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a b s t r a c t 

This paper analyzes laser and etching parameters to fabricate open and continuous microchannels and stacks of such microchannels in the bulk of crystalline sapphire 
( 𝛼-Al 2 O 3 ). The structures are produced using a two-step method consisting of laser irradiation and selective etching. Infrared femtosecond laser pulses are focused 
in the bulk to locally render the crystalline material into amorphous. The amorphous material is, then, selectively etched in hydrofluoric acid. Amorphous sapphire 
shows a high etching selectivity in comparison to its crystalline state, which makes this material very attractive for a use with this technique. However, some of its 
properties make the processing challenging, especially during the laser-induced amorphization phase. This paper studies the effect of laser parameters by a step- 
by-step approach to fabricate long structures (longest dimensions up to millimeters) of different shapes inside the bulk of sapphire. The minimum cross-sectional 
dimensions of the resulting structures (microchannels) vary from few hundreds of nanometers for the smallest channels to tens of micrometers for the largest stacks 
of microchannels. The effect of the variation of repetition rate, pulse energy and channel-to-channel distance on the microchannels and stacks of microchannels is 
studied. SEM micrographs of polished cross-sections are used for performing a quantitative and qualitative analysis of the morphology of the structures after laser 
irradiation and, subsequently, after selective wet chemical etching. 
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. Introduction 

Crystalline sapphire ( 𝛼-Al 2 O 3 ) is nowadays used as construction
omponent or base material in many sectors of science and technol-
gy. The hardness of sapphire (9 on the Mohs scale [1] ) and its trans-
arency in the visible spectrum (from 450 nm to 2000 nm [2] ), together
ith other physical and chemical properties make the material suitable

n many applications in the fields of semiconductors (particularly with
igh efficiency Gallium Nitride LEDs [3–10] ), and in photonics in gen-
ral [11–14] . 

Processing of sapphire has been demonstrated using different meth-
ds: direct laser writing [15,16] , mechanical sawing [17] , dry (plasma
tching [18–20] ) and wet etching [21–23] . In this manuscript we study
 two-step method consisting of laser irradiation of crystalline sapphire
ith consequent modification of the exposed material into amorphized
aterial and successive selective removal of the latter by wet etching. 

Due to the transparency of sapphire, the laser beam can be focused
nside the bulk. If femtosecond or picosecond laser pulses are used with
ntensities in the order of 10 13 –10 14 W/cm 

2 [24–26] absorbed laser en-
rgy [27] leads to the amorphization of the crystalline sapphire. Amor-
hous sapphire is selectively etchable by hydrofluoric acid (HF) at a 10 5 

aster rate than crystalline [24–26,28–31] . If the material is exposed to
everal, overlapping laser pulses, it is possible to create regions and vol-
mes of amorphized material. 
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Fig. 1 (a) shows a cross-sectional model of a single microchannel in
he bulk of sapphire, which forms the targeted basic shape for this study.
uch structures can be exploited for, e.g. microfluidic devices– in the
orm of millimeter long hollow microchannels. More complex shapes
an be created by superposition of microchannels. 

However, when laser pulses are geometrically overlapping with the
im to form large amorphized structures – such as one-dimensional mod-
fied lines (made by amorphous material, before etching)– a series of
henomena may affect the formation and morphology of the amorphous
apphire. The latter, in turn, affects the solubility of the formed material.

In fact, publications on etched channels in sapphire, often report
ross-sections in which, after the wet chemical etching, the obtained
tructure is not completely hollow [14,24,32,33] . That is, in these struc-
ures hollow/open regions, where amorphized sapphire is dissolved, can
e found, as well as crystalline/unetched regions. These latter regions
an be characterized by series of parallel nanochannels, see Fig. 1 (b), or
y a discontinued and irregular structures Fig. 1 (c). In 2008, Juodkazis
t al. [32] studied this phenomenon and showed that overlapping single
ulse modifications causes recrystallization of the amorphized material,
hich makes it non-etchable by an acid like HF. On the other hand,
ottmann et al. [24] showed the change in morphology of cross-sections
f channels obtained with this method, and found that the results of laser
rradiation and wet etching depends mainly on laser parameters and fo-
using conditions. More specifically, the authors showed that, within a
arch 2020 

ticle under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 

https://doi.org/10.1016/j.optlaseng.2020.106114
http://www.ScienceDirect.com
http://www.elsevier.com/locate/optlaseng
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optlaseng.2020.106114&domain=pdf
mailto:l.capuano@utwente.nl
https://doi.org/10.1016/j.optlaseng.2020.106114
http://creativecommons.org/licenses/by/4.0/


L. Capuano, R.M. Tiggelaar and J.W. Berenschot et al. Optics and Lasers in Engineering 133 (2020) 106114 

Fig. 1. Cross-sectional model of the types of structures 
which can be obtained using the two step technique, after 
etching: (a) hollow/empty microchannel, (b) series of par- 
allel nanochannels, (c) discontinued and irregular struc- 
tures. 
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ange of parameters (mainly numerical aperture and energy per pulse)
he cross-section of channels either show a series of amorphized parallel
anochannels ( Fig. 1 (b)), or hollow channels ( Fig. 1 (a)). 

