high transmittance. Depending on the 
required application, techniques such as spin-coating or screen-printing can satisfy the need, but when considering 
short-runs or user-defined patterns direct-write techniques such as ink-jet printing are more adequate. The last 
is ideal for printing drop-on-demand patterns, but not all kinds of inks or solutions can be printed. For instance, 
the printing of particles such as Ag-NWs results in nozzle clogging since they are larger than 1/100th of the orifice 
diameter. On the contrary, laser-induced forward transfer (LIFT), another direct-write technique, does not have 
this constrain since materials are not required to pass through an opening. In LIFT a liquid film of the material to 
transfer, within which the nanowires are suspended, is spread on a donor substrate and, through the action of a 
laser pulse, it is propelled towards a receiving substrate. 

In this work we study the LIFT of Ag-NWs for the production of transparent electrodes for printed electronics 
applications. First, we prove the feasibility of the technique for transferring an aqueous solution of Ag-NWs (Fig. 
1a). Then, varying the main transfer parameters, laser fluence and scan speed, we obtain different percolation 
densities and distributions of the nanowires network. Those structures are characterized to determine the 
optimum optoelectrical compromise between low sheet resistance and high optical transmittance. Finally, a 
simple circuit consisting in an LED and Ag-NWs pads is printed as a proof of concept of the LIFT technique for 
printing transparent electrodes (Fig. 1b).

Figure 1: (a) SEM image of LIFT deposited Ag-NWs. (b) Electronic circuit consisting on Ag-NWs transparent electrodes and an LED.
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Laser-induced forward transfer with continuous wave radiation
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Laser-induced forward transfer (LIFT) is a direct-writing technique that allows printing inks from a liquid film in a 
similar way to inkjet printing but with fewer limitations concerning ink viscosity and loading particle size. Though 
usually associated with pulsed lasers, LIFT has been recently shown to be feasible for printing liquid inks with 
continuous wave (CW) lasers [1]; Figure 1a, for instance, displays a functional gas sensor printed through CW-LIFT 
on a flexible substrate. The possibility of printing by means of CW lasers is remarkable not only because of the 
advantages that the new approach presents in terms of cost, but also because of the surprising transfer dynamics 
associated with it. 

Figure 1: a) Carbon nanofibers gas sensor printed through CW-LIFT. b) CW-LIFT of an Ag nanoparticle ink: spraying dynamics and printed 
line.  

In this work we carry out a study of CW-LIFT aimed at understanding the new transfer dynamics and its correlation 
with the printing outcomes. A fast-imaging study of the process shows that liquid ejection corresponds to a 
spraying dynamics (Figure 1b) completely different from the jetting characteristic of pulsed LIFT. We attribute the 
spray to pool-boiling in the donor film, in which bursting bubbles are responsible for liquid ejection in the form 
of projected droplets. The droplets motion is then modeled as the free fall of rigid spheres in a viscous medium, 
in good agreement with experimental observations. Finally, the thermo-capillary flow in the donor film allows 
understanding the printed lines morphology evolution with laser power and scan speed.

[1] P. Sopeña, J. Arrese, S. González-Torres, J.M. Fernández-Pradas, A. Cirera, P. Serra (2017) Low cost fabrication of printed electronics devices 
through continuous wave laser induced forward transfer, ACS Applied Materials and Interfaces 9, 29412-29417.
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Use of an elastomeric donor for LIFT of metal foils
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Materials Science and Technology Division, Code 6360, Naval Research Laboratory, 4555 Overlook Ave. SW, Washington, DC 20375
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The use of laser induced forward transfer (LIFT) techniques for printing materials for sensor and electronics 
applications is growing as additive manufacturing or AM expands into the fabrication of functional structures.  
LIFT is capable of achieving high speed/throughput, high resolution patterns of a wide range of materials over 
many types of substrates for applications in flexible-hybrid electronics. For example, by using LIFT of high viscosity 
Ag nanopastes, it is possible to print 3D microstructures such as high aspect ratio micro pillars for vertical device 
connections and flip-chip applications [1]. Similarly, LIFT can be used to print freestanding, solid metal films/
foils across contact pads to make planar circuit interconnects [2]. Both of these approaches require the use of a 
sacrificial donor substrate which needs to be replenished after use. As is well known, the various types of dynamic 
release layers that hold in place the part or device to be transferred are completely vaporized when illuminated 
with a laser pulse. A better solution would be to employ a reusable donor layer to which the transferable ink 
or metal foil is attached and then released by a laser pulse but without the donor undergoing vaporization, 
therefore allowing repeated use of the donor layer for subsequent transfers. In this talk, we will describe the use 
of elastomeric donor layers based on poly(dimethylsiloxane) or PDMS for LIFT as illustrated in Figure 1. Metal foils 
of varying size and thickness were attached to a PDMS release layer and then printed by LIFT. In addition, the gap 
between the donor and receiving substrates was varied to determine placement accuracy as a function of gap 
distance.  Moreover, the process was tested over various types of receiving surfaces to evaluate the adhesion of 
the transferred foils.  This talk will conclude with a discussion of the application of these elastomeric donor layers 
as laser-driven stamps for the direct-write of metallic interconnects.

 
 
 
 
 
 
                       
Figure 1: Laser transfer of Cu foils using a PDMS donor layer. (a) Schematic (not to scale) of the transfer set-up. (b) Images showing 300 µm 
dia. Cu disks transferred using a PDMS elastomeric donor layer.  

This work was funded by the Office of Naval Research (ONR) through the Naval Research Laboratory Basic Re-
search Program. 

[1] K.M. Charipar, N.A. Charipar, J.C. Prestigiacomo, N.S. Bingham, A. Piqué (2018) Laser Printing of Flip-chip Interconnects for High Frequency 
Applications, J. of Manufact. Processes. vol. 32, pp. 110-115
[2] A. Piqué, I. Beniam, S.A. Mathews, N.A. Charipar (2016) Laser Printing of 3D Metallic Interconnects, SPIE Proc. vol. 9738, pp. 97380I-1
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Tayloring surface properties of rare earth magnesium alloy for 
biomedical application induced by laser processing
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Magnesium alloy has attracted much attention as biodegradable material for medical devices in recent years. 
However, poor corrosion resistance is the main problem to limit practical applications because high degradation 
rate will cause fast increase in pH, while the large release of ions into the medium can lead to cytotoxicity. In this 
work, we demonstrate the capability of laser surface modification for corrosion resistance of Mg-Gd-Ca alloy to 
avoid rapid degradation, which helps to enhance the biocompatibility. Microstructure of both as-received surface 
and laser-modified surface were analyzed carefully by Scanning Electron Microscopy and X-ray Diffraction. 
Electrochemical corrosion behavior and immersion test was investigated in order to examine the degradable 
behavior of laser-modified Mg-Gd-Ca alloy. The enhanced corrosion resistance was found to be caused by the 
combined effect of secondary phase dissolution and galvanic corrosion reduction in the laser-modified zone. 
Results of direct cell culturing suggested that the laser-modified surface exhibited good cell adhesion property, 
spreading performance and proliferation capacity. Special attention was focused on the influence of laser-induced 
patterns on cell adhesion and growth process.

Figure 1: SEM morphology of MC3T3-E1 cells cultured on laser-modified and as-received specimens.

Reference: 

 [1] Witte, F. (2015). Reprint of: The history of biodegradable magnesium implants: A review, Acta biomaterialia, 23, S28-S40.
[2] Gu X., Zheng Y., Cheng Y., Zhong S., & Xi T. (2009). In vitro corrosion and biocompatibility of binary magnesium alloys, Biomaterials, 30(4), 
484-498.
[3] Song, G. (2007). Control of biodegradation of biocompatable magnesium alloys, Corrosion Science, 49(4), 1696-1701. 
[4] Xin, Y., Hu, T., & Chu, P. K. (2011). In vitro studies of biomedical magnesium alloys in a simulated physiological environment: a review, Acta 
biomaterialia, 7(4), 1452-1459. 
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Biomimetic anti-adhesive surface micro/nano structures of 
electrosurgical knife fabricated by fibre laser
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Xi’an710119, Shaanxi, China

lichen@sust.edu.cn

Electrosurgical Knife (Figure 1(a)) is the most common invasive surgical instrument in a cutting and hemostasis 
process, which easily leads the overheated tissues to pyrolysis, eschar and adhesion on the knife surface [1]. In 
order to minimize the adhesion of the overheated tissues, we investigate and fabricate the surface micro/nano 
structures on the blade by fiber laser inspired by shark’s skin [2] (Figure 1(b)). The distinctive self-assemble micro/
nano structure (Figure 1(c)) is induced on the stainless steel 316L by μs pulse laser at 1070-nm wavelength  with 
a lens of F=30 mm in air. The bionic surface morphology like shark’s skin is designed and fabricated with these 
self-assemble micro/nano structures, shown in Figure 1(d). The wettability of the blade surfaces with different 
surface morphologies are measured with the contace angles, revealing the transition from the hydrophily on the 
smooth blade surface to the hydrophobicity on the blade surfaces with surface micro/nano structures, shown 
in Figure 1(e, f). Frictional coefficients between the blade surfaces with different surface morphologies and pork 
liver tissues are respectively measured by friction testing machine. After cutting the pork liver, the adhesive 
tissue mass on the electrosurgical knives with different surface morphologies are measured (Figure 1(g, h)). The 
relationship between adhesive mass, morphology and frictional coefficients on the blades are analyzed in the 
orthogonal experiments. The experimental results show that the biomimetic surface micro/nano structures on 
the blade can effectively reduce the adhesive tissues. 

Figure 1: (a) Electrosurgical knife, made of stainless steel with smooth blade surface. (b) Micro/nano structures on shark’s skin [2].  (c) 
Self-assemble micro/nano structures on stainless steel 316L fabricated by fiber laser.  (d) The bionic surface micro/nano structures like 
shark’s skin.  (e) Contace angles 68º on the smooth blade surface.  (f) Contace angles 92.4º on the blade surfaces with surface micro/
nano structures.  (g) The adhesive tissues on the smooth electrosurgical knife after cutting the pork liver.  (h) The adhesive tissues on the 
electrosurgical knife with micro/nano structures after cutting the pork liver.  

[1] D. Palanker, A. Vankov and P. Jayaraman (2008) On mechanisms of interaction in electrosurgery, New Journal of Physics, vol.10, 123022, 
pp.1-15. 
[2] Zhi-yuan Wang, Jian-min Ma (2017) Calculation and Analysis on Drag Reduction of Shark’s Skin Tiny Groove Structure. Chinese Quarterly 
of Mechanics, vol.38(1), pp. 160-168.
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Photodynamic Therapy (PDT) is a gentle method to selectively treat cancer cells through irradiation by laser 
light. A photosensitive drug is delivered to the patient, which accumulates in the targeted cancer cells. When 
illuminating the photosensitive regions via a light wave guide, the drug transforms to a toxic material. Thereby, 
the tumor cells get eliminated selectively, while the healthy tissue remains untouched. To guarantee a positive 
result from the treatment, a full illumination of the treated malignant region via a silica bare fibre has to be 
reached. The challenge is to decouple light from the inserted wave guide to sustain a specific radiation profile.

Currently this method is based on the use of attachable polymer diffusors [1]. To avoid damaging of the fiber-
diffusor interface, the maximum output power is limited to about 2 W. Other approaches include the direct 
modification of fibers using different laser types, such as CO2-laser [2], Excimer-laser [3] or ultrafast lasers 
[1]. CO2-laser and Excimer-laser processing of fiber surfaces leads to a decoupling of light from the machined 
fiber. However, both laser systems showed a low production precision. Ultrafast lasers were first used to apply 
refractive index changes inside the fiber core [4]. Due to the implemented changes, scattering regions were 
formed. However, long production times and a low reproducibility of the fiber diffusers are mentioned as major 
drawbacks [4]. 

We recently demonstrated that an ultrafast laser in combination with a scanner and rotation axis can be used to 
tailor the irradiation profile by means of generating scattering cavities with varying size and geometry along the 
fiber tip [5]. Because of the laser’s long focal distance, this procedure offers a fast, precise and highly reproducible 
manufacturing process of fiber diffusors. To produce specifically emitting diffusors, the underlying decoupling 
mechanisms and the connections between surface modification and radiation profile have to be investigated.
The aim of this study was to manufacture, evaluate and simulate the radiation profile of optical fiber diffusers 
fabricated with different geometries. The final part of the fiber was processed over a length of 20 mm using 
femtosecond laser ablation. In this way, the surface was shaped and 
roughened in order to scatter the light out of the fiber. Different three 
dimensional geometries, such as cylindrical and tapered fiber tip shapes 
were fabricated. The light emission profiles of these fiber diffusers 
were simulated using a two dimensional MATLAB based model and the 
commercial ray tracing software LightTools (Version 8.4.0, Synopsys, CA, 
USA). In order to verify the simulated model, the light of a low power 
diode laser (P = 5 mW, λ = 632 nm) was coupled into the fiber and the 
diffuse area was observed with a grey scale camera. The radiation profile 
was determined by analyzing the brightness of the pixels along the fiber. 

For cylindrical treated fiber tips, the measurement showed three 
different characteristics in the emission profile: a peak at the beginning, a 
constant area, and a steady decreasing area. The characteristics are 
displayed in Figure 1. All emission characteristics were observed with both 
simulative approaches.

Further applications could include high power applications, like ELT, where several Watts are applied through a 
diffuse applicator. Reversing the idea of spreading light into tissue, a use of the manufactured diffuser as detector 
might be thinkable.

[1] D. Ashkenasi, A. Rosenfeld, S. B. Spaniol, A. Terenji (2003) Ultrashort laser pulse processing of wave guides for medical applications, Proc. 
SPIE 4978, pp. 180-187
[2] T. H. Nguyen, Y.-H. Rhee, J.-C. Ahn, H. W. Kang (2015) Circumferential irradiation for interstitial coagulation of urethral stricture, Optics 
express 23(16), pp. 20829-20840
[3] V. V. Volkov, V. B. Loshchenov, V. I. Konov, V. V. Kononenko (2010) Fibreoptic diffuse-light irradiators of biological tissues, Quantum Electron. 
40(8), pp. 746-750
[4] J. Köcher, V. Knappe, M. Schwagmeier (2016) Internal structuring of silica glass fibers: Requirements for scattered light applicators for the 
usability in medicine, Photonics & Lasers in Medicine 5(1)
[5] M. Domke, J. Gratt, R. Sroka (2016) Fabriaction of homogeneously emitting optical fiber diffusors using fs-laser ablation, Proc. SPIE 9740

Figure 1: Measured and simulated (Matlab 
(M) and LightTools (LT)) emission profile of 
cylindrically treated fiber tip
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Femtosecond micromachining of complex geometries for  
biomedical applications
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The femtosecond laser technology has demonstrated its advantages in the machining of materials, bringing 
high levels of quality due to a quasi-non-thermal interaction with matter. Those advantages have allow the laser 
micromachining to reach a level of accuracy of the order of micrometre. However, most of micromachining outputs 
deal with 2D or 2.5D, even though some applications fields require to cut, drill, or texture objects with dimensions 
always smaller and made of more and more exotic materials. Among those objects, biomedical implants require 
very high levels of accuracy and surface finish coupled with complex cylindrical or even hemispherical geometries.

LASEA has developed a way of micro machining based on femtosecond laser combined with a 5-axes accurate CNC 
system; those 5 axes being synchronised together, and combined with 2 additional optical axes controlled with a 
scanner. This full assembly allows to combine the possibilities of a standard 5 axes system with the possibilities 
of fast scanning strategies. The definition of the trajectories is done owing to a CADCAM software specifically 
adapted to laser strategies and processes.

The applications developed by LASEA owing to this combination, focus mainly to the biomedical sector like the 
machining of cardiovascular stents. The work we present here illustrates the expertise developed for complex 
geometries applied on the machining of cylindrical geometries for stents, and also on hemispherical surfaces. 
The characterisation of the stents was then carried out based on computed x-ray tomography after processing 
and after balloon inflation. Comparison with commercial product was also carried out.  We present as well an 
engineering model based on ablation mechanisms which estimates the machining profile according to the laser 
parameters. 
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515 nm ultrashort pulsed laser resection of colon tissue  
in a porcine model
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Ultrashort pulse lasers have been successfully employed for different medical treatments and diagnosis such as 
laser surgery [1], imaging [2] and therapy [3]. These lasers have the ability to offer precise and rapid resection 
with minimal thermal and mechanical damage to the adjacent tissue in the surgical zone. Continuous wave (CW) 
laser, long pulsed laser and electrocautery based conventional surgery techniques are prone to high thermal 
damage. Conventional laser based surgical modalities are fully dependent on the linear absorption of the laser 
pulse. As a consequence this generates thermal ablation and necrosis on the tissue according to the wavelength 
and energy of the laser used for the surgery. The laser pulse is absorbed by the tissue chromophore and this 
absorption leads to heating and vaporization of the targeted tissue with significant thermal damage. This surgical 
modality is not suitable for bowel resection where higher precision and control is required. 

(a)                                                                                    (b)
     
Figure 1:  (a) Histology image of laser ablated section with 10 kHz pulse repetition rate and high pulse overlap. (b) Histology image of laser 
ablated section with 1 kHz pulse repetition rate and high pulse overlap.

Endoluminal gastrointestinal surgery, for example the ablation of polyps and early cancers, requires high precision 
with minimized necrotic tissue margins to avoid bowel perforation, which is one of the recognized severe 
complications of this technique [4]. Precise control of the width of necrotic tissue and depth of resection are of 
paramount importance to avoid bowel perforation.  To this end a 515 nm picosecond laser processing strategy 
with high pulse overlap and fluence is used to resect the colon tissue of a porcine model. The histological image 
of typical ablated tissue sections are shown in figure 1. The relation between effectiveness of tissue ablation and 
the laser parameters, such as repetition rate, pulse overlap and laser fluence, will be presented.

[1]  Myunghwan Choi and Seok Hyun Yun (2013) In vivo femtosecond endosurgery: an intestinal epithelial regeneration-after-injury model,    
Opt Express, Vol.21, pp. 30842-48                                                                                                                                                                                                

[2] Mihaela Balu, Griffin Lentsch, Dorota Z. Korta, Karsten König, Kristen M. Kelly, Bruce J. Tromberg, Christopher B. Zachar (2017)  In vivo 
multiphoton-microscopy of picosecond-laser-induced optical breakdown in human skin, Lasers Surg Med, Vol.49, pp. 555-562           

[3] M Sawa, K Awazu, T Takahashi, H Sakaguchi, H Horiike, M Ohji, Y Tano (2004) Application of femtosecond ultrashort pulse laser to pho-
todynamic therapy mediated by indocyanine green, Br J Ophthalmol, Vol. 88, pp. 826-831.

[4] Varut Lohsiriwat (2010) Colonoscopic perforation: Incidence, risk factors, management and outcome, World J Gastroenterol, Vol.16, 

pp.425-430
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The surgical treatment of early stage colorectal cancer is typically based on diathermy and electrocautery tools. 
They imply restraints on precision and the risk of collateral thermal damage to the healthy tissue. In this paper, 
we present the successful colonic epithelial laser ablation by means of picosecond laser pulses on ex 
vivo pig intestine as a potential alternative to mitigate these limitations. Square and circular cavities with 
comparable thickness to early stage colorectal cancers are removed for a wavelength of 1030 nm using a 
picosecond laser system. The corresponding histology sections exhibit only minimal collateral damage and tissue 
denaturation to the surrounding tissue. Robust process parameters are demonstrated that enable an accurate 
control of the ablation depth by means of the pulse energies for a repetition rate of 1 kHz (figure 1).  

 
Figure 1: Horizontal cross-sections through centre of ablated cavities for different pulse energies and a repetition rate of 1 kHz. 

 
For increased laser repetition rates, more advanced scanning strategies need to be applied for a well-defined 
and efficient tissue removal (figure 2). With regards to the potential application of picosecond laser resection in 
real surgery the total ablation time and the material removal rate are critical and the impact of these scanning 
strategies will be discussed.   

 
Figure 2: Surface profiles for laser resection at 20 kHz repetition rate for a constant laser fluence and different scanning strategies. 

 The ablation rate is strongly dependent on the scanning strategy. The white areas in d) are missing data points due to the high gradient of 
the cavity. 

 
Overall, picosecond laser ablation has the potential to overcome existing limitations in endoluminal 
gastrointestinal surgery with improved precision and reduced risk of thermal injury to adjacent healthy tissue 
compared to conventional techniques. 

Investigation of laser processing of biodegradable nanofiber 
nonwovens with different laser pulse durations

M. Götze1, T. Kürbitz2,3, O. Krimig1, C.E.H. Schmelzer3, A. Heilmann2,3, G. Hillrichs1

1- University of Applied Sciences Merseburg, Eberhard-Leibnitz-Str.2, 06217 Merseburg, Germany
2- University of Applied Sciences Anhalt, Bernburger Str. 55, 06266 Köthen, Germany 

3- Fraunhofer Institute for Microstructure of Materials and Systems IMWS, Walter-Hülse-Str.1, 06120 Halle (Saale), Germany

marco.goetze@hs-merseburg.de

Implants or cell carriers made of biopolymers or biodegradable polymers are well suited for the regeneration 
of defects in various tissues [1]. They act as an adhesion surface for autologous cells and provide sufficient 
mechanical stability. Electrospun nonwovens have a favourable surface to volume ratio and mimic the structure 
of the fiber proteins of the extracellular matrix in tissues. Their high porosity ensures a sufficient supply of 
nutrients to the cells while maintaining high mechanical stability. In addition, drug-release functionality can be 
installed in biodegradable nonwovens, which can support the regeneration [2]. Particularly promising are flakes 
made of electrospun nonwovens which can be injected into defective areas. For the production of such flakes, 
laser cutting or surface structuring can be applied [3]. Typically, ablation by ultra short laser pulses reduces the 
heat-affected zones significantly in microprocessing of many polymers [4]. In this work, the quality of processing 
of electrospun nonwovens made of gelatine and poly-L-lactide (PLLA) was investigated for UV-solid-state lasers 
with pulse durations in the nano- and picosecond range. 

 (a)        (b)

Figure 1: Single pulse ablation spots on electrospun gelatine nonwovens processed with (a) 355 nm picosecond laser ablation with F=8.9 J/
cm², τ=15 ps, (b) and 355 nm nanosecond laser ablation F=50.7 J/cm² , τ=30 ns. 

We observed nearly the same ablation quality of electrospun gelatine nonwovens with UV nanosecond (Fig. 1a) 
and with UV picoseconds (Fig.1b) ablation. Higher pulse energy was necessary for nanosecond ablation with the 
same focal spot diameter. A similar behaviour was found for electrospun PLLA nonwovens.

[1] J. Idaszek, E. Kijenska, M. Lojkowski, W. Swieszkowski (2016) How important are scaffolds and their surface properties in regenerative 
medicine, Applied Surface Science, 388, 762 - 774
[2] A. Szentivanyi, T. Chakradeo, H. Zernetsch, B. Glasmacher (2011) Electrospun cellular microenvironments: Understanding controlled 
release and scaffold structure, Advanced Drug Delivery Reviews, 63, 209 - 220 
[3] M. Götze, A.M. Farhan, T. Kürbitz, O. Krimig, S. Henning, A. Heilmann, G. Hillrichs (2017) Laser Processing of Dry, Wet and Immersed 
Polyamide Nanofiber Nonwovens with Different Laser Sources, Journal of Laser Micro/Nanoengineering, 12 No. 3, 286 - 295 
[4] M. Gedvilas, G. Raiukaitis: Investigation of UV picosecond laser ablation of polymers (2006), Proc. SPIE Vol. 6157
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Towards laser cutting in the ablation-cooled regime:
Comparing 154 MHz fs-pulse bursts with single fs- and ns-pulses

M. Domke1, V. Matylitsky2, S. Stroj1

1- Josef Ressel Center for Material Processing with Ultrashort Pulsed Lasers, Research, Center for Microtechnology,  
Vorarlberg University of Applied Sciences, Hochschulstr. 1, Dornbirn 6850, Austria

2- Spectra-Physics, Feldgut 9, Rankweil 6830, Austria

matthias.domke@fhv.at

In recent years, the application of the burst-mode in the field of laser micro machining caught a lot of attention. 
In contrast to traditional pulsed lasers, which emit pulses with a frequency f and energy E, a burst mode divides 
these pulses into sequences of N pulses with a burst pulse frequency fburst and energy E/N. In this way, the burst 
mode reduces the peak intensity by a factor n and enables material processing in an optimal fluence-per-pulse 
regime at higher powers. These are striking advantages for power and throughput scaling in laser technology 
and micro-machining. Although the burst-mode is known for several years, there is still an ongoing discussion 
regarding the complex laser-matter interaction physics during the application of burst pulses.

Recently, a model was introduced, which suggested that the burst pulse n ablates the residual heat deposited 
by pulse n-1, if it strikes the material before the heat diffuses into the bulk material [1]. This mechanism is called 
ablation cooling and should become apparent using N > 25 Pulses at burst frequencies fburst > 100 MHz [1]. 
Moreover, the model suggested that laser processing in the ablation-cooled regime decreases sample heating 
and increases ablation efficiency compared to processing in the traditional pulsed mode [1]. However, the model 
does not include the interaction of pulse n with the material ablated by pulse n-1. Recent studies on burst-mode 
laser processing with 1-8 burst pulses at frequencies close to 100 MHz revealed that shielding and material re-
deposition processes may lead to varying ablation efficiencies for the individual intra-burst pulses [2-3]. If this 
scenario is extrapolated to higher pulse numbers and pulse frequencies, a quasi-ns-laser-like ablation behaviour 
with competing near-surface processes of ablation, shielding and re-deposition of ablated material leading to 
increased surface heating and melting is rather expected than a sudden transition into an ablation-cooled regime 
without thermal side effects.

To provide a deeper insight into the benefits of the burst-mode for cutting applications, we compared the 
achievable speeds and qualities for trepanning 22 µm thin copper foils using the following two laser systems and 
operation modes. The first laser system was an ultrafast laser, Spirit from Spectra-Physics, which emitted pulses 
with a duration of 380 fs and provided a burst-mode feature. In burst-mode the laser emitted burst trains of 14 
pulses with a frequency of 77 MHz. To enter the suggested ablation-cooled regime, we added an optical delay line 
behind the laser exit, which increased the pulse number and frequency to 28 pulses and 154 MHz, respectively. 
We performed cutting experiments using the laser in this frequency-doubled burst-mode and in single-pulse 
mode. The second laser system was a fiber laser, VGEN-ISP-POD from Spectra-Physics, which emitted pulses with 
an adjustable duration between 3 ns and 250 ns. We selected pulse durations of 175 ns and 250 ns to match the 
length of the burst train generated by our burst mode setup and of those used in Kerse et al. [1], respectively.

The comparison of the achieved cutting qualities revealed that the ultrafast laser operated in burst-mode 
generated similar melt burrs as the ns-laser. The holes showed nearly identical melt burr formations as those 
generated with a GHz-burst laser, shown in the supplementary material of Kerse et al [1]. Regarding the cutting 
efficiency, both the ns-laser and the ultrafast laser operated in single pulse mode reached about 10 times higher 
values than the ultrafast laser operated in burst-mode. These results suggest that an ultrafast laser emitting 
bursts of 28 pulses at 154 MHz shows quasi-ns-laser behaviour regarding the ablation quality, but at lower 
ablation efficiency. The observation of the melt formations indicates that the ablation-cooling theory might not 
yet present the complete picture of the complex laser-matter interaction physics during the application of burst 
pulses. Moreover, the reduced cutting speed of the burst-mode compared to the single pulse fs- and ns-laser 
raises the question, if other applications will benefit from high burst pulse numbers and high burst frequencies.

[1] C. Kerse; H. Kalaycıoğlu; P. Elahi; B. Çetin; D. K. Kesim; Ö. Akçaalan; S. Yavaş; M. D. Aşık; B. Öktem; H. Hoogland; R. Holzwarth; F. Ömer Ilday 
(2016), Ablation-cooled material removal with ultrafast bursts of pulses, Nature, 537, 7618, 84–88
[2] D. J. Förster; S. Faas; S. Gröninger; F. Bauer; A. Michalowski; R. Weber; T. Graf (2018) Shielding effects and re-deposition of material during 
processing of metals with bursts of ultra-short laser pulses, Applied Surface Science, accepted.
[3] B. Jaeggi; S. Remund; Y. Zhang; T. Kramer; B. Neuenschwander (2017) Optimizing the Specific Removal Rate with the Burst Mode Under 
Varying Conditions, Journal of Laser Micro/Nanoengineering, 12, 3, 258-266
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Cost modelling of laser drilling process
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Laser beam machining is used in manufacturing industries for a diverse range of applications. It has established a 
noticeable attention in such areas where the work cannot be performed adequately using conventional processing 
techniques due to thermal damage, deformation or inaccessibility of workpiece [1]. Among laser beam machining 
methods, laser drilling is a widely used unconventional machining process to produce holes of various shapes 
and sizes. It is an important and popularly used process to drill cooling film holes with precise structure in hot 
section components of gas turbines such as afterburner, turbine blade, nozzle guided vane, etc. [2]. Moreover, it 
is involved in large volume production of holes on a daily basis which demands for high speed and high-quality 
process with minimum possible cost. Numerous researchers have discussed and analysed the effects of laser 
drilling process parameters on drilled hole quality [3–5]. In parallel to these studies, estimation of manufacturing 
cost is also very important to provide suitable means to manufacturers with economical perspective. Very limited 
studies have been reported which investigate and model the cost of laser drilling process. Therefore, the objective 
of this study is to develop a cost model for laser drilling process which enables to provide an insight of overall 
manufacturing cost of the process. 

Figure 1: Laser drilling methods and the associated costs for the required applications

The model will be based on required applications, whereas different types of lasers and methods are available 
for each application (see Figure 1). The drilling time and hole quality vary from one process to another. Similarly, 
different costs are associated with different lasers. This model will enable the practitioners to estimate the cost 
for a wide range of processes and lasers. Moreover, the proposed model will facilitate in selecting a suitable laser 
with the feasibility of drilling holes to achieve best possible cost and hole quality.

[1] AK. Dubey and V. Yadava  (2008) Laser beam machining-a review, International Journal of Machine Tools and Manufacture, vol. 48, pp. 
609–628
[2] CA. McNally, J. Folkes, IR. Pashby (2004) Laser drilling of cooling holes in aeroengines: state of the art and future challenges, Materials 
Science and Technology, vol. 20, pp. 805-813
[3] NI. Morar, R. Roy, J. Mehnen, S. Marithumu, S. Gray, T. Roberts, J. Nicholls (2018) Investigation of recast and crack formation in laser 
trepanning drilling of CMSX-4 angled holes, International Journal of Advanced Manufacturing Technology, pp. 1-12
[4] F. Tagliaferri, S. Genna, C. Leone, B. Palumbo, G. De Chiara (2017) Experimental study of fibre laser microdrilling of aerospace superalloy 
by trepanning technique, The International Journal of Advanced Manufacturing Technology, vol. 93, pp. 9-12
[5] M. Avvari, M. Manjaiah, M. Able, RF. Laubscher, K. Raghavendra (2017) Optimization of hole characteristics during pulse Nd:YAG Laser 
drilling of commercially pure titanium alloy, Lasers in Manufacturing and Materials Processing, vol. 4, pp. 76-91
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Micro/nano suspended particles assisted laser-induced backside 
wet dicing (LIBWD) of sapphire substrate
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xiaozhuxie@gdut.edu.cn

In recent years, with the rapid development of 3C consumer electronics, sapphire crystal material has been 
widely used in related fields because of its excellent performance [1], for example, mobile phone screen cover, 
fingerprint identification cover and lens protection cover, etc. Diamond cutting is easy to produce cracks and 
debris. Chemical etching is slow in etching rates and strong acid can pollute the environment. Laser backside wet 
processing has many advantages such as clear kerfs, few debris and cracks which is expected to be a promising 
method to forming dicing of the thicker sapphire substrate [2]. In this paper, a mixed working fluid containing 
micro/nano particles was firstly developed, the composition and source of the particles were determined, and 
the effect of the particles on the process was also studied. Secondly, the characteristics of laser induced gentle 
bubbles in the mixed liquid containing micro/nano particles were analyzed. The relationship among the gentle 
bubbles, the micro/nano particles and the deposition layer was explored. The mechanism and material removal 
process of micro/nano suspension assisted Laser induced backside wet dicing (LIBWD) of sapphire substrate was 
revealed. Finally, the process experiment of laser induced backside wet dicing of sapphire substrate was carried 
out, and the laser processing parameters were optimized to realize the forming cutting of sapphire substrate. 
Main conclusions are concluded as: (1) Micro/nano particles are derived from the chemical reaction process and 
their compositions are mainly composed of copper sulfate, copper hydroxide and basic copper sulfate. Micro/
nano suspension particles can avoid the large bubbles produced and aggregated; (2) Gentle bubbles were mainly 
produced by laser irradiation of working fluid containing suspended particles. Moreover, the duration and the 
maximum size of bubble are less than that induced by copper sulfate solution; (3) The formation of the deposition 
layer is mainly based on the laser induced chemical reaction of working fluid. Main components of deposition 
layer are copper sulfate, copper hydroxide and copper oxide. Working fluid containing micro/nano suspended 
particles can enhance the absorption rate of sapphire to IR laser and the formation of deposition layer. The micro 
jet plays an auxiliary role in the process to take away the debris, update the work liquid, and make the particles 
fully suspended; (4) By optimizing process parameters of laser induced backside wet dicing, when the pulse 
width is 200ns, the laser fluency is 99.123J/cm2, scanning velocity is 150mm/s, pulse repetition rate is 20kHz, 
scanning times of 100, the number of overlapping times is 2 and the overlapping length is 3.4μm, forming dicing 
of sapphire substrate with thickness of 430μm can be achieved. In addition, the dicing sample can withstand the 
pressure of about 20Mpa, which can meet the requirements.
            

  

(a)                    (b)

Figure 1: (a) Experiment setup of LIBWD. (b) Sapphire substrates with a circle diced out

[1] R. Dobrovinskaya, L. A. Lytvynov, V. Pishchik (2009) Sapphire: Material, Manufacturing, Applications (Springer Science Business Media)
[2] X.Z. Xie, X.D. Huang, W. Jiang, X. Wei, W. Hu, Q.L. Ren (2017) Three dimensional material removal model of laser-induced backside wet 
etching of sapphire substrate with CuSO4 solution, Optics and Laser Technology, vol. 89, pp.59-68
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The processing of polymer materials using laser technology is used in many industries. In addition to laser-based 
marking and welding, laser cutting and laser perforation are most commonly used. For this purpose, mostly 
classical CO2 gas lasers are used, which emits laser radiation in a spectral range around 10 µm. CO2 gas lasers 
have a relatively large size due to the large resonator. The emitted radiation cannot be guided through glass 
fibres because of its wavelength in relation to the absorption properties of glass. Hence the laser radiation has 
to be guided through the room via reflective optics. Only a limited selection of optical materials such as gallium 
arsenide is available for transmission beam shaping. In addition to its high costs, it is also very toxic. For highly 
flexible cutting processes with e. g. robot systems, a very complex beam guidance through hollow axes is required. 
If the distances of the light path change during processing, the processing focus, must be continuously adjusted. 
However, the demand for highly flexible and unbound processes is rising steadily due to digitization in production 
and the industry 4.0. Therefore, the suitability of fiber-guided diode and fiber laser systems as alternative beam 
sources to CO2 gas lasers for the cutting of polymers is investigated in this paper. Polymers have a wavelength-
dependent and material-specific absorption curve. In the visible spectral range and in the adjacent infrared 
range up to 1000 nm, most polymers have a high transmittance and a low absorption coefficient. From 1500 nm 
onwards, areas of higher absorption are created due to vibration excitation, so-called intrinsic absorption bands 
(Figure 1a).

    (a)                             (b)

Figure 1: (a) Absorption curves of different polymers. (b) Principle of laser cutting 

If novel diode and fiber laser systems with emission wavelengths in the range of 1500 - 2000 nm are used, 
these absorption peaks can be addressed [1]. Thereby laser radiation can be deposited directly in the workpiece 
without modifying the polymer and leads to melting of the polymer. Due to the co-axial arrangement of a cutting 
gas nozzle, the resulting melt can now be blown out of the cutting gap (Figure 1b). In order to test the suitability 
of fiber-guided diode and fiber laser systems, spectral analyses are accomplished on industrial polymers and 
polymer films (e. g. PC, PET, PA/PE) to characterize the optical properties. Based on the results, a suitable laser 
beam source is selected. By variation of Parameters such as gas pressure, feed rate, laser power and beam 
diameter cutting samples are produced. The cutting quality is evaluated by thin sections and reflected light 
microscopy. For a comparison and classification of the results, cutting samples are produced with a classical 
CO2 gas laser are. In a summary, the advantages and disadvantages of the individual systems are compared and 
discussed on the basis of the test results.

[1] J. Neukum (2008) New semiconductor-laser-wavelengths for plastic welding, Laser Technik Journal N. 4, P. 33–36
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400W laser Microjet technology: high work rate drilling and cutting 

G.Laporte1, R. Martin1, M.-H. Nguyen1, J. Diboine1, B. Richerzhagen 1

1- Synova SA, Route de Genolier 13, CH-1266 Duillier, Switzerland

laporte@synova.ch

The Laser MicroJet® (LMJ) is the proprietary technology of Synova S.A. It is based on the coupling of laser light 
into a hair-thin laminar flow water jet, typically in the order of 25 to 100 microns in diameter. During cutting or 
grooving applications, the laser is used to ablate and melt the workpiece whilst the water-jet serves the purposes 
of guiding, cleaning and cooling. This unique combination of water guided laser beam results in verticality of 
walls, reduced heat affected zone and absence of heat accumulation. Thanks to this technological advantage, 
Laser MicroJet® is already applied in numerous applications serving markets such as diamond, hard cutting tools, 
aerospace, energy, watchmaking, medical and semiconductor industries.

In order to target markets involving larger workpieces, such as some branches of aerospace and automotive, 
increased process speed is required to provide reduced cycle times. We present here the latest results of the up-
scaled version of our cutting system with a laser power up to 400W. 

The challenge is to preserve the advantages of LMJ, i.e. high cut quality (Figure 1), while increasing the laser 
power to improve material removal rates (MRR). We present here the beneficial evolutions of our system to 
take advantage of the increased laser power, for instance, the adjustment of the jet width. We also discuss the 
technological options to minimize the material impact, especially the adjustment of laser parameters. 

With standard Synova configuration, MRR up to 13 mm3/min in Inconel718 and 2 mm3/min in PCBN had been 
achieved. By using laser power up to 400W, the processing speed was significantly improved, for instance 
structuring of Inconel718, MRR of up to 30 mm3/min has been demonstrated. In addition we report here MRR 
as high as 108 mm3/min for Aluminium, 120 mm3/min for CFRP and 138 mm3/min for Silicon. Thus, Synova now 
proposes with the LMJ system, a higher performance for high precision machining of various materials relevant 
for aerospace and automotive.

(a)                                           (b)                                                                       (c)

Figure 1: Example of LMJ high precision processing with minimal material impact on diffuser holes for turbines. a) Laser Microjet processing 
head above the opened holes. b) Front face of the diffuser hole, low recast and minimal heat damage on the material can be observed. c) 
Sub-millimetre exit hole with high roundness. 
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Achieving the fabrication of highly smooth sidewalls is crucial for several applications. As examples, the roughness 
is a determinant factor to improve the flow rate in microfluidic devices [1], to minimize scattering losses in 
ridge waveguides [2], to strengthen singulated dies [3] and to prepare clean cross sections prior to electronic 
microscopy characterization [4]. Among processing techniques, ultrafast laser based methods present several 
advantages such as being fast, contactless, maskless and by minimizing thermal damages. Despite these benefits, 
ultrafast laser micromachining of smooth sidewalls has been barely addressed in the literature. In this work, the 
roughness evolution of sidewalls engraved in silicon has been studied as a function of the pulse overlap and the 
applied fluence. Two picosecond lasers (8 and 50 ps, 532 and 343 nm wavelengths respectively) have been used 
for the cavity engraving in air at atmospheric pressure. The resulted sidewalls were characterized by Scanning 
Electron Microscopy and confocal microscopy. This study shows that a fine tuning of the pulse overlap drastically 
enhances the smoothness of the flanks. Moreover, it is found that the repetitive laser scanning of the surface 
induces a structuration of the sidewall (see figure 1) with a periodicity matching the inter pulse distance. The 
lateral roughness Ra (measured along the laser scanning direction) increases with this distance in accordance with 
a simple geometrical model. Following this approach, the roughness should decrease theoretically below 1 nm 
for large pulse overlaps (close to 100%). However, experimentally, the minimum measured roughness was found 
near 40 nm for an overlap of about 80%. Beyond this limit, the surface quality deteriorates. In these conditions, 
i.e. when the inter pulse distance is too short, the cavity edge accumulates debris which scatter the beam along 
the sidewall and induce an irregular structuration of the surface, increasing the roughness.

Figure 1: SEM images of sidewalls engraved in silicon at 2.6 J/cm2 (532 nm, 30 kHz and 2680 shots/area) for different pulse overlaps.

Acknowledgement: This work has been carried out in the frame of the European project SAM3 funded by 
EURIPIDES2 and CATRENE.

[1] Z.K. Wang, H.Y. Zheng, R.Y.H. Lim, Z.F. Wang, Y.C. Lam (2011) Improving surface smoothness of laser-fabricated microchannels for 
microfluidic application, Journal of Micromechanics and Microengineering, 21, 095008-095016
[2] M. Stolze, T. Herrmann, J.A. L’huillier (2016) Fabrication of low-loss ridge waveguides in z-cut lithium niobate by combination of ion 
implantation and UV picosecond laser micromachining, SPIE OPTO, 9759, 1-7.
[3] N. Sudani, K. Venkatakrishnan, B. Tan (2009) Laser singulation of thin wafer: Die strength and surface roughness analysis of 80 μm silicon 
dice, Optics and Lasers in Engineering, 47, 850-854.
[4] A. Sikora, L. Fares, J. Adrian, V. Goubier, A. Delobbe, A. Corbin, M. Sentis, T. Sarnet (2017) Picosecond laser micromachining prior to FIB 
milling for electronic microscopy sample preparation, Applied Surface Science, 418, 607-615.
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Femtosecond laser ablation of Polyether ether ketone
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Polyether ether ketone (PEEK) is a high performance thermoplastic polymer with outstanding mechanical and 
chemical properties, high temperature resistance and good biocompatibility for medical applications. In this 
work, ablation of amorphous PEEK films with femtosecond laser pulses is investigated for precision micro machin-
ing applications. The temporal pulse length used for this work was 180 fs at 775 nm with 1 KHz repetition rate. 
This work demonstrates the effect of ultrashort pulsed lasers on the properties of PEEK. The ablation threshold 
induced by single and multi-pulses, incubation coefficient and transmission coefficient have been determined. 
The findings suggest that the incubation effect has a strong influence on the damage threshold. Furthermore, 
although linear absorption is negligible at 775 nm, ablation takes place most likely through nonlinear multiphoton 
absorption, induced by the ultrahigh intensity.

Wed-4-OR14

Model of the borehole geometry for helical laser drilling with 
ultrashort laser pulses

A. Kroschel1,2, A. Michalowski1, T. Graf3

1- Robert Bosch GmbH Zentrum für Forschung und Vorausentwicklung, D-70465 Stuttgart, Germany
2- Graduate School of Excellence advanced Manufacturing Engineering (GSaME), Universität Stuttgart,  

Nobelstr. 12, D-70569 Stuttgart, Germany
3- Institut für Strahlwerkzeuge (IFSW), Universität Stuttgart, Pfaffenwaldring 43, D-70569 Stuttgart, Germany

alexander.kroschel@de.bosch.com

Laser drilling is a processing technology applicable for creating holes in various materials. Over time, several 
strategies evolved, differing in productivity and hole quality. Besides single pulse drilling, percussion drilling and 
trepanning, helical drilling is a widely applied strategy [1,2]. By combining an ultrashort pulsed laser with a helical 
drilling optics it is possible to produce high-quality holes with sharp edges without burr [3] in a large variety 
of borehole geometries [4,5]. To master the highly flexible technology it is advantageous to model the helical 
drilling process [6]. A simulation model is presented which generates the resulting borehole geometry for a given 
laser, process and material parameter set. The model is validated by comparison to boreholes drilled in various 
materials. By application of the model the specific production of boreholes with different shape and size becomes 
possible.

[1]  A. Michalowski, D. Walter, F. Dausinger, T. Graf (2008), Melt Dynamics and Hole Formation during Drilling with Ultrashort Pulses, J. Laser 
Micro/Nanoeng., vol. 3, pp. 211-215

[2]  M. Kraus, S. Collmer, S. Sommer, F. Dausinger (2008), Microdrilling in Steel with Frequency-doubled Ultrashort Pulsed Laser Radiation, J. 
Laser Micro/Nanoeng., vol. 3, pp. 129-134

[3]  B.N. Chichkov, C. Momma, S. Nolte, F. von Alvensleben, A. Tünnermann (1996), Femtosecond, picosecond and nanosecond laser ablation 
of solids, Appl. Phys. A, vol. 63, pp. 109-115

[4]  D. Jahns, T. Kaszemeikat, N. Mueller, D. Ashkenasi, R. Dietrich, H.J. Eichler (2013), Laser trepanning of stainless steel, Phys. Proc. 41, 630-
635

[5]  L. Li, C. Diver, R. Giedl-Wagner, H.J. Helml (2007), Sequential Laser and EDM Micro-drilling for Next Generation Fuel Injection Nozzle 
Manufacture, CIRP Annals, vol. 55, pp. 179-182

[6]  A. Kroschel, A. Michalowski, T. Graf (2018), Physical Model of the Borehole Geometry for Helical Laser Drilling, submitted to Adv. Opt. 
Techn.
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Application of latest generation fibre pulsed laser technology in 
scoring of ultrathin aluminium foils

D. Banat1,2, S. Ganguly1, S. Meco1
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Laser application is becoming more popular in the manufacturing processes for many of today’s high precision 
components. Laser technology allows one to achieve a fully-controlled and non-contact machining process that 
can be applicable for high quality micro scale features and complex 3D precision surfaces [1]. Pulsed lasers offer 
cost-effective solution of highly efficient system that can be easily integrated in industrial applications. Latest 
advancements in fibre pulsed lasers include important developments in specific wavelengths, smaller spot sizes, 
shorter pulse durations and higher peak power [2]. This study is directed at developing high quality laser scoring 
process in ultrathin aluminium foils. Comprehensive analysis is performed to achieve the required scoring depth 
without undesired effects such as the recast layer, micro cracks and surface debris from ejected material. 

Research is carried out by latest generation fibre lasers with high peak power and repetition rate. Two different 
lasers of 70 and 120 W average power and different beam qualities were experimented. These lasers provide 
very fine spot size together with high power stability and are tailored to applications that require micro-scale 
features. Initial optical measurements were performed by Laser Quality Monitor (LQM) system which allowed 
precise measurement of the beam qualities for the two different lasers. A series of experiments were performed 
in order to understand the correlation between laser processing parameters and number of laser passes on the 
scoring depth and the score profile. The main variables studied were average power, scanning speed, frequency 
and pulse duration (Figure 1). Analysis included also power density determination which was crucial to truly 
understand the correlation between aforementioned laser processing parameters.

a)       b)      
 
Figure 1 : Score shapes obtained by 120 W average power laser with scanning speed 1.6 and 1.7 m/s and with different pulse duration (a) 
240 ns and (b) 350ns

Results obtained at this stage of the research and the explicit literature review suggest that 70 -200 W average 
power pulsed lasers have a significant possibility of success for the required high quality scoring process. 
Therefore, laser scoring as a non-contact machining process can be exploited for machining of ultra-thin material 
creating innovative design and processing opportunities in manufacturing of components subjected to critical 
service conditions.
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[1] S. Bruening, G. Hennig, S. Eifel, and A. Gillner, “Ultrafast Scan Techniques for 3D-µm Structuring of Metal Surfaces with high 
repetitive ps-laser pulses,” Physics Procedia, vol. 12, pp. 105–115, 2011.

[2] A. Malinowski et al., “High-peak-power, high-energy, high-average-power pulsed fiber laser system with versatile pulse duration 
and shape,” Optics Letters, vol. 38, no. 22, pp. 4686–4689, 2013.
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Picosecond burst machining as a flexible tool for process tailoring  
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Picosecond pulse lasers are now firmly entrenched as a valuable processing tool for a variety of applications 
and in a variety of industries.  Processes from marking and cutting to milling and drilling are used in 
manufacturing a wide range of products, from smartphones and medical devices to fuel injector nozzles and 
molds for printing and embossing.  In parallel with the growing industrial use of picosecond lasers, the laser 
technology itself continues to evolve, with higher powers and pulse repetition rates (PRFs) available as well as 
additional features such outputting a burst of pulses rather than just a single pulse.  One of our products 
offering such a burst mode pulses capability is the Spectra-Physics® IceFyre® 1064-50 picosecond laser.  The 
IceFyre’s burst mode capability “TimeShift™ ps” is unique on the marketplace in that it easily allows generation 
of pulse bursts with an arbitrary number of burst sub-pulses and with an arbitrary intra-burst pulse separation 
from 10’s to 100’s nanoseconds, while at the same time maintaining the same maximum average power 
output of 50W.  In addition the energy of each sub-pulse can be programmed independently to achieve any 
desired burst shape.   Such extreme flexibility in the pulse output offers huge potential for tailoring the quality 
and throughput for a wide variety of process and in a wide variety of materials. 
 
In this work, we present result using the IceFyre picosecond laser’s highly flexible burst mode output to 
demonstrate process tailorability with respect to both throughput and quality.  Results show that, depending 
on the material, similar burst configurations can give widely different results.  When machining AF32 alkali-
free glass, for example, the optimal pulse burst configuration to maximize throughput is shown to be 
significantly different compared to that for metals.  Furthermore, it is demonstrated that by adjusting the laser 
burst configuration (number of sub-pulses in a burst, separation time between sub-pulses, pulse repetition 
frequency, etc.) the surface characteristics of the cut edge can be altered significantly.  Figure 1 shows cut 
edge of a 50 µm thick AF 32 glass plate machined with different pulse output configuration. It can be seen that 
the amount of melting, chipping and cutting speed changes significantly based on laser burst output 
configuration. Overall, we have demonstrated the merits of a highly configurable picosecond burst mode 
capability for micromachining of materials. 
 

 
 
Figure 1: Cut edge of a 50 µm thick AF 32 glass with different pulse output configuration. 
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Spatiotemporal control of crystal growth of biomolecules by  
laser ablation
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In last two decades, use of light has opened up a new possibility to spatiotemporally control crystallization 

(nucleation and crystal growth) of various materials in solutions. Light-induced nucleation of organic compounds 
has been demonstrated using optical methods such as the optical Kerr effect [1], photochemical dimerization 
[2], photon pressure [3], and cavitation and shock wave effects [4]. These optical methods are based on the 
crystallization control by modulating the states of solutes and of clusters in solutions (i.e., concentration, structure, 
or alignment). On the other hand, I have been exploring new methods for control of crystal growth by local 
destruction of crystals via laser ablation [4-7]. This methods utilizes laser-induced fragments and dislocations, 
which can lead to unique crystal growth behaviors that can never been achieved by spontaneous crystallization. 
I demonstrated that the methods can be used to control crystal size and shape of biomolecules, which are 
requested by various fields such as X-ray/Neutron crystallographic studies, pharmaceutics, and food industries. 
In this presentation, I mainly introduce the overview of the following two different methods for control of crystal 
growth by laser ablation.  

(1) Crystal microseeding: A spatially precise, soft microseeding method for the production of single crystals was 
developed [4, 5]. This method uses focused femtosecond laser pulses to produce, via multiphoton absorption 
processes, crystal fragments that act as seed crystals in supersaturated solutions. By using this method, I 
succeeded in producing high quality single protein crystals from polycrystals or cracked crystals that are not 
suitable for X-ray diffraction studies [6]. The results clearly demonstrate that femtosecond laser ablation based 
on a photomechanical process can generate crystal fragments with little thermal damage. 

(2) Promotion of crystal growth: Recently, I found that protein crystals with a surface that are locally etched 
(several micrometers in diameter) by femtosecond laser ablation show enhanced growth rates without losing 
crystal quality [7].The detailed investigation revealed that femtosecond laser ablation of protein crystals 
generates spiral dislocations, which can induce an 
energetically advantageous growth mode, spiral 
growth, compared with the spontaneous 
two-dimensional nucleation growth mode. Spiral 
growth is a fundamental growth mode and 
potentially appears for crystals of various organic 
compounds. Thus, considering the fine 
spatiotemporal feature of femtosecond laser 
ablation via multiphoton excitation, this method 
should enable us to control crystal size and 
shape.

[1] B. A. Garetz, J. E. Aber, N. L. Goddard, R. G. Young, and A. S. Myerson (1996) Nonphotochemical, Polarization-Dependent, Laser-Induced 
Nucleation in Supersaturated Aqueous Urea Solutions, Phys. Rev. Lett., vol. 77, pp. 3475-3476. 
[2] T. Okutsu, K. Furuta, M. Terao, H. Hiratsuka, A. Yamano, N. Ferté, and S. Veesler (2005) Light-Induced Nucleation of Metastable Hen Egg-
White Lysozyme Solutions, Cryst. Growth Des., vol. 5, pp. 1393–1398.
[3] T. Sugiyama, T. Adachi, and H. Masuahra (2007) Crystallization of Glycine by Photon Pressure of a Focused CW Laser Beam, Chem. Lett., 
vol. 36, pp. 1480-1481.
[4] H. Y. Yoshikawa, R. Murai, H. Adachi, S. Sugiyama, M. Maruyama, Y. Takahashi, K. Takano, H. Matsumura, T. Inoue, S. Murakami, H. 
Masuhara,  and Y. Mori (2014) Laser ablation for protein crystal nucleation and seeding, Chem. Soc. Rev., Vol. 43, pp. 2147-2158.
[5] H. Y. Yoshikawa, Y. Hosokawa, and H. Masuhara (2006) Spatial Control of Urea Crystal Growth by Focused Femtosecond Laser Irradiation, 
Cryst. Growth Des., vol. 6, pp. 302-305.
[6] H. Y. Yoshikawa, Y. Hosokawa, R. Murai, G. Sazaki, T. Kitatani, H. Adachi, T. Inoue, H. Matsumura, K. Takano, S. Murakami, S. Nakabayashi, 
Y. Mori, and H. Masuhara (2012) Spatially Precise, Soft Microseeding of Single Protein Crystals by Femtosecond Laser Ablation, Cryst. Growth 
Des., vol. 12, pp. 4334-4339.
[7] Y. Tominaga, M. Maruyama, M. Yoshimura, H. Koizumi, M. Tachibana, S. Sugiyama, H. Adachi, K. Tsukamoto, H. Matsumura, K. Takano, S. 
Murakami, T. Inoue, H. Y. Yoshikawa, and Y. Mori (2016) Promotion of protein crystal growth by actively switching crystal growth mode via 
femtosecond laser ablation, Nat. Photon., vol. 10, pp. 723-726.

Figure 1: Crystal growth behaviors induced by femtosecond laser ablation 
of crystals in supersaturated solutions.  
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Fabrication of high quality factor lithium niobate double-disk using a 
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High-quality (Q) factor whispering-gallery microcavities (WGMs) have attracted much attention for their broad 
range of applications ranging from optical signal processing and cavity quantum electrodynamics to biosensing 
and optomechanics [1-3]. Currently, high-Q WGMs are mostly fabricated using conventional chemical etching 
techniques with e-beam or photo lithography, thermal reflow as well as mechanical milling and polishing 

technologies. The mechanical approach lacks the potential for monolithic integration of multiple WGMs 
for on-chip applications while the choice of etchant and reflow ones are limited by materials used in WGMs. 
Nevertheless, it has recently been shown that femtosecond laser micromachining provides a promising approach 
to fabricating high-Q WGMs [4]. We demonstrate fabrication of a high quality factor lithium niobate (LN) double-
disk WGMs using femtosecond laser assisted ion beam milling. Using this method, two vertically stacked 30-μm-
diameter disks with a 200-nm-gap are fabricated. With our device, an optical quality factor as high as 1.35×105 is 
demonstrated [5]. Our approach is scalable to fabricate multiple disks on a single chip.

Figure 1: (a) Top view optical micrograph and (b) side view SEM image of the 30-μm LN double-disk. (c) The Lorentzian fittings showing 
mode splitting with two similar Q-factors of 1.35×105 and 1.21×105 as measured around 1528.45 nm. (d) Normalized transmission spectrum 
of the LN double-disk. 

[1] K.J. Vahala (2006) Optical microcavities. Nature, 424, 839–846.
[2] T. J. Kippenberg, K.J. Vahala (2008) Cavity optomechanics: back-action at the mesoscale. Science, 321, 1172-1176.
[3] T. Lu, H. Lee, T. Chen, S. Herchak, J.-H. Kim, S. E. Fraser, R. C. Flagan, K. J. Vahala(2011) High sensitivity nanoparticle detection using optical 

microcavities, Proc. Natl. Acad. Sci. U.S.A.,108, 5976–5979.
[4] J. T. Lin, Y. X. Xu, Z. W. Fang, M. Wang, J. X. Song, N. W. Wang, L. L. Qiao, W. Fang, Y. Cheng(2015) Fabrication of high-Q lithium niobate 

microresonators using femtosecond laser micromachining. Sci. Rep. 5, 8072.
[5] Z. Fang, N. Yao, M. Wang, J. Lin, J. Zhang, R. Wu, L. Qiao, W. Fang, T. Lu, Y. Cheng, (2017), Fabrication of high quality factor lithium niobate 
double-disk using a femtosecond laser. International Journal of Optomechatronics, 11, 47-54.
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Quantitative laser induced damage threshold investigation of 
femtosecond laser lithography produced 3D structures
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3D laser lithography (3DLL) is a powerful technique to produce structures for various functional applications [1], 
including integrated free-form microoptics [2]. However, the spread of this technology is limited in applications 
requiring intense laser radiation (multiphoton imaging, optical communications, fiber lasers, etc.), as there is 
very little knowledge on how resilient laser made polymeric free-form microoptics are. So far efforts have been 
made to answer this question by either evaluating optical resiliency of thin films produced out of polymers used 
in 3DLL according to ISO standard [3] or qualitatively investigating degradation of laser made arbitrary shaped 
microlenses by intense femtosecond radiation [4]. However, both of these methods do not provide quantitative 
way of determining laser induced damage threshold (LIDT) of 3DLL produced free-form polymeric objects.
In this work we design and apply a method for quantitative investigation of LIDT of 3DLL made polymeric 
structures. Laser beam is focused to an array of 3DLL produced objects [Figure 1 (a)]. Radiation fluence is 
varied from row to row. This way a statistical measurement is carried out. The results are interpreted by linear 
approximation in the dynamic range of damage probability yielding LIDT value. Additionally, as damage to the 
structure is determined by both optical imaging and SEM, the topography of laser induced deterioration can be 
evaluated, adding qualitative aspect to the investigation [Figure 1 (b)].

Figure 1: (a) – schematics of LIDT measurement of 3DLL structures. Laser is focused to targets with fluence varying from row to row, enabling 
statistical evaluation of LIDT. (b) – SEM images of targets made out of organic Ember Clear and hybrid organic-inorganic SZ2080 without 
photoinitiator (PI), showing that organic material is burned by the laser, while hybrid one is melted and cracked.

In this study we investigated such materials as Ember Clear used in optical 3D printing, popular in lithography 
SU8, hybrid-organic inorganic OrmoClear and SZ2080, latter being tested with and without photoinitiator. Bulk 
and woodpile 3D structures were used as targets. One pulse and many pulses to target exposures were applied, 
uncovering the influence of heat accumulation to LIDT. Overall, results of this study show strong preference to 
not-photosensitized hybrid material for microlens production, as pure SZ2080 have LIDT fluence of around 162 
mJ/cm2, which is several times higher than of any tested photosensitized material.

[1] M. Malinauskas et al. (2016) Ultrafast laser processing of materials: from science to industry, Light Sci. Appl., 5, e16133.
[2] T. Gissibl et al. (2016) Sub-micrometre accurate free-form optics by three-dimensional printing on single-mode fibres, Nat. Commun., 7, 
11763.
[3] A. Žukauskas et al. (2014) Characterization of photopolymers used in laser 3D micro/nanolithography by means of laser-induced damage 
threshold (LIDT), Opt. Mater. Express, 4(8), 1601-1616.
[4] L. Jonušauskas et al. (2016) Optically clear and resilient free-form µ-optics 3D-printed via ultrafast laser lithography, Materials, 10, 12.
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The laser-matter experiments - driven on the Megajoule Laser facility - require complex centimetric experimental 
objects. These laser targets involve various materials and geometries: metallic foams are one of them. CEA has 
indeed developed a patented process to obtain gold or copper samples with a relative density lower than 10% of 
the bulk material and featuring a micrometric porosity. The next challenge is to machine millimetric samples with 
minimum side effects. The main difficulty arises from the material structure (discontinuous bulk formed by sub-
micrometric-thick strands). In that context, laser means have been considered and are still under study.

Various laser sources have been tested, from pulsed nanosecond UV laser (excimer laser) to femtosecond lasers. 
This paper reports our first investigations of the material behaviour (structural changes, ablated depth) during a 
surface ablation. Our study highlights an impact on metal strands even in the softest conditions, leading to more 
global effects at the highest fluences. The influence of illumination conditions (laser wavelength) or machining 
parameters (laser fluence, travel speed, spatial overlapping and machining atmosphere) are detailed. 
In a second part, another machining configuration has been explored, involving a tangential ablation. This method 
results in a far different signature on the resulting material structure. On this basis, an original process able to 
shape metal foams into thin samples (thickness down to 150 µm) has been developed. The process potential and 
limits are discussed.
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Universal beam shaping technique and interference control for area 
processing of nanostructures in lattice
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Area processing technology is the key for the fabrication of functional surfaces and devices. We have developed 
interference pattern processing technique for the fabrication of functional surfaces such as nano-whisker [1]
nanophotonics, and nanoelectronics. Bottom-up techniques such as vapour-liquid-solid (VLS, nano-drop [2], 
designed pattern formation [3,4]. In addition, step-scanning processing with multi-shots is used for limitless 
area processing. Here, gradation of power in a beam results in non-uniformity, and circular shape result in wide 
dead area. So, beam shaping technologies are applied to form a input beam to flat-top and square. Among the 
technologies, a passive technique such as apodizing ND filter has been used for flattening, but is not applicable 
to non-Gaussian and distorted beam and not to the change of beam profile by laser condition. In this paper, we 
demonstrated active beam shaping of a femtosecond laser and LD by using phase-only Spatial Light Modulator 
(SLM) with 4f system[5], as shown in Figure 1. 

In addition, we extended our processing technique to fabricate chiral nanostructures in lattice. Figure 2 (a) is the 
structure in lattice fabricated in a single laser irradiation of interference pattern of six beams. The lattice constant 
is  mm. Figure (b) is a spot in the lattice shown in (a), and a clockwise-arm chiral structure was fabricated. 

[1] Y. Nakata, N. Miyanaga, K. Momoo, T. Hiromoto, Solid-liquid-solid process for forming free-standing gold 
nanowhisker superlattice by interfering femtosecond laser irradiation, Appl. Surf. Sci. 274 (2013) 27–32. 
doi:10.1016/j.apsusc.2013.02.042.

[2] Y. Nakata, T. Okada, M. Maeda, Nano-sized hollow bump array generated by single femtosecond laser 
pulse, Japanese J. Appl. Physics, Part 2 Lett. 42 (2003) L1452–L1454.

[3] Y. Nakata, K. Murakawa, K. Sonoda, K. Momoo, N. Miyanaga, Design of interference using coherent 
beams configured as a six-sided pyramid, Appl. Opt. 51 (2012) 5004.

[4] Y. Nakata, T. Hiromoto, N. Miyanaga, Mesoscopic nanomaterials generated by interfering femtosecond 
laser processing, Appl. Phys. A Mater. Sci. Process. 101 (2010) 471–474. doi:10.1007/s00339-010-5960-
1.

[5] K. Osawa, M. Yoshida, Y. Nakata, N. Miyanaga, A. Narazaki, T. Shoji, Y. Tsuboi, Beam shaping by spatial 
light modulator and 4 f system to square and top-flat for interference laser processing, Proc. SPIE. 
10091 (2017) 100911C. doi:10.1117/12.2253983.

f 120 [µm] 2 [µm]

(a)                                           (b)
Figure 2: Clockwise-arm chiral structure formed on 

interference pattern of 6 beams. (a) optical microscopic 
image and (b) AFM image at the center of (a). The period 

was 11.6 mm.

(a)                               (b)
Figure 1 : (a) Beam shaping of a femtosecond laser beam to flat-top and square. 

Top-left picture is the input beam shape, and pictures in the bottom row are 
the output beams as a function of the diameter of spatial frequency filter.  (b) 

simulation of a beam shaping
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We present a technique for directly nanostructuring crystalline optical media at large scale [1]. We will show 
how the creation of pore lattices with feature sizes at the 100 nm level and lengths on the cm scale is feasible 
inside a crystal in absence of crack formation and damage, this allowing one to directly engineer seamless sub-
wavelength photonic structures inside high quality optical crystals. First tests on the fabrication of inside-crystal 
elements with an optical response driven by the creation of sub-wavelength confined light modes will be 
presented. 
 

Figure 1: Rendering of fabricated 3D photonic waveguides directly embedded inside a crystal 
 
 
 
[1] A. Ródenas, M. Gu, G. Corrielli, I. R. Martín, A. K. Kar, S. John, R. Osellame (2018) “Three-dimensional laser nanolithography of laser 
crystals” Submitted.  
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Laser patterning of plasmonic metasurfaces
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Ultrathin surfaces that interact strongly with electromagnetic radiation on length scales far below their free-
space wavelength are commonly referred to as metasurfaces. These surfaces stand in stark contrast to traditional 
optical components that require an interaction scale comparable to the vacuum wavelength.  While these ultrathin 
metasurfaces could enable flat optical components, there is an inherent difficulty associated with their fabrication.  
Optical metasurfaces have traditionally relied upon electron beam lithography to produce the required feature 
size and spatial gradients. An alternative approach, based on directed self-assembly, has been used to fabricate 
plasmonic metasurfaces consisting of a monolayer of hexagonally packed ligand capped gold nanospheres [1]. 
The directed self-assembly approach provides a platform capable of creating centimeter-scale metasurfaces 
with sub-nanometer gaps [2], but it does not allow for spatial patterning. To overcome this limitation, we have 
investigated laser patterning of the metasurfaces. In this talk, we will describe how, depending on the laser 
parameters, it is possible to modify the metasurface through a variety of mechanisms: by selectively removing 
the interstitial alkanethiol ligands, melting/recrystallizing the Au nanospheres, or through agglomeration/melting 
of the Au nanospheres into larger 50 nm nanoparticles. Atomic force microscopy indicates that the ligands can 
be selectively removed with minimal effect on the underlying gold nanospheres while simultaneously inducing a 
large spectral shift in the optical response of the metasurface. 

Figure 1: Optical transmission spectrum of metasurface before and after laser exposure (red and black line respectively). The surface 
morphology is measured using atomic force microscopy (shown inset).

By selecting the appropriate ligand, it is possible to control and modify the surface height with an approximate 
resolution of 1 nm, which corresponds to the length of two C6 thiol ligands. As shown in Figure 1, the small 
change in surface morphology produces a 100 nm shift in the optical response of the metasurface. We will 
conclude by discussing how the spectral shift associated with laser exposure provides a versatile pathway to 
fabricate metamaterial-enabled flat optics that could readily be utilized in applications like surface enhanced 
Raman spectroscopy.

This work was funded by the Office of Naval Research (ONR) through the Naval Research Laboratory Basic
Research Program.

[1] J. Fontana, M. Maldonado, N. Charipar, S. Trammell, R. Nita, J. Naciri, A. Piqué, B. Ratna, A. Gomes (2016) Linear and nonlinear optical 
characterization of self-assembled, large-area gold nanosphere metasurfaces with sub-nanometer gaps, Opt. Express, 24 (24), 27360−27370.

[2] D. Doyle, N. Charipar, C. Argyropoulos, S. Trammell, R. Nita, J. Naciri, A. Piqué, J. Herzog, J. Fontana (2018) Tunable Subnanometer Gap 
Plasmonic Metasurfaces, ACS Photonics, DOI: 10.1021/acsphotonics.7b01314. 
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Precision manufacturing of laser-fabricated nanofoam 

J. A. Grant-Jacob1, B. S. Mackay2, J. A. G. Baker1, D. J. Heath1, R. W. Eason1, and B. Mills1 
1- Optoelectronics Research Centre, University of Southampton, Southampton, UK, SO17 1BJ 

2- Department of Physics and Astronomy, University of Southampton, Southampton, UK, SO17 1BJ

jagj1v11@soton.ac.uk 

Femtosecond laser machining enables light-matter interactions that may not be possible for nanosecond and 
longer pulses. Presented here is a method for the targeted fabrication of nanofoam via 250kHz repetition rate, 
4µJ femtosecond pulses. Previous work explored the laser parameters [1] and demonstrated fabrication of 
nanofoam inside a hollow capillary [2].  

Here, the nanofoam was fabricated by raster-scanning a 5µm diameter laser focus over a silica substrate with 
scan speed of 1mm/s, and 5µm separation between adjacent scanned lines. The high repetition rate laser pulses 
produce a plasma that expels jets of molten material, which can solidify into ~100nm diameter nanowires, hence 
creating a high-porosity nanofoam. Typically, the top ~1µm of the material is sacrificed to produce ~100µm deep 
nanofoam. As shown in Fig. 1a), a computer-controlled shutter blocked the incident laser pulses at pre-
determined times in order to irradiate specific regions on the sample, hence enabling targeted fabrication of 
nanofoam. Here, a QR code [3] was fabricated via 210 raster-scanned lines, and encoded with the string 
“50.935018, -1.399512” corresponding the latitude/longitude of the Physics building at the University of 
Southampton. 

As illustrated in Fig. 1b), a Huawei P9 smartphone was used to image the silica substrate and enabled the 
accurate recovery of the information from the nanofoam QR code. Fig. 1c) shows the image recorded by the 
smartphone and d) shows the location corresponding to the recovered information. Detection via smartphone 
was enabled by the presence of the highly scattering ~100nm diameter nanowires that formed the nanofoam, 
which resulted in significant scattering of incident light, hence making the fabricated regions appear white. The 
QR code, at approximately 3mm by 3mm, was the smallest nanofoam QR code reliably recognisable via the 
smartphone, without additional optics. 

Figure 1: Showing a) schematic for fabrication of QR code, b) method for extraction of encoded text string from QR code, c) image 
recorded on smartphone (inset showing SEM image of a region on the sample) and d) the location corresponding to the recovered string. 

Nanofoam offers several advantages when compared to surface marking via direct ablation. We have already 
shown that nanofoam can be produced inside sealed geometries [2], due to the multiphoton nature of the 
process, hence offering the potential for labelling inside finished products. In addition, our recent results indicate 
that the nanofoam is effective as a particulate capture device, therefore showing potential for an airborne 
pollution sensor or a biological filtration device that also contains smartphone-readable information. 

[1] J. A.. Grant-Jacob, et al. (2014) "Parametric study of the rapid fabrication of glass nanofoam via femtosecond laser irradiation." Journal 
of Physics D: Applied Physics 47.5: 055105.
[2] A. F. Courtier, et al. (2017) "Laser-Based Fabrication of Nanofoam inside a Hollow Capillary." MSA 8.12: 829.
[3] J. Rouillard, (2008) "Contextual QR codes." Computing in the Global Information Technology. ICCGI'08.
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Novel 3D morphology from ultra-thin balloons to nano-channels 
formed in transparent film by femtosecond laser interference

E. Alimohammadian1, S. Ho1, D. Roper1, J. Li1, P. Herman1

1- Department of Electrical and Computer Engineering, University of Toronto, Toronto, Canada

ehsan.alimohammadian@mail.utoronto.ca

Confined ultrafast laser interactions driven from controlled volume shapes are a major opportunity today for 
internal 3D nano-structuring of transparent materials.  The reshaping of such femtosecond laser interaction 
into the form of highly contrasting interference fringes has recently enabled new means for three-dimensional 
nano-structuring of transparent film. [1-3]. Nonlinear mechanisms narrow the laser response to interference 
fringes spaced by λ/2nfilm in the transparent film, forming periodic stacks of ~40 nm thick plasma disks.  The 
plasma disks induce cleaving planes by periodic ablation zones, leading to intra-film blistering and quantized film 
ejection. This paper explores a range of new morphology types and means for laser beam shaping to control the 
form and nano-scaled dimensions of the multi-layered intra-film cleaving.  

A phase only spatial light modulator (SLM) has been employed to shape a Gaussian intensity distribution to 
various forms, from top hat to uniform lines. Abrupt phase jumps induced by the SLM were found not to perturb 
the multi-beam interference patterns, permitting cleaving planes to extend undisrupted over tens of micron 
length along the film without phase-noise speckle effect.  Single laser pulse with 200 fs pulse duration at 515 nm 
wavelength were applied to silica film coatings up to 3.5 μm thick, coated over silicon substrates.  The formation 
of large micro-balloons, with inter-nested blister layers are contrasted with the formation of high aspect ratio 
(20:1) nano-channels, buried internally inside of the silica film. The potential for developing lab-in-film concepts, 
compatible with CMOS technologies in silicon, are discussed towards applications in sub-cellular and DNA studies.

[1] K. Kumar, K.K. Lee, J. Li, J. Nogami, N.P. Kherani, and P.R. Herman (2014) Quantized structuring of transparent films with femtosecond laser 
interference, Light: Science & Applications, 3(3), p.e157.
[2] S. Ho, K. Kumar, K.K. Lee, J. Li, and P.R. Herman (2014) Interferometric femtosecond laser processing for nanostructuring inside thin film, 
Advanced Optical Technologies, 3(5-6), pp.499-513.
[3] D.M. Roper, S. Ho, M. Haque, P.  Jha, and P.R. Herman (2018) Inhibition and enhancement of quantized, interference-driven, ultrafast-laser 
cleaving, and intrafilm ejection with angle and polarization control, Advanced Materials Technologies.
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Efficient ultrafast laser ablation for 3D structuring and engraving 
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Ultrashort laser pulses (< 10 ps) are an attractive tool for material processing. The advantages, compared to 
nanosecond pulses, are possibilities to obtain: high processed surface quality with low surface roughness and 
melt-free surface with reduced heat-affected zone [1]. Copper, one of the most popular engineering material, 
has electron-phonon coupling time in the range of 10 ps [2]. Thus, using shorter laser pulses should not give 
many benefits, taking into account that usually femtosecond lasers are more expensive. 
Expensive laser radiation has to be used wisely to make laser micromachining attractive and competitive 
technology. For industrial applications, especially for large area surface structuring, processing speed is the 
most critical characteristic [3]. That is why maximum ablation efficiency (removed volume of material per 
energy of a laser pulse), the highest ablation rate (removed volume of material per machining time) and the 
highest processing quality (lowest surface roughness) have to be studied [4]. 
To reach the necessary fabrication time and quality, the laser ablation process has to be optimised. In this 
work picosecond laser (Atlantic, Ekspla) radiating at 1064 nm wavelength was used to structure copper. The 
influences of many technological laser processing parameters to ablation rate and efficiency were studied: 
laser peak fluence (pulse energy and spot size varied), beam scanning speed, pulse repetition rate, line hatch 
distance. We applied two methods to optimise the laser ablation process for the highest possible efficiency. 
The maximum ablation efficiency could be reached by varying laser peak fluence (Figure 1). 
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Figure 1. Ablation efficiency for copper utilising 
picosecond laser and ablation rate dependences on 
the laser peak fluence with optimum points for 
various scanning speeds. 

Figure 2. The example of laser engraving: both-sided 3D Albert Einstein’s bust laser 
sculpted from the bulk copper sample. Bust dimensions 8 × 8 × 5 mm3. Ablation 
rate 6 mm3/min, average power P = 52 W, pulse repetition rate f = 1.1 MHz. 

 
Furthermore, ablation efficiency depended on lateral distance between pulses and had an optimum point as 
well. The study of processed surface quality with stylus profiler revealed that optimisation of ablation 
efficiency automatically optimises surface roughness to the minimum. Therefore, both most important 
characteristics are improved by one experiment. 
Utilising optimal process parameters, the fast 3D laser engraving and structuring were realised (Figure 2). We 
used the inverse process of the 3D additive manufacturing to fabricate the wanted structures. The adopted 
method divides the 3D file into many slices along z-axis and layer by layer remove the unwanted material. This 
was realised using software developed for laser machines and laser 3D engraving (DMC, Direct Machining 
Control). 
 
[1] B. N. Chichkov, C. Momma, S. Nolte, F. von Alvensleben, A. Tünnermann (1996) Femtosecond, picosecond and nanosecond laser 
ablation of solids, Appl. Phys. A, 63, pp. 109–115. 
[2] J. Winter, S. Rapp, M. Schmidt, H. P. Huber (2017) Ultrafast laser processing of copper: A comparative study of experimental and 
simulated transient optical properties, Appl. Surf. Sci., 417, pp. 2–15. 
[3] B. Jaeggi, S. Remund, R. Streubel, B. Goekce, S. Barcikowski, B. Neuenschwander (2017) Laser Micromachining of Metals with Ultra-
Short Pulses: Factors Limiting the Scale-Up Process, J. Laser Micro Nanoeng., 12, pp. 267–273. 
[4] G. Račiukaitis, M. Brikas, P. Gečys, B. Voisiat, M. Gedvilas (2009) Use of High Repetition Rate and High Power Lasers in Microfabrication: 
How to Keep the Efficiency High?, J. Laser Micro Nanoeng., 4, pp. 186–191. 
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Enhancing the depth of sub-wavelength nano-focusing by hyperbolic 
metamaterials

Jin Qin, and Liang Wang*

 University of Science and Technology of China, Anhui Key Laboratory of Optoelectronic Science and Technology,  
Department of Optics and Optical Engineering, No.96, JinZhai Road Baohe District, Hefei, Anhui, China, 230026

 lwang121@ustc.edu.cn

Nanoscale ridge apertures can generate ultra small focusing spot in near field region, and this feature has 
been successfully applied in near field scanning optical lithography (NSOL) to achieve sub diffraction-limit 
resolution[1,2]. In our previous research, combined with back side milling method and flexure part, contact 
lithography with a record of 16nm is obtained [3, 4]. However, the ultra small depth of focusing (DOF) (about 
10~20nm) is the most critical factor blocks the applications of NSOL. Here, we propose a new design with layered 
metal–dielectric structure to improve the DOF of NOSL.

Figure 1: (a) Magnetic field distribution form two slits. Slit 1 is placed to the air and slit 2 is placed to the layered metal-dielectric structures. 
Both two configurations are applied to the same magnetic field strength. (b) Magnetic field strength of the plane at the distance of 50nm 
from the exit plane. (c) Magnetic field strength of the plane at the distance of 150nm from the exit plane.  

In simulations, we choose 6 stacks of Ag/Si3N4 films to achieve hyperbolic dispersion relationship and each 
thickness of Ag and Si3N4 is 5 nm and 35 nm. Two slits with width of 20 nm are placed separately to the air and 
the layered metal-dielectric structures. From the simulation results, compared with the slit without layered metal-
dielectric structures, both transmission efficiency and DOF are apparently improved. Magnetic field strength 
at different planes form the exit plane (shown in Fig.1(b) and (c)) are calculated to verify this configuration is 
promising to enhance the DOF. 

[1] L. Wang, S. M. Uppuluri, E. X. Jin, and X. Xu, (2006) “Nanolithography Using High Transmission Nanoscale Bowtie Apertures,” Nano Lett. 
6, 361-364.

[2] L. Wang, E. X. Jin, S. M. Uppuluri, and X. Xu, (2006)”Contact optical nanolithography using nanoscale C-shaped apertures,” Opt. Express 
14, 9902-9908.
[3] C. Yang, Q. Jin, C. Jianfeng, Z. Liang, M. Chengfu, C. Jiaru, X. Xianfan, and W. Liang, (2017)”16 nm-resolution lithography using ultra-small-
gap bowtie apertures,” Nanotechnology 28, 055302.
[4] J. Qin, L. Zhang, H. Tan, and L. Wang, (2017)”Scanning near-field lithography with high precision flexure orientation stage control,” Appl. 
Phys. A 123.
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True 3D nano-structuring of crystalline inorganics
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Ultrafast laser 3D nanolithography has established itself as an efficient tool for rapid prototyping as well as 
serial production of true free-form micro-/nano-structures of polymers [1,2]. For downscaling the objects while 
preserving their architectures [3,4] post-processing by pyrolysis can be used [5,6]. In this work we employ laser 
3D nanolithography for the fabrication of periodic, bulk, and free-form structures, systematically study their 
properties after heat-treatment. We reveal that the objects can be routinely 40% downscaled and turned into 
pure crystalline inorganics, meantime preserving their geometry, size or filling ratio. In Fig 1. the examples of 3D 
nanolattices (a) and crystalline phases (b) are shown [7].  

Figure 1: (a) change in dimensions but not geometry during heating manifests in isotropic shrinkage of a woodpile structure and its protective 
cage. (b) XRD spectra showing how the polymer material undergoes a change from an organic-inorganic amorphous matrix to an inorganic 
material that contains a t-ZrO2 crystalline phase, which becomes more pronounced with increased temperature, indicated by increasingly 
pronounced peaks.  

The developed approach enables direct write CAD-CAM production of crystalline inorganic 3D objects at a 
nanoscale precision and being scalable from nanometers to millimeters in size. Its application allows integration 
of diverse functional structures into miniature devices of high resilience to harsh chemical and physical 
environments. We show how these properties are reflected by: our wet-etching attempts, lowered milling rate 
using a focussed ion beam, structural stability up to 1200 oC for extended durations, etc.

[1] Malinauskas et al., Ultrafast laser processing of materials: from science to industry, Light Sci. Appl. 5, e16133 (2016).
[2] Barner-Kowollik et al., 3D Laser Micro- and Nanoprinting: Challenges for Chemistry, Andgewandte Chem. 56, 15828 (2017).
[3] Jonušauskas et al., Optically Clear and Resilient Free-Form μ-Optics 3D-Printed via Ultrafast Laser Lithography, Materials 10, 12 (2017).
[4] Seniutinas et al., Beyond 100 nm resolution in 3D laser lithography - post proccessing solutions, Microelectron. Eng. 191, 25 (2018).
[5] Pham et al., Three-Dimensional SiCN Ceramic Microstructures via Nano-Stereolithography of Inorganic Polymer Photoresists, Adv. Func. 
Mater. 16, 1235 (2006).
[6] Vyatskikh et al., Additive manufacturing of 3D nano-architected metals, Nat. Commun. 9, 593 (2018)
[7] Gailevicius et al., to be submitted.
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SLM-based two-photon polymerization of controllable micropillar 
arrays in controlled flow for particles trapping

Chaowei Wang1, Jiawen Li1, Yanlei Hu1, Dong Wu1

1- CAS Key Laboratory of Mechanical Behavior and Design of Materials, Department of Precision Machinery and Precision Instrumentation, 
University of Science and Technology of China, Hefei 230026, China.

dongwu@ustc.edu.cn

Microarray has been widely used in biomedical and biochemical research as an excellent platform technology 
for high-throughput applications like the cell analysis and drug delivery. Here, we propose a novel method to 
generate controllable micropillar arrays for trapping particles in real-time by SLM-based femtosecond laser two-
photon lithography. The relationship between the distance and numbers of microarray and the repeat times 
of 0-pi phase of computed generated hologram (CGH) was quantitatively investigated to ensure that a suitable 
microarray can be fabricated to trap particles with different diameters. Almost all the particles in a controlled 
flow can be trapped by the fabricated microarrays, resulting in a high capture efficiency of ~100%. Moreover, 
these trap structures are fabricated by single exposure, which shortens the trapping time and simplifies the 
trapping process. This method provides an important support for developing the platform technology and further 
promoting the application in fields of microfluidics, optofluidics and single cell analysis devices.

Figure 1: Real-time single-particle trap. (a) Schematic diagram of femtosecond laser processing system. H0 is a half wave plate, P0 is a Glan 
laserprim. The power of femtosecond laser was modulated with H0 and a P0. SLM is a spatial light modulator which is loaded the desired 
holograms; (b) Schematic diagram of PDMS–glass hybrid microfluidic chip, IPL is a kind of liquid photoresist which the fluidity is well (c). The 
side view images of trapped particle. (d). The real-time trapping procedure: stopping the flow, two-photon lithography to trap the particles, 
reverse and recover the direction of flow can see the trapped particles move freely inside the trap.

[1] Choi A, Seo K D, Kim B C, et al. (2017) Recent advances in engineering microparticles and their nascent utilization in biomedical delivery 
and diagnostic applications[J]. Lab on a Chip, 17(4): 591-613.
[2] Kim H, Lee S, Lee W, et al. (2017) High-Density Microfluidic Particle-Cluster-Array Device for Parallel and Dynamic Study of Interaction 
between Engineered Particles[J]. Advanced Materials, 29(31): 1701351. 
[3] Wang C W, Dang Y Y, Su Y H, et al.  (2017) Femtosecond Laser Direct Ablating Micro/Nanostructures and Micropatterns on CH3NH3 PbI3 
Single Crystal [J]. IEEE Photonics Journal, 9(2): 1-10.
[4] Yu J, Zhou C, Jia W, et al. (2015) Generation of controllable rotating petal-like modes using composited Dammann vortex gratings [J]. 
Applied Optics, 54(7): 1667-1672. 
[5] Yang L, Qian D, Xin C, et al. (2017) Two-photon polymerization of microstructures by a non-diffraction multifoci pattern generated from a 
superposed Bessel beam[J]. Optics letters, 42(4): 743-746. 
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Waveguide Bragg gratings (WBGs) with easy integration and intrinsic mechanical stability have recently aroused 
intense research interest mainly due to the significant application in optical telecommunications and optical sensing 
[1]. Point-by-point (PbP) inscription with ultrashort laser beam is considered as a flexible and versatile method 
for fabricating the WBGs [2]. Typically, the ultrashort pulsed laser is tightly focused inside the pre-photoinscribed 
waveguides to induce periodic modulation of the refractive index to generate the selective spectral response. 
The use of ultrashort Gaussian laser beam enables the inscription of localized strong, permanent negative index 
variation via nonlinear photoionization. However, the short Rayleigh range of tightly focused Gaussian laser beam 
restricts the longitudinal size of gratings, hence the coupling coefficient κ which is proportional to the overlap 
factor between gratings and incident mode in the waveguides. Ultrafast Bessel beams with near-constant fluence 
profiles over an appreciable propagation distance seems to be the desirable alternative for high aspect ratio sub-
micron modification [3].

In this work, highly efficient Bragg gratings were inscribed inside the pre-photoinscribed waveguides in the PbP 

regime by using ultrashort Bessel laser beams. The elongated modification region induced by non-diffractive 
Bessel beams effectively increased the overlap factor between gratings and incident mode in the waveguides. 
The strong light confinement in Bessel beams ensuring uniform one-dimensional void condition enabled the 
Bragg grating to possess a robust coupling coefficient of κ=0.4mm−1 even in the third order. The sub-micron 
transverse size of induced void permitted first-order gratings at 1550nm to be feasibly fabricated. In addition, 
multi-gratings in serial and parallel were also inscribed with variable orders and resonance peaks. 

Figure 1: (a) Resonant spectral transmission of the Bragg gratings written with different pulse energy. (b) Top view and (c) side view of PCM 
images of 3th waveguide Bragg grating.

[1] H. Zhang, S. M. Eaton, J. Li, P. R. Herman (2006). Femtosecond laser direct writing of multiwavelength Bragg grating waveguides in 
glass. Optics letters, 31, 3495-3497.  

[2] G. D. Marshall, M. Ams, and M. J. Withford (2006). Direct laser written waveguide-Bragg gratings in bulk fused silica, Optics. Letters. 31, 
2690-2691. 

[3] M. K. Bhuyan, P. K. Velpula, J. P. Colombier, T. Olivier, N. Faure, and R. Stoian (2014). Single-shot high aspect ratio bulk nanostructuring of 
fused silica using chirp-controlled ultrafast laser Bessel beams. Applied Physics Letters, 104, 021107.
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Beam shaping method using beam size and wavefront 
converters in ultrashort-pulse laser processing

H. Suhara, A. Tamura, T. Nishio

Research and Development Division, RICOH Company, Ltd., 2-7-1, Izumi, Ebina-shi, Kanagawa 243-0460 Japan

suhara-h@jp.ricoh.com

In recent years, microfabrication technology using a short pulse laser has advanced. In response to the demand 
for microfabrication such as glass cutting, solar cell scribing, and Additive Manufacturing (AM), particular beam 
profiles such as a flat-top beam, a Laguerre–Gaussian beam and a Bessel beam have been used [1]. As a means 
for converting a Gaussian beam into the particular beam, a method using a diffractive optical element (DOE) is 
known [2]. However, it is not easy to generate a high-quality flat-top beam profile. In particular, it was found that 
this phenomenon occurred remarkably in the case of a complicated processing apparatus using a lot of mirrors 
for industrial applications. We found that it was not caused by the misalignment of the DOE, but caused by the 
wave optics factors of the incident beam. Then, in order to achieve a high-quality beam profile, we developed a 
new device which optimizes the wave optics factor of the incident beam.

Figure 1 shows the optical system equipped with our device using beam size and wavefront converters in laser 
processing apparatus. The device has the function of both magnifying beam size in one direction and offsetting 
the phase of the incident-beam wavefront. In addition, a sensor to monitor the wavefront is mounted. This 
wavefront sensor can measure the transmitted wavefront of the beam and expand it into a Zernike polynomial. 
The light source was a picosecond laser with a wavelength of 532 nm. The incident beam diameter was 3 mm, 
and the focal length of the fθ lens was 100 mm.

Figure 2 shows the measurement results of a square flat-top beam intensity on the work surface. The result in 
Fig. 2 (a) was measured under the ideal wavefront conditions. A good flat-top beam was obtained by installing 
our device. The result in Fig. 2 (b) was measured under the wavefront conditions including slight astigmatism. 
The superimposed wavefront aberration in Fig. 2 (b) was only λ / 10 or less. Therefore, it was found that the slight 
wavefront aberration greatly affects the beam quality. This fact indicates that the generation of a poor-quality 
beam profile is a very common phenomenon with typical laser processing apparatus. In other words, in order to 
create a high-quality beam profile, it is suggested that not only the DOE alone but also the installing of our device 
is extremely important. 

    

Figure 1. Optical system using beam size and wavefront converters.  

[1] A.Tamura, T. Nishio, H. Suhara and N. Nagayama (2017) Double pulses explosion drilling of transparent materials, Proc. SPIE 10520, 
1052023.
[2] Gediminas RAČIUKAITIS, et al. (2011) Laser Processing by Using Diffractive Optical Laser Beam Shaping Technique, JLMN-Journal of Laser 
Micro/Nanoengineering Vol. 6, No. 1, pp.37-43.

Figure 2. Measured intensities of a square flat-top  
beam: (a) ideal wavefront conditions and (b) 
conditions including slight wavefront aberration.
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3- Novosibirsk State Technical University, 20 Karl Marx ave., 630073, Novosibirsk, Russia 
4- Novosibirsk State University, 2 Pirogova str., 630090, Novosibirsk, Russia 
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Interaction of femtosecond laser pulses with a bulk glass (fused silica as an example) has been studied numerically 
based on non-linear Maxwell’s equations supplemented by the hydrodynamics-type equations for free electron 
plasma [1,2]. The laser energy coupling to the bulk of glass is compared for the cases of Gaussian linearly-
polarized and doughnut-shaped radially-polarized laser beams. For Gaussian pulses focused inside glass (800 
nm wavelength, 45 fs duration, numerical aperture of 0.25), the free electron density in the laser-excited region 
remains subcritical while the locally absorbed energy density does not exceed ~2000 J/cm3 in the range of pulse 
energies of 0.2–2 μJ. At the same laser irradiation parameters, giant enhancement of laser energy coupling is 
predicted numerically for doughnut-shaped pulses with increasing the peak density of the absorbed laser energy 
up to 15 times and, additionally, higher miniaturization of the absorption features (Fig. 1). By following the 
doughnut-shaped beam propagation through glass, an intricate dynamics has been observed. The initial high-
intensity ring of light is shrinking upon propagating toward the focus. Upon reaching a certain ionization level on 
its way, the light ring splits into two branches, internal and external. The internal part is swiftly constricting toward 
the beam axis well before the geometrical focus, leading to generation of supercritical free electron density. The 
second branch represents the laser light scattered by the electron plasma away from the beam axis. The final 
laser-excited volume represents a tube of 0.5–1 µm in radius and 10-15 µm long (Fig. 1). It is anticipated that, 
in the case of doughnut-shaped pulses, the tube-like shape of the deposited energy should lead to implosion of 
material that can be used for improving the direct writing of high-refractive index optical structures inside glass 
or for achieving extreme thermodynamic states of matter.

       (a)                                        (b)

Figure 1: Distributions of absorbed laser energy within fused silica for Gaussian (a) and doughnut-shaped (b) laser pulses for identical 
irradiation conditions: pulse duration of 45 fs; numerical aperture of focusing lens of 0.25. The beam propagates from the bottom. z = 0 
corresponds to the sample surface with the geometrical focus located at 120 μm inside the bulk.

[1] V.P. Zhukov, A.M. Rubenchik, M.P. Fedoruk, and N.M. Bulgakova (2017) Interaction of doughnut-shaped laser pulses with glasses, J. Opt. 
Soc. Am. B, vol. 34, pp. 463-471
[2] N.M. Bulgakova, V.P. Zhukov, M.P. Fedoruk, A.M. Rubenchik (2017) Non-linear effects during interaction of femtosecond doughnut-shaped 
laser pulses with glasses: overcoming intensity clamping, Proc. SPIE, vol. 10228, Article 102280C 
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Multimaterial manufacture through combining optical tweezers 
with multiphoton fabrication

M. Askari1, R. Wildman1, C. Tuck1

1- The University of Nottingham, B49 Advance manufacturing building, Jubilee campus, Nottingham NG7 2GX

Meisam.askari@nottingham.ac.uk

Multi-Photon Polymerization (MPP) is a powerful technique to fabricate complex micro-scale 3D structures using 
ultra-short laser pulses. Typically, MPP has been used to manufacture micron-scale components in photopolymer 
materials. However, the development of micron scale processes that can produce components from multiple 
materials within a single manufacturing step would be advantageous including the potential to include micro 
beads that are manipulated and embedded within structures with sub-micron feature sizes. To achieve this, an 
MPP system was combined with an optical trapping (OT) setup to independently manipulate microparticles in the 
x, y and z planes. Using OT, particles were transported into the polymerization area of the MPP and encapsulated 
using a single burst of the MPP laser that solidified the polymer surrounding the particle. In this paper, it will be 
shown that combining the OT capabilities with an additive manufacturing technique enables the production of 
complex multimaterial artifacts. 

Figure 1: (a) SEM image and (b) bright field optical microscope image of Composite structure fabricated by encapsulating high refractive 
index particles in the MPP fabricated polymer microstructure.  

Thu-2-OR1

Femtosecond two-photon polymerization of photoinitiator-free 
proteinaceous microstructures made from serum albumins

D. Serien1, H. Kawano2, A. Miyawaki2, K. Midorikawa1, K. Sugioka1

1-RIKEN Center for Advanced Photonics, Wako, Saitama 351-0198, Japan
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daniela.serien@riken.jp

We report results in photoinitiator-free fabrication of microstructures made from serum albumin proteins by 
femtosecond laser-induced two-photon polymerization (TPP). TPP is an attractive 3D printing technology 
because the laser-induced polymerization is restricted to the focal volume of the focussed laser [1]. Direct 
exposure of the laser to protein solution allows to create solid protein structures providing complex biomimetic 
3D microenvironment; such microenvironment is considered relevant for cell culture studies to understand and 
manipulate cell behavior by protein-cell-interaction [2]. Similarly, protein binding selectivity in a complex 3D 
microenvironment might enable to enhance versatility of medical microfluidic devices [3]. To enhance the protein 
polymerization process, photoinitiator has been always applied so far. However, photoinitiator molecules may 
be unavoidably trapped to remain inside the protein microstructure, which is highly undesirable for biological 
applications regardless of the type of applied photoinitiator. Here, we perform TPP using pure protein without 
any photoinitiator by femtosecond laser laser writing, which is termed photoinitiator-free TPP. 

The photoinitiator-free TPP was carried out for fabrication of microstructures of different serum albumin variants, 
which are bovine serum albumin (BSA), mouse serum albumin and human serum albumin. Using in-situ CCD 
camera observation and scanning electron microscopy, we study the dependence of feature sizes on total 
accumulated fluence determined by laser power and scanning speed. Fig.1 a shows an in-situ image of layered 
microstructure made of BSA, observed immediately after fabrication. Raman spectroscopy shown in Fig.1 b 
indicates that photoinitiator molecules are trapped in BSA polymerized with the photoinitiator, while no evidence 
of trapped photoinitiator for photoinitiator-free TPP. 

Photoinitiator-free TPP is crucial for applications where even the slightest traces of impurities are influential and 
represent a risk. Due to the diverse abundance of proteins with different functions, we believe laser direct writing 
of pure proteinaceous microstructures offers many applications in biological studies and medical applications.

(b) (a)
Figure 1: (a) In-situ observation immediately after fabrication of a 3-layered BSA microstructure of the logo of RIKEN. Fabricated at a laser 
power of 10.5 mW with 2 μm/s scanning speed with 525 nm oscillator laser of 400 fs 54 MHz nJ-pulses. Scale bar represents 50 μm. 
(b) Raman spectra of BSA proteinaceous structures, pure (black line) and with (Sodium 4-[2-(4-Morpholino) benzoyl-2-dimethylamino] 
butylbenzenesulfonate) (MBS) photoiniator (grey line). Black arrows highlight the peaks that are used to evaluate MBS presence. A ratio of 
peak maxima is shown in the inset to account for individual sample signal strength. 

[1] J. Fischer and M. Wegener (2013), Three-dimensional optical laser lithography beyond the diffraction limit, Laser & Photon. Rev. vol. 7, pp. 22–44
[2] M. Iosin, O. Stephan, S. Astilean, A. Duperray, P. L. Baldeck (2007), Microstructuration of protein matrices by laser-induced photochemistry. Journal of 
Optoelectronics and Advanced Materials 9, pp.716-720
[3] C.-L. Lin, M.-J. Pan, H.-W. Chen, C.-K. Lin, C.-F. Lin, P.L. Baldeck (2015), Laser cross-linking protein captures for living cells on a biochip. In Proceedings of the SPIE 
2015, Volume 9310, 93100D
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Laser direct-write of microfluidic flow channels via additive 
manufacturing for paper-based rapid diagnostics

R. W. Eason, I. Katis, P. J. W. He, P. Galanis, C. L. Sones

 Optoelectronics Research Centre, University of Southampton, Southampton, SO171BJ, U.K. 

rwe@orc.soton.ac.uk

There is a growing need to provide low-cost, easy-to-use, sensitive, specific and reliably robust diagnostic solutions 
for improved global healthcare. In both the developed and developing world, point-of-care devices are the 
diagnostic tool of choice, where an answer is provided in a matter of minutes to questions that currently address 
the relatively straightforward conditions relating to pregnancy or diabetes. Moving beyond a simple binary yes/
no result, as for a pregnancy test, to tests that provide a (semi-)quantitative result is a global imperative where 
greatly enhanced sensitivity and limit of detection are the holy-grail for the diagnostics industry.  Paper and other 
porous membranes can wick fluids via capillary forces, which provides immediate benefits in terms of cost and 
manufacturability as well as simplifying their distribution and use in potentially remote and inaccessible under-
resourced settings. 

Over the past few years we have developed a laser-based approach for writing walls and barriers in such porous 
media, and have developed the technique for planar devices [1], 3D or stacked-devices [2] and for fluid delay 
architectures [3]. The technique involves local deposition of a liquid monomer which is absorbed within the 
porous material and subsequently polymerized via exposure to laser light of the correct wavelength and intensity. 
By carefully optimizing the laser parameters, photo-polymer structures can be created that produce either liquid-
impermeable walls, or permeable barriers which have a lower overall porosity, and act as fluid delays or filters to 
control the rate of wicking and delivery of samples or reagents to the correct region in the test strip. 

The basic laser writing procedure is shown in Figure 1, where multiplexed channels can be written in a single paper 
strip via scanning of the laser beam (a c.w. 405nm diode laser source) together with synchronized movement of 
the substrate. Figure 2 shows examples of multiplexed test strips which allow diagnosis of multiple conditions or 
semi-quantitative diagnosis of one.

      

Figure 1: Schematic of the laser writing process for                        Figure 2: Incorporation of multiple channels within a single test strip to 
polymerisation within the paper substrate.                                      allow diagnosis of multiple conditions or semi-quantitative diagnosis of one.         

I will discuss the range of possibilities offered by this direct-write technique for 2D and 3D structuring within 
these porous substrates and their application to rapid and semi-quantitative diagnostics, where fluid flow can be 
routed, delayed, mixed, filtered and, in future, gated using optical control of smart polymers. 

[1] C. L. Sones, I. N. Katis, P. J. W. He, B. Mills. M. F. Namiq, P. Shardlow, M. Ibsen, R. W. Eason, (2014) ‘Laser-induced photo-polymerisation 
for creation of paper-based fluidic devices’, Lab on a Chip, Vol 14, pp.4567-4574. 
[2] P. J. W. He, I. N. Katis, R. W. Eason, C .L. Sones, (2016), ‘Laser direct-write for fabrication of three-dimensional paper-based devices’ Lab on 
a Chip, Vol 16, pp. 3296-3303. 
[3] P. J. W .He, I. N. Katis, R. W. Eason, C. L. Sones, (2015), ‘Engineering fluidic delays in paper-based devices using laser direct-writing’ Lab on 
a Chip, Vol 15, pp. 4054-4061.
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Miniaturized intelligent robots enabled by femtosecond laser 3D 
nanoprinting 
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hbsun@tsinghua.edu.cn

Miniaturized intelligent robots are generally based on intelligent microstructures that can convert external 
stimulations such as light, temperature, pH value, moisture, magnetic/electric fields, and chemicals to mechanical 
works.  To date, classical micronanofabrication technologies have contributed to the development of intelligent 
microstructures. However, designable 3D prototyping of intelligent materials into stimuli res-ponsive structures is 
still challenging. As a high spatial resolution 3D manufacturing craft, laser processing has emerged as a promising 
technique to reach this end. Various stimuli-responsive materials with fast, reversible and controllable structure/
morphology changes have been successfully prepared for miniaturized robots. 

Herein, we report recent advances of laser processing for the development of miniaturized intelligent robots. 
As a 3D micronanostructure enabler, laser processing has contributed to 3D miniaturized intelligent robots greatly. 
For example, laser processing has been widely used for print photopolymers through two-photon/multi-photon 
absorption. To make general photopolymers “smart”, doping or post-deposition of functional materials provides 
a way to fabricate miniaturized intelligent robots. Alternatively, laser processing based on stimuli responsive 
materials, for instance, hydrogel and protein, has also been reported for the development of miniaturized 
intelligent robots. Recently, the spatial resolution of laser processing has been significantly improved to tens 
of nanometers; and processible materials have been extended to a broad range, for instance, photopolymers, 
protein, hydrogel, carbon, metal, and even nanoparticles. The rapid progress of laser processing technology 
pushes forward the rapid advances of mi-niaturized intelligent robots. 

References

[1] Wang W, Liu YQ, Liu Y, Han B, Wang H, Han DD, Wang JN, Zhang YL and Sun HB, Direct laser writing of superhydrophobic PDMS 
elastomers for controllable manipulation via Marangoni effect, Adv. Funct.Mater. 2, 1700045 (2017).

[2] Han DD, Zhang YL, Ma JN, Liu YQ, Han B and Sun HB, Light mediated manufacture and manipulation of actuators, Adv. Mater. 28, 
8328 (2016).

[3] Sun YL, Li Q, Sun SM, Huang JC, Zheng BY, Chen QD, Shao ZZ and Sun HB, Aqueous multiphoton lithography with multi-functional silk-
centered bio-resists, Nature Commun. 6, 8612 (2015).

[4] Han DD, Zhang YL, Liu Yan, Liu YQ, Jiang HB, Han B, Fu XY, Ding H, Xu HL and Sun HB, Bioinspired graphene actuators prepared by 
unilateral UV irradiation of graphene, Adv. Funct. Mater. 25, 4548,(2015).

[5] Han DD, Zhang YL, Jiang HB, Xia H, Feng J, Chen QD, Xu HL and Sun HB, Moisture-responsive graphene paper prepared by self-
controlled photoreduction, Adv. Mater. 27, 332 (2015).

[6] Liu DX, Sun YL, Dong WF, Yang RZ, Chen QD and Sun HB,  Dynamic laser prototyping for biomimetic nanofabrication, Laser Photon 
Rev. 8, 882 (2014).

[7] Sun YL, Dong WF, Niu LG, Jiang T, Liu DX, Zhang L, Wang YS, Kim DP, Chen QD and Sun HB, Protein-based soft micro-optics fabricated 
by femtosecond laser direct writing, Light Sci. Appl. 3, e129 (2014).

[8] Sun YL, Dong WF, Yang RZ, Meng X, Zhang L, Chen QD and Sun HB, Dynamically tunable protein microlenses, Angew. Chem. Int. Ed. 
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[9] Wu D, Wu SZ, Chen QD, Zhang YL, Yao J, Yao X, Niu LG, Wang JN, Jiang L and Sun HB, Curvature-driven reversible in-situ switching 
from pinned to roll-down surperhydrophobic states for water droplet transportation, Adv. Mater. 23, 545 (2011).

[10] Xia H, Wang J, Tian Y, Chen QD, Du XB, Zhang YL, He Y and Sun HB, Ferrofluids for fabrication of remotely controllable micro-
nanomachines by two-photon polymerization, Adv. Mater. 22, 3204 (2010).
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Automatic particle lens array system for efficient nano-pattern 
fabrication

Sorin Laurentiu Stanescu1, Fatema Rajab2, Valerio Galieni1, George Goh3, Kararzyna Karpinska2, 
Hannah Pickford3, Stephen Wright1, Alexander Sheppard1, Wei Guo2, Lin Li2 
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3- LIG Biowise Ltd., Williams House, MSP, Manchester, M15 6SE, United Kingdom

alex.sheppard@lig-nanowise.com

Aim of work: different laser techniques are currently employed to texture surfaces with 2D nano/micro features: 
scanning near-field laser lithography, micro lens arrays, laser interference lithography or surface plasmon 
interference lithography [1,2]. In this work, we have developed an automatic laser patterning system able to 
efficiently generate complex shapes using the oblique scanned particle lens array nano/micro patterning method 
[1,3]. The system’s efficiency is due to its ability to create millions of similar nano/micro patterns simultaneously 
in under than a minute.

Experimental setup: The experimental setup consists of a 266 nm FHG Q-SW Nd:YAG LF114 SOL Instruments 
laser, a beam homogenizer, a beam expander (which controls coverage of the area covered by the laser beam), 
attenuator and two stacked rotation stages controlled by dedicated custom computer software. The sample is 
positioned onto a monolayer of silica microspheres (5 µm diameter) assembled onto a quartz plate. We employed 
two different samples which were positioned in front of the 2D lens array: metal (Ag,W,Cr) sputtered glass and a 
GeSbTe film. Figure 1(a) presents the experimental setup and the sample positioning while figure 2(b) shows the 
software interface shape design. In figure 1(c) one can see the corresponding manufactured patterns on a GeStTe 
film.

    (a) (b) (c)

                            
Figure 1: Experimental setup. (a) Setup’s schematic and sample positioning on the rotation stages. (b) Pattern design in the computer 
software interface. (c) The corresponding manufactured patterns on a GeStTe film using 5µm diameter silica spheres 2D array lens using a 
laser fluence of 1µJ/cm2.

Conclusion: According to the measurements, the achieved patterns on the GeStTe film have a line width between 
260 nm-300 nm. The features’ size can be thinned by decreasing the laser fluence or using sputtered samples 
with a metal with high melting point (e.g. chromium, titanium, tungsten). In this case, the feature size can be as 
low as 40nm. Decreasing the pulse width of the laser from nano seconds to pico seconds reduces melting and 
creates a more precise ablation with a smaller heat affected zone (HAZ).

[1] Li L, Guo W, Wang Z-B, Liu Z, Whitehead D, Luk’yanchuk,2009, Large-area laser nano-texturing with user-defined patterns, Journal of 
Micromechanics and Micro-engineering. 19(5):064002.
[2] Kandammathe V. S. et al,2010, Interferometric lithography for nanoscale feature patterning: a comparative analysis between laser 
interference, evanescent wave interference, and surface plasmon interference, Applied Optics Vol. 49,Issue 35, pp. 6710-6717.
[3] W. Guo, S. L. Stanescu, L. Li, Computer Integrated, 2012, Automatic Fabrication of Large Area User Defined Periodic Micro/Nano Patterns 
using Scanning Particle Lens Array, doi:10.3850/978-981-07-3353-7_k004.
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Ultrafast laser 3D nanolithography (also known as two-photon polymerization, multi-photon processing or 
non-linear lithography) is a direct write method which is being successfully established for the fabrication of 
multi-scale (or mesoscale) structures of polymers spanning from sub-micrometers to sub-centimeters (4 orders 
of magnitude) in overall size yet retaining micro- or nano-features [1,2]. This has been proved to be promising in 
various applications ranging from micromechanics and biomedicine to microoptics and photonics (nanooptics), 
as the direct laser writing 3D lithography allows merging macro- and nano-scale functionalities into single mono-
lith objects [2]. However, there are still severe limitations associated with the reproducible mass production of 
such objects, as the manufacturing technology must be both relatively rapid regarding printing speed [3] as well 
as ensuring nano-precision during the structuring [4].

Figure 1: Fabricated 3D multi-scale bulk, free-form and periodic structures of SZ2080 hybrid material [5]: (a) mm-sized lenses, (b) gradually 
changing ring size chain-mail, (c) woodpile Photonic crystal nano-lattice. (a,b) – SEM, (c) – optical micrographs, respectively.

In this work we present an approach of synchronizing linear positioning and galvano-scanning for efficient 3D 
optical printing of mesoscale structures out of diverse cross-linkable materials. In such configuration linear stages 
provide nearly limitless (up to tens of cm) working areas (volumes) and stitch-free final structures, while galva-
no-scanners allow achieving linear translation velocities in the range of mm/s-cm/s without sacrificing nano-scale 
positioning accuracy. The routinely achieved normalized throughput-to-resolution reaches ~12 000 voxels/s (em-
ploying NA=1.4  objective individual voxels correspond to ≈0.34 µm3 polymerized volume).The versatility of such 
approach is demonstrated by creating arrays of / continuous mm-sized model structures shown in Fig. 1: (a) 
microoptical elements, (b) objects with freely movable internal micro-parts, and (c) functional photonic crystals 
consisting of 10k rods (arranged to form a homogenous lattice with 1.25M individual unit cells). The hybrid or-
ganic-inorganic zirconium containing photopolymer SZ2080 is employed for these tasks as model material, its 
high mechanic strength and ultra-low shrinkage during development is crucial in manufacturing objects at the 
mesoscale [5]. Application of alternative materials specifically dedicated for biomedical, microfluidic and photon-
ic applications are considered and validated experimentally to be also suitable for multi-scale 3D precision man-
ufacturing [6]. Finally, an approach of implementing such systems for industrial-scale production is provided [7]. 
A special note is given towards 3D printable glass-ceramics at nanoscale offering conceptually novel applications 
for the near future.

[1] Jonušauskas et al., Optical 3D printing: bridging the gaps in the mesoscale, J. Opt., accepted, 10.1088/2040-8986/aab3fe (2018).
[2] Barner-Kowollik et al., 3D laser micro- and nanoprinting: challenges for chemistry, Angewandte Chem. 56, 15828 (2017).
[3] Chu et al., Centimeter-height 3D printing with femtosecond laser two-photon polymerization, Adv. Mater. Technol. 1700396 (2018).
[4] Vyatskikh et al., Additive manufacturing of 3D nano-architected metals, Nat. Commun. 9, 593 (2018).
[5] Ovsianikov et al., Ultra-low shrinkage hybrid photosensitive material for two-photon polymerization microfabrication, ACS Nano 2, 2257 
(2008).
[6] Tickunas et al., Combination of additive and subtractive laser 3D microprocessing in hybrid glass/polymer microsystems for chemical sen-
sing applications, Opt. Express 25, 26280 (2017).
[7] Malinauskas et al., Ultrafast laser processing of materials: from science to industry, Light Sci. Appl. 5, e16133 (2016).
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3D Printing of functional metallic microstructures and its 
implementation in electrothermal actuator 
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Additive manufacturing offers several advantages over conventional methods of production, such as flexibility 
in design and a reduction of required steps during fabrication, leading to cost reduction and faster manufacturing 
times. One of the promising methods for manufacturing complicated 3D devices is based on laser induced 
forward transfer (LIFT) [1]; LIFT is a printing method which allows solid bulk materials to be printed directly. The 
backside of the donor substrate, which is a transparent substrate coated with a thin layer of material to be 
printed, is targeted by a pulsed laser leading to jetting of a micro- droplet with a typical volume of 100-500 fL. 
LIFT was employed to fabricate 3D metallic MEMS by digital deposition of both the structural and the support 
(sacrificial) metals. By controlling printing and laser parameters both metals can be printed with the same setup 
arrangement. The final free-standing structure is released by selective chemical wet etching of the support 
material [2]. Using this approach, electro thermal metallic micro-actuators were successfully fabricated and 
characterized (figure 1(a)-1(b)). In addition, thermal micro-tweezers (figure 1(c)) and micro-probes were 
fabricated and characterized. This is to our best knowledge the first demonstration of functional, micron scale, 
actuators printed using the LIFT technique.   

While the electrical properties of LIFT printed metals were the subject of several studies [3], mechanical and 
thermal properties were much less explored. However, when considering fabrication of micrometer-scale 
mechanical devices such as MEMS actuators, the mechanical and thermal properties of LIFT printed structures 
are of high importance. In this study, a comparison of the measured thermal and mechanical responses was 
carried out which shows high correlation with model predictions, enabling good estimation of the metal 
properties.  

[1] A. Pique, R.C.Y. Auyeung, H. Kim, N.A.Charipar, S.A. Mathews (2016), "Laser 3D micro – manufacturing", Journal of physics D:
applied physics, 49, 223001 

[2] M. Zenou, A. Sa’ar, Z. Kotler (2015), "Laser Transfer of Metals and Metal Alloys for Digital Microfabrication of 3D Objects,
Small", Vol 11, Issue 33, pp. 4082–4089

[3] J. Luo, R. Pohl, L. Qi, G.W. Romero, C. Sun, D. Lohse and C.W. Visser (2017), "Printing Functional 3D Microdevices by Laser-

Induced Forward Transfer", Small, Vol 13, Issue 9 pp. 1-5

1 mm

Figure 1: (a) A SEM of the V shaped electro thermal micro actuator.  (b) A SEM image focusing on the thermal 
actuator beam; (c) An image of the entire Au printed micro tweezer taken via a 3D optical microscope;  

1 mm

(c)

(a) (b)
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Laser polishing for post-processing Additively Manufactured CoCr 
and Ti6Al4V parts
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Powder bed additive manufacturing (AM) processes, such as selective laser melting (SLM), allow the creation of 
small complicated 3D parts as they are not constrained by the same limitations as subtractive machining meth-
ods. However the parts require post-processing as the surface quality is unsuitable for many applications, e.g. 
medical implants. Currently there are two main post-processing methods to produce highly smooth surfaces: 
electrochemical and mechanical (abrasive method) polishing. Both of these methods have their drawbacks. Elec-
trochemical polishing is a non-selective process and hence additional processing is necessary if different surface 
finishes are required on different areas of the manufactured part. Mechanical polishing, meanwhile, can be hard 
to implement with complex 3D structures and hence tends to be a labour intensive (and hence expensive) pro-
cess in this case. Laser polishing offers the possibility of high selectivity and an ability to cope with complex sur-
faces as it is a non-contact process.  By selecting appropriate laser parameters, it is possible to have micron-level 
control of the surface profile.

During laser polishing, the beam is scanned across the sample surface and creates a small volume of molten 
material, which directed by the surface tension, flows locally and resolidifies providing a smoother surface. The 
melt pool depth (and hence degree of smoothing) is controlled by a combination of laser scan strategy and pulse 
regime.  Compared with conventional polishing techniques, laser polishing offers shorter processing times, zero 
waste processing (e.g. no liquid/abrasives involved), more repeatable results and can be easily automated.

Figure 1 shows both the surface profile as well as the image of a Cobalt Chrome (CoCr) AM part before and after 
polishing. It was possible to reduce surface roughness (Sa) from 23 µm to 0.55 µm for a flat section of the part.

(a) (b) (c)

Figure 1: Surface profiles of CoCr AM parts (a) before and (b) after laser polishing; (c) selectively polished CoCr AM sample.

In this presentation we focus on laser polishing of AM components formed of two different alloys, CoCr and 
Ti6Al4V. We report our investigation of different scanning conditions to find optimal processing parameters for 
both flat and curved surfaces, and demonstrate surface roughness improvements of over 90%.  We also report 
our analysis of residual stress following the polishing process and how this stress can be eliminated by subse-
quent heat treatment.
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Dual laser printing of metal
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Laser-induced forward transfer (LIFT) has demonstrated its ability for printing of conductive structures of few 
tens of micrometers with strong potential applications for the manufacturing. This technique has been used for 
transferring materials in solid or liquid phase, and both approaches exhibit advantages and drawbacks. Here, we 
introduce a double-pulse concept that combines the use of solid donor film with the accuracy and the cleanliness 
of the transfer in liquid phase. First, a quasi-continuous wave laser irradiates the thin metal donor film to locally 
form a liquid film, then, a second short pulse laser irradiates this area to induce the formation of a liquid jet and 
the printing of a small droplet on the receiver substrate. When cooling, this metal droplet solidifies and recover 
the properties of bulk metal. 

We used time-resolved shadowgraphy to study the laser induced formation and propagation of high-velocity 
nanojets from solid copper films, and these experiments clearly show that this double pulse irradiation induces 
the formation of a very thin and stable liquid jet that expands over distances of few tens of micrometres over 
a large range of process conditions. We demonstrated that the first irradiation with a long duration laser pulse 
provides an accurate control of the material properties in order to achieve a reliable ejection of the material. This 
approach has been used to print 2D and 3D structures with micrometer sizes while avoiding the generation of 
any debris. Moreover, this process exhibits a significant range of process windows in terms of donor-reciever gap, 
fluence or donor film thickness.

This double-pulse LIFT open the way of digital nano-manufacturing with a large set of materials.

  

 (a) (b)
Figure 1: Dual laser printing of copper. (a) shadowgraphy images of the liquid copper jet ejected from 1µm thin copper film. (b) laser printed 
copper pillar by 6 successive printing steps

[1] J. Wang, R. C. Y. Auyeung, H. Kim, N. A. Charipar, A. Piqué, ‘Three-Dimensional Printing of Interconnects by Laser Direct-Write of Silver 
Nanopastes’, Adv. Mater. 22, 4462–4466, (2010)

[2] L. Rapp, E. Biver, A. P. Alloncle, Ph. Delaporte, ‘High-Speed Laser Printing of Silver Nanoparticles Ink’, J. of Laser Micro/NanoEnginnering 
9 (1), 5-9, (2014)

[3] C. W. Visser, R. Pohl, C. Sun, G.-W. Römer, B. Huis in ’T Veld, and D. Lohse, “Toward 3D Printing of Pure Metals by Laser-Induced Forward 
Transfer,” Adv. Mater. 27, 4087–4092 (2015).

[4] M. Zenou and Z. Kotler, “Printing of metallic 3D micro-objects by laser induced forward transfer,” Opt. Express 24, 1431–1446 (2016)
[5] A. I. Kuznetsov, R. Kiyan, B. N. Chichkov. “Laser fabrication of 2D and 3D metal nanoparticle structures and arrays”, Opt. Express 18 (20), 

21198 (2010)
[6] Q. Li., A.-P. Alloncle, D. Grojo, Ph. Delaporte, ‘Generating Liquid Nanojets from Copper by Dual Laser Irradiation for Ultra-High Resolution 

Printing’, Optics Express 25 (20), pp. 24164-24172 (2017)

[7] Q. Li., A.-P. Alloncle, D. Grojo, Ph. Delaporte, ‘Laser-induced nano-jetting behaviors of liquid metals’, Applied Physics A 123, 718, (2017)
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Embedded 3D interconnects in glass substrates by a  
combined laser trenching and printing process
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Control of grooved structured profiles can be achieved by a femtosecond laser ablation process, in different 
materials – either dielectrics, semi-conductors or metals [1]. In addition, high accuracy additive manufacturing 
techniques, e.g. laser induced forward transfer (LIFT) [2], provide flexibility in 3D printed structures deposited 
on a variety of substrates. 

The combination of these two laser technologies suggests a wide range of applications which rely on embedded 
circuitry and components, such as microfluidics. 
Embedding is advantageous in terms of mechanical stability and adherence of the printed metal allowing a 
favorable aspect ratio and thereby improved electrical properties of the conducting lines as well as debris-free 
surface.

We report in this work on a combination of laser grooving and laser printing processes, and demonstrate the 
results of buried printed copper structures in a grooved borosilicate glass substrate.

Figure 1: Typical trench in glass by femtosecond laser.

[1] Huang, Huan, Lih-Mei Yang, and Jian Liu. “Micro-hole drilling and cutting using femtosecond fiber laser.” Optical Engineering 53.5 (2014): 
051513.
[2] Zenou, Michael, and Zvi Kotler. “Printing of metallic 3D micro-objects by laser induced forward transfer.” Optics Express 24.2 (2016): 1431-
1446.
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The effect of pulse duration for Laser-Induced Forward Transfer of 
viscous silver nanoparticle inks

Justinas Miksys1, Gari Arutinov2, Merijn Giesbers2, Gert-Willem Römer1

1 - Chair of Laser Processing, Faculty of Engineering Technology, University of Twente, Drienerlolaan 5, 7522 NB Enschede, The 
Netherlands

2- Holst Centre / TNO, High Tech Campus 31, 5656 AE Eindhoven, The Netherlands
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Competition in industry is pushing well known and established manufacturing techniques to its limits, creating 
a demand for new, more flexible methods. Printing conductive circuit is not an exception, where the current 
production technologies are relying on traditional approaches for material deposition, such as screen printing, 
inkjet printing and dispensing. Compared to these traditional approaches, Laser Induced Forward Transfer (LIFT), 
can offer significantly higher throughput and more flexibility, and enabling printing ultrafine deposits with dot 
sizes down to 10 µm. Recent advances in LIFT technology allowed printing wide range of materials, including 
pure metals, liquids, polymers, semiconductors, ceramics, biomaterials. However, printing pastes and “complex” 
liquids, for which the viscosity depends on the shear rate remains challenging, where undesired depositions 
of multiple droplets, off-angle ejection and splashing are commonly observed. These phenomena are usually 
detrimental for the printed structure. Therefore, a deeper understanding of physical phenomena of LIFT in 
needed.

In this contribution, we will present our recent study on the effect of laser pulse duration on performance and 
dynamics of LIFT printing of viscous silver nanoparticle inks. This experimental study comparing LIFT printing of 
silver pastes using pico- and nanosecond UV lasers, involves post-analysis of LIFT printed deposits (figure 1a), 
and is complemented with time-resolved shadowgraphy imaging (figure 1b). We observed that in most cases 
threshold pulse energy for successful deposition in picosecond LIFT is lower than the one in nanosecond LIFT. We 
attribute this effect for differences in laser absorption mechanism and heat dissipation speed. 

(a)      (b)

Figure 1: (a)Microscope image of silver nanoparticle ink LIFT printed deposits, using two laser pulse durations: top- 30 ns, bottom- 15 ps.  
(b) Time-resolved shadowgraphy image sequence of LIFT of silver nanoparticle ink. 
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Laser-induced forward transfer (LIFT) of water soluble polyvinyl 
alcohol (PVA) polymers for use as support material for 3D-printed 

structures
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The additive microfabrication method of laser-induced forward transfer (LIFT) permits the creation of functional 
microstructures with feature sizes down to below a micrometre [1]. Compared to other additive manufacturing 
techniques, LIFT can be used to deposit a broad range of materials in a contactless fashion. LIFT features the 
possibility of building out of plane features, but is currently limited to 2D or 2½D structures [2–4]30 ns FWHM. 
That is because printing of 3D structures requires sophisticated printing strategies, such as mechanical support 
structures and post-processing, as the material to be printed is in the liquid phase. Therefore, we propose the use 
of water-soluble materials as a support (and sacrificial) material, which can be easily removed after printing, by 
submerging the printed structure in water, without exposing the sample to more aggressive solvents or sintering 
treatments. 

Here, we present studies on LIFT printing of polyvinyl alcohol (PVA) polymer thin films via a picosecond pulsed 
laser source (see Figure 1(a)). Glass carriers are coated with a solution of PVA (donor) and brought into proximity 
to a receiver substrate (glass, silicon) once dried. Focussing of a laser pulse with a beam radius of 2 µm at the 
interface of carrier and donor leads to the ejection of a small volume of PVA that is being deposited on a receiver 
substrate (see Figure 1(b)). 

       

(a)       (b)

Figure 1: (a) Schematic of the setup for laser-induced forward transfer of polyvinyl alcohol thin film donors. (b) Microscope image of abla-
tion craters in the donor film after LIFT experiments.

The effect of laser pulse fluence , donor film thickness and receiver material on the morphology (shape and size) 
of the deposits are studied. Adhesion of the deposits on the receiver is verified via deposition on various receiver 
materials and via a tape test. The solubility of PVA after laser irradiation is confirmed via dissolution in de-ionised 
water. 

In our study, the feasibility of the concept of printing PVA with the help of LIFT is demonstrated. The transfer pro-
cess maintains the ability of water solubility of the deposits allowing the use as support material in LIFT printing 
of complex 3D structures. Future studies will investigate the compatibility (i.e. adhesion) of PVA with relevant 
donor materials, such as metals and functional polymers. 

[1] A. Piqué and P. Serra (2018) Laser Printing of Functional Materials. Weinheim, Germany: Wiley-VCH Verlag GmbH & Co. KGaA.
[2] R. C. Y. Auyeung, H. Kim, A. J. Birnbaum, M. Zalalutdinov, S. A. Mathews, and A. Piqué (2009) Laser decal transfer of freestanding micro-

cantilevers and microbridges, Appl. Phys. A, vol. 97, no. 3, pp. 513–519.
[3] C. W. Visser, R. Pohl, C. Sun, G.-W. Römer, B. Huis in ‘t Veld, and D. Lohse (2015) Toward 3D Printing of Pure Metals by Laser-Induced 

Forward Transfer, Adv. Mater., vol. 27, no. 27, pp. 4087–4092.
[4] J. Luo et al. (2017) Printing Functional 3D Microdevices by Laser-Induced Forward Transfer, Small, vol. 13, no. 9, p. 1602553. 
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Laser-manufactured microfluidic devices for the study of 
mechanisms governing transport in porous media 
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Microfluidic devices in geological and petroleum engineering research have found use as micromodels to 
investigate mechanisms governing transport in porous media. These micromodels comprise structures of 
interconnected pores whose shape and arrangement are designed in such a way to represent simplified versions 
of internal porous structures of geomaterials, e.g. hydrocarbon-bearing rocks. 
Pore network structures can be manufactured on the surface of different materials, such as photoresist, PDMS, 
PMMA, glass or silicon [1]. These structures can be generated in different ways, but typically via a complex, 
multi-step process that involves a combination of photolithography and etching, requiring the use of specialised 
equipment, different masks, chemicals, and a clean room. The structures are enclosed from the top by using a 
transparent plate (made of either polymer or glass) in order to confine flow of fluids only to the area of pores 
and microchannels, whilst providing optical access, thereby enabling the direct observation and visualisation of 
fluids inside the structures. Different bonding methods are used dependent on the materials used, e.g. “thermal 
fusion” for joining glasses and polymers, whilst “anodic bonding” for joining glass to silicon [2]. All these 
methods, however, are time consuming and require very clean and flat surfaces.  

Figure 1: Enclosed microfluidic device manufactured using a picosecond laser: (a) photograph and (b) 3D surface profile of microchannels. 

This paper presents a laser-based process that enables rapid manufacturing of enclosed porous structures using 
borosilicate glass substrates [3]. Glass is a preferred host material over silicon and polymers because it is 
transparent and exhibits similar chemical reactivity to real geomaterials. The process uses a single picosecond 
laser (Trumpf TruMicro 5x50) both for the generation of microstructures directly on glass (by laser ablation [4]) 
and for the enclosing of the microstructures from the top with another glass plate (by laser micro-welding [5]). 
Figure 1 (a) shows a micro-fluidic device that was fabricated from two 75mm × 25mm × 1.1mm thick glass plates. 
The device contains a grid of micro-channels spaced by 50µm, as shown in Figure 1 (b). Each channel within the 
grid is 14±2µm wide (FWHM) and 36±4µm deep. Two ports (inlet and outlet) enable the injection of fluids to the 
grid. Fluid flow tests performed for the laser-generated microfluidic devices will be presented during this talk.   
This project has received funding from the European Research Council (ERC) under the European Union Horizon 
2020 Research and Innovation programme (MILEPOST, Grant agreement no.: 695070). This paper reflects only 
the authors’ view and ERC is not responsible for any use that may be made of the information it contains. 

[1] N.K. Karadimitriou and S.M. Hassanizadeh (2012) A Review of Micromodels and Their Use in Two-Phase Flow Studies, Vadose Zone 
Journal, vol. 11, pp. 1-21. 

[2] C. Iliescu, H. Taylor, M. Avram, J. Miao, S. Franssila (2012) A practical guide for the fabrication of microfluidic devices using glass and 
silicon, Biomicrofluidics, vol. 6, pp. 016505-1-16. 

[3] K.L. Wlodarczyk, R.M. Carter, A. Jahanbakhsh, D.P. Hand, R.R.J. Maier, M. Maroto-Valer (2017) Fabrication of three-dimensional micro-
structures in glass by picosecond laser micro-machining and welding, Proceedings of LPM 2017, Toyama, Japan. 

[4] K.L. Wlodarczyk, W.M. MacPherson, D.P. Hand (2015) Laser processing of Borofloat®33 glass, Proceedings of LPM 2015, Kokura, 
Japan.

[5] R.M. Carter, J. Chen, J.D. Shephard, R.R. Thomson, D.P. Hand (2014) Picosecond laser welding of similar and dissimilar materials,
Applied Optics, vol. 19, pp. 4233-4238.

Vertical microchannels for  
microfluidic multilayer interconnections in PMMA 

 – an innovative approach by fs laser radiation 
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We report on laser generation of microchannels by focused femtosecond laser pulses inside PMMA bulk 
material. This process enables the fabrication of three-dimensional microfluidic channel architectures with 
fundamentally unlimited channel length. The three-dimensional channel layout is implemented by moving the 
specimen using 3D motorized stages, allowing freely chosen complex shaped channel architectures [1, 2]. Based 
on nonlinear absorption of high intensities around the focal volume, a material modification including a 
refractive index shift is triggered [3]. After laser exposing, the channel is created by a gaseous degradation of 
exposed areas during an annealing process. Compared to common 3D internal structuring processes for glass 
such as, e.g. selective laser etching (SLE) [4], the studied technology avoids the use of etchants and therefore 
eliminates etching aspect ratio limitations.  
 
In this report, the particular creation of circular inner lying vertical microchannels is examined. In addition to 
previously shown horizontal channel architectures, vertical channels are necessary to completely fulfill the 
definition of an internal three-dimensional microfluidic structure with unlimited channel architecture and to 
create interconnections in multilayer devices. Cross-section and geometry of vertical channels found to be 
strongly influenced by process parameters such as pulse duration, laser power, scanning speed and scanning 
repetitions. The influence of these process parameters on channel diameter are determined and optimized 
regarding a stable and reproducible process. Furthermore, microstructures are compared before and after 
annealing. The proof of concept for an application in an internal three-dimensional microfluidic system is 
provided by fluorescence microscopy using Rhodamine B.  
 
 

   
    (a)          (b) 

 
Figure 1: Illustration of laser generation of microchannels inside PMMA (a) and tilted view on an array of empty vertical microchannels (b). 
 
 
[1] G.-L. Roth, C. Esen, R. Hellmann (2017) Femtosecond laser direct generation of 3D-microfluidic channels inside bulk PMMA, Optics 
Express, Vol. 25, pp. 18442. 
[2] D. Day, M. Gu (2005) Microchannel fabrication in PMMA based on localized heating by nanojoule high repetition rate femtosecond 
pulses," Optics Express, Vol. 13, pp. 5939. 
[3] A. Baum, P.J. Scully, W. Perrie, D. Liu, V. Lucarini  (2010)  Mechanisms of femtosecond laser-induced refractive index modification of 
poly (methyl methacrylate), Journal of the Optical Society of America B, Vol. 27, pp. 107–111. 
[4] M. Hermans, J. Gottmann, F. Riedel (2014) Selective, laser-induced etching of fused silica at high scan-speeds using KOH, Journal of 
Laser Micro/Nanoengineering, Vol. 9, pp. 126. 
 
  

Thu-3-OR6

TH
U

RS
D

AY

TH
U

RS
D

AY



208 209

 Fabrication of High Aspect Ratio Channels in Fused Silica
Using Femtosecond Pulses and Chemical Etching at Different 

Conditions
S. Butkus1, M. Rickus1, R. Sirutkaitis2, D. Paipulas1 and V. Sirutkaitis1
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High depth to width ratio channels made in glass are important for manufacturing microfluidic devices, 
micromechanical applications, and etc. [1-2]. These devices are used widely: chemical synthesis and drug 
development, high-throughput medical and biochemical analysis, micro mechanics and various sensors. Though 
femtosecond bulk writing and chemical etching enables the above outlined applications, generally it is considered 
a slow process (writing and etching steps are required which total in several hours of fabrication) and requires 
working with toxic chemicals (HF acid). 

Figure 1: Used fabrication setup and experiment description. 300 µm deep, 0.2 mm long channels were written with various experimental 
conditions in fused silica samples. The samples were later etched in different (temperature and concentration) KOH solutions. The etched 
depth and aspect ratio was inspected multiple times during etching (from 5 minutes to several hours) for all of the samples.

In our experiments we have written 300 µm deep columns in fused silica samples and investigated how various 
laser (pulse energy, writing speed, axial overlap) and non-laser (etching time, etchant temperature, etchant 
concentration) parameters impact the whole femtosecond laser writing and chemical etching process in terms of 
writing and etching throughput and the selectivity of etching. In our experiments, KOH was used instead of HF as 
the etchant due to it being less toxic and safer when operating at > 100oC temperature settings. Our experiments 
show, that given the correct parameter settings, it is possible to achieve selective etching at high writing speeds 
(0.5 mm2/s) while the etching rate is high (0.2 µm/s), e.g. a 0.1 mm deep  and  5 mm long trench is fabricated in 1 
second and etched in 5 minutes. Such writing and etching throughput values are attractive for rapid prototyping 
and various other applications. In addition, we observe that the etching rate increases when the temperature of 
the etchant is above 100oC however the selectivity drops by up to a factor of 5 in this case. Higher concentration 
also leads to a decrease in selectivity.

[1] R. Osellame, H. J. Hoekstra, G. Cerullo, M. Pollnau (2011), Femtosecond laser microstructuring: An enabling tool for optofluidic lab-on-
chips, Laser and Photonics Reviews, 5(3), pp. 442-463
[2] T. Tičkūnas, M. Perrenoud, S. Butkus, R. Gadonas, S. Rekštytė, M. Malinauskas, D. Paipulas, , Y. Bellouard, and V. Sirutkaitis (2017), 
Combination of additive and subtractive laser microprocessing in glass/polymer microsystems for chemical sensing applications, Optics 
Express, 25, pp. 26280-26288 
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Femtosecond laser micromachining of transparent materials: 
an enabling tool for advanced applications 
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Femtosecond laser micromachining is rapidly becoming a major player in processing transparent materials. 
Being contactless, maskless, cost-effective and capable of 3D structuring it proved to be a unique technology 
raising interest both in scientific as well as in industrial applications.  In addition, femtosecond laser 
micromachining includes several different processes, from gentle modification of materials for waveguide 
writing, to subtractive approaches like ablation or laser assisted etching to produce microchannels, to additive 
approaches like two-photon polymerization to produce 3D micro/nano structures. This versatile technology 
finds many applications in very diverse fields, ranging from lab-on-a-chip to quantum photonic circuits. 

 (a) (b)

Figure 1: Examples of femtosecond-laser-fabricated devices: (a) Selective Plane Illumination Microscope (SPIM) on a chip. (b) 3D 
Interferometric photonic circuit to implement a Quantum Fourier Transform (QFT).   

A few examples will be described, displaying the full potential of this unique microfabrication technology to 
produce three-dimensional microsystems. In particular, recent developments on an advanced microscope on-
chip will be presented (Fig. 1a) and its capability for 3D imaging of cellular spheroids with very high throughput 
[2]. As a second example, a complex three-dimensional interferometer (Fig. 1b) capable of implementing the 
Quantum Fourier Transform algorithm on single photon states will be discussed [3]. 
Potentials of this technology are still largely unexplored, but the possibility to combine photonic and microfluidic 
networks together with three-dimensional micro/nanostructures definitely makes femtosecond laser 
micromachining one of the most versatile and powerful microfabrication technologies available. 

[1] Femtosecond laser micromachining: photonic and microfluidic devices in transparent materials, Eds. R. Osellame, G. Cerullo, R. Ramponi,
Springer (2012).

[2] P. Paiè, F. Bragheri, A. Bassi, R. Osellame (2016) Selective plane illumination microscopy on a chip, Lab Chip, 16, 1556-1560. 
[3] A. Crespi, R. Osellame, R. Ramponi, M. Bentivegna, F. Flamini, N. Spagnolo, N. Viggianiello, L. Innocenti, P. Mataloni, F. Sciarrino (2016) 

Suppression law of quantum states in a 3D photonic fast Fourier transform chip, Nature Communications, 7, 10469 
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optical vortices
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Chiral metamaterials consisted of helical micro/nanostructures exhibit strong broadband circular dichroism (CD) 
and optical rotatory dispersion (ORD) [1, 2]. Three-dimensional helical micro/nanostructures are traditionally 
fabricated with focus scanning dot by dot technology, which is time-consuming. Therefore, a rapid helical micro/
nanostructure fabrication is highly desired in studying special optical properties. Optical vortices, as a kind of 
structured beam with helical phase wavefronts, have been used to fabricate chiral microstructures in metal and 
polymer [3-5]. Here we develop a powerful strategy for realizing helical microstructures in isotropic polymer by 
coaxial interference of two vortex beams, which produce 3D helical optical fields. The diameters and spiral lobes 
of helical microstructures are controlled by the topological charges of optical vortices. This technique shows 
distinct capability for fabricating chiral metamaterials arrayed with 3D large-area helical microstructures with 
~100 nm precision, and it also offers broadband applications in optical tweezers and optical communications.

Figure 1. Schematic of SLM-based experimental setup and helical microstructures fabrication. (a) The femtosecond laser is expanded by a 
telescope (lenses L1-L2) to match the size of SLM, which displays a designed hologram. Subsequently, the desired first-order diffraction beam 
is selectively introduced into the microscope system, via an iris (I). (b) The hologram displayed on the SLM is superimposed with a tilted 
shift phase. After developing, tilted-view (c) and top-view (d) SEM images of double helix microstructures are achieved. (e) SEM image of an 
arrayed helical microstructures.

Reference
[1]Gansel, J. K. et al. Gold Helix Photonic Metamaterial as Broadband Circular Polarizer. Science 325, 1513-1515 (2009).
[2]Esposito, M. et al. Triple-helical nanowires by tomographic rotatory growth for chiral photonics. Nat. Commun. 6, 6484 (2015).
[3]Toyoda, K., Miyamoto, K., Aoki, N., Morita, R. & Omatsu, T. Using Optical Vortex To Control the Chirality of Twisted Metal Nanostructures. 
Nano Lett. 12, 3645-3649 (2012).
[4]Zhang, S. J. et al. Two-photon polymerization of a three dimensional structure using beams with orbital angular momentum. Appl. Phys. 
Lett. 105, 061101 (2014).
[5]Ni, J. C. et al. Three-dimensional chiral microstructures fabricated by structured optical vortices in isotropic material. Light Sci. Appl. 6 
(2017)

Thu-4-OR1

Crystalline architectures in glass: from space-selective glass 
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Femtosecond laser-induced space-selective crystallization of glasses is a very attractive and promising method 
enabling the laser direct writing of functional crystalline architectures for integrated optics and photonics devices. 
Possibility of laser-induced crystal growth has been studied for various glass systems [1, 2]. Promising results on 
direct laser writing of single crystal-in-glass waveguides were reported by H. Jain’s group [1]. Recently, we have 
introduced a technique improving the crystal quality by applying a beam waist with elliptical cross-section and 
demonstrated second harmonic generation in multimode LaBGeO5 crystal-in-glass waveguide [3]. Nevertheless, 
fabricating extensive and high-quality crystalline architectures in the glass bulk is still a challenge due to many 
factors such as limited glass homogeneity, stability of laser parameters etc. Moreover, cracks may appear during 
laser-induced crystallization due to the difference of thermal expansion coefficients of precipitated crystals and 
the glass matrix. To overcome these problems greatly limiting feasibility of space-selective glass crystallization by 
femtosecond lasers, we propose a technique for erasing defective or undesirable crystalline tracks or their parts 
through space-selective melting induced by the laser-induced heat accumulation.

A highly oriented LaBGeO5 crystalline track to be erased was written in lanthanum borogermanate glass by 
scanning with a laser beam (520 nJ pulse energy, 200 kHz pulse repetition rate) focused at a depth of 180 μm into 
the glass bulk by the Olympus 20X objective (N.A. = 0.45) at speed of 30 μm/s. The laser-written track evidently 
contained a transverse crack (Fig. 1a). Erasing the cracked part of the crystalline track was carried out by the 
beam with approximately the same intensity that had been used for its writing. The laser beam waist was moved 
along a helical trajectory around the crystalline track in order to provide smoother temperature field diminishing 
probability of new cracks emergence. To avoid re-crystallization of glass we used linear scanning speed over 500 
μm/s which is much higher than the maximal speed of crystalline track growth.

Figure 1: Optical images of a crystalline track before (a) and after erasing (b), and after rewriting (c) in crossed polarizers. 

Polarized light microscopy images (Fig. 1b) confirmed the complete erasure of the given part of crystal track and 
healing of crack in the area re-melted during femtosecond laser irradiation. Importantly, we also managed to 
rewrite a crystalline track in the re-melted area (Fig. 1c). The obtained results complement the technology of 
direct laser writing of complex crystalline architectures in glass and open the opportunity of development of all-
optical crystal-glass composite circuits.

This study was supported by the Russian Foundation for Basic Research (grant #16-33-60081).

[1] A. Stone et al. (2015) Direct laser-writing of ferroelectric single-crystal waveguide architectures in glass for3D integrated optics, Sci. Rep. 
5, 10391 
[2] J. Cao et al. (2017) Modifications in lithium niobium silicate glass by femtosecond laser direct writing: morphology, crystallization, and 
nanostructure, JOSA B, 34(1), 160-168
[3] A. S. Lipatiev et al. (2017) Direct laser writing of LaBGeO5 crystal-in-glass waveguide enabling frequency conversion, Crystal Growth & 
Design, 17(9), 4670-4675. 
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Fogging, the condensation of water in form of small droplets on a surface, is a widespread and well-known 
problem. On transparent materials, the droplets scatter the transmitted light, causing a blurred vision. This is 
a drawback for numerous applications such as eyeglasses, bathroom mirrors, helmet visors, diving goggles, car 
mirrors, or windows in general.

Anti-fogging strategies change the property of the surface in a way such that the formation of scattering droplets 
is avoided. Usually this is achieved by controlling the wettability of the surface so that the droplets spread 
completely on the surface; the surface is superhydrophilic.1 

In our study, we modified the surface of a pyrex wafer by femtosecond laser structuring to obtain superhydrophilic 
wetting behavior. Consequently, the condensed water forms a non-scattering film on the surface instead of 
droplets, thus keeping the sample transparent. Because laser-generated modifications in form of small grooves 
or holes cause scattering as well, the aim of this study was to find an optimal processing strategy where the 
substrate remains transparent in dry condition but shows superhydrophilic wetting behavior keeping the sample 
transparent in case of condensation.

To obtain superhydrophilic wetting behaviour we generated matrixes of rippled dots and holes on pyrex 
wafers with varying size and density. Water contact angle and transmission measurements were carried out 
to characterize the samples. Additionally, images of selected backgrounds were taken to evaluate the visual 
perception of samples placed at different positions in the optical path (see figure 1).

Figure 1: Comparison of the visual perception through untreated and laser-modified pyrex wafers in wet case. The camera image shows a 
text printed on a piece of paper. The pyrex wafer was placed close to the object plane, which results in a high degree of blur in the case of the 
untreated substrate (panel A). The laser-structured sample shows superhydrophilic wetting behavior, which leads to a fast spreading of the 
condensed water on the surface. As a result, the text appears very sharp (panel B).

According to the Wenzel model, the contact angle changes with respect to the value for the smooth surface 
linearly with the surface roughness r.2 The values of r resulting from the laser modifications were used to fit the 
Wenzel model to the experimental data; we obtained a good agreement between the model and the measured 
contact angle values.

[1] N. Herbots, C.F. Watson, E.J. Culbertson, A.J. Acharya, P.R. Thilmany, S. Marsh, R.T. Marsh, I.P. Martins, G.P. Watson, A.M. Mascareno, S. 
Sinha, M. Gupta, N. Gupta, A. Krishnan (2016), Super-Hydrophilic, Bio-compatible Anti-Fog Coating for Lenses in Closed Body Cavity Surgery,  
MRS Adv., vol.1,pp. 2141-2146. 
[2] R.N. Wenzel (1936), Resistance of solid surfaces to wetting by water, Ind. Eng. Chem., vol. 28(8), pp. 988-994
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The processing of transparent materials in general can be achieved by ultrashort laser pulses due to nonlinear 
absorption processes for high local intensities. In dependence on the focusing conditions, several different 
processes can be realized, for example surface structuring, ablation cutting or generation of highly localized in-
volume modifications for selective laser-induced etching [1, 2]. Although the processing of transparent materials 
is roughly comparable for different materials, the details of local modifications and damages inside the volume 
strongly vary due to deviations of the molecular structure. In recent years, novel transparent ceramics have been 
developed [3]. They exhibit promising potential for many different applications due to their unique mechanical 
strength, thermal stability, cubic crystal structure and high refractive index. Because of the properties of the 
material, the interaction of ultrashort laser pulses with ceramics might exhibit unique features.

In this study, we investigate the ultrashort pulse processing of the transparent, so-called, spinel (MgAl2O4). The 
applied pulse duration is varied in a range from 100 fs up to 10 ps to investigate the impact of the underlying 
damage mechanism on the observed modifications in the material. Moreover, we examine electronic and 
thermal damages by an adjustment of the laser parameters, respectively. For surface structuring or ablation 
cutting conditions, we use pulse repetition rates well below 1 MHz and find evidence for electronic damages by 
the detection of micro-cracks and spikes inside the volume, which is shown in Figure 1. By an increase of the pulse 
repetition rate to 2 MHz, we are able reduce electronic damages and increase the impact of heat accumulation 
on the material modification process.

Figure 1: Cross sections of the processed spinel. (a) Manufactured cavity (width 1.5 mm). In the vicinity of the processing edge, dark cracks 
are observed. Moreover, dark strips are observed on the bottom of the cavity. (b) Detail of the edge of the processing area.

We compare the observed phenomena to ultrashort pulse processing of glass to adapt a comparable model for a 
description of the interaction of laser radiation with the crystalline spinel. Our studies are the basis for upcoming 
investigations and reveal that ultrashort pulse processing is a promising tool for machining novel transparent 
ceramics.

[1] C. Kalupka, D. Grossmann, and M. Reininghaus (2017) Evolution of energy deposition during glass cutting with pulsed femtosecond laser 
radiation, Applied Physics A, 123.5, pp. 376
[2] M. Hermans, J. Gottmann, and F. Riedel (2014) Selective, laser-induced etching of fused silica at high scan-speeds using KOH, Journal of 
Laser Micro Nanoengineering, 9.2, pp. 126
[3] A. Goldstein, and. A. Krell (2016) “Transparent ceramics at 50: progress made and further prospects, Journal of the American Ceramic 
Society, 99.10, pp. 3173-3197
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The growing need of high performance ceramics (e.g. alumina) is proving increasingly research on the processing 
and manufacture of such materials [1]. However, due to its brittle and high-tensile material behaviour, 
the processing of advanced ceramic oxide is classified as demanding because of the lower material removal 
rate (MRR), high tool wear and high production costs [2]. Laser milling has several advantages compared to 
conventional machining methods, such as: high flexibility in shaping and working material, contactless material 
removal, no tool wear and environmental friendliness [1]. But there exists a general conflict between precision 
and efficiency in laser microstructuring [3].

In this study, laser ablation was carried out on aluminium oxide (Al2O3) using a Nd:YVO4 picosecond laser, realizing 
pockets (400 x 400 µm) on the sample surface. A statistical approach based on Design of Experiment (DoE) was 
adopted and the ANalysis Of VAriance (ANOVA) has been applied for the results analysis.

In order to understand the influence of main parameters and their interactions on the response variables, a 
Central Composite Design (CCD) has been chosen and performed successfully. By this approach it is possible to 
find out a statistical model of the response variable behaviour changing process parameters. 

The analysed parameters are: marking speed, power, pulse distance and line distance (i.e. the distance of two 
consecutive scan lines) and response variables are material removal rate and surface roughness.

Moreover, the quality and the geometry of the process is evaluated by accuracy of ablation, ablated volume/
depth per layer, required time of process and surface roughness. The machined structures were measured with a 
3D-laser scanning microscope, as shown in figure 1.

(a) (b)

Figure 1: Pocket of 400 x 400 µm realised on the sample. (a) The figure shows an image of pocket obtained with digital microscope.
(b) 3-D image of pocket obtained through microscope software management.

This paper will present the results of the investigation whose aim was to reduce the process time while maintaining 
or improving manufacturing accuracy and surface roughness.

[1] C. Leone, S. Genna, F. Tagliaferri, B. Palumbo, M. DIx (2016) Experimental investigation on laser milling of aluminium oxide using a 30WQ-
switchedYb:YAG fiber laser, Optics & Laser Technology, 76, pp. 127–137
[2] I.P. Tuersley, A. Jawaid, I.R. Pashby (1994) Review: Various methods of machining advanced ceramic materials, Journal of Materials 
Processing Technology, 42, pp. 377–390
[3] K.-H. Leitz, B. Redlingshöfer, Y. Reg, A. Otto, M. Schmidt (2011) Metal Ablation with Short and Ultrashort Laser Pulses, Physics Procedia, 
12, pp. 230-238
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By internal modification of transparent glasses and crystals with ultrafast laser radiation and subsequent 
wet-chemical etching (here named SLE = selective laser-induced etching), very precise 3D structures have been 
produced, especially in quartz glass (fused silica), for more than a decade. 

By the combination of a high precision three-axis system to move the glass sample and a fast 3D beam steering 
system to move the laser focus, the SLE process is now suitable to produce more complex structures in a shorter 
time [1]. We have programmed a printer driver for commercial CAD software and the flexible machine software 
enabling automated production of complex 3D glass parts with the LightFab 3D Printer. Some examples of 3D 
precision glass parts e.g. for lab-on-a-chip applications (cell-sorting microfluidics), electronics (glass via and con-
nectors), semiconductor (quartz chucks), optics and precision mechanics are presented. 

The SLE process is very scalable for high throughput since a faster writing speed results in higher selectivity and 
thus larger precision of the resulting structures. Thus SLE is a process which is suitable for mass production of 
3D structures in glasses. Some examples of rapidly produced structures using our high speed beam deflection 
modules are demonstrated, which are the basis of our special machines enabling mass-production. Therefore, 3D 
printing of glasses is not only a niche technology for prototypes anymore.

Since the LightFab 3D Printer includes an ultrafast laser with programmable pulse duration and variable repeti-
tion rates also other in-volume processes than SLE like 2-photon-polymerization, direct writing of waveguides in 
glasses, internal glass welding can be done in the same machine. Some examples of process chains combining SLE 
with other processes will be presented.

           

Figure 1: Reindeer in quartz glass (left) demonstrating the high precision (1-10 µm layer thickness) and the large design freedom (movable 
head and legs by ball joints) enabled by the subtractive SLE-process and the fast high precision LightFab 3D Printer (right).  

[1] J. Gottmann, M. Hermans, N. Repiev, J. Ortmann (2017) Selective Laser-Induced Etching of 3D Precision Quartz Glass Components for 
Microfluidic Applications—Up-Scaling of Complexity and Speed, Micromachines 8, pp. 110-120
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Axicon fabrication with ultrashort pulsed and CO2 laser
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2- Applied Laser Technologies, Ruhr-University Bochum, Universitaetsstrasse 150, 44801 Bochum, Germany

simon.schwarz@h-ab.de

Ideal Bessel beams are non-diffractive beams having a field distribution specified by the zeroth-order Bessel 
function of the first kind, experimentally shown by Durnin et al. in 1987 [1]. Bessel beams provide several 
advantages over conventional Gaussian beams for femtosecond laser micromachining processes, e.g. for laser 
drilling [2] or laser cutting [3]. Therefore, we report on the fabrication of micro-axicons for the generation of 
quasi-Bessel beams, combining a process chain consisting of a femtosecond pulsed laser ablation process with 
a subsequent CO2 laser polishing step [4]. Initially, a 1030 nm femtosecond laser is used to define the designed 
axicon geometry by a precise 1 µm layer-by-layer ablation process. Subsequently, a CO2 laser is used for polishing 
the afore ablated 3D geometry. 

The axicons are designed to have a radius of 1 mm and an apex angle of 170°, resulting in a quasi-Bessel beam 
with a theoretical beam diameter of  2*rB = 12.2 µm for a helium-neon laser (λ = 632.8 nm) having an input beam 
diameter of 1 mm (1/e²). The geometry of the here realized axicons is characterised by laser scanning microscopy 
and the quasi-Bessel beam intensity profile behind the axicon tip is imaged by a high-resolution CCD camera.

Figure 1 (a) shows cross-sections of an unpolished (right after the femtosecond ablation step) and a polished 
axicon (after the CO2 polishing step), revealing a rounding of the axicon tip. Furthermore, the polished axicon has a 
significantly reduced surface roughness, enabling optical applications. We found an excellent agreement between 
the designed and the ablated axicon, having a predicted apex angle of 170°. Furthermore, the theoretically and 
experimental quasi-Bessel beam behind the axicon tip, measured with the CCD camera is shown in figure 1 (b). 
The intensity profile and the inset are taken at a position 4.5 mm behind the axicon tip, also revealing good 
agreement between theory and experiment. 

   

                 (a)                 (b)

Figure 1: (a) Cross-section of axicon after the femtosecond ablation process (unpolished) and after the CO2 laser polishing step (polished). 
(b) Simulated and experimental intensity profile, inset, experimental intensity profile taken 4.5 mm behind the axicon tip.  

[1] J. Durnin, J. J. Miceli Jr. and J. H. Eberly (1987) Diffraction-Free Beams, Physical Review Letters, vol. 58, pp. 1499-1501
[2] Q. Xie, X. Li, L. Jiang, B. Xia, X. Yan, W. Zhao, Y. Lu (2016) High-aspect-ratio, high-quality microdrilling by electron density control using a    
      femtosecond laser Bessel beam, Applied Physics A, vol. 122, pp. 136
[3] K. Mishchik, R. Beuton, O. Dematteo Caulier, S. Skupin, B. Chimier, G. Duchateau, B. Chassagne, R. Kling, C. Hönninger, E. Mottay and J.  
      Lopez (2017) Improved laser glass cutting by spatio-temporal control of energy deposition using bursts of femtosecond pulses, Optics  
      Express, vol. 25, pp. 33271-33282
[4] S. Schwarz and R. Hellmann (2017) Fabrication of Cylindrical Lenses by Combining Ultrashort Pulsed Laser and CO2 Laser, Journal of Laser  
       Micro/Nanoengineering, vol. 12, pp. 76-79
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Stealth dicing is a laser separation method for transparent materials, which generates virtually no debris. 
A single-pass laser illumination generates a weakened plane in the material’s bulk. Then, a weak 
bending yields cleaving: a fracture is guided along the weakened plane, which separates the material in two 
parts. The weakened plane can easily and quickly be written using ultrafast laser pulses that allow for a precise 
energy deposition in the material bulk thanks to the confinement of the highly non-linear interaction [1]. 
Stealth dicing has been reported using filamentation, offering energy deposition along extended depth [2]. 
Non-diffractive beams such as Bessel beams provide an even better energy deposition control. Nanochannels 
series with few microns pitch have indeed shown to be great candidates for stealth dicing applications [3]. 

However cylindrically-symmetric channels do not induce a well-confined stress distribution when the 
workpiece is bended (fig 1.a). In this case, cleaving does not follow precisely the laser machined plane as one 
can observe from fig 1.d. To solve this problem, we have developed a novel elliptical nondiffracting Bessel 
beams that create channels featuring elliptical cross-section.

The beam has been developed from spatial filtering of a Bessel beam (fig 1.c) and preserves the non-diffracting 
properties [4]. Using such beam for single-shot ablation allows for generating nanochannels that exhibit 
both >200 aspect-ratio and 2:1 elliptical cross-section (fig 1.f). The elliptical cross-section oriented along 
the processing axis enhances and confines the stress at ellipse vertices (fig 1.b). Here we report a sub-
micron stealth dicing precision (fig 1.e) along the whole sample 20 mm length and 150 µm depth. In addition, 
we demonstrate with 3 line-bending measurements that elliptical nanochannels strongly improve cut glass 
cleavability and resistance in comparison with cylindrically-symmetric laser illumination [5].  

This research has received funding from the European Union Seventh Framework Programme under grant 
agreement n°619177 TiSaTD and H2020 European Research Council (ERC) under grant agreement 682032-
PULSAR.  

Figure 1: Finite Element Method simulation of stress distribution around nanochannels for (a) cylindrical and (b) elliptical cases. (c) shows 
the laser beam intensity cross-section at its maximum intensity (simulation). Scanning electron microscopy allows for side view of sample 
cleaved edges (d,e) and top surface (f) investigations. Red arrow represents beam propagation direction and white dashed line stands for 
the laser-processed line.  

[1] R. R. Gattass and E. Mazur (2008) “Femtosecond laser micromachining in transparent materials”, Nature Photonics, vol. 2, pp. 219-225 
[2] F. Ahmed, M. S. Ahsan, M. S. Lee and M. B. G. Jun (2013) “Near-field modification of femtosecond laser beam to enhance single-shot 
pulse filamentation in glass medium”, Applied Physics A, vol. 114, 1161-1165
[3] M. Bhuyan et al. (2015) “High-speed laser-assisted cutting of strong transparent materials using picosecond Bessel beams”, Applied 
Physics A, vol. 120, pp. 443-446
[4] R. Meyer et al. (2017) “Single-shot ultrafast laser processing of high-aspect-ratio nanochannels using elliptical Bessel beams”, Optics 
Letters, vol. 42, pp. 4307-4310 
[5] R. Meyer et al. (2017) “Sub-micron-quality cleaving of glass with elliptical ultrafast Bessel beam”, Applied Physics Letters, vol. 111, pp. 
231108-5 
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The need for aspheric and custom optics has been on a rise due to the advantages of higher optical performance 
and the ability to reduce complex optical systems to single component solutions [1]. For example, McBride et al. 
[2], [3] have shown the application of custom micro-optics for beam correction and manipulation of HPDL 
offering a significant improvement in brightness and hence efficiency of such systems. Laser direct write 
techniques have been seen as a powerful and versatile means of manufacturing such optical components [2]–
[5]. CO2 lasers are currently used for such processes but suffer from limitations, in particular the resolution 
achievable and thermal effects that severely limit the materials that can be processed. We present a process 
chain using ultrafast picosecond laser pulses for high speed machining of the desired shape of the optic followed 
by CO2 laser based polishing of the material to attain optical smoothness. Ultrafast laser based machining of 
glass using picosecond pulses is often plagued by thermal accumulation effects that manifests itself in the form 
of filaments and fused debris on the surface. This limits the repetition rate and hence the process speed. We 
describe the recently-developed DeepCut technique that supresses the formation of filaments and offers 
significantly higher ablation depths and process speeds than the normal raster scan technique. We demonstrate 
this process with fused silica, N-BK7 and lanthanum flint high index glasses, including the manufacture of 
cylindrical lenses from fused silica, capable of removing a total volume of 58.5 mm-3 , and providing a surface 
finish Ra of 1.5 µm in less than 5 minutes.  
 

 
Figure 1: Surface of fused silica lens machined using DeepCut process and polished using a CO2 laser 

 
 
[1] C. Schindler, T. Köhler, and E. Roth, “Freeform Optics: current challenges for future serial production,” Optifab 2017. p. 25, 2017. 

[2] R. McBride, N. Trela, M. O. Currie, J. J. Wendland, and H. J. Baker, “Monolithic fast-axis collimation of diode laser stacks,” in Spie 
Lase, 2013, pp. 860507-860507–9. 

[3] R. McBride, N. Trela-McDonald, M. O. Currie, D. Walker, and H. J. Baker, “Beamshaping for high-power lasers using freeform 
refractive optics,” in SPIE Photonics West 2014-LASE: Lasers and Sources, 2014, vol. 8963, p. 89630C. 

[4] S. Heidrich, E. Willenborg, and  a. Richmann, “Development of a Laser Based Process Chain for Manufacturing Freeform Optics,” 
Phys. Procedia, vol. 12, pp. 519–528, 2011. 

[5] C. Schindler, M. Friedrich, and J. Bliedtner, “Analysis of process parameter for the ablation of optical glasses with femto- and 
picosecond laser pulses,” 2016, p. 973619. 
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Laser surface texturing technologies have shown to be capable to improve different surface functions. Within 
these methods, Direct Laser Interference Patterning (DLIP) has emerged as a new fabrication technology capable 
to bridge the gap between high throughput fabrication and resolution. In general, DLIP is the method that imple-
ments quantum optics phenomenon of interference to produce periodic structures on surfaces by transferring 
the pattern shape directly to the material [1]. Interference patterns are formed by splitting a coherent laser beam 
into multiple beams and correlating them. Therefore, the quality of the structured surface is directly proportional 
to the quality and the properties of the input laser beam. Most commercial lasers provide beams with Gaussian 
intensity distribution. It means that the fluence will gradually decrease from center of the irradiated spot result-
ing in non-uniform structure formation. Therefore, reshaping of Gaussian laser beam into a uniform intensity 
distribution is required.

In this work, diffractive focus beam shaper [2, 3] is applied in DLIP setup to create a square shaped laser spot 
with Flat-Top intensity distribution at the interference zone. The measured interference patterns produced by 
symmetrically distributed four-laser beams with Gaussian intensity distribution and Flat-Top intensity distribution 
are presented in Fig.1a and Fig.1b respectively. The impact on the resulting intensity profile caused by the mis-
alignment of the beam shaping element and the focusing lens was investigated. The observed non-uniformities 
within the intensity profile were modeled to find out the main mechanisms causing these distortions. In sum up, 
it was observed that the optical setup used for four-beams DLIP is quiet sensitive to the alignment of the optical 
elements. However, by accurate inline visualization of the interference spot and precise positioning of the optical 
elements it was possible to form square shaped interference profile with Flat-Top intensity distribution. By using 
such laser spot to directly ablate the material and conventional laser scanning technologies to scale the treated 
area, the uniform periodical structure with sub-µm features on relatively large surface area can be formed

Figure 1: Rectagonal holes-like interference modulation of four-beams of (a) Gaussian beam profile and (b) square Flat-top beam profile.

Acknowledgments: the work of AFL is supported by the German Research Foundation (DFG) under Excellence 
Initiative program by the German federal and state governments to promote top-level research at German uni-
versities.

[1] F. A. Lasagni and A. F. Lasagni (2011) Fabrication and Characterization in the Micro-Nano Range (Springer), Chapter 1.
[2] I. Gur and D. Mendlovic (1998) Diffraction limited domain flat-top generator, Optics Communication, 145, 237-248.
[3] C. Bischoff, U. Rädel, U. Umhofer, E. Jäger (2013) Process optimized beam profiles for laser micromaching, Proc. SPIE 8600, Laser Resona-
tors, Microresonators, and Beam Control XV, 860024.
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This paper reports on a study of femtosecond laser inscription in Polymethyl Pentene in the NUV at λ = 387.5nm, 
at visible wavelengths 550 ≤ λ ≤ 700nm, in the with NA in the range 0.1 - 0.7. Low NA ∼0.08 inscription at all 
wavelengths resulted in a correspondingly low refractive index modulation, ∆n ∼1.10-4. Higher NA ∼0.4 inscription 
at λ = 387.5nm resulted in an order of magnitude increase in refractive index modulation, ∆n ∼2.3 x 10-3. Volume 
Bragg Gratings inscribed at 387.5nm with 200lines/mm showed a first order diffraction efficiency η1 > 68.5% 
the highest yet reported in this polymer, however, limited by observed scatter due to some residual material 
breakdown at pulselength τp = 180fs. The critical power for self-focusing in PMP at 387.5nm, estimated from the 
threshold for supercontinuum generation was found to be Pc

387 = 2.2MW inferring that the non-linear refractive 
index of PMP at 387nm is n2

387 = 2.10-16cm2W-1 and third order susceptibility at 387.5nm, χ(3)
387 ∼1.1x10-14esu.  

A spatial light modulator addressed with spiral Computer Generated Holograms created helical wavefronts 
carrying Orbital Angular Momentum (OAM) at 775nm then frequency doubled to 387.5nm.  Conservation of 
OAM during the NL conversion is demonstrated.  Inscription using NUV spiral phase beams carrying OAM is also 
investigated at 387.5nm with linear and circular polarisations for the first time in PMP. Critical powers for SF with 
spiral beams scale linearly with topological charge m and linearly polarised spiral beams always couple more 
strongly than circular due to polarisation dependent self-focusing. With high states of OAM, complex filamentary 
structures converging to the focus are observed which collapse to multiple filaments, in accord with theoretical 
expectations. Clear rotation of these filaments is detected near the focal plane due to the twisting wavefronts. 
These are the first observations of this collapse in a polymer material. 

Fig.1(a) Optical image (transmission) of micro-structures inscribed longitudinally along optic axis when m2ω = ± 10, and longitudinal scan 
speed was 0.5mm/sec, (b) expanded structure from (a) with m2ω = 10, (c)  expanded structure from (a) with m2ω = - 10. The structure with 
m2ω = - 10 shows a clockwise spiral, not apparent with the opposite helicity in (b).

[1] M. Padgett and R. Bowman, «Tweezers with a twist,» Nature Photonics 5, 343-348 (2011).
[2] A. Ambrosio, L. Marrucci, F. Borbone, A. Roviello, and P. Maddalena, «Light-induced spiral mass transport in azo-polymer films under 
vortex-beam illumination,» Nature communications 3, 989 (2012).
[3] T. Klerks and S. Eifal, “Flexible beam shaping system for next generation of process developments in laser micro-machining”, 9th 
International conference on Photonic technologies, LANE 2016 (Industrial paper)
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Ultrashort pulse (usp) lasers are widely used for milling, drilling and cutting applications. Their main advantages are 
the ability to process a broad range of different materials, high ablation precision and low surface roughness [1]. 
While using moderate pulse energies and average powers a minimal low thermal influence with a small heat 
affected zone are achievable. In the present study we concentrate our research on the usp laser milling of metals 
using high pulse energies > 1 mJ and average laser power of > 50 W. When increasing pulse energies we gain 
the opportunity to increase the volume ablation rate of the usp milling process. However, due to effects of heat 
accumulation, a decrease in ablation quality is observed [2]. In order to decrease heat accumulation while using 
high pulse energies, pulse energy is being spatially distributed. In our work the ablation results achieved with a 
single Gaussian spot are compared to the ablation results, made with spatially shaped laser beams. The beam 
is shaped using diffractive optical elements as well as programmable spatial light modulators. We examine the 
possibility of heat accumulation reduction both, by adapting the spatial beam shape to the process as well as by 
varying scanning strategies. The ablation quality is analyzed by means of optical microscopy and SEM. The results 
are discussed.

[1] S. Nolte, C. Momma, H. Jacobs, A. Tünnermann, B. N. Chichkov, B. Wellegehausen, H. Welling (1997) Ablation of metals by ultrashort laser 
pulses, JOSA B, 14(10), pp. 2716-2722.
[2] F. Bauer, A. Michalowski, T. Kiedrowski, S. Nolte (2015) Heat accumulation in ultra-short pulsed scanning laser ablation of metals, Optics 
express, 23(2), pp. 1035-1043.
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Elliptical Bessel beam for glass dicing

J. Dudutis, R. Stonys, G. Račiukaitis, P. Gečys

Center for Physical Sciences and Technology, Savanoriu ave. 231, LT-02300, Vilnius, Lithuania

p.gecys@ftmc.lt

In the case of high volume production, laser scribe and brake method could be the only alternative to convention-
al glass processing techniques. At the first stage the laser is used to locally weaken the material followed by the 
second stage – mechanical separation. To minimize the separation force elongated modifications along the whole 
glass thickness are desirable. Such modifications can be generated by applying axicon-generated Bessel beams. 
In our previous research we found that elliptical oblate tip of the axicon can induce central core ellipticity, which 
was the cause of transverse crack propagation in dominant direction [1]. We could also control the Bessel beam 
ellipticity by tilting the axicon perpendicular to its optical axis [2]. Also, the intensity pattern asymmetry can be 
induced by filtering the spatial frequencies of the generated beam [3,4]. Asymmetrical modifications in transpar-
ent materials are widely investigated nowadays [3–6], since they give a possibility to optimize the dicing process 
in terms of process speed, quality and efficiency.

In this work we demonstrate the possibility to optimize the glass dicing process by controlling the axicon-gener-
ated Bessel beam ellipticity. We investigated single-shot modifications in 1 mm thickness glass samples followed 
by dicing experiments. We found that Bessel beam ellipticity is essential for glass dicing process. Such beam 
generates intra-volume modifications with transverse crack propagation in dominant direction. Orientation of 
these modifications parallel to the dicing direction, as shown in Figure 1, gives significant advantages in terms of 
processing speed, glass breaking force and fractured edge roughness.

 
        (a)                                   (b)
Figure 1: Elliptical Bessel beam induced modifications in glass. (a) Cleaved glass sample when elliptical Bessel beam induced transverse 
cracks are orientated parallel to dicing direction. (b) Top-view of laser diced glass before mechanical separation.

[1] J. Dudutis, P. Gečys, G. Račiukaitis (2016) Non-ideal axicon-generated Bessel beam application for intra-volume glass modification, Opt. 
Express, 24., pp. 28433–28443.

[2] J. Dudutis, R. Stonys, G. Račiukaitis (2018) Aberration-controlled Bessel beam processing of glass, Opt. Express, 26., pp. 3627–3637.
[3] R. Meyer, M. Jacquot, R. Giust, J. Safioui, L. Rapp, L. Furfaro, et al. (2017) Single shot ultrafast laser processing of high-aspect ratio nano-

channels using elliptical Bessel beams, Opt. Lett., 42., pp. 4307–4310.
[4] R. Meyer, R. Giust, M. Jacquot, J.M. Dudley, F. Courvoisier, R. Meyer, et al. (2017) Submicron-quality cleaving of glass with elliptical 

ultrafast Bessel beams, Appl. Phys. Lett., 231108., pp. 231108.
[5] L. Rapp, R. Meyer, L. Furfaro, C. Billet, R. Giust, F. Courvoisier (2017) High speed cleaving of crystals with ultrafast Bessel beams, Opt. 

Express, 25., pp. 9312.
[6] K. Mishchik, R. Beuton, O. Dematteo Caulier, S. Skupin, B. Chimier, G. Duchateau, et al. (2017) Improved laser glass cutting by spa-

tio-temporal control of energy deposition using bursts of femtosecond pulses, Opt. Express, 25., pp. 33271.
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Sergejus.orlovas@ftmc.lt

Beam profile engineering, where a desired optical intensity distribution can be generated by an array of phase 
shifting (or amplitude changing) elements is a promising approach in laser material processing. For example, a 
spatial light modulator (SLM) is a dynamic diffractive optical element allowing for experimental implementations 
of controllable beam profile. 

Scalar Mathieu beams have elliptical intensity distribution perceivable as “optical knives” in the transverse plane 
[1]. On the other hand scalar Weber beams have a parabolic cross-section, which enables us to call them “optical 
showels” [2]. Both families exhibit non-diffracting properties similar to Bessel beams, where a relatively long focal 
depth retains unchanging intensity distribution, which makes them a promising approach in laser processing. 
Here, we introduce vector versions of those beams with controllable polarization and investigate numerically 
their spatial spectra [4]. We use vector Mathieu and Weber beams as a basis to construct controllable on-axis 
phase and amplitude distributions with polarization control. Further, we attempt to generate components of 
vector Mathieu beams experimentally using SLMs and report on our achievements in the control over the beam 
shape and dimensions along the propagation axis. 

Lastly, we discuss generation of femtosecond pulsed “knife” and “shovel” type beams using geometric phase 
elements, made with laser induced nanograting ripples in fused silica and produced by “Altechna R&D”.

       (a)      (b)

Figure 1: Focal line engineering: desired intensity profile of a parabolic Weber beam depicted together with numerical expectation and 
experimental outcome (a). Additionally, in (b) a three dimensional intensity distribution of the experimentally generated Weber beam.

[1] A. Chafiq, Z. Hricha, and A. Belafhal. “Propagation properties of vector Mathieu–Gauss beams.” Opt. Commun., 275, 165-169 (2007).
[2] M. A. Bandres, J. C. Gutirrez-Vega, S. Chavez-Cerda, Parabolic nondiffracting optical wave fields, Optics letters 29(1), 4446 (2004).

[3] V. G. Niziev, A. V. Nesterov, Influence of beam polarization on laser cutting efficiency, J. Phys. D: Appl. Phys. 32 1455 (1999). 

[4] Stratton, J. A. (2007). Electromagnetic theory, John Wiley & Sons, 7.
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Thermal and optical characteristics of a spatial light modulator 
under high power picosecond laser exposure for materials 

processing 
1G. Zhu, 2D. Whitehead, 1W. Perrie, 2O.J. Allegre, 3V. Olle, 1Q. Li, 1Y. Tang, 4K. Dawson, 1Y. Jin, 1S.P. Edwardson*, 

2L. Li, 1G. Dearden 

1Laser Engineering Group, School of Engineering, University of Liverpool, L69 3GQ, UK 
2Laser Processing Research Centre, School of Mechanical, Aerospace and Civil Engineering, The University of Manchester, 

 Manchester M13 9PL, UK  
3 Hamamatsu Photonics UK Ltd., 2 Howard Court, Welwyn Garden City, Hertfordshire AL7 1BW, UK 

4 Nanoinvestigation Centre at Liverpool, University of Liverpool, Liverpool, L69 3GL, UK 
 

S.P.Edwardson@liverpool.ac.uk 

A spatial light modulator (SLM) addressed with Computer Generated Holograms (CGH’s) can create structured 
light fields on demand when an incident laser beam is diffracted by a phase CGH. The power handling limitations 
of SLMs based on a liquid crystal layer has always been of some concern. Now, with careful engineering of chip 
thermal management, we report the detailed optical phase and temperature response of a liquid cooled SLM 
exposed to picosecond laser average powers up to 220W at 1064nm. This information is critical for determining 
device performance at high laser powers. SLM chip temperature rose linearly with incident laser exposure, 
increasing by only 5°C at 220W incident power, measured with a thermal imaging camera. Thermal response 
time with continuous exposure was 1-2 seconds. The optical phase response with incident power approaches 
2p radians with average power up to 130W, indicating the operational limit; while, above this power, liquid 
crystal thickness variations limit phase response to just over radians. Modelling of the thermal and phase 
response with exposure is also presented, supporting experimental observations well. These remarkable 
performance characteristics show that liquid crystal based SLM technology is highly robust when efficiently 
cooled. High speed, multi-beam plasmonic surface micro-structuring at a coverage rate of 8cm2s-1 is achieved 
on polished metal surfaces at 25W exposure, while diffractive multi-beam surface ablation on stainless steel at 
an ablation rate of ~4mm3min-1 is demonstrated with average power 100W. Above 130W, however, the first 
order diffraction efficiency drops significantly in accord with the observed operational limit. Continuous 
exposure for a period of 45 minutes at 160W laser power did not result in any detectable drop in diffraction 
efficiency, subsequently confirmed by the efficient parallel beam processing at 100W. Hence, no permanent 
changes in SLM phase response characteristics have been detected. This research work will help to accelerate 
the use of liquid crystal SLMs for both scientific and ultra-high throughput laser-materials micro-structuring 
applications. 

 

p
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Holographic	femtosecond	laser	processing	using	complex-
amplitude	modulation	for	generating	sub-diffraction-limit	spot		
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2-	Graduate	School	of	Information	Science	and	Technology,	Osaka	University,	1-5	Yamadaoka,	Suita,	Osaka	565-871,	Japan	

	
Corresponding	author:	hasegawa_s@cc.utsunomiya-u.ac.jp	

	
A	computer-generated	hologram	(CGH)	has	been	widely	used	to	control	a	spatial	shape	of	the	 laser	beam	in	
the	applications	including	material	laser	processing	[1],	optical	tweezers,	and	microscopy.	Additionally,	the	use	
of	spatial	light	modulator	(SLM)	gave	the	flexibility	to	the	beam	shaping.	The	typical	usage	of	the	CGH	is	to	split	
a	single	beam	into	multiple	focused	beams.	In	this	case,	a	diameter	of	the	focused	beam	is	essentially	limited	
by	 the	 diffraction	 of	 light,	 which	 is	 given	 by	 the	 wavelength	 of	 light	 and	 a	 numerical	 aperture	 (NA)	 of	 the	
focusing	 lens.	 The	 focused	 beam	 with	 a	 small	 spot	 diameter	 improves	 a	 resolution	 in	 the	 applications.	
Normally,	there	is	a	trade-off	between	the	resolution	and	an	optical	field	of	view	(FOV).	Therefore,	generation	
of	sub-diffraction-limit	spot	with	the	diameter	smaller	than	the	diffraction	limit	while	maintaining	FOV	(that	is,	
NA)	will	 increase	the	throughput	in	the	application	using	the	galvano	scanner.	In	this	paper,	we	demonstrate	
holographic	 femtosecond	 laser	 processing	 using	 the	 sub-diffraction-limit	 spot.	 The	 sub-diffraction-limit	 spot	
was	generated	using	the	CGH	designed	by	a	specific	arrangement	of	multiple	focused	beams	and	a	constraint	
of	their	complex	amplitudes	in	the	iterative	Fourier	transform	algorithm	[2].		

A	 performance	 of	 the	 designed	 CGH	 was	 experimentally	
verified.	Figure	1(a)	shows	the	CGH,	 intensity	 image,	and	phase	
image	 of	 its	 computational	 reconstruction	 in	 the	 case	 of	 the	
diffraction-limit	 spot,	 respectively.	 Figure	 1(b)	 shows	 the	 result	
in	 the	 case	 of	 the	 sub-diffraction-limit	 spot.	 The	 reconstruction	
was	 composed	 from	 the	 1	 center	 beam	 and	 4	 surrounding	
beams.	A	distance	d	between	the	center	and	surrounding	beams	
was	 normalized	 by	 the	 full	 width	 at	 half	 maximum	 (FWHM)	 of	
the	diffraction-limit	spot	(Fig.	1(a)),	and	was	set	to	0.50.	A	peak	
intensity	 ratio	 between	 surrounding	 and	 center	 beams	 was	
regulated	 to	 1:10	 to	 suppress	 laser	 processing	 by	 the	
surrounding	 beams.	 A	 phase	 difference	 between	 surrounding	
and	center	beams	was	set	to	π.	As	a	result,	the	diameter	of	the	
focused	spot	was	reduced	to	77%	compared	with	the	diffraction-
limit	spot.  

A	 diameter	 of	 the	 structure	 processed	 by	 laser	 processing	
with	the	sub-diffraction-limit	spot	was	evaluated	compared	with	
the	 result	 using	 normal	 diffraction-limit	 spot.	 A	 regenerative	
amplified	Ti:sapphire	femtosecond	laser	(pulse	width	110	fs)	was	
used.	 The	 SLM	 was	 used	 for	 displaying	 the	 CGH.	 The	 NA	 of	 an	
objective	 lens	was	0.85.	A	sample	was	a	fused	silica	glass.	Laser	
processing	 was	 performed	 by	 a	 single	 shot	 irradiation	 with	 the	
pulse	energy	set	to	near	the	processing	threshold	energy	of	glass.	
Figure	 2	 shows	 the	 diameter	 of	 processed	 structure	 versus	 the	
distance	between	spots	d.	 The	 inserted	 figure	 shows	an	optical	
reconstruction	 of	 the	 CGH.	 The	 broken	 line	 shows	 the	 result	
using	 the	 diffraction-limit	 spot.	 Laser	 processing	 using	 the	 sub-
diffraction-limit	 spot	 demonstrated	 the	 structure	 with	 the	
smaller	 diameter	 compared	 with	 the	 result	 of	 the	 diffraction-
limit	spot.	In	particular,	the	diameter	was	reduced	by	82%	when	
d	was	set	to	0.75.	
 
[1]	Y.	Hayasaki,	T.	Sugimoto,	A.	Takita,	and	N.	Nishida,	Appl.	Phys.	Lett.	vol.87,		
						pp.031101	(2005).	
[2]	Y.	Ogura,	M.	Aino,	and	J.	Tanida,	Opt.	Express	vol.22,	pp.25196–25207	(2014).	

Figure	1:	CGH,	intensity	and	phase	 image	of	its	
reconstruction	in	the	case	of	(a)	diffraction-limit	
spot	and	(b)	sub-diffraction-limit	spot.	

Figure	 2:	 Diameter	 of	 processed	 structure	 versus	
distance	between	spots	d.	
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Adaptive optics laser writing of fibre Bragg gratings 
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patrick.salter@eng.ox.ac.uk 
 
Fibre Bragg gratings (FBGs) display a periodic modulation of the refractive index inside the core of an optical 
fibre providing a strong reflection for target wavelengths, with wide ranging applications in sensing, 
telecommunications and fibre lasers [1].  One manufacturing approach for such devices uses femtosecond laser 
writing to create permanent modifications inside the fibre core that can be easily tailored and withstand high 
temperatures. For the point by point inscription method [2], aberrations related to refraction at the outer 
surface of the fibre can limit the potential for fabrication using air based lenses, such that the fibre is often 
immersed in oil to reduce the refraction [3]. In this work, we present two different strategies for beam shaping 
using adaptive optics to write structures directly inside fibre with air based objective lenses. In the first, the 
aberration is compensated using a liquid crystal spatial light modulator (SLM) [4] to allow diffraction limited 
writing of FBGs inside the fibre core (Figure 1). This has the additional potential for laser writing structures 
anywhere inside the fibre cladding without aberration. The second approach uses the SLM to generate a slit 
illumination of the objective pupil, both negating the effect of the aberration at the fibre interface and spreading 
the laser focus to provide greater overlap of the core.  
 

  
    (a)                             (b) 
 
Figure 1: Transmission microscope images of Fibre Bragg gratings with 1µm periodicity laser written using a 0.5 Numerical Aperture 
objective lens in air, with (a) and without (b) adaptive optics aberration correction.    
 
 
[1] R. Kashyap (1999) Fibre Bragg Gratings (New York: Academic). 
[2] A. Martinez, M. Dubov, I. Khrushchev, and I. Bennion, (2004) “Direct writing of fibre Bragg gratings by femtosecond laser,” Electron. 
Lett. 40(19), p1170–1172. 
[3] G.D. Marshall, R.J. Williams, N. Jovanovic, M.J. Steel, and M.J. Withford (2010) “Point-by-point written fiber-Bragg gratings and their        
application in complex grating designs,” Optics Express 18 (19), p. 19844-19859. 
[4] L. Huang, P. S. Salter, F. Payne, and M. J. Booth (2016) “Aberration correction for direct laser written waveguides in a transverse 
geometry”, Optics Express, 24 (10), pp. 10565-10574 
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Enhancing and inhibiting of femtosecond nonlinear interactions 
with spatial light modulated beams for elongating filaments, 

lowering waveguide loss, and accelerating etching rate
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A phase-only spatial light modulator (SLM) has been employed for shaping Gaussian laser beams in attractive 
ways to enhance and manipulate the nonlinear optical interactions of femtosecond laser pulses when focused 
into bulk fused silica.   Conical phase-front profiles were found to offer particular advantage when laser pulses of 
200 fs duration pulses and 515 nm wavelength were tightly focused (0.55 NA) with an air lens. Kerr lensing effects 
could be enhanced or inhibited to varying degrees according the focal position depth inside of the medium.  
Moreover, the phase front shaping could balance the opposing Kerr self-focusing and surface aberration effects 
to improve the control in forming long filaments, or low loss waveguides, or nano-grating etching tracks over 
shallow to deep processing depths (i.e. 0.1 to 2.8 mm).  

Concave phase fronts led to notable Kerr-lens enhancement effects, which when optimized at 600 μm depth, were 
observed to generate ~ 3-fold longer filament tracks for single pulse exposure.  These modification tracks were 
significantly more uniform, owing to extended intensity profiles that avoided high density plasma generation 
and their associated defocusing effect. In the case of forming longitudinal waveguides or nano-grating tracks 
for chemical etching, convex phase fronts were found to offer significant advantages in balancing and inhibiting 
distortions of both Kerr lensing and surface aberration effects. This approach is in contrast to correcting only the 
surface aberration effect with SLM [1, 2], which permits deep undistorted focusing of the laser light, but only 
in the low intensity regime.  For high intensity short-pulsed lasers, Kerr lensing effects become significant to 
prevent the formation of low-loss waveguides or cleanly shaped nano-grating tracks once focal depths exceed 
only several 100 microns.  For longitudinal scanning of many overlapping exposure pulses, the converging and 
diverging conical phase distribution re-distributes the morphology of positive and negative zones of refractive 
index change. An optimization of diverging conical phase-front was applied to waveguides formed at various 
depths, yielding a strong recovery of propagation loss from 4.4 dB/cm when uncorrected to 1.4 dB/cm when 
optimized at the deep writing depth of 2.8 mm. Similar observations of depth-dependent optimization of the 
conical phase-front were found to broadly open the processing window for the femtosecond laser irradiation 
followed by chemical etching (FLICE) technique (5% HF). Highly selective etching rates were recovered in laser 
tracks, improving 5-fold from 1.1 to 5.4 μm/s for tracks formed at 1.5 mm depth and 169 nJ pulse energy. 

The combination of results are significant in showing new capabilities for phase front beam shaping to manipulate 
nonlinear and aberration effects as ultrafast laser light propagations and dissipates energy in novel geometric 
shapes. In this way, the quality of filament tracks, optical waveguides, and FLICE etching tracks have improved and 
been extended over significantly deeper focusing depths than previously possible.

[1] L. Huang, P.S. Salter, F. Payne, and M.J. Booth (2016) Aberration correction for direct laser written waveguides in a transverse geometry, 
Optics express, 24(10), pp.10565-10574.
[2] B.P. Cumming, M.D. Turner, G.E. Schröder-Turk, S. Debbarma, B. Luther-Davies, and M. Gu (2014) Adaptive optics enhanced direct laser 
writing of high refractive index gyroid photonic crystals in chalcogenide glass, Optics Express, 22(1), pp.689-698.
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3D laser printing of biomaterials, nanoparticles, and living cells

B.N. Chichkov 

Institut für Quantenoptik, Leibniz Universität Hannover, Welfengarten 1, 30167 Hannover, Germany

chichkov@iqo.uni-hannover.de

Nowadays, 3D printers can be bought for less than 500 Euros. Here I will report on our progress in laser printing 
of biomaterials, nanoparticles, and living cells. 

We demonstrate several laser printing techniques allowing the generation of 3D nanostructures and arrangement 
of spherical metal and dielectric nanoparticles in a very precise manner. These nanoparticles and nanoparticle 
structures are characterized by unique optical properties. For example, laser printed Si nanoparticles with sizes 
in the range of 100-200 nm in diameter exhibit pronounced electric and magnetic dipole resonances within 
the visible spectral range. Optical applications of these nanoparticles for realization of metasurfaces, second 
harmonic generation, etc. will be discussed. 

In a series of publications on laser printing of living cells we proved that cells are not harmed by the printing 
process. The differentiation behavior and potential of laser printed stem cells are not affected. In this presentation 
I will report on laser printing of induced pluripotent stem (iPS) cells for tissue engineering and organ-on-chip 
applications. 

Thu-1-FS1

Exceeding the threshold of ultrafast laser writing in bulk Si: opening 
the horizon for 3D silicon photonics
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An important challenge in the field of three-dimensional (3D) ultrafast laser processing is to achieve permanent 
modifications in the bulk of silicon (Si) and narrow-gap materials. Attempts by increasing the energy of infrared 
ultrashort pulses with conventional laser machining configurations have failed [1-3].

We concentrate on the limitations experienced in femtosecond interactions at 1300-nm wavelength to fully 
identify their origins. We focus our experimental investigations on the 3D reconstruction of the nonlinear pulse 
propagation and associated ionization of Si under tight focusing configurations. By comparison with simulations	
[4], we quantify the strong nonlinear and plasma effects in the pre-focal region causing the limitations [5]. By 
extrapolating the energy density that could be delivered with hyper-NA values (up to 3.5 in Si), we show that solid 
immersion focusing provides a solution to achieve ultrafast optical breakdown in Si [5]. 

By repeatedly illuminating the center of a Si sphere with pulses focused at apparent NA near 3, we exceed the 
breakdown threshold with sub-100 fs pulses. As illustrated with figure 1, we measure with an infrared phase 
microscopy arrangement a highly-localized negative change of the refractive index that allows envisioning the 
fabrication of photonic microdevices.

 

    (a)    (b)           (c)

Figure 1: Refractive index modification achieved in the bulk of silicon with ultrashort pulses. (a) Sketch of the configuration for micro-
modifications created at the centre of silicon spheres using focused 60-fs laser pulses with the hyper-NA value of 2.97. (b) Bright-field infrared 
images of a modification for 1000 applied laser pulses of 20 nJ energy. (c) Corresponding phase image indicating a local change of the silicon 
refractive index Δn<−0.07.  

Beyond this proof-of-concept demonstration, we translate the experiment with the astigmatic solid-immersion 
lens (ASIL) configuration consisting in focusing the laser radiation through an hemispherical Si sample while 
ensuring an appropriate optical contact with a planar wafer. It allows us to achieve similar modifications in Si 
wafers with a long working distance focusing objective of modest NA (<0.3). This represents a critical step towards 
technological developments. 

We expect that refractive index engineering by ultrafast laser writing will open the new possibilities of 3D 
architectures and monolithic Si platforms for silicon photonics and it can change the way the microsystems are 
today designed and fabricated.

[1] V. V Kononenko, V. V Konov, and E.M. Dianov, Opt. Lett. 37, 3369 (2012).
[2] A. Mouskeftaras, A. V. Rode, R. Clady, M. Sentis, O. Utéza, and D. Grojo, Appl. Phys. Lett. 105, 191103 (2014).
[3] D. Grojo, A. Mouskeftaras, P. Delaporte, and S. Lei, J. Appl. Phys. 117, 153105 (2015).
[4] V.Y. Fedorov, M. Chanal, D. Grojo, and S. Tzortzakis, Phys. Rev. Lett. 117, 43902 (2016).
[5] M. Chanal, V.Y. Fedorov, M. Chambonneau, R. Clady, S. Tzortzakis, and D. Grojo, Nature Commununications 8, 773 (2017).
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Novel ultrafast laser ablation sampling approaches                             
in chemical imaging 
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Laser ablation-based optical emission spectroscopy enables in situ, near real time, spatially- and axially- resolved 
chemical analysis and imaging without sample preparation. The advent of ultrafast lasers and their use in plasma 
spectroscopy over the past few years has enabled high-resolution elemental analysis capabilities and suppressed 
matrix effects, which have resulted in improved analytical performance. In this talk we discuss the use of 
emerging femtosecond laser technologies in optical emission spectroscopy, such as femtosecond optical vortex 
beams, laser filamentation, ultrafast sampling in optical near-field, and sub-micron ablation for elemental and 
isotopic analysis with Laser Induced Breakdown Spectroscopy (LIBS) and Laser Ablation Molecular Isotopic 
Spectrometry (LAMIS). 

 
 
Specifically, we introduce ultrafast Optical Vortex Beams with varying orbital angular momentum as sampling 
tools in optical emission spectroscopy, and present the influence of topological charge on the laser-induced 
plasma properties and LIBS emission. We also demonstrate the ability to perform standoff isotopic analysis at 
extended distances (through the combination of femtosecond filaments and LAMIS (F2-LAMIS). Near-field 
femtosecond laser sampling is studied as a way to beat the diffraction limit in laser ablation sampling, and tightly 
focused femtosecond beams are used in the far-field to improve spatial resolution and absolute limits of 
detection in LIBS down to the attogram scale. Finally, we demonstrate the use of femtosecond laser pulses and 
resulting separations in the laser induced plasma for high-resolution 3D elemental imaging in a variety of 
applications, with special emphasis on Li-ion batteries. 
 
 
 
 
 
 
 

 

 

 
       (a)                     (b)               (c) 

 
Figure 1 (a) Spectrally-resolved emission lifetime of a plasma induced using a femtosecond optical vortex beam with topological 
charge m=1. (b) Femtosecond filament propagation in the laboratory for remote all-optical isotope detection with F2-LAMIS. (c) 
Example of 3D imaging of a Li-ion battery anode using femtosecond optical emission spectroscopy. 
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Fabrication of three-dimensional microfluidic channels in 
photosensitive glasses by picosecond pulsed laser 

E. Axente 1, F. Jipa 1, S. Iosub 1, B. Calin1, F. Sima 1,2*, K. Sugioka2*
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77125 Magurele, Romania

2- RIKEN Center for Advanced Photonics, 2-1 Hirosawa, Wako, Saitama, 351-0198, Japan
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Glass is an attractive alternative solution to polymers for the fabrication of three-dimensional (3D) microfluidic 
biochips. Femtosecond (fs) lasers are nowadays the most promising tools for transparent glass processing. 
Specifically, the multiphoton process induced by fs pulses enables fabrication of embedded 3D channels with 
high precision [1-3]. The subtractive fabrication process creating 3D hollow structures in glass, known as fs 
laser assisted etching (FLAE), is based on selective removal of the laser-modified regions by successive chemical 
etching in diluted hydrofluoric acid solutions. In this work we demonstrate the possibility of generating hollow 
channels embedded in photosensitive Foturan glass volume by picosecond (ps) laser assisted etching to explore 
more cost-effective solution for the biochip fabrication. In particular, the influence of the critical irradiation doses 
and etching rates are discussed in comparison of two different wavelengths of ultraviolet (355 nm) and visible 
(532 nm) ranges. Fast and controlled processing of basic microfluidic structures generally used in the biochips 
design, such as an embedded microchannel connected with two open microreservoirs, are achieved inside glass 
as shown in Fig. 1. 

Figure 1: a) Sketch of the proposed design (with two open microreservoirs connected by an embedded microchannel) and laser irradiation 
scheme using two-layer configuration; Optical image of the obtained structure after irradiation with VIS laser followed by b) thermal 
treatment and c) after chemical etching in HF solution. The scale bar represents 0.5 mm.  

[1] K. Sugioka and Y. Cheng (2012) Femtosecond laser processing for optofluidic fabrication, Lab on a Chip 12, 3576-3589.
[2] F. Sima, J. Xu, D. Wu, K. Sugioka (2017) Ultrafast laser fabrication of functional biochips: New avenues for exploring 3d micro-and nano-
environments, Micromachines, 8, 40.
[3] F. Sima, K. Sugioka, R.M. Vázquez, R. Osellame, L. Kelemen, P. Ormos (2018) Three-dimensional femtosecond laser processing for lab-on-
a-chip applications, Nanophotonics, 20170097, 1-22.
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Controllable spatial array of Bessel-like beams with independent 
axial intensity distributions for laser microprocessing 

 
J. Baltrukonis1, A. Juršėnas1, S. Orlov1 

1- Center for Physical Sciences and Technology, Industrial laboratory for photonic technologies, Sauletekio av. 3, Vilnius, Lithuania 
 

justas.baltrukonis@ftmc.lt 
 
Pseudo-nondiffracting Bessel beams are used in various applications like optical tweezers [1] or laser 
microfabrication. In this work we start by constructing Bessel-like beam, which in contrary to Bessel beam has 
an arbitrary intensity distribution [2].  We analytically describe the spectral masks for the control of transverse 
position and axial intensity distribution of Bessel-like beams.    

 
              (a)        (b) 
 
Figure 1: (a) The amplitude part of the spectral mask. (b) Experimentally obtained laser beam intensity distribution – parallel Bessel-like 
beams (each beam is 0.5mm long). 
 
 
Next, we introduce a spatial array of independent Bessel-like beams and analyze the physical limitations due to 
mutual interference of individual beams. In order to verify our theoretical considerations and numerical 
simulations we employ a spatial light modulator and experimentally observe controllable spatial arrays with 
various numbers and spatial separations of individual beams.  
Lastly, we numerically examine distortions caused by propagation through planar air-dielectric interface and 
attempt to compensate them by methodology described in [3]. 
 
[1] Čižmár, T., et al. "Generation of multiple Bessel beams for a biophotonics workstation." Optics Express 16.18 (2008): 14024-14035.  
[2] M. Zamboni-Rached, E. Recami, H. E. Hern´andez-Figueroa, Theory of “frozen waves”: modeling the shape of stationary wave fields, 

Journal of the Optical Society of America A 22(11), 2465–2475 (2005).  
[3] L. Novotny, B. Hecht, Principles of nano-optics (Cambridge university press, 2012). 
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Compact high energy femtosecond fiber laser source with a CFBG 
stretcher and CVBG compressor for microfabrication applications

T. Bartulevičius1,2, L. Veselis1,2, K. Madeikis1,2, A. Michailovas1,2, and N. Rusteika1,2

1- Ekspla Ltd, Savanoriu ave. 237, LT-02300 Vilnius, Lithuania
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t.bartulevicius@ekspla.com

High energy ultrashort pulse fiber chirped pulse amplification (FCPA) systems are increasingly attractive for mi-
crofabrication applications. FCPA systems, which use traditional diffraction grating stretchers and compressors, 
are quite bulky due to large physical size required for stretching and compression of laser pulses of hundreds 
of picoseconds in duration. To overcome this practical limitation, this task can be performed in ultrafast fiber 
laser configuration using chirped fiber Bragg grating (CFBG) as pulse stretcher and chirped volume Bragg grating 
(CVBG) as pulse compressor as it was proposed in [1,2]. However, in these demonstrated systems, compressed 
pulses were not transform-limited and had residual non-compressed pedestal due to the lack of management 
of higher order dispersion in the system. In our previous work, we presented compact FCPA system consisting 
of CVBG compressor and CFBG stretcher that was manufactured with matched chromatic dispersion profile to 
achieve high fidelity compression of femtosecond pulses [3]. Additionally dispersion of the FCPA system was fine-
tuned by means of controlling temperature patch along CFBG stretcher instead of cutting back of the fiber while 
minimizing the recompressed pulse duration.

In this contribution, we present a compact high-energy FCPA system producing up to 10 µJ energy and ~350 fs 
duration high fidelity pulses from single mode FCPA system using approach described in [3]. The experimental 
FCPA system consisted of the seed source operating at 1029.4 nm wavelength and 53 MHz pulse repetition rate 
(FFS100CHI, Ekspla), CFBG stretcher (TeraXion) with dispersion profile matched to that of chirped volume Bragg 
grating, CVBG compressor (IPG Photonics) and two fiber amplification stages. Average power of the system after 
pulse compression in CVBG was 350 mW at 35 kHz pulse repetition rate corresponding to 10 µJ pulse energy and 
26 MW peak power. Envelope of the compressed pulses retrieved from SHG FROG measurement together with 
transform limited pulse envelope is depicted in Figure 1. This FCPA configuration opens path to truly compact, 
robust and environmentally stable high energy fiber laser sources suitable for precise microfabrication or bio-im-
aging applications requiring moderate average power. As well as, this FCPA system could be used as a seed source 
for pulse amplification in high power and mJ level pulse energy laser systems. Detailed information about high 
energy FCPA system will be presented at the conference.

Figure 1: Envelope of the compressed pulses retrieved from SHG FROG measurement in comparison with transform-limited pulse shape 
derived from the measured spectrum. Inset: Measured pulse spectrum along with retrieved spectral phase from FROG.

[1] A. Yusim, I. Samartsev, O. Shkurikhin, D. Myasnikov, A. Bordenyuk, N. Platonov, V. Kancharla, and V. Gapontsev, “New generation of high 
average power industry grade ultrafast ytterbium fiber lasers,” Proc. SPIE 9728, 972839 (2016).
[2] S. Frankinas, A. Michailovas, N. Rusteika, V. Smirnov, R.Vasilyeu, A.L. Glebov, “Efficient Ultrafast Fiber Laser Using Chirped Fiber Bragg Grat-
ing And Chirped Volume Bragg Grating Stretcher/Compressor Configuration,” Proc. of SPIE 9730 973017-1-6 (2016).
[3] T. Bartulevicius, S. Frankinas, A. Michailovas, R. Vasilyeu, V. Smirnov, F. Trepanier, and N. Rusteika, “Compact fiber CPA system based on a 
CFBG stretcher and CVBG compressor with matched dispersion profile,” Opt. Express 25, 19856-19862 (2017).
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Comparative study of low density inorganic material ablation

R. Bourdenet 1, I. Geoffray 1, C. Chicanne 1, M. Theobald 1

1- CEA, Centre de Valduc, 21120 Is Sur Tille, France 

remy.bourdenet@cea.fr

In order to study laser-matter interaction on the MegaJoule laser facility, CEA designs, studies and manufactures 
targets. A target is complex sub-centimetric experimental object that require high-level micro-technology means. 
In this context, laser micro-machining processes offer reliable and accurate solutions, able to fulfill demanding 
specifications.

One of the materials of interest is tantalum oxide aerogel (Ta2O5): this inorganic nano-porous material combines a 
high-Z element and a quite low density (0.5 g.cm-3). In this poster, we present a comparative study of the ablation 
properties of this dielectric material when illuminated by various laser sources: nanosecond excimer lasers (ArF, 
KrF), ultra-short pulse sources (Ti:Sa laser or a diode-pumped Ytterbium laser). From the measurement of ablation 
rates in static or dynamic modes, it is possible to deduct in each case the main ablation parameters (threshold 
fluence and electron diffusion length). 

Ablation parameters are then compared and related to ablation processes. In nanosecond regime, we reveal 
slight differences according to the laser wavelength and phenomena like incubation or saturation. The ablation 
efficiency can be compared to those obtained in ultra-short pulse regime, where we have evaluated the influence 
of the pulse duration (100 fs or 500 fs).
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In-situ optical diagnostics of selectively laser sintered metallic inks 
on flexible substrates 
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Selective laser sintering of printed metallic inks is a technique growing in interest in the field of plastic/flexible 
electronics.  It offers a number of advantages over more traditional methods, such as oven or UV lamp 
sintering, primarily due to its superior spatial selectivity and finely controlled heat input. As many inks require 
a sintering temperature above that of the degradation point of plastic or other sensitive substrates, such 
selectivity can be vital. Without it, the high temperature load would lead to melting or even decomposition 
and undesirable distortions in the underlying substrate. Although laser sintering offers exciting benefits, there 
is no known process for real-time diagnostics of laser sintering, allowing an end-user to define optimum 
conditions without laser damage to the underlying substrate. There are potentially two means of achieving this 
in-situ: 1) by detecting transient changes in reflectivity of the laser sintered, increasingly more conductive 
(more reflective) metallic film [1]; or 2) by measuring the deflection of a probe beam as a result of localised 
laser heating and temporal change in the dielectric function across the sintered film [2]. 
 

 

 
    (a)                             (b) 
 
Figure 1: Reflection measurement of sintering laser beam. (a) Experimental setup for in-situ diagnostics of laser-sintering process using 
reflection measurement. (b) Reflection measurement at 532nm wavelength of sintered and un-sintered circuits showing a change in 
reflection. 
 
In this poster, we will show recent progress in the development of a real-time in-situ optical diagnostics tool 
for laser sintering, potentially applicable also to other laser material processing applications (e.g. micro-
machining). To benchmark the differences between diagnostic techniques, we examine a range of sintering 
conditions by taking electrical resistivity and surface morphology measurements, and comparing them against 
reflection (Figure 1.a) and probe beam deflection measurements. The preliminary results in Figure 1.b show 
that a difference in intensity can be detected from a probe beam reflected from a sintered and un-sintered 
line. These results enable the appropriate calibration of a diagnostics tool with the aim to achieve an 
automated solution for turnkey laser sintering. 
 
This work has been part funded by EU H2020 project HiperLAM (723879), www.hiperlam.eu. All metallic ink 
materials provided by project partner PV Nanocell Ltd (Israel). All Ag lines were LIFT printed by partners 
Orbotech (Israel) and TNO (Holland). 
 
[1] K. Ujihara (1972) Reflectivity of metals at high temperatures. J. Appl. Phys. 43 2376 
[2] D. Almond and P. Patel (1996) Photothermal Science and Techniques, Chapman and Hall, London 
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Temperature effects on pulsed laser deposition of nanostructured 
metal films: Comparison of substrate heating and post-annealing 

A. V. Bulgakov1,2, S. V. Starinskiy2, Yu. G. Shukhov2

1- HiLASE Centre, Institute of Physics of the Czech Academy of Science, Za Radnici 828, 25241 Dolní Břežany, Czech Republic
2- S.S. Kutateladze Institute of Thermophysics SB RAS, 1 Lavrentyev Ave., 630090 Novosibirsk, Russia

bulgakov@fzu.cz

Pulsed laser ablation (PLD) is a well-established efficient technique for producing nanostructured materials, in 
particular high-purity metal nanoparticles, for a wide variety of applications. The film growth temperature is 
shown to be a key process parameter to control the film morphology [1, 2]. On the other hand, post-annealing 
of thin metal films is an efficient method for surface engineering allowing to change the particle size, shape 
and structure [3, 4]. However, the temperature effects during and after PLD are still poorly understood, a direct 
correlation between the two methods of nanostructure formation is missing, and the control of sizes of PLD-
produced nanoparticles remains a challenge. In this work, we report results on an experimental comparison of 
morphology of nanostructured films produced in two PLD regimes, (a) substrate kept at an enhanced temperature 
Ts during PLD and (b) post-annealing at the same temperature for films deposited at room temperature. The 
experiments were performed in the Ts range 300-800 °C. Gold and silver films were deposited with the mass-
average thickness hm in the range 3-8 nm. We demonstrate that the final film morphology, for both synthesis 
ways, is governed mainly by a combination of the two parameters, Ts and hm (typical SEM images for 800 °C are 
shown in Fig. 1). Various mechanisms underlying the film structuring in different PLD regimes such as nucleation, 
particle surface diffusion and evaporation, island coalescence, assembling of preformed small clusters, solid-
state dewetting, and Ostwald ripening are discussed. Ways to control the particle size distributions under PLD 
conditions are also discussed.

Figure 1: SEM images of gold nanostructured films produced by PLD onto silicon substrates at 800 °C (a, b) and at 300 °C with post-
annealing at 800 °C (c, d) for the mass-averaged film thicknesses of 3 nm (a, c) and 7 nm (b, d).

[1] P. Kumar, M.G. Krishna, A.K. Bhatnagar, A.K. Bhattachara (2008) Dynamic force microscopy study of the microstructural evolution of pulsed 
laser deposited ultrathin Ni and Ag films, J. Mater. Res., vol. 23, pp. 1826-1839 
[2] S.V. Starinskiy, Yu.G. Shukhov, A.V. Bulgakov (2016) Dynamics of pulsed laser ablation of gold in vacuum in the regime of nanostructured 
film synthesis, Tech. Phys. Lett., vol. 42, pp. 411-414
[3] A. Kosinova, O. Kovalenko, L. Klinger, E. Rabkin (2015) Mechanisms of solid-state dewetting of thin Au films in different annealing 
atmosphere, Acta Materialia, vol. 83, pp. 91-101 
[4] S.V. Starinskiy, V.S. Sulyaeva, Yu.G. Shukhov, A.G. Cherkov, N.I. Timoshenko, A.V. Bulgakov, A.I. Safonov (2017) Comparison of structures of 
gold nanoparticles synthesized by pulsed laser ablation and magnetron sputtering, J. Struct. Chem., vol. 58, pp. 1581-1587
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Porcelain enamel coating on stainless steel by direct laser 
sintering 

Z.-K. Liang1, Y. J. Chang1, J. -C. Hsu1, C. -C. Ho2, C. L. Kuo1 

1- Department of Mechanical Engineering, National Yunlin University of Science and Technology, No. 123, Sec. 3, University Rd., Douliou,
Yunlin 64002, Taiwan 

2- Department of Mechanical Engineering, Taipei University of Science and Technology, No. 1, Sec. 3, Zongxiao E. Rd, Taipei 10608, Taiwan

changy@yuntech.edu.tw 

The aesthetic enamel coating on metals has a long history and firing at high temperature is the most common 
process[1][2]. Laser has been used to melt steel substrate for the improvement of enamel adhesion on 
steel[3]. Direct laser sintering of porcelain enamel on stainless steel has been interested in industrial 
decoration due to the advantage of local heating and atmospheric operating environment[4]. In this paper, we 
have reported the direct laser sintering process of enamel on stainless steel by two types of lasers, CO2 laser 
and 1070nm fiber laser. For both types of lasers, we have confirmed that an aluminum-nickel alloy and a thin 
layer of enamel are needed to improve the adhesion between the covering enamel and stainless steel 
substrate. The hundreds-micron-thick Al-Ni alloy by thermal spray provides a rough surface and is a fast 
process for a large-area coating. A 50-μm thick of enamel coating is applied as an interfacial layer between the 
Al-Ni alloy and covering enamel coating. The average particle size of enamel is around 20-μm in diameter after 
dry ball-milling. For CO2 laser, laser energy is absorbed by enamel itself. However, the melted enamel is not a 
good adhesion material on Al-Ni alloy. Therefore, the interfacial layer of white enamel did not form intact 
patterns after ultrasonic bath cleaning process, as shown in Figure 1(a). On the other hand, laser energy of 
fiber laser was absorbed by the Al-Ni alloy layer. The melted alloy and the following white enamel were mixed 
and formed a new layer. This layer formed intact designed patterns after ultrasonic bath cleaning, as shown in 
Figure 1(b). The covering blue enamel coating then can be applied onto the mixed layer and formed the intact 
designed patterns on stainless steel substrates by direct laser sintering process, as shown in Figure 1(c). The 
thickness of blue enamel is 100 μm. The fiber laser is in continuous mode while the average energy density of 
laser are 43.4 J/mm2 and 84.1 J/mm2 for white and blue enamel, respectively. 

(a) (b) (c) 
Figure 1: Enamel coating on Al-Ni alloy coated stainless steel substrate. (a) patterns of interfacial enamel coating by CO2 laser after 
cleaning (b) patterns of interfacial enamel coating by fiber laser after cleaning (c) blue enamel coating by fiber laser after cleaning.  

[1] E. Scrinzi, S. Rossi (2010) The aesthetic and functional properties of enamel coating on steel, Materials and Design, vol. 31, pp. 
4138-4146

[2] J. N. Calata, G.–Q. Lu, T.-J Chuang (2001) Constrained sintering of glass, glass-ceramics, ceramic coating on metal substrates, Surface 
and Interfacial Analysis, vol. 31, pp. 673-681

[3] J. Lawrence, L. Li, (2001) A laser-based technique for the coating of mild steel with a vitreous enamel, Surface and Coatings Technology, 
vol. 140, pp. 238-243 

[4] J. M. Fernández-Pradas, J. W. Restrepo, M. A. Gómez, P. Serra, J. L. Morenza (2007), Laser printing of enamels on tiles, Applied Surface 
Science, vol. 253, pp. 7733-7737 
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copper: modeling and experimental comparison
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When irradiating a metal surface with femtosecond laser pulses, quasi-periodic nanostructures 
can be directly formed in a one-step process. This technique is referred to as femtosecond laser-
induced periodic surface structure (FLIPSS). FLIPSS can be used for many applications such as 
sensors, medical devices, precision molds, etc. The formation of periodic nanostructures is 
attributed to the interference between an incident femtosecond laser wave and the surface 
scattered wave. The literature has recently presented a laser heat density with sinusoidal 
distribution to simulate the FLIPSS ablation process [1](Levy, Derrien et al. 2016). However, 
it only focused on temperature modulation and used a fixed nanostructure period for the 
sinusoidal distribution.

This study investigated the FLIPSS of a copper material surface by a single femtosecond 
laser pulse theoretically and experimentally. Numerical analysis was performed using a 
two-dimensional two-temperature model (TTM) with a modified Drude optical model [2], 
a sinusoidal distribution laser heat density, and phase change and explosion models for 
evaporation. By using the proposed model, we can obtain the FLIPSS formation result on 
copper with different laser wavelengths. 

Figure 1 shows the top-view SEM image on the copper produced by a femtosecond laser (800 
nm), where periodic-like nanostructures with periods of 704±30 nm were formed, which 
are slightly less than the laser wavelength at 800 nm. The orientation was approximately 
perpendicular to the direction of the polarization of the laser beam.

Figure 2 illustrates the simulated FLIPSS profile result, in which the predicted FLIPSS period ~740 
nm is close to the experimental data, 704±30 nm. Through simulation and the experimental 
verification, we believe this model can be used to predict the formation of LIPSS on copper 
and other metals.

Figure 1 SEM image on copper produced by the 

femtosecond laser
Figure 2 Simulated FLIPSS profile

1] Y. Levy, T. J. Y. Derrien, N. M. Bulgakova, E. L. Gurevich, and T. Mocek, “Relaxation dynamics of femtosecond-laser-induced temperature 
modulation on the surfaces of metals and semiconductors,” Applied Surface Science, vol. 374, pp. 157-164, 2016.

[2] C. W. Cheng, S. Y. Wang, K. P. Chang, and J. K. Chen, “Femtosecond laser ablation of copper at high laser fluence: Modeling and 
experimental comparison,” Applied Surface Science, vol. 361, pp. 41-48, 2016.
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laser welded AC-170PX aluminium joints
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Aluminium alloys are one of the promising lightweight materials which are increasingly used for automotive 
body-in-white structures. Such applications demand efficient joining/welding methods to produce repeatable 
and strong joints without significant alteration of material properties. Remote laser welding (RLW) is an emerg-
ing joining technology which satisfies the demand for high production throughput at low cost [1]. AA6xxx series 
alloys (AlMgSi) are exclusively used for outer skin panel application, e.g. AC-170PX (AA6014) which is used for 
critical outer hang-on panels and has also been recommended for inner (structural) applications [2]. This paper 
investigates the effects of process parameters when seam tracking remote laser welding is used to create an 
autogenous fillet edge weld of automotive grade aluminum alloy (AC 170PX) in a lap configuration without using 
shielding gas. The experimental trials were conducted by varying the laser power (2.7, 2.8, 2.9, 3.0 and 3.1 kW; 
when welding speed was 4 m/min) and welding speed (3.0, 3.5, 4.0, 4.5 and 5.0 m/min; when laser power was 2.9 
kW) in order to observe their effects on key geometrical features and shear strength. Figure 1 shows the typical 
cross section of the fillet edge joint at varying laser power and welding speed. After metallographic inspection, 
measurement of key geometrical features (i.e. penetration, leg length and throat thickness were plotted at vary-
ing laser power and welding speeds. Maximum tensile load from lap shear tests (tensile specimens of 29 mm 
wide) at different process parameters is shown in Figure 2. The present studies demonstrate the feasibility of 
remote laser welding for joining AC-170PX alloy without special surface treatment (e.g. laser cleaning), through 
the study of weld microstructure and tensile strength.  

Figure 1: Cross-section of the fillet edge joints at varying laser power and welding speed.

Figure 2:  Maximum tensile load from lap shear tests at varying (a) laser power, and (b) welding speed.

[1] G. Reinhart, U. Munzert, and W. Vogl (2008) A programming system for robot-based remote-laser-welding with conventional optics, 
CIRP Annals - Manufacturing Technology, vol. 57, no. 1, pp. 37-40

[2] M. Bloeck (2012) Aluminium sheet for automotive applications, in Advanced Materials in Automotive Engineering: Woodhead Publish-
ing, pp. 85-108
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The influence of material removal form on the quality of film 
cooling holes during a laser drilling on TBCs coated nickel superalloy 

Zhengjie Fan, Jianlei Cui, Xuesong Mei

State Key Laboratory for Manufacturing System Engineering of Xi’an Jiaotong University,99 Yanxiang Road ,Xi’an, Shannxi, China 710054

Corresponding author: fanzhengjie@xjtu.edu.cn

Introduction: Laser percussion drilling is widely and massively adopted in aerospace industries for the fabrication 
of film cooling holes. At present, film cooling holes and thermal barrier coatings (TBCs) are two main effective 
means to pro- mote aircraft and gas-turbine engine efficiency and performance. The TBC system consists of 
a thermally insulating layer (yttria stabilized zirconia, YSZ) and an anti-oxidizing bond coat layer (MCrAlY). 
Nonetheless, the discrepancy between metals and ceramics in thermal-mechanical properties has become the 
greatest obstacle in laser drilling of thermal barrier coated materials  involving multilayer material system. Thus, 
the material removal form during the laser-material interaction process may ultimately determines the hole 
quality during laser drilling through such multilayer system.

Experiment: In our works, three types laser, i.e., ms-, ps- and fs-pulsed laser were employed to drill the cooling 
holes on Ni-based superalloys coated TBCs. Following the drilling, the holes were cross-sectioned and polished 
until reached middle plane of the hole to observe the microstructure. The characterization of the laser drilled 
holes was performed using Scanning Electron Microscopy (SEM). Elemental analysis of the spatter and recast 
layer was determined using an energy dispersive spectrometer (EDS).

    

    
(a) ms-laser                                            (b) ps-laser                                                    (c) fs-laser

Figure 1: Micrograph of a cross-section through holes drilled by (a) ms-laser, (b) ps-laser and (c) fs-laser.

Results and Discussion: Fig.1 shows the microstructure of the ms-laser, ps-laser and fs-laser drilled holes. The 
serious TBC delamination (at TBC/BC interface), spatters (in the periphery of hole entrance) and re-melted cracks 
(in the resolidified layer of ceramic hole), induced by the melting and dramatic heating effect of long-pulse laser, 
are clearly observed in the sample drilled by ms-laser as shown in Fig.1a. SEM analysis of ps- and fs-laser drilled 
samples showed that no obvious cracks and spatter were observed, which confirms the ultrafast-laser drilling is 
a non-thermal process and the material is removed in the form of vaporization. However, it is clear that some 
existing pores, formed at the plasma sprayed process and supposed to improve insulation performance of TBCs, 
appeared on the ceramic hole sidewall after fs-laser drilling. The open pores can provide the channel for molten 
salts or oxygen into TBCs, resulting in premature destroy of coatings. It is evident that the “cold processing” 
characteristics can maintain the original features of the coatings. Moreover, the fs-pulsed lasers generate periodic 
patterns on the ceramic hole surfaces, showed in Fig.1c. However, no open voids were observed on the hole-wall 
for ps-laser drilled sample. It mainly due to that the heating effect of high-frequency ps-laser can selectively melt 
the microstructure and the un-melted particles in the coating and result in the void repairing. While the heating 
effect can also induce micro-delamination at TBC/BC interface as shown in Fig.1b. Some recast layer were found, 
presumably as a consequence of a small portion of melt injection during ps-laser drilling process.
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We have shown that Blister-based Laser-induced forward-transfer (BB-LIFT), is a printing technique capable of 
transferring fragile molecular, nano and micro-scale particles between platforms. Laser pulses induce rapid 
surface deformation, ‘blisters’, on a sub-micrometer thick titanium coating, upon a glass substrate, at the 
metal/glass interface. The rapid expansion of the blister ejects the material in a confined cluster where it can be 
analysed in the gas phase or printed to another substrate [1]. This is a clean nonchemical transfer technique 
where the sample is not exposed to direct laser irradiation and heat from the surface is limited.  
 
We have successfully transferred monolayer 2D transition metal dichalcogenides, thermally labile exohedral 
fullerenes, and 150 nanometer auroshells [1]. The velocity distribution of ejected particles was found using 
femtosecond and nanosecond BB-LIFT of C60 in combination with laser ionisation mass spectrometry. We show 
that the velocity distribution, for fs BB-LIFT, is narrow and dependent on the donor film thickness, whereas that 
for ns BB-LIFT is broader, usually bimodal and irrespective of film thickness. This is due to the variation in 
mechanism of blister formation for fs and ns BB-LIFT [2]. The BB-LIFT technique allows control over the velocity 
of particles in flight as well as the direct placement to an alternative location with precision.  
 

 
Figure 1: a) Velocity distribution of C60 as ejected from a 370 nm thick titanium film utilising fs BB-LIFT at 250 mJcm-2 demonstrating a 
narrow velocity spread centred at 8 ms-1. b) AFM image of transferred monolayer MoS2. 
 
 
[1] A.V. Bulgakov, N. Goodfriend, O. Nerushev, N.M. Bulgakova, S.V. Starinskiy, Y.G. Shukhov, E.E.B. Campbell (2014), Laser-induced transfer 
of nanoparticles for gas-phase analysis, J. Opt. Soc. Am., vol. 31, pp.15-21.  
[2] N.T. Goodfriend, S.V. Starinskiy, O.A. Nerushev, N.M. Bulgakova, A.V. Bulgakov, E.E.B. Campbell (2016), Laser pulse duration 
dependence of blister formation on back-radiated Ti thin films for BB-LIFT, App. Phys. A, vol. 122,Art. 154 (9p.). 
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Parabolic vector focal wave modes
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Weber-type parabolic beams have controllable parabolically-shaped transverse intensity profile distribution [1] 
which has promising applications in laser precise microfabrication. Also, Weber beams exhibit nondiffracting 
properties what greatly improves its practical applications. When a large spatial angles contribute to angular 
spectrum, vectorial electromagnetic theory must be introduced in order to fully describe laser beams. Mono-
chromatic parabolic beams and their combinations are already represented in literature in great detail, however 
their pulsed beam counterparts still are underrepresented. 

In this work we construct parabolic vector focal wave modes from scalar Weber-type parabolic wave solution 
[2-3] using spectral approach and investigate durations up to tens of femtoseconds. We analyse two cases of 
transverse electric and transverse magnetic modes and consider waves, which are transversally both standing 
and travelling. The impact of angular dispersion magnitude and type (positive or negative) on the resulting pulse 
shape is demonstrated. Moreover, the propagation of pulses not only in free space but also in a transparent di-
electric media is analysed. Finally, we study the distortions arising due to planar air-dielectric interface. In figure 
1 the intensity distribution of a parabolic focus wave mode pulse produced using travelling parabolic beams is 
depicted.

Figure 1: 3D intensity distribution of focus wave mode made of travelling parabolic beams. 

[1] Bandres, M. A., Gutiérrez-Vega, J. C., & Chávez-Cerda, S. (2004). Parabolic nondiffracting optical wave fields. Optics letters, 29(1), 44-46.
[2] Stratton, J. A. (2007). Electromagnetic theory. John Wiley & Sons.
[3] Morse, P. M., & Feshbach, H. (1946). Methods of theoretical physics. Technology Press.
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When	femtosecond	laser	pulses	are	tightly	focused	inside	a	cell,	the	intensity	in	the	focal	volume	become	high	
enough	 to	 cause	 nonlinear	 absorption,	 through	multiphoton,	 tunneling	 and	 avalanche	 ionization	 processes,	
which	exponentially	 increases	the	 free	electron	density.	The	free	electron	 leads	to	an	optical	ablation	of	the	
cell	due	to	the	generation	of	plasma.	Currently,	the	optical	ablation	has	been	used	to	subcellular	surgery	in	a	
living	 cell	 [1],	 such	 as	 the	 dissection	 or	 in-activation	 of	 cellular	 organelles,	 cytoskeletal	 filaments,	 and	
chromosomes	and	the	photostimulation	of	Ca2+	waves	in	neuronal	cells.	Studying	the	function	of	organelles	is	
important	to	understand	cell	dynamics.	In	the	surgery,	it	is	necessary	to	control	carefully	the	excitation	pattern	
and	 its	 focus	 position	 according	 to	 a	 shape	 of	 individual	 cells	 and	 organelles	 for	 obtaining	 desired	 results	
precisely.	In	this	paper,	we	demonstrate	the	subcellular	surgery	by	holographic	femtosecond	laser	processing	
with	a	confocal	surface	detection	system.	
Figure	1	shows	an	experimental	setup.	The	setup	was	mainly	composed	of	a	femtosecond	laser	processing	

system,	 a	 transmitted	 optical	microscope,	 a	 confocal	microscope,	 and	 a	 fluorescence	microscope.	 The	 laser	
processing	 system	 was	 used	 to	 perform	 the	 subcellular	 surgery.	 The	 femtosecond	 pulse	 with	 a	 center	
wavelength	of	800	nm,	a	duration	of	50	fs,	and	a	repetition	frequency	of	1	kHz	was	illuminated	to	a	spatial	light	
modulator	(SLM)	through	a	pulse	energy	controller	
composed	 of	 a	 half	 wave	 plate	 (HWP)	 and	 a	
polarizing	 beam	 splitter	 (PBS),	 and	 a	 beam	
expanding	 optics.	 The	 pulse	 was	 diffracted	 by	 a	
hologram	 displayed	 on	 the	 SLM,	 and	 was	
introduced	 to	 a	 water-immersion	 objective	 lens	
(OL,	 60×,	 NA	 1.0)	 mounted	 on	 a	 piezo	 objective	
scanner	 (PZT).	 A	 living	 cell	 (cultured	 insect	 cells,	
Sf9)	was	 fixed	 to	a	motorized	stage.	A	white	 light	
LED	and	CMOS	image	sensor	were	used	to	obtain	
the	 transmitted	 optical	 image.	 The	 confocal	
microscope	was	used	to	detect	the	cell	surface.	A	
laser	diode	(LD)	with	a	wavelength	of	1060	nm	was	
illuminated	 to	 the	 cell.	 An	 intensity	 of	 the	 laser	
reflected	 from	 the	 cell	 surface	 was	 measured	 by	
an	avalanche	photo	diode	(APD)	through	a	pinhole	
(PH).	 The	 fluorescence	 microscope	 was	 used	 to	
reveal	a	position	of	the	subcellular	organelles	by	a	
fluorescence	stain.	A	LED	with	a	wavelength	of	490	
nm	 was	 illuminated	 to	 the	 stained	 cell.	 The	
fluorescent	 image	 was	 captured	 by	 the	 CMOS	
image	sensor	through	a	bandpass	filter	(BPF).	
	 In	 the	 experiment,	 the	 surface	 of	 the	 cell	
membrane	 was	 detected	 by	 the	 confocal	
microscope.	 Figure	 2(a)	 shows	 a	 transmitted	
optical	 microscope	 image.	 Figures	 2(b)	 and	 2(c)	
show	 the	 signal	 intensity	 from	 APD	 versus	 the	
focus	position	of	LD	beam	at	each	circle	inserted	in	
Fig.	 2(a).	 In	 Fig.	 2(c),	 the	 first	 and	 second	 peak	
mean	 the	 light	 intensity	 reflected	 from	 the	 cell	
membrane	and	a	culture	dish,	respectively.	
 
[1]	K.	König	et	al.,	Opt.	Lett.	vol.26,	pp.819-821	(2001).	

Figure	1:	Experimental	setup.		

Figure	2:	(a)	Transmitted	optical	microscope	image	of	living	cells.	(b)	
(c)	Signal	intensity	from	APD	versus	the	focus	position	of	LD	beam.		
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Ultrafast industrial laser processing of transparent and brittle 
materials with diffractive and non-diffractive laser beams

N.Bellini1†, D. Karnakis1

1-Oxford Lasers Ltd, Unit 8 Moorbrook Park, Didcot Oxfordshire OX11 7HP, United Kingdom

dimitris.karnakis@oxfordlasers.com

Ultrafast laser processing (ULP) of transparent and brittle materials (amorphous or crystalline dielectrics, diamond, 
polymers) finds use in several different market segments.  It can range from high volume production of consumer 
electronics (LED substrates, smartphone components, etc.) to rapid prototyping of custom microfluidic circuits 
for lab-on-chip applications (milling fluidic channels, drilling interconnects, writing waveguides) or low volume 
production of high value components (watch industry, diamond traceability).  ULP is advantageous compared to 
conventional micromachining technology (CNC mechanical, chemical etch) being non-contact, inherently more 
precise and an easily adaptable digital soft tooling technology.  For high band-gap substrates like transparent 
dielectrics or fluoropolymers, deep-UV lasers have long been an alternative solution, able to activate linear 
absorption [1].  But ultrafast lasers with typical average output now exceeding 100W even in the femtosecond 
region and output frequencies of several MHz together with associated beam scanning technologies are now 
industrially mature and increasingly displace all other technologies mentioned above.  Due to the non-linear 
character of the material interaction, the end-user can, with suitable optics, essentially tailor the focussed beam 
properties on the workpiece to either a small diffraction limited spot of the order of few micrometers or an 
elongated high aspect ratio non-diffractive Bessel beam.  Both modes provide different advantages, but distinctly, 
one can now achieve very high quality finish of otherwise difficult to process materials at industrially relevant 
process speeds, with virtually no post-processing provisions and unimaginable till recently feature geometries i.e. 
microholes in glass of 10,000:1 width/length aspect ratio, cutting transparent substrates of several mm thickness 
at zero kerf, etc.).  

In this work, we will follow-up on a previous comparison [2] of different transparent and brittle material processing 
(cutting, drilling milling) such as strengthened glass, borosilicate or fused silica glasses, sapphire, CVD diamond 
and fluoroethylene polymers using different commercially available ultrafast lasers emitting in infrared with 
pulse durations from sub-ns to sub-ps and pulse frequencies extending to 2MHz.  Both surface and in-volume 
processing will be displayed in open or closed shaped geometries and optimum laser process parameters (pulse 
energy, scan speed, etc.) will be discussed.  Feature analysis will detail surface roughness, removal rate, edge 
damage, practical feasibility. Advantages and drawbacks of each laser are also discussed. 

The authors acknowledge financial support for parts of this work under EU project TiSaTD, grant agreement No619177.

Figure 1: (left) zero kerf cutting of 0.14mm thick c-cut sapphire, side wall surface roughness RMS=140nm (middle-L) zero kerf cutting of 
0.3mm thick borosilicate, width 0.05mm only; (middle-R) sub-surface laser marking of CVD diamond, pixel resolution 2μm (right) fs laser 
milling of 0.1mm wide channel in FEP polymer

[1] D.M. Karnakis, M.R.H. Knowles, K.T. Alty, M. Schlaf, H.V. Snelling, “Comparison of glass processing using high-repetition femtosecond (800 
nm) and UV (255 nm) nanosecond pulsed lasers”, Proc. SPIE 5718, Microfluidics, BioMEMS, and Medical Microsystems III, 216 (2005).
[2] N. Bellini, D. Karnakis, (2016) Comparative Study of Ultra-short Laser Micromachining of Transparent Dielectric Materials, 17th Int. 
Symposium on Laser Precision Fabrication, May 23-27 2016, Xian China  

1  †now at Bright Solutions SRL, Bright Solutions SRL, Via degli Artigiani 27, 27010 Cura Carpignano (Pavia) – Italy
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Innovate UK project UltraWELD will develop photonic based processes for highly dissimilar material joining in 
manufacturing of complex electro optics devices for defence/aerospace applications and OLED lighting (fig.1a,b). 
Recently developed [1] ultrafast (picosecond) pulsed laser welding of glass to metals is proposed as an alternative 
to other bonding techniques that currently fail to provide a satisfactory solution on demanding requirements for 
device hermetic sealing and suffer from device degradation due to outgassing of volatile components in adhesives.  
The technique (fig.1c,d) provides the advantages of high precision, high speed, small thermally affected zone 
while eliminating creep, outgassing and any undesirable materials commonly found with interlayer techniques.  
We will develop new ultrafast laser processes for dissimilar material joining (microwelding) and also design and 
build a flexible custom laser prototype machine capable of applications development to demonstrate such laser 
microwelding in key selected real devices at TRL level 6.  The project will directly benefit all five industry partners 
by enabling early adoption of this technology from end users, to enhance product competitiveness by increasing 
reliability and in-service lifetime and reduce cost of ownership.

The paper aims to introduce the project and technical consortium and describe in more detail the need, technical 
challenges such as welding of materials with highly dissimilar thermomechanical properties including very thin 
layers and some proposed innovations including a new high energy 10W femtosecond laser source in the MHz 
range and smart beam delivery.

(a) (b) (c) (d)
Figure 1: (a) Bonding of glass optics to metal support structures for optical assemblies can benefit from replacing adhesives, image copyright 
Gooch & Housego; (b) Hermetic edge sealing of flexible glass OLED devices by laser welding can significantly reduce manufacturing costs, 
image copyright CPI; (c) Ultrafast pulsed laser microwelding (ULM) process – basic concept, image copyright Heriot Watt University; (d) 
Ultrafast pulsed laser weld, aluminium alloy Al6082 to fused silica, image copyright Heriot Watt University

The consortium wishes to acknowledge partially financial support from Innovate UK under grant No. 103763

[1] R.M. Carter, J. Chen, J.D. Shephard, R.R. Thomson, and D.P. Hand, (2014)”Picosecond Laser Welding of Similar
and Dissimilar Materials,” App. Opt. 53(19), 4233-4238
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Forming accelerating light beams with phase masks  
fabricated from glass
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Accelerating beams are a novel type of beams that have attracted considerable attention in various applications 
including optical particle clearing, light-sheet microscopy and laser micromachining [1, 2]. Formation of an 
accelerating beam requires modulating the wavefront of a Gaussian beam with a specific phase which is most 
commonly accomplished utilizing a spatial light modulator (SLM). However SLMs have a low optical damage 
threshold and thus are not an optimal choice for material processing where large average power settings are 
involved. In this work we demonstrate an alternative way of modulating the phase of a Gaussian beam using a 
binary phase mask fabricated from glass plates by cutting or inducing local refractive index changes.

Figure 1: Schematics for forming an accelerating beam. Phase masks were fabricated with two methods - by modifying the refractive index 
of glass (a, c) and by cutting out parts of the glass plate (b, d). 

The phase masks were designed by employing a ray optics interpretation of accelerating beams which allows 
designing phase masks that generate beams along pre-designed convex trajectories. Two methods of fabricating 
binary glass phase masks were tested: one 6 mm diameter mask was cut by ablation in water [3] from 0;1 mm 
thick soda-lime glass using a femtosecond Yb:KGW laser another was fabricated by inducing refractive index 
change [4] in 1 mm soda-lime glass. Local refractive index changes created by 260 fs pulses with 0.75 µJ energy in 
single layer amounts to 0.003-0.008 which is not enough to create a phase shift of π. To rectify this a total of 50 
layers were written into the glass. The phase masks were tested by passing a Gaussian beam through them and 
imaging the resulting beams over a set distance using a CCD camera. Both masks formed beams that propagated 
along the predesigned trajectories. Our experimental results are in good agreement with theoretical modeling 
results and the phase mask manufactured by inducing refractive index change shows good promise for potential 
future applications.

[1] M. A. Bandres, I. Kaminer, M. S. Mills, B. M. Rodriguez-Lara, E. Greenfield, M. Segev, D. N. Christodoulides (2013) Accelerating optical 
beams, Opt. & Photon. News 24, 30.
[2] A. Mathis, F. Courvoisier, L. Froehly, L. Furaro, M. Jacquot, P. A. Lacourt, J. M. Dudley (2012) Micromachining along a curve: Femtosecond 
laser micromachining of curved profiles in diamond and silicon using accelerating beams, Appl. Phys. Lett., 101, 071110.
[3] S. Butkus,  E. Gaizauskas, D. Paipulas, Z. Viburys, D. Kaskelyte,  M. Barkauskas, A. Alesenkov,  V. Sirutkaitis (2014) Rapid microfabrication of 
transparent materials using filamented femtosecond laser pulses, Applied  Physics A, 114, 81-90.
 [4] V. R. Bhardwaj, E. Simova, P. B. Corkum, D. M. Rayner, C. Hnatovsky, R. S. Taylor, B. Schreder, M. Kluge, J. Zimmer (2005) Femtosecond 
laser-induced refractive index modification in multicomponent glasses, J. Appl. Phys., 97, 083102.
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Optical vortex which has spiral wave front and annular intensity distribution is generated by adding orbital an-
gular momentum to plane wave. It is used in Stimulated emission depletion (STED) [1] and optical trapping of 
microparticles [2]. On the other hand, the study of application of optical vortex for laser process has been paid 
attention recently, and several studies of chiral structure fabrication by irradiating optical vortex to metal and 
semiconductor targets such as Si, Ta have been reported [3,4]. Especially, chiral twisted metal needles have the 
potential to chiral selectivity to nanoscale imaging systems, chemical reactions on plasmonic nanostructures, and 
planar metamaterials [3]. Therefore, we focused on microfabrication of metal thin film by applying optical vortex, 
and carried out the processing experiment of Au thin film by irradiating optical vortex.

Au film with a thickness of 450 nm was deposited on a SiO2 substrate for this experiment. A Gaussian beam from a 
Nd:YAG laser (Spectra Physics, Navigator I, X15SC-106QA, HM532-X15, 532 nm, 15 ns) was converted to an optical 
vortex beam through a spiral phase plate (topological charge l = +1 or -1). The optical vortex pulse was focused 
on the Au film by an objective lens (NA = 0.6). Figure 1 shows the scanning electron microscope (SEM) images 
of the irradiated spot by single optical vortex pulse (l = +1) at approximately 1.2 µJ/pulse. The micro-particle on 
the micro-needle structure was observed in Fig. 1 (a). This formation process is probably very similar to that for 
nanowhiskers fabricated under single pulse irradiation of Au film with a Gaussian-shape laser beam [6]. However, 
the micro-needle formed a twisted shape induced by the effect of orbital angular momentum of the optical vor-
tex. In Fig. 1(b), the micro-particle was ejected from the tip of the micro-needle due to slightly higher laser ener-
gy.  A spiral structure was observed from the top view shown in inset of Fig. 1 (b). In addition, the micro-needle 
was twisted in opposite direction when the optical vortex pulse with I = -1 was irradiated. The structure formation 
is strongly affected by laser pulse energy and spot size. In the presentation, the dependence of the fabricated 
structure on laser energy and spot size will be discussed.

2.0 µm

(a)

    
2.0 µm

(b)

Figure 1: SEM images of the laser-irradiated Au film by optical vortex pulse (l = +1),
where a laser energy of (a) 1.2 µJ/pulse and (b) slightly higher energy.

[1] H. Yang, Y. Zhang, Y. Xiao, F Gao, J. Chang, T. Wei, S. Jiang (2016) Generation and comparison of donut-shaped depletion beams in STED 
microscopy, Optik Vol.127, pp.3735-3739 
[2] V. Garbin, D. Cojoc, E. Ferrari, R. Z. Proietti, S. Cabrini, E. D. Fabrizio (2005) Optical Micro-Manipulation Using Laguerre-Gaussian Beams, 
Jpn. J. Appl. Phys., Vol.44, pp.5773-5776 
[3] K. Toyoda, K. Miyamoto, N. Aoki, R. Morita, T. Omatsu (2012) Using Optical Vortex To Control the Chirality of Twisted Metal Nanostructures 
Nano Lett., Vol.12, pp.3645-3649 
[4] F. Takahashi, S. Takizawa, H. Hidai, K. Miyamoto, R. Morita, T. Omatsu (2016) Optical vortex pulse illumination to create chiral monocrys-
talline silicon nanostructures Phys. Stat. Sol. (a), Vol.213, pp.1063-1068
[5] S. Syubeav, A. Zhizhchenko, A. Kuchmizhak, A. Porfirev, E. Pustovalov, O. Vitrik, Yu. Kulchin, S. Khonina, S. Kudryashov (2017) Direct laser 
printing of chiral plasmonic nanojets by vortex beams Opt. Exp., Vol.25, pp.10214-10223
[6] Y. Nakata, N. Miyanaga, K. Momoo, T. Hiromoto (2013) Solid–liquid–solid process for forming free-standing gold nanowhisker superlattice 
by interfering femtosecond laser irradiation, Appl. Surf. Sci., Vol.274, pp.27–32.
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Fabrication of micro through-holes in poly(L-lactic acid) film 
by femtosecond laser irradiation for patterning C2C12 cells
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Biodegradable polymers have been used for a tissue scaffold due to their biocompatibility and biodegradability. 
Our group has reported studies on controlling biodegradation of biodegradable polymers by femtosecond laser 
irradiation [1, 2]. In this study, we have demonstrated the fabrication of micro-through holes in poly(L-lactic acid) 
(PLLA) film, a widely known as biodegradable polymer for tissue engineering, by femtosecond laser irradiation 
for controlling C2C12 myoblasts adhesion so as to obtain predefined pattern of the cells. The technique of 
patterning C2C12 myoblasts enables regenerating muscle tissues only at a desirable area in tissue engineering. 

Femtosecond laser pulse (pulse width 100 fs, wavelength 800 nm, pulse energy 7.0 μJ/pulse) was focused with 

an objective lens (NA 0.25) to fabricate micro through-hole in PLLA film of 3.2μm in thickness. Single hole was 
fabricated by a single shot of femtosecond laser pulse. A number of micro through-holes were fabricated by 
moving xy stage at a speed of 10 mm/s. The pulse repetition rate was 1 kHz. Through-holes were observed 
as shown in Fig. 1 (a), which was also confirmed by observation of the backside of the film. Then, C2C12 
myoblasts were seeded on the PLLA film, in which micro through-holes was fabricated in a long rectangle area 
by femtosecond laser ablation. After 10 days from the seeding, the cells were observed with fluorescence 
microscope. Fig. 1 (b) shows the cells proliferated along the rectangle area consisting of a large number of micro 
through-holes. Our results suggest that the fabrication of micro through-holes by femtosecond laser irradiation 
enables C2C12 myoblasts patterning at a desirable area. 

                        　　　                     
 (a)                   (b)

Figure 1 (a) SEM image of PLLA film surface after femtosecond laser irradiation. (b) Fluorescence microscope image of the C2C12 myoblasts 
seeded on the PLLA film. Red dotted line indicates an area in which micro through-holes were fabricated.

[1] A. Shibata, M. Machida, N. Kondo and M. Terakawa (2017) Biodegradability of poly(lactic-co-glycolic acid) and poly(l-lactic acid) after deep-
ultraviolet femtosecond and nanosecond laser irradiation, Appl. Phys. A vol. 123, pp. 438-444.
[2] A. Shibata, S. Yada and M. Terakawa (2016) Biodegradability of poly(lactic-co-glycolic acid) after femtosecond laser irradiation, Sci. Rep. 
vol. 6, pp. 27884-277892. 

PO-18

Biodegradability of poly(lactic-co-glycolic acid) 
internally modified by femtosecond laser irradiation

N. Kondo1, S. Kimura2, M. Terakawa1,2*

1- School of Integrated Design Engineering, Keio University, 3-14-1 Hiyoshi, Kohoku-ku, Yokohama, 223-8522, Japan
2- Department of Electronics and Electrical Engineering, Keio University, 3-14-1, Hiyoshi, Kohoku-ku, Yokohama, 223-8522, Japan

terakawa@elec.keio.ac.jp

Biodegradable polymers are attractive material to be used for tissue scaffold in tissue engineering because 
of their biocompatibility and biodegradability. Laser processing enables high speed processing with precise 
spatial controllability even after molding. Our group has reported change of biodegradability of poly(lactic-co-
glycolic acid) (PLGA) after femtosecond laser ablation [1, 2]. In this study, we have demonstrated the change of 
biodegradability after internal modification of PLGA without having any laser ablation on the surface.

Femtosecond laser pulses (pulse width 100 fs, wavelength 400 nm, repetition frequency 1 kHz, 500 shots) were 
irradiated perpendicularly to the surface of PLGA film. The laser pulses were focused to 100 μm in spot diameter 
on the surface of the film. After the irradiation, the samples were immersed in phosphate-buffered saline (PBS) 
at 37˚C for 2 days. Fig 1 shows scanning electron microscopy (SEM) images of the surface of laser irradiated PLGA 
before (Fig 1 (a)-(c)) and 2 days after (Fig 1 (d)-(f)) the immersion. At laser fluences of 100 and 125 mJ/cm2, surfaces 
of PLGA films show no change immediately after the laser irradiation (Fig 1 (a), (b)), however biodegradation 
was observed in laser-irradiated-localized area 2days after the laser irradiation which was significant in Fig. 1 
(e). These results indicate that the laser-induced internal modification accelerated the biodegradation without 
immediate geometrical change after the laser irradiation, which could contribute to fabricate spatially controllable 
biodegradation of tissue scaffolds by using femtosecond laser

 
Figure 1 SEM images of the femtosecond-laser-irradiated PLGA surface before ((a)-(c)) and 2 days after ((d)-(f)) immersion in PBS at 37oC for 
2 days. (a), (d) Laser fluence 100 mJ/cm2. (b), (e) Laser fluence 125 mJ/cm2. (c), (f) Laser fluence 150 mJ/cm2. Red dotted circles indicate the 
laser irradiated area.

[1] A. Shibata, M. Machida, N. Kondo and M. Terakawa (2017) Biodegradability of poly(lactic-co-glycolic acid) and poly(l-lactic acid) after deep-
ultraviolet femtosecond and nanosecond laser irradiation, Appl. Phys. A vol. 123, pp. 438-444.
[2] A. Shibata, S. Yada and M. Terakawa (2016) Biodegradability of poly(lactic-co-glycolic acid) after femtosecond laser irradiation, Sci. Rep. 
vol. 6, pp. 27884-277892. 
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As the basic components in integrated photonics, optical waveguides could confine light propagation within small 
volumes with dimensions of micrometric or sub-micrometric scales, in which higher optical intra-cavity intensities 
could be achieved compared with bulk materials. Compared with straight waveguide, S-bend waveguides are 
particularly desirable for the construction of intricate integrated optical waveguide circuits, ideally having 
minimal bend losses at small curvature radii [1]. By using ring-shaped pump beam, a simple approach for 

alleviating thermal lensing in end pumped solid-state lasers was realized, which could be also useful to realize 
efficient waveguide laser systems by ring-shaped wave-guided pump beams [2]. Owing to the capability for 3D 
processing, the femtosecond laser writing has emerged as a powerful and promising method to fabricate optical 
waveguides in various transparent materials since the pioneering work of Davis et al., in 1996 [3]. Depending on 
the parameters of the femtosecond laser pulses and the nature of the materials, the refractive index change (Δn) 
induced in the fs-laser-irradiated region may be positive or negative, referring to Type I and II modifications [4]. 
Bismuth germanate (Bi4Ge3O12 or BGO) is a well-known scintillating crystal with cubic structure, which has wide 
applications in nuclear physics, space physics, high-energy physics, medicine, industry and other fields [5].

In this work, we design and fabricate ring-shaped straight and S-curved waveguides based on Type I modification 
operating at the telecommunication band in BGO crystal by direct femtosecond laser writing. In the regions of 
laser written tracks in BGO crystal, positive refractive index is induced, resulting in so-called Type I configuration. 
The modal profiles are within the designed track cladding with ring-shaped geometries, which are analogous to 
circular optical lattices. The guiding properties and modal profiles of the waveguides at wavelength of 1.55 μm 
have been characterized, showing the good features of polarization-insensitive guidance.

Figure 1: The fabrication of straight and S-curved waveguides in BGO. (a) Schematic plot of the fabrication process with the femtosecond 
laser. (b) Optical microscope image of the cross section of waveguides No. 1. (b) and (c) Measured near-field modal profiles of waveguide 
No. 1.

[1] A. Kumar and S. Aditya, “Performance of S-bends for integrated-optic waveguides,” Microw. Opt. Techn. Let. 19(4), 289–292 (1998).
[2] D. Lin and W. A. Clarkson, “End-pumped Nd:YVO4 laser with reduced thermal lensing via the use of a ring-shaped pump beam,” Opt. Lett. 
42(15), 2910–2913 (2017).
[3] S. Nolte, M. Will, J. Burghoff, and A. Tuennermann, “Femtosecond waveguide writing: a new avenue to three dimensional integrated 
optics,” Appl. Phys. A, 77(1), 109–111 (2003).
[4] F. Chen and J. R. Vazquez de Aldana, “Optical waveguides in crystalline dielectric materials produced by femtosecond-laser micromachining,” 
Laser Photonics Rev. 8(2), 251–275 (2014).
[5] W. Drozdowski, A. J. Wojtowicz, S. M. Kaczmarek, and M. Berkowski, “Scintillation yield of Bi4Ge3O12 (BGO) pixel crystals,” Physica B 405(6), 
1647–1651 (2010).
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Introduction: Polydimethylsiloxane (PDMS) is a silicone polymer inexpensive with the attractive attributes, and 
PDMS superhydrophobic surfaces recently have been applied in many applications [1-3]. However, flat PDMS 
surfaces are hydrophobic with= 105–120° and exhibit high adhesion forces with water (> 90°).[4]To render 
superhydrophobicity, micro- and/or nanoscale structuring is typically combined with a low surface energy coating.

A range of methods such as wet-chemical etching, reactive ion etching, light induced patterning, decal transfer 
microlithography etc. have been utilized for creating surface patterns in PDMS, which can produce high-
resolution micron-scale structures but is both expensive and time-consuming[5]. The superhydrophobic PDMS 
with hierarchical micro-nanostructures also can be prepared by ultrashort laser ablation with huge time.

Experiment: Our work presents a solid-object-printing to creating surface structures on PDMS through a metal 
master fabricated by ultrafast laser direct writing without any predesigned mask. It is an approach in the laser-
assisted pattern-and peel: the ultrafast laser is used to first create patterns in a master, which are then duplicated 
by casting PDMS on it to produce a secondary PDMS replica, as shown in Figure 1(a). 

A two dimensional translational galvanometer optical scanner controlled by a computer was used to fabricate 
the patterns on the samples. Three different pattern structures including gratings, squares and craters on steel 
master were obtained in different dimensions. Figure 1(b) presents the SEM images of steel masters, LCSM and 
CA images of PDMS negative replicas.

  

    (a)                             (b)
Figure 1: (a) Schematic illustration of producing replication. (b) SEM, LCSM and CA images of steel master or PDMS negative replicas.  

Results and Discussion: Steel samples with different patterns and dimensions were used as the masters to 

produce the negative replica samples. The Max CA of PDMS gratings reaches 164.15° in dimension with width 
40 μm and space 60 μm, the Max CA of PDMS grids reaches 150.9°in dimension with width 60 μm and space 40 
μm, and however the Max CA of PDMS convexes just reaches 114.4°in dimension with diameter 10 μm, space 
50 μm and hight 40 μm. Submicron/nano structure on PSMD surface increase the roughness and this can bring 
water drops closer contact with air, which causes the decrease of the direct area contacting with the solid surface. 
Therefore Experiment values of CAs are larger than calculated values in model Wenzel and Cassie–Baxter model.

[1].McDonald, J.C. and G.M. Whitesides, Poly (dimethylsiloxane) as a material for fabricating microfluidic devices. Accounts of chemical 
research, 2002. 35(7): p. 491-499.
[2].Rogers, J.A., T. Someya and Y. Huang, Materials and mechanics for stretchable electronics. Science, 2010. 327(5973): p. 1603-1607.
[3].Shin, Y.S., et al., PDMS-based micro PCR chip with parylene coating. Journal of Micromechanics and Microengineering, 2003. 13(5): p. 768.
[4] Migliaccio, C.P. and N. Lazarus, Fabrication of hierarchically structured superhydrophobic PDMS surfaces by Cu and CuO casting. Applied 
Surface Science, 2015. 353: p. 269-274.
[5].Liu, B., et al., Study on hierarchical structured PDMS for surface super-hydrophobicity using imprinting with ultrafast laser structured 
models. Applied Surface Science, 2016. 364: p. 528-538
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Femtosecond laser inscription is superior to other fabrication methods as a reason of being accessible to flexible 
three-dimension modification in micrometric or submicrometric scale. Meanwhile, the laser transmitted in the 
waveguide exhibits multimode properties which may be detrimental for the generation of waveguide lasers. 
However, the multimode-transmission characteristic is extremely profitable to wave guide sensor which is 
mainly based on the mode interference principle [1, 2]. The speckle, a random intensity distribution 
phenomenon, commonly exists in the schemes of laser illumination and coherent imaging, was once considered 
to be the noise of coherent imaging systems. Nevertheless, the speckle contains some information about the 
interaction between the laser and the material, which can be used to detect the state changes of solid materials 
and to assess fluid flow by using its statistical characteristics. When the laser is coupled into the depressed 
cladding waveguides, which owns the similar volume and configurations as the multimode fibers, it will transmit 
in multiple modes with different phase velocity [3]. The speckle pattern, collected from the output face of the 
waveguide, consist of numbers of spots which caused by the interference between different modes and self-
mode interaction, and will change rapidly if the modes rearrange under the influence of the environmental 
perturbation (e.g., temperature, strain, micrometric displacements, or vibration) [3-5]. 

 
Figure 1: Optical microscopy images of waveguides fabricated by FLI in the Nd:YAG crystal. (a) Sectional view of semicircular waveguide 
and the speckle pattern. (b) Sectional view of rectangular waveguide and the speckle pattern. (c) Top view of the rectangular waveguide. 
The inset graphs are the speckle patterns collected from the output faces of the guiding structures with using laser at 460 nm. 
 
The size of the optical polished Nd:YAG crystal used in this work is 10 mm×10 mm×2 mm. And the depressed 
cladding waveguides in the crystal were fabricated into different configurations by using an amplified Ti:sapphire 
laser system (Spitfire, Spectra Physics). The fs-laser beam was focused by a 40× microscope objective with 
numerical aperture of 0.65, and the pulse energy was adjusted to be around 0.5 μJ through the optical elements 
in the experimental setup. The scanning velocity is set to be 1.5 mm/s for producing parallel and uniformed 
damage tracks. The microscopy images of the waveguides are shown in Figure 1. 
 
[1] R. Ramponi, R. Osellame, and M. Marangoni. (2002) “Two straightforward methods for the measurement of optical losses in planar 
waveguides,” Review of Scientific Instruments, 73(3), 1117-1120. 
[2] F. Chen, and J. R. V. D. Aldana, (2014) “Optical waveguides in crystalline dielectric materials produced by femtosecond-laser 
micromachining,” Laser Photonics Rev. 8(2), 251–275. 
[3] L. Rodriguez-Cobo, M. Lomer, A. Cobo, and J. Lopez-Higuera, (2013) “Optical fiber strain sensor with extended dynamic range based on 
specklegrams,”. Sens. Actuators, A-Phys. 203(6), 341–345. 
[4] W. B. Spillman, Jr., B. R. Kline, L. B. Maurice, and P. L. Fuhr, (1989) “Statistical-mode sensor for fiber optic vibration sensing uses.” Appl. 
Opt. 28(15), 3166–76. 
[5] K. Pan, C. M. Uang, F. Cheng, and F. Yu, (1994) “ Multimode fiber sensing by using mean-absolute speckle-intensity variation,” Appl. Opt. 
33(10), 2095–2098. 
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Abstract: The femtosecond laser inscription is an effectively three-dimensional micromachining method for 
integrated photonic in transparent materials, primarily due to its ultra-short pulse duration as well as ultra-high 
peak power [1-3]. As the basic optical components, waveguides with great optical performance are expected in 
significant applications [4,5]. Therefore, single-scan and multi-scan writing techniques are applied to obtain the 
straight waveguides inside fused silica with low propagation loss, which is assisted by parameter-scan analysis 
and optimization including pulse energy, scanning speed, and scanning layer. In addition, we propose a new 
method for the fabrication of 90°-bend waveguide based on the internal total reflection principle at silica-air 
interface. These researches have positive affects in the development of integrated optics and three-dimensional 
optical circuits, especially for compact all-solid-state lasers, amplifiers and optical switches.

Figure 1: Characteristics of optical waveguides fabricated by femtosecond laser. (a) Near-field mode images of straight waveguides with 
multi-scan technique at relatively low pulse energy. (b) Waveguide track and (c) near-field mode images of the 90°-bend waveguide with 
single-scan technique.

[1] C. B. Schaffer, A. Brodeur, J. F. García, E. Mazur (2001) Micromachining bulk glass by use of femtosecond laser pulses with nanojoule 
energy, Optics Letters, 26(2), 93-95.
[2] R. R. Gattass and E. Mazur (2008) Femtosecond laser micromachining in transparent materials, Nature Photonics, 2(4), 219-225.
[3] R. Osellame, H. J. W. M. Hoekstra, G. Cerullo, M. Pollnau (2011) Femtosecond laser microstructuring: an enabling tool for optofluidic lab-
on-chips, Laser Photonics Reviews, 5(3), 442-463.
[4] T. Ling, L. Liu, Q. Song, L. Xu, W. Wang (2003) Intense directional lasing from a deformed square-shaped organic-inorganic hybrid glass 
microring cavity, Optics Letters, 28(19), 1784-1786.
[5] N. Bamiedakis, R. Penty, I. H. White (2013) Compact multimode polymer waveguide bends for board-level optical interconnects, Journal 
of Lightwave Technology, 31(14), 2370-2375.
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High intensity lasers usually based on OPCPA technology [1] require stable and precisely controlled repetition 
rate of the oscillator. Common method of repetition rate control is based on movable mirrors mounted on 
piezoelectric stages in free space [2]. This method has some disadvantages such as sensitivity to changes of 
ambient conditions and requirement for high voltage driving of piezo actuators. Different approach of fiber laser 
repetition rate control, which helps to overcome these shortcomings, is based on refractive index modification [3] 
instead of geometrical oscillator length change.

In this work we demonstrate all-fiber concept of precise repetition rate control of an ultrafast ytterbium oscillator 
passively mode-locked using semiconductor saturable absorber mirror (SESAM). Refractive index change in Er-
doped fiber core induced by pump laser power change allowed to lock repetition rate of oscillator to external 
clock frequency using phase-locked loop (PLL) electronics.

Figure 1: Layout of the repetition rate controlled all-fiber oscillator.  

The layout of the fiber oscillator is presented in Figure 1. SESAM mode locked oscillator consisted of Ytterbium 
doped gain fiber and chirped fiber Bragg grating for dispersion management, erbium doped fiber acting as precise 
delay line and fiber heating unit acting as a coarse delay line. Two separate laser diodes were used – one (LD1) 
to pump Er-doped fiber for repetition rate control and another (LD2) to pump Yb-doped fiber in the oscillator. 
InGaAs photodiode was used to measure oscillator pulsing repetition rate, which was analyzed by PLL electronics. 
Measured phase shift relative to electrical clock was compensated by controlling precise and coarse delay lines.
Two different wavelength diodes (976 nm and 1550 nm) were tested for pumping erbium doped fiber. Setup with 
976 nm pump diode showed about 10 Hz range of total repetition rate control compared with 4 Hz at 1550 nm 
pump. With PLL electronics enabled, timing jitter of the oscillator was measured using high bandwidth (20GHz) 
oscilloscope. <1 ps timing jitter was estimated, which was limited by our current measurement setup. The timing 
jitter measurements with signal source analyzer which should assure sub-100 fs resolution is under preparation. 
Results and detailed overview of the experiments will be presented at the conference. 

[1] A. Vaupel, N. Bodnar, B. Webb, L. Shah, and M. Richardson (2015) “Concepts, performance review, and prospects of table-top, few-cycle 
optical parametric chirped-pulse amplification,” Opt. Eng. 53, 852-855.
[2] W. Zhang, H. Han, Y. Zhao, Q. Du, and Z. Wei (2009) “A 350MHz Ti:sapphire laser comb based on monolithic scheme and absolute frequency 
measurement of 729nm laser,” Opt. Express 17, 6059-6067 
[3] K. Yang, Q. Hao, and H. Zeng, “All-Optical High-Precision Repetition Rate Locking of an Yb-Doped Fiber Laser (2015) “IEEE Photon. Technol. 
Lett. 27, 852-855. 
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Progress in ultrashort pulse generation has made it possible to progress research on physical, chemical and 
biological fast phenomena. The fiber ring laser can generate ultrashort pulses by utilizing nonlinear effects in 
optical fiber.  However, the fiber ring laser cannot maintain stable femtosecond pulse oscillation for a long time 
because the polarization state in the fiber fluctuates in accordance with the temperature. Therefore, the fiber 
laser requires the control of polarization not only at a single point in the fiber but also along the whole fiber 
length [1]. In this study, we developed the pulsed all-fiber laser capable of passive controlling polarization and 
stable pulse generation. 

Figure 1 shows the set up of our pulsed all-fiber laser with passive stabilization.  We fabricated a Fabry-Perot 
type cavity used faraday rotator mirror (FRM). Since the FRM rotates the polarization state of the reflected light 
by 90°, the polarizations in the return and input directions are orthogonal to each other [2]. Thus, the pulse 
generation is stable because the fluctuation of the polarization state in the resonator due to the temperature 
change is compensated.  

Figure 2 shows the pulse shape and pulse train. The pulse repetition frequency is 2.332 MHz. The cavity length 
calculated using the pulse repetition frequency is 44.50 m. This calculated cavity length roughly matches with 
that of real one.  The pulse width is 1.85 ns (FWHM). This pulse width was measured with the oscilloscope which 
has a frequency band of 350 MHz. Hence, the actual pulse width is presumed to be shorter than the measured 
one. Further studies are needed to Investigate more detailed characteristics of pulses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reference 
[1] M. E. Fermann, “Passive mode locking by using nonlinear polarization evolution in a polarization-maintaining erbium-doped fiber”, Opt. 
Lett. 18 (11), 894 (1993) 
[2] Y. Kanbayashi, M. Yoshida, T. Sasaki, M. Yoshikawa, "All-fiber phase-control-free coherent-beam combining toward femtosecond-pulses 
amplification" Optics Communications, 382, 556 (2017) 
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This paper presents results obtained in ultrashort pulse laser micro processing of tantalum and tungsten sheet 
metal. The goal was to produce high precision micro foils with thicknesses lower than 10 µm. For this, cavities 
were machined using a high precision ablation process with in situ monitoring of the progressing cavity depth. A 
femtosecond laser (λ = 1030 nm, τH = 400 fs, fP = 10 MHz, Pav = 10 W) in combination with a galvanometer scan 
system was applied in raster scanning. The general ablation behavior and the influence of different processing 
strategies on the machining results were investigated. It was found that the nominal ablation volume per pulse 
increases with increasing pulse repetition rate and pulse overlap. However, an increased roughness of the 
machined surface was also observed due to the large amount of debris produced when using high pulse overlap. 
The ablation parameters were optimized in order to achieve both smooth surfaces in cavity depths beyond 200 
µm while utilizing a high ablation rate. Finally, machining samples will be presented to demonstrate the feasibility 
of the ultrashort pulse laser technology in high precision micro machining.
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Diffraction-free Bessel beams are known for their exclusive property of maintaining propagation-invariant 
transverse intensity distribution [1]. The experimental realisation of such beams provides with practically 
applicable use where long axial intensity line is required e.g. microfabrication [2], particle manipulation [3] etc. 
Such laser beams with relatively long axial intensity are often named as optical needles. It is possible to make a 
superposition of Bessel beams that obeys within any chosen axial longitudinal intensity distribution profile [4].  
Firstly, by defining a specific longitudinal intensity pattern, computations are done to make the corresponding 
spatial spectra. Then in order to obtain desired beam shape the complex spectral mask is encoded to phase-
only mask and displayed on Spatial Light Modulator (SLM). By creating different profile shapes we investigate 
the quality of generated optical needle beams by comparing it to the numerical simulation results. Optimal 
experimental parameters are investigated and set to generate desired optical needles. An example of 
experimentally observed optical needle beam with two intensity peaks of controlled length is shown in Figure 
1a. 
 

 
 
               (a)       (b) 
 
Figure 1: An example of experimentally taken optical needle split in two intensity profiles (a), amplitude and phase spectral masks 
calculated for longitudinal beam profile (b). 
 
 
[1] J. Durnin, Exact solutions for nondiffracting beams. I. The scalar theory, Journal of the Optical Society of America A 4(4), 651 (1987).  
[2] M. Duocastella, B. A. Craig, Bessel and annular beams for materials processing, Laser & Photonics Reviews 6.5 607-621 (2012). 
[3] R. Yang, L. Renxian, Optical force exerted on a Rayleigh particle by a vector arbitrary-order Bessel beam, Journal of Quantitative 

Spectroscopy and Radiative Transfer 178, 230-243 (2016). 
[4] M. Zamboni-Rached, Stationary optical wave fields with arbitrary longitudinal shape by superposing equal frequency Bessel beams: 

Frozen Waves, Optics Express 12.17, 4001-4006 (2004). 
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ZnO nano/micro crystals exhibit unique optical and electrical properties, and have gained considerable attention 
as building blocks of optoelectronic devices. We have developed a catalyst-free growth method for aligned 
ZnO nanocrystals, named nanoparticle-assisted pulsed laser deposition (NAPLD) [1,2], and demonstrated ZnO 
nanowire-based ultraviolet (UV) LED [3] and Fabry–Pérot lasing from a single nanowire [4]. For development of 
ZnO nanocrystal-based devices, control of shape, density and position of ZnO nanocrystals is essentially required. 
In this study, we performed simple laser irradiation to vertically-aligned ZnO nanowires to expand the light-
emitting characteristics of ZnO crystals.

ZnO nanowires were grown on a sapphire substrate by NAPLD at substrate temperature of 750 oC. We confirmed 

that each nanowire consists of single crystalline wurtzite ZnO. After growth of the ZnO nanowires, laser 
irradiation was performed in the atmosphere using a KrF excimer laser (248 nm, 60-300 mJ/cm2). Figure 1(a) 
shows the scanning electron microscope (SEM) image of the laser-irradiated ZnO nanowires. The tip of each 
nanowire changed into a spherical shape. Interestingly, the spherical tip has a crystal structure with the same as 
the nanowire. We consider that the tip of the nanowire was melted by thermal effect caused by the absorption 
of excimer laser energy, and the molten ZnO formed into spherical shape by surface tension. In the cooling 
state, the molten ZnO might be crystallized epitaxially on the ZnO nanowire with keeping spherical shape. The 
diameter of the spherical tip increased with increasing the laser fluence, then the spheres were blown off by laser 
irradiation with more than 300 mJ/cm2. Photoluminescence characteristic of the spherical tip was investigated 
by microscopic spectroscopy using a Nd:YAG laser (355 nm, 5 ns). Figure 1(b) shows the emission spectra of the 
spherical tip with a diameter of 830 nm at different excitation power densities. The sharp modal structure was 
observed, and it exhibits a clear threshold behavior. In addition, the mode spacing of the high peaks showed a 
good agreement with that of the WGM theory [5], which indicates that UV WGM lasing was achieved from the 
spherical tip fabricated by laser irradiation. The relatively low peaks of the spectra may be from a different closed-
loop in the spherical tip.
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Figure 1: (a) SEM image of the laser-irradiated ZnO naowires by single KrF excimer laser irradiation and (b) photoluminescence of the 
spherical tip with a diameter of 830 nm at different excitation power densities.

[1] A.B. Hartanto, X. Ning, Y. Nakata, T. Okada (2004) Growth mechanism of ZnO nanorods from nanoparticles formed in a laser ablation 
plume, Applied Physics A, vol.78 pp.299-301
[2] T. Okada, B. Agung, Y. Nakata (2004) ZnO nano-rods synthesized by nano-particle-assisted pulsed-laser deposition, Applied Physics A, 
vol.79, pp.1417-1419
[3] R. Guo, J. Nishimura, M. Matsumoto, M. Higashihata, D. Nakamura, T. Okada (2009) Electroluminescence from ZnO nanowire-based 
p-GaN/n-ZnO heterojunction light-emitting diodes, Appl. Phys. B, vol.94, pp.33-38
[4] R.Q. Guo, J. Nishimura, M. Matsumoto, M. Higashihata, D. Nakamura, J. Suehiro, T. Okada (2008) Aligned growth of ZnO nanowires and 
lasing in single ZnO nanowire optical cavities, Appl. Phys. B, 90, pp.539-542
[5] K. Okazaki, T. Shimogaki, K. Fusazaki, M. Higashihata, D. Nakamura, N. Koshizaki, T.Okada (2012) Ultraviolet whispering-gallery–mode 
lasing in ZnO micro/nano sphere crystal, Appl. Phys. Lett., vol.101, 211105
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In the last years, a new generation of developed laser systems with optic fiber as the active medium (the so-
called fiber lasers) and the capability of single mode operation have made possible that laser technologies 
whose precision and quality weren´t so relevant in the production of micro-perforations now become in high-
throughput quality solutions in new fields of application. In this work we present a study of the Single Pulse 
Micro-Drilling (SPMD) technique for the production of large micro-perforated titanium panels needed in the 
aerospace industry [1] for developing Hybrid Laminar Flow Control (HLFC) structures [2] at production rates as 
high as 300 holes per second. We show that due to the complexity of the process and its sensitivity to multiple 
parameters (focus lens distance to the titanium sheet, shielding gas pressure and flow consumption, minimum 
distance of the laser head output nozzle to the titanium sheet to avoid any clogging issues in the process, etc.), 
a parameterization of the main variables has to be performed in order to both better understand their physical 
behavior as well as to fulfill the desired requirements for the application not only in terms of accuracy and quality 
of the obtained micro-holes (holes diameters at the beam entrance and exit surfaces in the titanium sheet) but 
also from a productive point of view by minimizing production time and direct costs. Aspects as the influence of 
the main parameters of the process versus the dimensional evolution and shape accuracy of the micro-holes, the 
percentage of clogged micro-holes and the burr presence and size are analyzed. Although results show the SPMD 
technique accomplish with the overall requirements of the aerospace industry for producing HFLC structures 
including the high production rates needed for process industrialization, further mechanical processes have to be 
performed for preparing the surfaces for the application. Further steps in the research with this technique should 
be oriented to improve quality of the micro-holes by maintaining the nominal high production rates. 

[1] S. Williams (2004), Laser drilling of porous panels for laminar flow control, in: Colin E. Webb, Julian D. C. Jones, Handbook of Laser 
Technology and Applications: Applications, CRC Press, pp.1648-1650.
[2] G. Schrauf (2005), Status and perspectives of laminar flow. The Aeronautical Journal 109 (1102), pp. 639-644.
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Bessel beams with modified field distribution
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In this work, we theoretically and experimentally study vector Bessel beams with modified distribution of intensity 
at the center of the beam. They were obtained by calculation of generalized transverse electric and transverse 
magnetic modes using well known method described in [1,2]. Those modes are defined by M and N vector fields 
and are expressed as

M =	∇AxR , N = 1/k (∇xM),
here A is a complex amplitude of a scalar Bessel beam, R – radial vector in spherical coordinate system, k – 
wavenumber of the beam and ∇ – del operator. Angular spectrum of these beams can be calculated as a Fourier 
transform of M and N fields. 

It was noticed that when topological number (m) is not zero, the Bessel zone becomes divided into two parts. 
Here we focus only on a transverse electric mode with m=1. These vector Bessel beams, produced in systems with 
higher numerical (NA) aperture, have a spherical, doughnut-like, intensity distribution at the center of the beam. 
At low NA, the aforementioned distribution of intensity resembles a two-needle-like pattern, see Figure 1. In both 
cases the polarization of the beam is inhomogeneous (azimuthal) and the beam has two equal components of 
the electric field. Experimentally these beams could be obtained employing a variety of methods, where a two 
component spatial spectrum is produced. 

Lastly, we discuss here experimental realization of the numerically simulated Bessel beam patterns. Here, we start 
by examining each component of the spatial spectrum separately and use a phase-only spatial light modulator. 
Experimental realization and numerical expectations are compared in Figure 1.  

           (a)                           (b)

Figure 1: Numerical simulation (a) and experimental verification (b) of the intensity distribution of the vector Bessel Beam with a doughnut 
(only x component is shown). Focal point is in the z=0 plane, and the beams structure there is depicted in the inlays in the bottom left 
corner.  The topological number of this beam is 1.

In conclusion, we expect that these Bessel beams might be effective in optical manipulation [3] or microfabrication 
applications due to their azimuthal polarization pattern and its specific intensity distribution. 

[1]  Stratton, J. A. (2007). Electromagnetic theory, John Wiley & Sons, 7.

[2] Bouchal, Z., & Olivík, M. (1995). Non-diffractive vector Bessel beams. Journal of Modern Optics, 42(8), 1555-1566. 
[3] Gong, L., Liu, W., Zhao, Q., Ren, Y., Qiu, X., Zhong, M., & Li, Y. (2016). Controllable light capsules employing modified Bessel-Gauss 
beams. Scientific reports, 6, 29001. 
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In recent years, the interest in selective structuring of thin films on different substrates played an increased role. 
There, the substrate material can influences the ablation process significantly.  
 
The selective structuring of 30 nm thin aluminum films on silicon wafers with a 100 nm silicon oxide layer was 
investigated using ultrashort pulsed laser radiation (l = 1028 nm, tp = 0.2 – 10 ps, w86 = 15 µm). The influence of 
the processing parameters such as fluence, pulse number, scan speed and pulse duration was investigated.  
Single and multiple pulse ablation thresholds were determined and the incubation coefficient was calculated. A 
different behavior in dependence on the pulse duration could be observed between the aluminum thin film and 
the substrate material. With increasing pulse duration the ablation threshold of the 30 nm aluminum thin film 
decreased, whereas, the ablation threshold of the silicon oxide increased. However, no significant influence of 
the incubation coefficient could be determined in dependence of the pulse duration. Therefore, the processing 
window for completely ablation of the 30 nm aluminum film without damaging the underlying silicon oxide 
increased with increasing pulse duration, see figure 1 (a).  
 
Furthermore, these results were applied to the selective structuring of the aluminum thin film using different 
scan speeds, see figure 1 (b). With pulse durations in the femtosecond range a selective structuring could not 
be achieved at all investigated processing parameters. The substrate material was damaged prior to the 
complementally ablation of thin film. With pulse durations in the lower picosecond range a selective ablation of 
the 30 nm thin film could be achieved without damaging the underlying substrate. The best results were 
achieved with pulse durations between 5 and 10 ps.  
 
The processing window for a selective ablation of thin films on absorbing substrates was comparative small 
compared to none absorbing substrates, like glass. Due to the ablation threshold was in the same magnitude for 
the thin film and the substrate material. A suitable selection of the pulse duration could significantly increase 
the processing window. Therefore, the pulse duration was an important processing parameter not only 
influencing the ablation quality but also to achieve a selective ablation of the thin film.  
 

 

 
Figure 1: (a) threshold pulse energy as a function of the pulse duration and (b) SEM images of ablation results with different pulse durations 
tp, scan speeds v and fluence F 
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Femtosecond laser scribing of Polyimide(PI) film to improve 
flexibility
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Currently, the demand for flexible electronic products in various fields is increasing. In order to manufacture 
such flexible electronic products, polymer materials are widely used. Among them, Polymer(PI) is material with 
thermal stability, mechanical strength, and chemical resistance [1, 2, 3]. However Poolyimide(PI) has a drawback 
in that the local curvature is large while the flexibility of the material itself is low [1].

In this study, we investigated whether the flexibility of the material could be improved by applying femtosecond 
laser scribing to the material with varying laser parameters and examining the results via a bending test.

Figure 1:  SEM(Scanning Electron Microscopy) image of Laser scribed with various average power(scan speed : 2mm/s)  
(a) 40mW, (b) 60mW, (c) 80mW, (d) 100mW

[1] T. D. Kim(2016), The development of technology for shape changeable electronic substrate using ultrashort pulse laser processing, 
Kyungpook National University Master’s Thesis
[2] Huitema, Edzer(2012), The future of display is foldable, Information Display, 28, pp. 6-10
[3] J. W. Lim, S. I. Oh, K. E. Eun, S. H. Choa, H. W. Koo, T. W. Kim, H. K. Kim(2012), Mechanical flexibility of ZnSnO/Ag/ZnSnO Films Grown by 
Roll to Roll sputtering for flexible organic photovoltaics, Japanese Journal of Applied Physics, vol. 51
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Superhydrophobic surfaces, with a contact angle of more than 150˚, have received great attention for their 
potential applications such as self- cleaning. Superhydrophilic surfaces, on the other hand, with liquid contact 
angles of less than 5 degrees, have attracted much interest in practical applications including adhesion 
enhancement, anti-fogging and fluid flow control. Different techniques such as photolithography, moulding, 
plasma treatment, and lithography are currently being used to generate different topographies on different 
surfaces. However, laser surface texturing is simple, environmentally clean and can be fabricated on different 
substrates in ambient and controlled atmospheres. Laser surface texturing has been used in several industrial 
applications in different fields. Laser surface texturing has been extensively studied. However, standard laser 
metal texturing methods often result in unstable wetting characteristics, i.e. changing from superhydrophilic to 
hydrophobic in a few days or weeks. In the present work, a picosecond and nanosecond laser were used to 
produce a range of micro/nano textures on 316L stainless steel (SS) in air and water to generate various 
surface morphologies and wettability. Moreover, simple and repeatable one step method is reported for 
fabricating a stable superhydrophilic metallic surface that lasted for at least 6 months. Here, 316L stainless 
steel substrates were textured using a nanosecond laser with in-situ SiO2 deposition. Surface topographical 
characteristics were determined using a Confocal Laser Microscopy (CLM) and wettability using a contact angle 
analyzer FTA 188. The results showed that the wettability of the textured surfaces could be controlled by 
changing the scanning speed of laser beam and number of passes. Long term Superhydrophilic stainless steel 
were produced using laser surface texturing followed by surface energy reduction and long-term 
superhydrophilic stainless steel surfaces were produced using a simultaneous ns laser surface texturing and 
SiO2 deposition.  

 
(a)         (b) 

 
Figure 1: (a) Superhydrophobic surface (b) Superhydrophilic surface [1, 2] 

 
[1]. Rajab, F.H., et al., Characteristics of hierarchical micro/nano surface structure formation generated by picosecond laser 

processing in water and air. Applied Physics B, 2017. 123(12): p. 282. 
[2]. Rajab, F.H., Z. Liu, and L. Li, Production of stable superhydrophilic surfaces on 316L steel by simultaneous laser texturing and 

SiO2 deposition. Applied Surface Science, 2018. 427: p. 1135-1145. 
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A new approach to weld transparent polymers using  
ultrashort laser pulses
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Joining and sealing of transparent polymers for Lab-on-Chip (LOC) applications are one of the most challenging 
parts of microchip production. Established bonding technologies are compromising several disadvantages such 
as high process temperatures, use of solvents or potential channel collapse [1]. 

In this study, we report on the joining of transparent thermoplastic polymers, cyclo-olefin copolymers (COC) 
and polycarbonate (PC), using infrared ultrashort laser pulses. Due to nonlinear absorption, the developed 
micro-welding process does not require any surface pre-processing of the welding partners or any intermediate 
absorbing layers [2, 3]. In contrast to laser welding using Thulium laser using a wavelength of 2 µm, ultrashort 
pulse laser welding is not based on linear absorption and is therefore independent of the height of the joining 
partners. Femtosecond laser welding of COC, introduced by Roth et al. [4], is improved by increasing the numerical 
aperture of the focusing setup resulting in a wider and more homogenous welding cross-section. Welding results 
are classified by shear strength and fracture modes are analyzed using scanning electron microscopy. In view 
of an optimized and stable micro-welding process, we study the influence of laser power and focal position on 
welding results. Furthermore, we demonstrate ultrashort pulse laser welding of transparent PC, one of the most 
used transparent polymers. To the best of our knowledge, this is the first report of ultrashort pulse laser welding 
of this common polymer.

   

  (a)       (b)    
 
Figure 1: Illustration of ultrashort pulse laser welding of transparent polymers (a) and welding seam between COC specimens in joined state 
surrounded by Newton’s interference patterns (b).

[1] C.-W. Tsao, D. L. DeVoe (2009) Bonding of thermoplastic polymer microfluidics, Microfluid Nanofluid Vol. 6, pp. 1–16.
[2] A. Volpe, F. Di Niso, C. Gaudiuso, A. de Rosa, R. M. Vázquez, A. Ancona, P. M. Lugarà, R. Osellame (2015) Welding of PMMA by a 
femtosecond fiber laser, Optics Express Vol. 23, pp. 4114.
[3] G.-L. Roth, S. Rung, R. Hellmann (2017) Ultrashort pulse laser micro-welding of cyclo-olefin copolymers, Optics and Lasers in Engineering 
Vol. 93, pp. 178–181. 

[4] G.-L. Roth, S. Rung, R. Hellmann (2016) Welding of transparent polymers using femtosecond laser, Applied Physics A Vol. 122, pp. 1–4. 
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Upon irradiation by ultrashort laser pulses, the generation of laser induced periodic surface structures (LIPSS or 
also referred to as ripples) has been reported for several materials such as metals [1,2], semiconductors [1,3] or 
dielectrics [4]. The formation of LIPSS has high potential in various mechanical, optical or medical application. 
For example, LIPSS affect the tribological properties of surfaces [5], alter the wetting behaviour of surfaces [6] 
or manipulate the cell expansion and cell adhesion for medical applications [3]. 
In this contribution, we report on the surface functionalization by introducing low spatial frequency LIPSS (LSFL) 
on 100Cr6 bearing steel to modify complex tribological properties. The innovative approach of this study is the 
measurement of the coefficient of friction (COF) by performing a ball-on-disk Stribeck test on polished and laser 
structured surfaces with polytetrafluoroethylene (PTFE) and polyoxymethylene (POM) balls in a lubricant 
environment. The Stribeck test, as shown in figure 1(a), reveals the modified friction behaviour using translation 
speeds up to 106 mm/min and load forces between 0.1 N and 5 N.  
Figure 1(b) exemplary depicts a Stribeck curve using a 6 mm PTFE ball and a load of 5 N. The results show 
increased stiction and COF for laser structured surfaces in the regime of boundary lubrication which could mainly 
be explained by laser induced surface asperities. Decreased COF is observed in the regime of mixed and 
hydrodynamic lubrication (velocities higher than 1000 mm/min) for LSFL covered surfaces. The results of this 
work help to identify potential fields of applications of LIPSS covered surfaces with respect to specific tribological 
parameters.  
 

 

 
                       (a)                                                                                                   (b) 

 
Figure 1: (a) Experimental setup of tribological Stribeck test, rotation disk is partly covered with LSFL (orange rings). (b) Stribeck curve of a 
PTFE-100Cr6 configuration using a load force of 5 N 

 
[1] J. Bonse, S. Höhm, Sandra; S. Kirner, A. Rosenfeld, J Kruger (2017), Laser-Induced Periodic Surface Structures— A Scientific Evergreen. 
IEEE J. Select. Topics Quantum Electron. 23 (3), p. 1–15. 
[2] F. Preusch, S. Rung and R. Hellmann (2016), Influence of Polishing Orientation on the Generation of LIPSS on Stainless Steel. Journal of 
Laser Micro/Nanoengineering 11 (1), p 137–142. 
[3] K. Wallat, D. Dörr, R. Le Harzic, F. Stracke, D. Sauer, M Neumeier, A. Kovtun, H. Zimmermann, M. Epple (2012): Cellular reactions toward 
nanostructured silicon surfaces created by laser ablation, Journal of Laser Applications 24 (4), p. 42016. 
[4] S. Schwarz, S. Rung, R. Hellmann (2016), Generation of laser-induced periodic surface structures on transparent material-fused silica, 
Applied Physics Letters 108 (18), p. 181607 
[5] Z. Wang, Q. Zhao, C. Wang (2015), Reduction of Friction of Metals Using Laser-Induced Periodic Surface Nanostructures, Micromachines 
6 (11), p. 1606–1616 
[6] A. Cunha, A.P. Serro, V. Oliveira, A. Almeida, R. Vilar, M. Durrieu (2013) Wetting behaviour of femtosecond laser textured Ti–6Al–4V 
surfaces, Applied Surface Science 265, p. 688–696.  
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Recent advances in the manufacture of synthetic diamond are creating new opportunities for diamond as a 
material for advanced technology. Laser writing with femtosecond pulses enables 3D fabrication of a variety of 
components inside diamond for a range of applications. Focusing at high numerical aperture inside the diamond, 
with adaptive optics used for aberration correction, non-linear absorption leads to a perturbation of the 
diamond structure on a scale less than a micrometre, without any damage to the surrounding material or 
surface. Working in different fabrication regimes, it is possible to generate in the same system electrically 
conductive wires [1], optical waveguides [2, 3] and coherent colour centres [4].  
 
For optimisation of laser writing for functional diamond technology, it is vital to fully understand the microscopic 
structure of the laser induced modifications. To this end, we used a focused ion beam (FIB) to extract a thin 
cross-section from a laser written wire buried in diamond, which is subsequently thinned and analysed by 
transmission electron microscopy (TEM). This reveals the internal structure of the laser written features, 
crucially showing that there is no bulk conversion of the diamond and sp2 bonded carbon is only formed within 
small 100-nm scale clusters. The sp2 clusters are accompanied by micro-cracks in the principal diamond cleavage 
plane which mediate the generated stress (Figure 1). 
 

  
 
Figure 1: High resolution study of the internal structure for a subsurface laser written wire in diamond. Wires are written close to the 
diamond surface (a), before cross-sections are extracted with a FIB (b) and imaged in TEM (c).      
 
[1] B. Sun, P.S. Salter and M.J. Booth, (2014) “High conductivity micro-wires in diamond following arbitrary paths” Applied Physics Letters 
105, 231105 
[2] A. Courvoisier, M.J. Booth and P.S. Salter, (2016) “Inscription of 3D waveguides in diamond using an ultrafast laser” Applied Physics 
Letters 109, 031109  
[3] V Bharadwaj, A Courvoisier, TT Fernandez, R Ramponi, G Galzerano, J Nunn, MJ Booth, R Osellame, SM Eaton and PS Salter, (2017) 
"Femtosecond laser inscription of Bragg grating waveguides in bulk diamond", Optics Letters, 42, p3451  
[4] Y.-C. Chen, P.S. Salter, S. Knauer, L. Weng, A.C. Frangeskou, C.J. Stephen, S.N. Ishmael, P.R. Dolan, S. Johnson, B.L. Green, G.W. Morley, 
M.E. Newton, J.G. Rarity, M.J. Booth and J.M. Smith: (2017) “Laser writing of coherent colour centres in diamond” Nature Photonics 11, p77-
80. 
[5] P.S. Salter, M. J. Booth, A. Courvoisier, D. A. J. Moran and D. A. MacLaren, (2017) “High resolution structural characterisation of laser-
induced defect clusters inside diamond”, Applied Physics Letters 111, 081103  
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Laser-induced periodic surfaces structures (LIPSS) are directional formations generated in most kinds of materials 
when irradiated with linearly polarized radiation [1]. LIPSS present a wide range of well-known properties and 
applications [2], while birefringence has been studied only very recently. According to this new feature, metallic 
surfaces with LIPSS will show different polarization states for incident and reflected laser beams, making them 
useful as reflective polarization gratings, with applications in polarimeters, displays, polarizing beam splitters, 
beam steering, and polarization multiplexers [3].

Theoretical simulations of how incident polarized light is reflected by LIPSS with coatings of dielectric materials 
such as SiO2 have been performed, analyzing the dependence on material composition and coating thickness. 
The results show that depositing a thin film coating introduces relevant variations in the way laser polarization is 
reflected compared to the behaviour of uncoated LIPSS, which can help improve their performance by modifying 
the original properties of the structure and achieve higher control on the reflected polarization.

    (a)            (b)
Figure 1: (a) SEM image of a steel sample with LIPSS of periodicity 576 nm and depth 275 nm. In the center, a transverse section of the LIPSS 
(dark grey) with Si3N4 coating over it (black) can be seen. The amorphous material over the coating (light grey) is the platinum used in the 
FIB procedure. Inset: detail of the coating showing a thickness of approximately 50 nm. (b) FEG-SEM image showing a larger area of a steel 
sample with identical LIPSS parameters, prior to the thin film deposition process. 

 
In order to validate experimentally the results obtained in the simulations, LIPSS with an average depth of 275 
nm and a period of 576 nm have been fabricated on steel samples with a 800 nm Ti:Sapphire laser. Then, a thin 
layer of SiO2 or, alternatively, of Si3N4 has been applied over the sample surface through plasma enhanced chem-
ical vapour deposition (PECVD), with thicknesses varying from 50 nm to 300 nm. Characterization of both LIPSS 
and coating has been carried out with scanning electron microscopy (SEM) using the focused ion beam (FIB) 
technique, as shown in Figure 1. Ellipsometry of the samples shows promising results, since preliminary tests 
evidence changes in the polarization of reflected light, with the response varying greatly depending on material 
composition and coating thickness, in agreement with theoretical simulations. 

[1] H. M. van Driel, J. P. Sipe, J. F. Young (1982), Laser-Induced Periodic Surface Structure on Solids: A Universal Phenomenon, Phys. Rev. Lett., 
49, 1955-1958
[2] J. Bonse, S. Höhm, S. V. Kirner, A. Rosenfeld, J. Krüger (2017), Laser-Induced Periodic Surface Structures— A Scientific Evergreen, IEEE 
Journal of Selected Topics in Quantum Electronics, 23, no. 3, May 2017
[3] C. Oh, M. J. Escuti (2007), Numerical analysis of polarization gratings using the FDTD method, Phys. Rev. A, 76, 043815
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A CoCr alloy layer was formed on a SUS304 stainless steel substrate with a thickness of  1.0 mm by multi laser 
coating method.

A laser metal deposition (LMD) technique, which is one of laser additive manufacturing technology, is attractive 
due to its ability to freely form shapes. The LMD is an effective metal surface cladding technique capable of 
increasing component lifetimes, in which an additive material such as a powder or a wire is melted by a laser and 
deposited on the substrate. In the conventional LMD system, the supply range of the powder is wide and the laser 
spot diameter is designed to be as wide as the spot diameter φ 2 to 5 mm so as to correspond to the supply range 
of the powder, so the cladding layer thickness formed is as large as 1 mm or more. On the other hand, when a 
coating layer is formed on the surface of the thin plate, thermal strain and dilution zone are remarkably exhibited, 
and it is a problem that a high quality coating layer is not formed.  Thus, we have developed a multi laser coating 
system, which supplies a cladding powder from a center nozzle, was developed for realize of low dilution area 
and micro cladding.  

Figure 1 shows the experimental set up for a CoCr-alloy layer formation with the multi laser coating system. Six 
diode laser modules were employed in this study. An output power and wavelength of the one module were 50 
W and 915 nm, respectively.  The six lasers were guided to focusing head with every optical fiber, which core 
diameter and output power are 100 µm and 50 W, respectively.. The focusing head has a function to supply a 
clad powder at a focal point from a center nozzle.  When laser irradiation and powder supply are simultaneously 
performed toward to a stainless steel 304 substrate, the powder was melted and solidified on the substrate to 
form a CoCr-alloy layer.

Figure 2 shows laser scanning speed dependence on the layer thickness. It resulted that the laser scanning speed 
increased with decreased the layer thickness. It was found that the layer formation was depended on the input 
energy of laser.  The maximum value of the layer thickness was obtained to 0.6 μm in the single layer At the laser 
scanning speed of 1 mm/s.

Fig.2 Correlation between the laser scanning speed and 
layer tickness

Fig.1 Schematic diagram of experimental setup for CoCr alloy 
formation by multi laser coating system.
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Burst-mode laser processing is an efficient method to scale-up processing speed and throughput by increasing 
average laser powers. This has been proved during the last decade, as a number of studies confirmed the 
enhancement of ablation efficiency, removal rate and quality for pulse-trains consisting of a number of 
individual pulses at optimum fluence and inter-pulse delays ranging of about 20 ns [1]. However, a completely 
different material behaviour was observed for burst-mode processing at GHz levels. So, a very recent study 
reports on reduction of thermal effects as well as the increase of ablation efficiency and removal rate as 
significant benefit for lasers operating with bursts at GHz inter-pulse delay [2]. This is in contrast to research 
showing that ablation efficiency for burst-mode processing with GHz intra-burst pulse intervals was always 
lower than that achieved with single pulses at optimum fluence [3, 4]. 
 
In this work, to enhance the body of knowledge in this research field, we report on burst-mode laser materials 
processing using femtosecond pulses at GHz intra-burst pulse repetition frequencies, ranging from 0.2 GHz to 
3.2 GHz and 120 µJ maximum burst energies. Under stationary irradiation conditions, we investigated both the 
influence of the number of individual pulses within a burst as well as the total irradiated burst energy on 
material removal, efficiency and quality. Therefore, within a burst the pulse number was varied between 2 and 
32 as the peak fluence of the individual pulses was gradually reduced from 1 J/cm² to 0.01 J/cm² as the latter is 
considerably below the ablation threshold for single pulse processing. Results obtained on stainless steel, 
copper, and silicon will be presented, the characteristic removal parameters will be specified and the 
dependency of the processing parameters on material removal will be discussed. 
 

 
 
Fig. 1: Ablation craters in stainless steel each produced with 113 µJ total irradiated energy and 0.5 J/cm² fluence of the individual pulses 
within a burst; the intra-burst pulse repetition frequency, number of individual pulses within a burst and burst number were varied as 
follows: a) 0.2 GHz / 2 / 32; b) 0.8 GHz / 8 / 8; c) 1.6 GHz / 32 / 2. 
 
 
[1] R. Knappe, H. Haloui, A. Seifert, A. Weis, A. Nebel (2010) Scaling ablation rates for picosecond lasers using burst micromachining, Proc. 
SPIE 7585-16 
[2] C. Kerse, H. Kalaycloğlu, P. Elahi et al. (2016) Ablation-cooled material removal with ultrafast bursts of pulses, Nature, 537, 84-88 
[3] J. Schille, L. Schneider, S. Kraft, L. Hartwig, U. Loeschner (2016) Experimental study on double-pulse laser ablation of steel upon 
multiple parallel-polarized ultrashort-pulse irradiations, Appl. Phys. A, 122: 644 
[4] C. Gaudiuso, H. Kämmer, F. Dreisow, A. Ancona, A. Tuennermann, Nolte (2016) Ablation of silicon with bursts of femtosecond laser 
pulses, Proc. SPIE 9041, 974017. 
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Laser-induced periodic surface structures (LIPSS) are a universal phenomenon after irradiation of solid materials 
with polarized laser light. After their first observation in 1965 by Birnbaum [1] on silicon, these structures are 
under research over decades. Two types of LIPSS are distinguished in literature by their spatial periodicity, namely 
high-spatial frequency LIPSS (HSFL) having a periodicity significantly smaller than the laser wavelength and low-
spatial frequency LIPSS (LSFL) having a periodicity close to the laser wavelength [2]. In contrast to metals and 
semiconductors, the generation of one- and two-dimensional LSFL on dielectric materials is still a challenge. 
Against this background, we report on the generation of one-dimensional low spatial frequency LIPSS on 
sapphire revealing a high degree of homogeneity. Furthermore, the structuring of areas (two-dimensional LSFL) 
is investigated.   
 
In our experiments, we used a 1030 nm femtosecond laser in a setup including a beam-shaper. The beam-shaper 
is used to transform the Gaussian beam profile into a diffraction limited Top-Hat having a more homogenous 
intensity distribution. Figure 1 (a) shows the beam profiles for a Gaussian and a Top-Hat beam profile in the focal 
plane imaged with a high resolution CCD-camera. 
Figure 1 (b) shows a scanning electron microscope (SEM) image of one-dimensional LSFL on sapphire generated 
with a scanning direction parallel to the polarization of the laser, a pulse-to-pulse distance of 3.8 µm and a pulse 
energy of 65.3 µJ. The scanning direction has a significant influence on the necessary parameters, e.g. scanning 
speed and pulse energy, to generate a homogeneous structuring. Obviously, the quality for the structures are 
straight and reveal a high degree of homogeneity. Please note, the structures have an orientation orthogonal to 
the polarization of the laser while their periodicity is 986 nm.

Beside the generation of high-quality one-dimensional LSFL on sapphire, we report on the generation of two-
dimensional LSFL with different scanning strategies I) approximation of two separate lines and II) building a 

homogenous surface with the same pulse distance in x- and y-direction. 

                 

 
   

   
    
  
  

                 (a)                        (b)

Figure 1: (a) Beam profiles for a Gaussian and a Top-Hat beam profile in the focal plane. (b) SEM image of one-dimensional LSFL on sapphire, 
the scanning direction is parallel to the laser polarization with 3.8 µm pulse-to-pulse distance and 65.3 µJ pulse energy. 

[1] M. Birnbaum (1965) Semiconductor Surface Damage Produced by Ruby Lasers, Journal of Applied Physics, vol. 36, pp. 3688-3689
[2] J. Bonse, J. Krüger, S. Höhm and A. Rosenfeld (2012), Femtosecond laser-induced periodic surface structures, Journal of Laser   
      Applications, vol. 24, pp. 042006
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The use of die transfer film for power electronics and high temperature electronic packaging has been accepted 
by the electronics manufacturing industry due to the limitations of conventional joining materials such as solders 
and epoxies. Part of the manufacturing process for electronic power modules involves die attachment where the 
standard manufacturing process involves two processes involving lamination (1) and sintering using heat and 
pressure. The standard lamination process requires the transfer of the silver to the bottom of the die which is 
fully metallised in conventional designs. Due to the increased in junction temperatures, working environment in 
excess of 230°C and electrical requirements for power modules, double sided cooling designs have been adopted 
which use a partially metallised die (2). 

The partially metallised die design cannot use the standard lamination process which involves bulk lamination of 
the entire bottom of the die. In order to achieve selective lamination of the partial metallised die with silver, the 
die transfer film has to have the same geometry as the partial metallised die area. This can be achieve through 
either accurately printing the silver onto a film for lamination or selectively removing silver from the film to create 
the geometry required. Due to the geometry size and flatness requirement of the film, printing the silver with the 
exact size for the partial metallised die area is not achievable. 

Laser technology has been known to be able to produce geometries to high level of accuracy achieving material 
removal rate of sub-micron thickness. Therefore, a novel process of producing customised silver film for lamina-
tion through laser ablation is being explored in this work. The main challenges of the process is the thickness of 
the silver film (~70 μm) as well as the based substrate where the silver film is manufactured on – PET (polymeric 
material). 

A GF laser texturing machine (P400U) equip with an infrared nanosecond IPG laser is being used to investigate 
the feasibility of the ablation process. A design of experiment was conducted where the ablation depth of the 
silver film is measured and analysed as shown in Figure 1. A suitable process window was successfully identified 
for the process.  

    (a)      (b)
Figure 1 : (a) Ablation depth of silver film with increasing laser fluence. (b) Ablation depth profile of silver at different laser fluence.

Reference
1. Reliability of Double Side Silver Sintered Devices with various Substrate Metallization. François Le Henaff, Gustavo Greca, Paul Salerno, Ol-
ivier Mathieu, Oscar Khaselev, Martin Reger, Monnir Boureghda, Jeffrey Durham, Anna Lifton, Jean Claude Harel, Satyavrat Laud, Weikun 
He, Zoltan Sarkany, Joe Proulx, John Parry. s.l. : PCIM Europe 2016 proceedings, 2016.
2. Reliable and repeatable bonding technology for high temperature automotive power modules for electrified vehicles. Sang Won Yoon, 
Michael D Glover, H Alan Mantooth, Koji Shiozaki. s.l. : IOP Publishing Limited, 2012, Vol. 23. 1.
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Ultrashort pulsed lasers are widely applied in various fields like micromachining of dielectrics, glasses, forming 
optical circuits in glasses, filament scribing of glass panels etc. [1].  However, the rapid energy dissipation during 
the ultrafast laser-material interaction can cause strong shock and a quick heating and cooling cycle, which can 
produce such harmful effects as microexplosion and microcracks [2]. One promising method to reduce such 
effects is to use burst of laser pulses in high-repetition-rate where residual thermal energy does not diffuse out 
of the laser interaction zone before the next laser pulse arrives [3]. In this work, we use specially formed burst 
train of femtosecond laser pulses. The burst of pulses was formed by splitting a single beam generated by one 
laser source. Thus, the delay time between the multiple laser pulses in the burst reaching the sample surface was 
only determined by the optical path delay. We put into practice laser induced breakdown spectroscopy (LIBS) as 
one of the potential monitoring technologies for laser micromachining with ultrafast laser pulses. This technology 
stands out by its stability and precision. The primary aim of the investigation was to find the correlation between 
multiple degrees of freedom in femtosecond specially formed burst laser micromachining and compare it with 
single pulse femtosecond laser micromachining in compatible conditions of the process. The experiments were 
carried out using CARBIDE (Light Conversion Ltd) laser system with pulse duration 290 fs and average power up to 
5 W at 1030 nm wavelength, with pulse repetition rate of 60 kHz. For all the measurements we used a particularly 
simple, but especially practical and functional optical scheme. Moreover, quick assemble and fast alignments 
granted us the capability to conduct an investigation into effects on laser micromachining caused by different 
pulse energy distributions in the pulse train, variety of different delays between pulses in the train, alterations in 
target temperature, scanning speed, number of scanning and etc. 

After the evaluation of data, the parameters that have the highest contribution to enhancement of laser 
micromachining with pulse train were indicated. Noticeable improvements were achieved in quality of the 
grooves, ablation rate, control of the process and other parameters characterizing laser micromachining.
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Figure 1 Evolution of Na I (589 nm) emission line intensity with the pulse energy at single and multi-pulse excitation for different delays 
between the pulses in the pulse train. 

[1] K. C. Phillips, H. H. Gandhi, E. Mazur, and S. K. Sundaram (2015), Ultrafast laser processing of materials: a review, Adv. Opt. Photon., vol. 
7, pp. 684-712. 
[2] P. R. Herman, M. Lapczyna, D. Breitling, H. Schittenhelm, H.W. Tan, Y. Kerachian, and R. S. Marjoribanks (2000), Conference on Lasers and 
Electro-Optics, p. 580. 
[3] P. R. Herman, R. Marjoribanks, and A. Oettl (2001), Burst-ultrafast laser machining method, U.S. patents, 6, 552, 301.
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For objectives with a high numerical aperture, the focusing depth is usually restricted to the ~ 400-500 µm due to 
the aberrations [1]. However, for some applications that could be a way in achieving the required intensity field 
distribution inside the material. In this study, the elongated modifications in fused silica with the longitudinal 
size > 50 µm were demonstrated by using a high numerical aperture objective and ultrashort laser pulses with 
carefully adjusted writing parameters. Such big longitudinal dimension is expected for the deep focusing inside the 
fused silica to the depth exceeding 2 mm. Due to the spherical aberrations, the longitudinal size of modification 
increases, however, due to the energy dissipation, the modification can be induced only in the central part of the 
beam. Hence, by slowly changing the focusing depth at the constant pulse energy, the transition from the type II 
modification to the desired type I modification can be clearly observed. Hereafter, the fluence is only sufficient 
to induce the type I modification with elongated size (figure 1 a) that is comparable with the modification length 
which could be achieved utilising the Gaussian Bessel beams [2]. However, for the latter case, some part of 
the energy is wasted due to dissipation, and the pulse energies >1 µJ are required to induce a long transversal 
modification, contrary to the Gaussian beams when only 300 -600 nJ pulse energy is sufficient to induce the type 
I modification in the case of deep focusing.

(a) (b)
Figure 1 a) The side view of the single-pass modifications inscribed at the 3 mm depth in fused silica with 300 and 375 nJ pulse energies and 
4 different scanning speeds. Set of 6 single modifications correspond to the same writing conditions. The size of red scale bar is 25 µm; b) 
SEM picture of the modifications recorded with the 100 pulses/µm density and 375 nJ pulse energy.

The radial dimensions of the deep focused modification are confined up to 0.6-1.5 µm size (figure 1 b). In this 
case, the high aspect ratio (radial dimension to the modification length) volume gratings with the 1.5 – 3 µm 
period can be inscribed. Therefore, the Gaussian beam is a right tool to inscribe tightly located volume gratings 
of the high efficiency in the depth range from 2 to 5 mm.

[1] N. Hout, R. Stoian, A. Mermillod-Blondin, C. Mauclairand E. Audouard (2007), Analysis of the effects of spherical aberration on ultrafast 
laser-induced refractive index variation in glass, Optics Express, vol. 15, pp. 12395-12408
[2] M. Mikutis, T. Kudrius, G. Šlekys, D. Paipulas, S. Juodkazis (2013), High 90%efficiency Bragg gratings formed in fused silica by femtosecond 
Gauss-Bessel laser beams, Optical materials express, vol. 3, pp. 1862-1871

PO-43

PO
ST

ER
S

PO
ST

ER
S



274 275

Development of coherent addition system used nematic liquid 
crystal toward ultrashort pulse amplification

K. Takada1, T. Nakamura1, K. Nakayama1, M. Yoshida1

1- Program in Electronic Engineering, Interdisciplinary Graduate Faculty of Science and Engineering, Kindai University,

3-4-1 Kowakae, Higashi-osaka, Osaka, 577-8502, Japan 

1733340433e@kindai.ac.jp

Fiber lasers have the features such as high luminance, high efficiency, and high beam quality. Therefore, fiber 
lasers are spreading in industrial areas. In addition, ultrashort pulse fiber lasers are suitable for non-thermal 
materials processing have high peak power and short pulse width. Fiber lasers are demanded for high output 
to expand the range of application. Our present work develops a coherent addition system for higher power of 
fiber laser. A coherent addition system divides a seed light into multiple optical paths by couplers, amplify the 
power in each path, and re-combine the amplified light into single path with arranging the phase of them [1]. This 
system reach higher output than limits due to nonlinear effects in rare-earth-doped-fibers [2]. However, changing 
ambient temperature bring about fluctuation of optical fiber length. It is necessary to control the phase of light 

at re-combining.

In this study, we developed the coherent addition system in which nematic liquid crystal is inserted as a phase-
control-device. Figure 1 shows that we developed the setup of our reflection coherent addition system. A seed 
light is divided into two paths by a 3dB coupler. Divided lights are amplified by erbium doped fiber amplifiers 
(EDFAs). Amplified lights are re-combined by a 3dB coupler. Nematic liquid crystal can affect the same phase 
difference to Orthogonal polarized light since faraday rotator mirror (FRM) rotates the state of polarization of the 
reflected light by 90°.

We experimented with the mode-locked femtosecond fiber laser generates 140 fs pulse. Figure2 shows the 
measured spectra of the individual EDFA, combined output with phase-control, and combined output without 
phase-control. We controlled the phase of light by applying AC voltage to nematic liquid crystal. Thus this system 
was be able to achieve the combined spectrum similar to the spectrum of individual EDFA and a maximum 
combined efficiency of more than 94%. 

[1] E. Seise, A. Klenke, et al. (2010) Coherent addition of fiber-amplified ultrashort laser pulses, Optics Express, 18, pp. 27827-27835
[2] J. W. Dawson, M. J. Messerly, et al. (2008) Analysis of the scalability of diffraction-limited fiber lasers and amplifiers to high average power, 
Optics Express, 16, pp. 13240-13266

Figure 1: Setup of a reflection coherent addition system used nematic liquid crystal
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Figure 2: Measured spectra of the individual EDFA, combined output with phase-control, and 
combined output without phase-control
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1. Introduction
Laser Peening is a surface treatment technology to improve fatigue life of metals, which can induce a compressive 
residual stress and a work hardened layers at metal surface. When a laser pulse with high peak power irradiates 
on a metal in the water, the thin surface layer evaporates instantaneously through ablation interaction and then 
a plasma is formed . The expanding plasma generated at the metal surface is confined by the inertia of water and 
induces a shock wave into the metal. The shock wave propagates the metal, the surface is elastically constrained 
to form a compressive residual stress and a work hardened layers[1].
Generally, a laser of  near infrared or visible wavelength is used as a laser source for the laser peening. There 
is a few experiment of laser peening using the ultraviolet wavelength. This research is intended to clarify laser 
peening efffects in the case of the fundamental, the second harmonic and the third harmonic of Nd :YAG laser.

2. Experimental method
The fuandamental (wavelength : 1064 nm, pulse width : 5 ns, repetition rate : 10 Hz), the second harmonic (wave-
length : 532 nm, pulse width : 5 ns and 10 ns, repetition rate : 10 Hz) and the third harmonic (wavelength : 355 
nm, pulse width : 10 ns, repetition rate : 10 Hz) of Nd :YAG laser radiation were used for the laser peening experi-
ments. The experiments were made at the same conditions in laser irradiation, that the thickness of confinement 
water is 2 cm, the spot diameter is 250 µm and the caverage is 900%. The laser intensity was changed from 0.5 
GW/cm2 to 2.5 GW/cm2. The work hardened layaer resulting from the plastic deformation by laser peening treat-
ment was measured and evaluated with the Vickers hardness tester.

3. Experimental results
Figure 1 (a) shows the  vickers hardness of laser–peened samples for the fundamental and the second harmonic 
of Nd : YAG laser in pulse width of 5 ns. It is shown that the Vickers hardness of the fundamental is higher than 
that of the second harmonic. Figure 1 (b) shows the vickers hardness for the second harmonic and the third har-
monic of Nd : YAG laser in pulse width of 10 ns. The results that for second harmonic are better than for the third 
harmonic. Details will be discussed at the poster presentation.

                                                                      (a)                                                                                                            (b)   

Figure 1: Relation between Vickers hardness and laser intensity (a) for the fundamental and the second harmonic of Nd: YAG laser in pulse 
width of 5 ns, (b) for the second harmonic and the third harmonic of Nd: YAG laser in pulse width of 10 ns.

4. Reference
[1] Y.Sano, K.Akita, K.Masaki, Y.Ochi (2006) “Laser Peening without Coating as a Surface Enhancement Technology”, JLMN, vol.1, No.3, 161

Nd : YAG laser irradiation
Wavelength : 1064 nm, 532 nm

Pulse width : 5 ns

Nd : YAG laser irradiation
Wavelength : 532 nm, 355 nm

Pulse width : 10 ns
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Here, we present a novel 3D polymer/glass micromechanical sensor concept produced by direct laser fabrication 
out of glass by subtractive laser-assisted etching as well as additive fabrication of polymers via two-photon po-
lymerization (2PP) [1]. Ultrashort laser pulses with high repetition rate provide the ability to modify transparent 
material only within the focal point of the laser beam. By spatially moving the laser focus, well-defined trajectory 
patterns can be written in the volume of the material. With this direct laser writing technique we can additively 
grow 3D structures out of wide range of polymeric materials. Either glass microstructures could be fabricated out 
of glass substrate with laser illumination followed by chemical etching step. The combined used of both these 
techniques could find new applications and open new functionalities, which are inaccessible to make with only 
one technique [2-4].

An important feature of 2PP-made structures is that during the wet development and drying processes, the struc-
tures often result in geometrical distortions. The polymerized material becomes denser, and structure dimen-
sions turn out smaller than expected. On the other hand, polymeric structures can swell after rinsing in solvents 
after (or during) developing process. In most cases these polymer shrinkage/swelling are undesired effect, but it 
is demonstrated that this phenomenon could be a potentially be applied for chemical sensing applications [5].

In this report, we present a coupled device concept with subtractive fabrication of a cantilever out of fused silica 
substrate with the direct integration of a polymeric beam via the 2PP technique. We demonstrate that glass-poly-
mer micromechanical sensor could be used to investigate the elastic properties of polymeric microstructures. 
Glass cantilever acts as an amplification system and tester for the quantitative investigation of the polymeric 
beam properties. We present the polymeric beam length change due to the shrinkage/swelling phenomena, as 
well as the Young’s modulus estimation results of the SZ2080 polymer in different ambient surroundings. Addi-
tionally, we have investigated polymer change in length over the total exposure dose. By changing focusing and 
exposure conditions, we can vary polymeric structure mechanical properties.

[1] T. Tičkūnas et al. (2017) “Combination of additive and subtractive laser 3D microprocessing in hybrid glass/polymer microsystems for 
chemical sensing applications”, Opt. Express, 25., pp. 26280-26288.
[2] K. Sugioka (2016) “Progress in ultrafast laser processing and future prospects”, Nanophotonics, 6, pp. 393-413(21).
[3] L. Amato et al. (2012) “Integrated three-dimensional filter separates nanoscale from microscale elements in a microfluidic chip”, Lab Chip, 
12, pp. 1135-1142.
[4] C. Weingarten et al. (2017) “Laser polishing and 2PP structuring of inside microfuidic channels in fused silica”, Microfluid Nanofluidic, 21, 
pp. 9.
[5] S. Rėkštytė et al. (2017) “Microactuation and sensing using reversible deformations of laser-written polymeric structures”, Nanotechnol-
ogy, 28, pp. 124001. 
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Laser processing of polymeric materials is a popular in several manufacturing industries. In general, a very large 
number of organic materials have a high surface absorption for a CO2 laser wavelength (9.6 mm and 10.6 mm) [1]. 
In CO2 laser processing of polymeric materials, the control of a laser pulse waveform may be important for the 
improvement of a processing efficiency and the control of HAZ. We developed a longitudinally excited CO2 laser 
that controlled a laser pulse waveform [2]. The CO2 laser produced a tail-free short pulse with the pulse width of 
289 ns, a short pulse with a spike pulse width of 101 ns, a pulse tail length of 27.1 ms and the energy ratio of the 
spike pulse to the pulse tail of 1:29, and a long pulse with the pulse width of 46.0 ms in Fig. 1. We investigated 
the processing characteristics of polymeric films irradiated by three types of CO2 laser pulses at the same fluence 
of 7.3 J/cm2. Fig. 2 shows the images of a PI film with the thickness of 50 mm. The tail-free short pulse did not 
produce a through hole even at a 2000 pulses irradiation. The short pulse with pulse tail produced a through 
hole at a 10 pulses irradiation. The long pulse produced a through hole at a 50 pulses irradiation. Therefore, the 
pulse tail of the short pulse may be important for the improvement of a processing efficiency. However, the large 
energy of the pulse tail will produce a large HAZ. In the presentation, we will explain the detailed characteristics 
depended on the pulse number and the fluence in polymeric films such as PI, PTFE, PET and Si rubber. 

                                       (a)                            (b)                                             (c)
Figure 1: Laser pulse waveforms. Gray line, black line and black line with circles indicate a tail-free short pulse, a short pulse with pulse tail 
and a long pulse. (a) Magnified time scale of spike pulse. (b) Overall of short pulse with pulse tail. (c) Overall of long pulse.

Figure 2: PI samples irradiated at 7.3 J/cm2. 

[1] I. A. Choudhury, S. Shirley (2010) Laser cutting of polymeric materials: An experimental investigation, Optics & Laser Technology, 42, 503-
508.
[2] K. Uno, T. Jitsuno (2018) Control of laser pulse waveform in longitudinally excited CO2 laser by adjustment of excitation circuit, Optics & 
Laser Technology, 101, 195-201.
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There are a number of methods for glass processing are known, where the glass plate contacts (direct or indirect) 
with highly absorb surface (LIPAA, LIBWE, LIBDE, LIMP) [1, 2]. Most of these methods are based on the action of 
microplasma induced in the interface of glass and absorbing target. In most cases such precision glass 
micromachining finds an application for diffractive optical elements fabrication (DOE) aimed to change laser 
intensity distribution. The higher degree of coherence of laser source, the higher speckle contrast in converted 
laser beam. That is why in traditional DOE (fabricated on glass materials) the appearance of speckle pattern 
attributed to the interference of elementary beam produced by unit DOE’s element. One of the promising 
solution for the speckles cancellation (at least a significant reduction in their contrast) is the use of polarization 
phenomena [3]. On this point, crystalline materials (crystalline quartz, iceland crystal, etc.) looks attractive as a 
blank for DOEs because of the possibility of changing the polarization vector of the transmitted laser radiation 
thought every unit DOE’s element. 
 
Thus, in this work we consider laser-induced micro plasma method for manufacture and test of random phase 
plate (RPP) formed on crystalline material aimed to achieve smooth intensity distribution having reduced 
contrast of speckles.  

 
Figure 1. Intensity distribution: initial laser beam (a), with RPP formed on iceland crystal (b) and with RPP formed on fused silica (c) 

Fabricated RPP was tested in the scheme with diode laser (780 nm) (fig. 1 a) and results showed less speckles 
modulation (fig. 1 b) in comparison with the same RPP formed on fused silica (fig. 1 c).  
Fabricated RPP on iceland crystal was investigated by profilometry. The maximum achieved depth of microrelief 
on iceland crystal is 4 μm with value of roughness equal to 0.05 µm. 
 
Acknowledgements: The reported study was financially supported by the Ministry of Education and Science of 
the Russian Federation, research agreement №14.587.21.0037 (RFMEFI58717X0037). 
 
[1] Hopp B., Smausz T., Csizmadia T, et.al. (2010) Comparative study of different indirect laser-based methods developed for microprocessing 
of transparent materials, Journal of Laser Micro/Nanoengineering. vol. 5(1), p. 80-85. 
[2] Zakoldaev R., Kostyuk G., Rymkevich V, et.al. (2017) Fast Fabrication of Multilevel Phase Plates Used for Laser Beam Correction,  Journal 
of Laser Micro Nanoengineering vol. 12(3), p. 281-285. 
[3] Zheng H., Liang W., Li Z., et.al. (2010) Photonic crystal changes coherent laser to incoherent laser with random phase, Optics 
Communications vol. 283(7), p. 1394-1396. 
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Chirped pulse amplification (CPA) is a key technique for obtaining high energy ultrashort pulses [1]. Stretching 
of pulses is usually achieved using diffraction gratings [2] or chirped fiber Bragg gratings (CFBG) [3], whereas 
compression of pulses is conveniently achieved in diffraction grating based optical setups [2]. However, 
diffraction grating based pulse compressors are bulky and require precise alignment to avoid spatial and temporal 
perturbations of output pulses [4]. CPA systems based on chirped volume Bragg grating (CVBG) stretcher and 
compressor overcome those shortcomings [5]. Furthermore, implementation of CFBG stretcher matched to 
CVBG compressor improves the system integration to a compact all fiber format [3].

Figure 1: Principle experimental scheme of proposed CPA system. HWP1, HWP2 – half wave-plates,  FR – Faraday rotator, M1, M2 – mirrors, 
SP – wavelength separator, LD – CW diode output collimator, P1, P2, P3 – polarizers, SM – spherical mirror, CFBG – chirped fiber Bragg grating, 
CVBG – chirped volume Bragg grating.  

In this work, a system featuring an all-in-fiber CPA seed source (Ekspla) and free-space amplifier based on 
ytterbium-doped yttrium aluminum garnet (Yb:YAG) crystal and a matched pair of CFBG stretcher (TeraXion) and 
CVBG compressor (IPG Photonics) has been demonstrated and is shown in Figure 1. The seed source generated 
2.3 µJ, 200 kHz, 1030 nm laser pulses, chirped to 220 ps with CFBG stretcher. Yb:YAG crystal rod longitudinally 
pumped by a continuous wave high-brightness laser diode (940 nm) was used as a double pass amplifier. 
Seed and pump beams were overlapped on the crystal. Second pass was realized by reflecting amplified seed 
back to the crystal. Beam was then directed to CVBG compressor. Input and output beams were separated by 
polarization. The efficiency of CVBG compressor was 87%, yielding 20.8 W of output power and 104 µJ pulse 
energy at 200 kHz repetition rate. Optimally compressed pulse duration was 764 fs (transform-limited – 644 fs). 
Beam quality parameter M2 after pulse compression was M2<1.2. A more detailed overview of the system will be 
presented at the conference.

[1] D. Strickland and G. Mourour, “Compression of amplified chirped optical pulses,” Opt. Commun. 56(3), 219-221 (1985).
[2] E. Treacy, “Optical pulse compression with diffraction gratings,” IEEE J. Quantum Electron. 5(9), 454-458 (1969). 
[3] T. Bartulevicius, S. Frankinas, A. Michailovas, R. Vasilyeu, V. Smirnov, F. Trepanier, and N. Rusteika, “Compact fiber CPA system based on a 
CFBG stretcher and CVBG compressor with matched dispersion profile”, Opt. Express 25(17), 19856 (2017).
[4] K. Osvay, A.P. Kovacs, Z. Heiner, G. Kurdi, J. Klebniczki, and M. Csatari, “Angular dispersion and temporal change of femtosecond pulses 
from misaligned pulse compressors,” IEEE J. Sel. Top. Quantum Electron. 10(1), 213-220 (2004).
[5] G. Chang, M. Rever, V. Smirnov, L. Glebov, and A. Galvanauskas, “Femtosecond Yb-fiber chirped-pulse-amplification system based on 
chirped-volume Bragg gratings,” Opt. Lett. 34(19), 2952-2954 (2009).
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Nondiffracting pulsed beams are well studied nowadays and can be as short as a few femtoseconds. The advan-
tage of nondiffracting pulses is not only their nondiffracting property but also a dispersionless propagation inside 
a linear medium [1]. Best known Bessel pulsed beams are widely used in various fields [2]. Another member 
of non-diffracting beam family is the so-called Mathieu beam which is a solution of Helmholtz wave equation 
in elliptical coordinate system. Zeroth order even Mathieu beams have unique asymmetric cross-section which 
makes these beams suitable for precise material processing [3]. Elliptical coordinate system provides additional 
degree of freedom (eccentricity parameter) which allows controlling the width of optical knives. Femtosecond 
pulsed beams are of significant interest due to their importance in material processing and growing applicability 
elsewhere.
In this work we derive vectorial Mathieu beams using classical technique described in [4] and superpose them 
to create femtosecond pulsed beams, see Fig. 1. For these pulsed beams diffraction spreading and dispersive 
broadening is compensated by a given angular dispersion. Various intensity distributions and polarization states 
of different “optical knife” pulsed beams are presented and discussed in detail. 
Finally, generation of these beams and possible challenges will be presented and discussed as well importance 
and possible applications of these pulsed beams in laser micromachining.

                            
Figure 1: Intensity distribution of azimuthally polarized pulsed vector optical knife beam in yz (a) and xy (b) planes. 

[1] Orlov S, Piskarskas A., Stabinis A, (2002), „Localized optical subcycle pulses in dispersive media“ Optics letters 27 (24), 2167-2169
[2] Duocastella, Marti, and Craig B. Arnold (2012), Bessel and annular beams for materials processing. Laser & Photonics Reviews 6.5 607-621.

[3] Gutiérrez-Vega, J. C., & Bandres, M. A. (2005). Helmholtz-Gauss waves. Journal of the Optical Society of America. A, Optics, image science, 
and vision, 22, 289.
[4] Stratton, J. A. (2007). Electromagnetic theory, John Wiley & Sons, 7.

(b)(a)
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Moulded interconnect devices (MIDs) offer the material, weight and cost saving by integration of electronic 
circuits directly into polymeric components used in automotive and other consumer products. Fabrication of 
circuit traces is the most challenging task in the Moulded Interconnection Device (MID) technology since a circuit 
is fabricated on the object of complicated geometry. Lasers are used to form circuit traces directly by modifying 
the surface of polymers followed by an electroless metal plating. The laser processing for selective plating of 
polymers can also be used on 3D surfaces since localised, and selective activation of a polymer is made with a 
laser beam. Scanning of the laser beam on 3D surfaces can be implemented technologically [1]. 

 

    (a)                             (b)

Figure: (a) Examples of objects produced by SSAIL. (b) Robotic system for three-dimensional laser processing. 

Circuit formation on 3D polymer objects using the SSAIL method has been investigated. Galvanometric scanner 
mounted as a tool on Yaskawa Motoman robot manipulator was applied for laser beam translation over surface 
of the 3D plastic samples (Figure  (a)). Parametrical study of the process parameters and the circuit formation 
accuracy were investigated. Demonstrations of copper circuit traces produced by SSAIL are presented in Figure (b).  

[1] G. Tsoukantas, K. Salonitis, P. Stavropoulos, and G. Chryssolouris (2003), Overview of 3D laser materials processing concepts, Proc. SPIE, 
5131, 224-228.
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Femtosecond laser written optical waveguides in periodically poled 
MgO:LiTaO3 crystal: Fabrication and SHG investigation
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We report on the fabrication of the cladding waveguides with near circular cross sections in periodically poled 
LiTaO3 by the direct femtosecond-laser inscription. Due to the different change of refractive index along TE/
TM polarization induced by the femtosecond laser writing, the present waveguides exhibit diverse guiding 
performance along the extraordinary and ordinary polarizations. We performed the temperature-dependent 
quasi-phase-matching in the extraordinary polarization to investigate the second harmonic generations in these 
cladding waveguides. The experimental results suggest evident conversion efficiencies for frequency doubling 
under the pump of continuous and pulsed fundamental waves, respectively.

Figure 1: the fabricated cladding waveguide in PPSLT crystal, (a) The cross section picture of the waveguide (b) TM mode profile of 
fundamental wavelength (1064nm) (c) TM mode profile of second harmonic generation (532nm).  

[1] Chen Cheng, Yuechen Jia, Javier R. Vázquez de Aldana, Yang Tan, FengChen, (2016) Hybrid waveguiding structure in LiTaO3 crystal fabricated 
by direct femtosecond laser writing, Optical Materials, vol.51, pp. 190-193
[2] D. G. Rabus (2007) Integrated Ring Resonators (Springer, New York) 
[3] D. N. Nikogosyan (1974) Theory of Dielectric Optical Waveguides (Academic, New York)
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The rapid increase of heat generation level has become a major technical challenge in the development and 
applications of contemporary advanced microelectronic chip system. As an efficient heat transfer device, flat 
micro heat pipe (FMHP) has been widely used for thermal management of electronic devices because of its 
excellent thermal performance and high reliability. The morphology and size of the wick affect the heat 
transfer performance of the micro heat pipe, traditional methods to process the wick are extrusion–ploughing 
[1] and sintering [2]. Groove wick micro heat pipe is characterized by light weight, fast thermal response and 
high permeability which is in line with the current trend of lightweight electronic devices. As a flexible tool, 
laser shows unique advantages in the machining of micro grooves. In this paper, FMHP with microgrooves was 
processed in the copper substrate by 1064nm pulsed fiber laser. The influences of various laser processing 
parameters including pulse repetition rates, pulse duration, scanning speed, scanning times and expansion 
times on the size and morphology of micro grooves have been studied. The effects of grooves with different 
aspect ratio ranging from 0.5 to 3.5 on the droplet flow velocity and heat transfer performance of FMHP were 
investigated, respectively. Results showed that grooves with different aspect ratio show different capillary 
force, which has a great influence on the droplet flow velocity and directly affects the thermal performance of 
the FMHP. And the grooves with larger aspect ratio have higher droplet flow velocity which means the FMHP 
has lower thermal resistance. Higher aspect ratio groove of 3.5 with groove depth of 140μm and groove width 
of 40μm can be obtained under the optimal laser processing parameters like pulse energy of 437.5μJ, pulse 
duration of 100ns, pulse repetition rates of 40 kHz, scanning speed of 200 mm/s, scanning times of 15 and 
expansion times of 3. In this case, the excellent heat transfer performances of FMHP are obtained with the 
minimum thermal resistance of 0.002°C / W and the maximum thermal power of 50 watts. 
 

                                                                     
(a)                    (b)                                                     (c) 

 
Figure 1: Nanosecond laser fabricated surface with groove microstructures and heat transfer curve of FMHP. (Scanning speed is 200 mm/s, 
pulse width of 100ns, scanning times of 15, and expansion times of 3, pulse energy of 437.5μJ). (a) SEM image of the laser structured 
surface. (b) High magnification SEM image show that the inner wall of the groove is smooth.  (c) Thermal resistance vsr different input 
thermal power. 
 
[1] Tang. Y, Chen. P, Wang. X (2010) Experimental investigation into the performance of heat pipe with micro grooves fabricated by 
Extrusion ploughing process, Energy Conversion & Management, vol. 51(10), pp. 1849-1854. 
[2] Lv. L and Li. J (2017) Managing high heat flux up to 500w/cm2 through an ultra-thin flat heat pipe with superhydrophilic wick, Applied 
Thermal Engineering, vol.122, pp. 593-600.  
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1. Introduction
Laser peening is a surface treatment technique that improves the mechanical performance of metals. This 
technique utilises the induced shockwave due to the laser-produced plasma, which accomplishes the suppression 
of metal fatigue and stress corrosion cracking [1].

Effect of laser peening is induced by shockwave resulting from the expansion of laser-produced plasma suppressed 
by the plasma confinement layer. Ability of plasma confinement layer depends on the product of sound velocity 

and density of the medium (i.e. acoustic impedance). Therefore, selection of the medium for the plasma 
confinement layer is of great importance to achieve the high process efficiency. Most previous studies on laser 
peening have employed water as the plasma confinement layer. However, the variations in plasma confinement 
capability with the medium used as the plasma confinement layer and its effects on laser peening have remained 
unclear. In this study, sucrose has been used as the confinement medium because it has the acoustic impedance 
greater than the water.

2. Experimental method
Figure 1 shows the experimental arrangement for laser peening. Second harmonic of Nd:YAG laser having the 
wavelength of 532 nm has been used in the experiments. Austenitic stainless SUS316L with the size of 25 mm 
× 25 mm × 5 mm was used as a target sample. The sample was annealed to 900 degree to remove the residual 
stress before laser irradiation. Pulse duration, repetition rate, laser intensity, coverage, and focal spot diameter 

were adjusted to be 4 ns, 10 Hz, 2 GW/cm2, 500%, and 200 μm, respectively. Sucrose solution was chosen as the 
plasma confinement layer and the thickness of this layer was 2 cm. Concentration of sucrose solution was varied 
from 0 to 60% to control the acoustic impedance. Effects of laser peening have been evaluated through Vickers 
hardness measurement and X-ray stress measurement.

3. Experimental results
Figure 2 shows the relation between Vickers hardness at the surface and concentration of sucrose solution. The 
hardness is determined by the average of ten indentations at the same irradiated area. Initial hardness of stainless 
steel was measured be 133.1 HV. The hardness of surface was increased with the concentration of sucrose solution 
up to 50%. In the concentration exceeding 50%, the hardness decreased rapidly. This phenomenon indicates that 
appropriate concentration of sucrose solution as plasma confinement layer is existed for the laser peening. Detail 
will be discussed at the meeting.

[1] Y. Sano, N. Mukai, K. Okazaki and M. Obata, (1997), Residual stress improvement in metal surface by underwater laser, Nuclear Instruments 
and Methods in Physics Research B, vol.121, pp. 432

PO-54

Electrochemical properties of femtosecond laser-induced periodic 
surface structures formed on nitrided stainless steel 

 
N. Yasumaru1, H. Kasashima1, H. Funabora1, E. Sentoku1 

1- National Institute of Technology, Fukui College, Sabae, Fukui 916-8507, Japan 
 

Corresponding author: yasuma@fukui-nct.ac.jp 
 

In recent years, nitriding at comparatively low temperature is utilized as a surface hardening method of 
stainless steels in order to improve the wear resistance and the antiseizure properties [1]. It is reported that 
low-temperature nitrided stainless steels show the good corrosion resistance, since CrN is not precipitated and 
the amount of solid solution Cr remains unchanged.  On the ther hand, ordinary nitriding above 773 K leads to 
deterioration of corrosion resistance because of the precipitation of CrN. Therefore, it is necessary to pay 
attention to changes in corrosion resistance during laser irradiation for the nitrided stainless steels. 

In this paper, we report the electrochemical properties of femtosecond (fs) laser-induced nanostructures 
formed on austenitic stainless steels. Austenitic type 304  (18Cr-8Ni) and type 316 (17Cr-10Ni-2Mo) stainless 
steels were utilized, and some specimens were nitrided at 683 K. These specimens were irradiated, using 800 
nm, 180 fs-laser pulses at 1 kHz with a focal spot size of ~ 250 µm. The target plate was continuously 
translated in a raster pattern with a periodicity of 120 µm to produce a uniformly nanostructured area of 
10×10 mm2. Approximately 150 shots of fs-laser pulses were effectively superimposed on the target point 
during the scanned spot irradiation. The morphological changes of the irradiated specimens were analyzed 
with SEM and SPM. The electrochemical corrosion resistance was estimated from the polarization curve tested 
in 0.5 kmol/m3 H2SO4 aq. solution using a potensiostat. A merculy sulfate electrode (Hg/Hg2SO4) was utilized 
for the referece electrode. 

Figure 1 shows SEM images of type 304 stainless steel surfaces ablated at laser fluences of F = (a) 0.08 and 
(b) 0.2 J/cm2. As shown in Fig. 1, the laser-induced periodic surface structures (LIPSS) are formed in the 
direction perpendicular to the laser polarization, and the mean spacing D increases with an increase in F [2]. 
Anodic polarization curves were measured for type 304 stainless steels ablated by F = (a) 0, (b) 0.08  and (c) 0.2 
J/cm2 as shown in Fig. 2.  This figure shows that the passive current density increases with increasing laser 
fluence. The increase in current density is due to the increase in surface area due to the formation of LIPSS 
having large surface roughness. The polarization curves were also measured for low-temperature nitrided 
stainess steels ablated by fs-laser pulses, and it turned out that the passive current density increased by the 
laser irradiation because of the increase of surface area due to the formation of LIPSS and the corrosion 
resistance hardly changed. It should be noted that the measurement of the polarization curve can be applied 
as a simple method to evaluate the rate of increase in surface area due to the formation of LIPSS. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
[1] N. Yasumaru: Mater. Trans., JIM, 39 (1998) 1046. 
[2] N. Yasumaru, E. Sentoku, K. Miyazaki, J. Kiuchi: Appl. Surf. Sci., 264 (2013) 611. 
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Figure 1  SEM images of type 304 stainless  steel surfaces 
ablated at fluences of F = (a) 0.08 and (b) 0.2 J/cm2.  The 
arrow indicates the polarization direction of fs-laser pulses. 

Figure 2  Potentiostatically determined anodic polarization curves 
tested in 0.5 kmol/m3 H2SO4 aq. Solution for type 304 stainless 
steels ablated at laser fluences of F = (a) 0, (b) 0.08 and (c) 0.2 J/cm2. 
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 Here, we propose a transmissive liquid-crystal (LC) cell with a high threshold against optical damage for high-
power laser beam modulation. The primary fracture mechanism in LC cells involves the accumulation of heat 
generated in the absorptive layers of the LC cell i.e., the transparent electrode and LC layer. In the proposed LC 
cell, heat generation is eliminated by reducing the presence of absorptive materials and efficiently releasing 
heat into the atmosphere via a sapphire substrate, which has a heat conductance that is 56 times higher than 
that of glass. To demonstrate this, an LC cell assembled with a sapphire substrate was shown to be undamaged 
by a laser with a power of 100 W. Using the developed LC cells, we developed a transmission-type spatial light 
modulator (SLM) that can generate arbitral phase distributions and various types of polarization with 
controllable directionality that can be described by Jones vectors: linear polarization, clockwise, and counter 
clockwise elliptical polarizations including circular polarization. Figure 1(a) shows the configuration of optical 
components in the proposed SLM [1]. The SLM comprises three homogeneously aligned LC cells that serve as 
electrically controllable phase plates; the slow axis denoted as the a-axis. The segments of the LC cells can be 
arranged to accommodate the needs of the user. The first LC cell controls the phase while the second and third 
LC cells control the polarization of the light. When the beam passing through the SLM is focused by a lens, the 
SLM can control the shape of the focal spot and distribution of polarization in the focal spot [2] and correct the 
wavefront aberration and polarization disturbance induced by the medium on the focusing side of the lens. 
Thus, the LC device can be useful for focus engineering and for fine focusing in birefringence media (such as 
sapphire, quartz, and lithium niobate) to obtain more precise focus through the depth of the material. A case 
was developed to enclose the three LC cells, as shown in Figure 1 (b), to allow simple installation of the SLM in 
laser machining systems. The X, Y, and rotation stages were implemented in the case to enable positional 
adjustment relative to the position and polarization of the incident laser beam. The resulting device was called 
a polarization mode converter (PMC) and was manufactured with the support of Oasa Electronics Co., Ltd., is 
recruiting users to evaluate its products. To demonstrate the utility of the PMC, we generated a radially and 
azimuthally polarized beam and used it to fabricate grooves and holes on the surfaces of metal parts. It is 
widely known that radial and azimuthal polarization improve the efficiency of laser grooving and drilling, 
respectively [3].  PMC is the most convenient way to for the unique distribution of polarization and phase in 
the high-power laser beam and does not require the existing optical system. 
 

                  
Figure 1: SLM that enables full control of the polarization and phase of light: (a) arrangement of LC cells in the PMC and (b) an assembly 
drawing and image of the PMC.  
 
[1] K. Yoshiki, M. Hashimoto (2016) Japan Patent Kokai 2016-230675. 
[2] K. Yoshiki, R. Kanamaru, N. Hashimoto, M. Hashimoto, T. Araki (2006) “Second-harmonic-generation microscope using eight-segment 
polarization-mode converter to observe three-dimensional molecular orientation” Opt. Lett 32 1680-1682. 
[3] M. Meier, H. Glur, E. Wvss, Th. Feurer, V. Romano (2006) “Laser microhole drilling using Material processing Q-switched radially and 
tangentially polarized beams,” Proc. of SPIE 6053 605312-2. 
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Porous media seems to be a perspective matrix for the creation of integrated microdevices, which are used in 
various fields of research, mostly in analytical chemistry [1]. However, for many photonics, MOEMS and other 
applications optically transparent and physically stable matrices are highly valuable [2]. Porous glass (PG) is in 
many respects optimal as a matrix for impregnation by the reagent and analyte due to its high adsorption 
capacity, as well as chemical and mechanical resistance, electrical and thermal strength, etc. [3]. 
In the present research, a method of laser-induced formation of a through densified region inside of PG (like the 
physical relief of the density of a silica framework) is proposed. The formed regions of monolithic (fully or 
partially collapsed pores), formed with a certain period, can be play a role of molecular barriers with a selective 
permeability to molecules adsorbed in the pores of the PG. Local laser inner densification inside the PG plates 
was conducted under the action of ultrashort laser pulses (λ = 515 nm, Ep = 1 - 2 μJ, τ = 200 fs, ν = 500 kHz) [4]. 
The molecular barrier was densified from the surface by the action of CO2 laser radiation (λ = 10.6 μm, τ = 190 
μs, q = 2.8·104 W/cm2). 
 

 
Figure 1. Schematically view of PG inner densification and fabrication of molecular barrier (a); the side view of a barrier (b) and its general 
view of a few independent cells inside of PG plate 
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Over the past few years, non-contact and “direct-write” printing techniques have been studied for micro 
patterning of electronic circuitry. Among others, laser-induced forward transfer technique has been widely 
investigated, because it is relatively fast, environmentally friendly and can print fluids over a large scale of 
viscosities, ranging from low (e.g. water), to medium [1], and high viscous solutions (e.g. Ag pastes) 
[2]. The transferred conductive inks for printed interconnects, usually contain suspensions of nanoparticles 
(NPs) of up to 100 nm in diameter, commonly consisting of silver, gold or copper NPs. Most groups use 
commercial inks which are not specifically designed for the LIFT process and this may lead to low quality 
printing or the non-reproducibility of results.  

In this study, both commercial and research grade (manufactured especially for LIFT) inks are used, containing 
metallic loading of either copper or silver NPs, in order to examine their jetting dynamics. Firstly, two side-view 
imaging setups were designed: i) a pump-probe setup, in order to capture the initial growth and expansion of 
the ink bubble (t<1 μs) before its collapse; ii) a LIFT setup coupled with a high speed camera for the complete 
visualization of the ejection process with one laser pulse on the donor. In addition, in order to further 
investigate the process, a computational model is employed using ANSYS Fluent; a well-established software 
for simulating computational fluid dynamics (CFD) problems. Results from the aforementioned experiments 
are used as initial conditions for our model, as well as means of validation of the simulations' predictions 
(Figure 1). The combination of experimental and simulation results allow the extraction of an overall 
methodology for process parameters on Newtonian and non-Newtonian fluids to offer a criterion for stable 
operation with LIFT technique. 

Figure 1: Comparison of experimental and simulation results of the two inks irradiated at 280 mJ/cm2

[1] F. Zacharatos, M. Makrygianni, R. Geremia, E. Biver, D. Karnakis, S. Leyder, D. Puerto, P. Delaporte, I. Zergioti, (2016) Laser Direct Write micro-
fabrication of large area electronics on flexible substrates, Appl. Surf. Sci. 374, 117–123. 
[2] D. Munoz-Martin, C. F. Brasz, Y. Chen, M. Morales, C. B. Arnold, C. Molpeceres, (2016) Laser-induced forward transfer of high-viscosity silver
pastes. Appl. Surf. Sci. 366, 389-39 
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Over the past years, 3D printing techniques have been utilized in several applications in biomedical research, 
such as fabricating biosensors by printing biomaterials in electronic devices [1], and developing cell constructs 
for tissue engineering and regenerative medicine [2,3]. In particular, 3D tissue models and complex cell 
structures can be synthesized by combining natural and/or synthetic scaffolds (provide a 3D extracellular matrix 
analog that support and modulate cell growth) with direct 3D printing that can place the desired type of cells 
into specific locations.  
 
In this manuscript we utilize a direct laser printing technique to print single hepatocyte cancer cells at precise 
locations on porous collagen scaffolds (PCS), biomaterials utilized clinically in induced regeneration [4]. We use 
a direct write laser printing technique called Laser Induced Forward Transfer (LIFT) for the targeted printing of 
hepatocyte cancer cell lines Huh7 at specific patterns into the scaffold (Figure 1). We present a detailed study of 
laser printing conditions that enable repeatable cell printing. We demonstrate that printed cells are viable and 
after printing can grow inside PCS for several days. We compare performing LIFT cell printing via two kinds of 
pulsed lasers (a ns UV laser, and a ps laser at 532 nm) in terms of cell viability and growth and define optimum 
laser printing conditions. Finally, we demonstrate that LIFT printing enables developing elegant co-culture 
systems by printing Huh7 and HepG2 at different locations inside PCS. The proposed technique enables the 
generation of advanced in vitro liver tissue models by generating sophisticated patterns of multiple cell lines on 
porous collagen-based scaffolds.  
 

 
Figure1: Fluorescence microscopy image of laser-printed Huh7 cells into a porous collagen scaffold. Cells were 
printed into a checkerboard pattern of 100 μm feature size, and then imaged 1 hour after printing. Cell nuclei 
are stained by Hoechst33342 (blue), and viable cells are stained by the Calcein AM dye (green).  

 

[1] Tsekenis, G. et al. Heavy metal ion detection using a capacitive micromechanical biosensor array for environmental monitoring. Sensors 
Actuators B Chem. 208, 628–635 (2015). 
[2] Guillemot, F. et al. Laser-assisted bioprinting to deal with tissue complexity in regenerative medicine. MRS Bull. 36, 1015–1019 (2011). 
[3] Zhu, W. et al. 3D printing of functional biomaterials for tissue engineering. Curr. Opin. Biotechnol. 40, 103–112 (2016). 
[4] Yannas I.V. et al., Biologically active collagen-based scaffolds: advances in processing and characterization. Philos Trans A Math Phys Eng 
Sci. 368, 2123-39 (2010). 
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The effect of laser pulse width on the selective sintering of Ag 
nanoparticle micro-patterns at high repetition rates
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D. Karnakis3 and I. Zergioti1

1- National Technical University of Athens, Physics Department, Zografou Campus, 15780, Greece  
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The increasing development of flexible and printed electronics has fueled substantial advancements in Laser 
micro-sintering, which has been attracting interest over the past decade. Laser micro-sintering of metal 
nanoparticle dispersions (ranging from low viscous inks to high viscous pastes) offers significant advantages with 
respect to more conventional sintering or curing techniques. Apart from the obvious lateral selectivity, the use 
of short-pulsed and high repetition rate lasers minimizes the heat affected zone and offers unparalleled control 
over a digital process, enabling the processing of stacked and pre-structured layers on very sensitive polymeric 
substrates [1,2]. In this work, the authors have conducted a systematic investigation of the laser sintering of 
micro-patterns comprising Ag nanoparticle high viscous dispersions (pastes): the effect of laser pulse width 
within the range of 20-200 ns in high laser repetition rates has been thoroughly investigated experimentally 
in order to define the optimal processing parameters for the fabrication of highly conductive Ag patterns with 
minimum feature size down to 10 μm, on polymeric substrates. The in-depth temperature profiles resulting from 
the effect of laser pulses of varying pulse widths has been theoretically studied as a function of the geometrical 
dimensions of the metallic pattern. To this end, a numerical model relying on the finite element method, has been 
constructed using physical parameters extracted from optical and structural characterization, as well as data from 
the literature. Electrical characterization of the resulting sintered micro-patterns has been benchmarked against 
the calculated temperature profiles, so that the conductivity can be associated with the maximal temperature 
value. This quantitative correlation offers the possibility to predict the optimal process window in future laser 
sintering experiments. The resulting micro-patterns have been characterized with SEM so as to verify that uniform 
in-depth sintering across each micro-pattern’s surface has been actually accomplished.

    

[1] I. Theodorakos, F. Zacharatos, R. Geremia, D. Karnakis, I. Zergioti (2015), Selective laser sintering of Ag NPs ink for applications in flexible 
electronics, Appl. Surf. Sci. 336, 157–162 
[2] F. Zacharatos, M. Makrygianni, R. Geremia, E. Biver, D. Karnakis, S. Leyder, D. Puerto, P. Delaporte, I. Zergioti (2016), Laser Direct Write 
micro-fabrication of large area electronics on flexible substrates, Appl. Surf. Sci. 374, 117–123 
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