Both Juodkazis et al. [32] and Gottmann et al. [24] studied the effect
f only a limited number of processing parameters. Despite these results,
ntil now, a well-ordered study regarding the main factors playing a
ole on the final morphology of the irradiated lines and other structures
formed by overlapping lines) in the bulk of sapphire is lacking in the
iterature. A wider investigation is needed, in fact, to understand the
roblem and have a general view of which specific conditions determine
he final shape and appearance and how to tune the settings to obtain
xact and distinct types of channels. 

. Experimental set-up and analysis tools 

Fig. 2 shows a schematic of the set-up used for the laser irradiation
xperiments presented in this work. 

A KMLabs Y-Fi femtosecond laser source was used, which emits a
inearly polarized laser beam at a central wavelength of 𝜆 = 1030 nm.
he pulse duration of this source is 230 fs, measured with an autocorre-

ator (APE Berlin Pulse Check, Germany). Heat transmission phenomena
nside the lattice of sapphire occur on a time scale in the order of tens
f picoseconds [34] . Hence, the selected ultrashort pulse duration lim-
ts the heat transmission inside the sample during the laser pulse. The
patial distribution of the laser beam is nearly Gaussian (M 

2 < 1.2). 
Since the laser source does not offer the option of changing the repe-

ition rate to less than 1 MHz, an electro-optic modulator (EOM, Model
60–80 by Conoptics, USA) is mounted after the laser source for pulse
icking. A beam attenuator (Ultrafast Version, Altechna, Lithuania) is
sed to set the pulse energy of the laser pulses. A microscope objec-
ive (11,101,666, Leica Microsystems, Germany, NA = 0.7) is used to
ocus the beam to a spot of about 0.9 μm diameter (calculated). The
icroscope objective is mounted on a linear stage (ATS100, Aerotech
SA), which moves the lens in the z -direction, allowing the focal spot
f the laser beam to be positioned relative to the surface of the sample.
he sample is fixed with a vacuum chuck on xy-stages (ALS130-150,
erotech USA). The microscope objective is also used as magnifying el-
ment for imaging; that is, the light reflected by the sample passes again
hrough the objective and a tube lens to arrive finally on a CMOS camera
DCC1545, Thorlabs, USA). This alignment facilitates the positioning of
he focal spot in the bulk (z-direction) of the sample as well as in the
y-plane. It also allows to observe the progress and quality of the irra-
iation during machining. 
After irradiation, the samples are inspected using a Keyence VHX
000 (Japan) microscope for optical and polarized microscopy, as well
s using a Scanning Electron Microscope (SEM, JEOL JSM 7200F,
apan). After HF-etching, samples are analyzed at the same positions
s after irradiation. 

. Materials and methods 

.1. Materials 

Circular sapphire wafers (2 inches in diameter) with a thickness of
30 μm and crystal orientation (0001), purchased from Crystech GmbH
Germany), were used. The circular samples were cut into rectangularly
haped (of various sizes) strips for easier handling. 

The wet chemical etchant, hydrofluoric acid aqueous solution 50%
BASF, Germany) was used at room temperature. 

.2. Methods 

To investigate one directional structures, the sample is moved in one
irection ( x or y in Fig. 3 ), while exposing the sample to single femtosec-
nd laser. This results in a modified line/track, see Fig. 3 (a). 

The laser beam is focused inside the bulk of sapphire at about 50 μm
elow the top surface of a specimen. The velocity v of the stage is kept
onstant at 1 mm/s. By varying the pulse repetition rate of the laser
ource, the geometrical overlap between the laser pulses can be varied.

In order to produce stacks of lines, as is shown in Fig. 3 (b), the ap-
roach for single lines is applied repeatedly. That is, stacks of lines are
roduced by overlapping single modified parallel tracks. The geomet-
ical overlap of adjacent tracks is limited by the minimal incremental
tep of the xy stage, which equals about 50 nm. Since the smallest cross-
ectional dimension is about 600 nm, it is possible to vary the lateral ge-
metrical overlap between adjacent lines from 90% down to separated
ines (no overlap). 

The geometrical overlap is defined as the percentage of the overlap
f diameters of adjacent pulses and is calculated as: 

L = 

( 

1 − 

𝑣 

𝑓 ⋅𝐷 

) 

× 100% 

here v is the scanning speed of the XY stage, f the pulse repetition rate
f the laser source and D is the (calculated) diameter of the focal spot. 

All the line-based structures are irradiated close to an edge of the
pecimen for easy inspection. Table 1 provides an overview of the range
f the other laser parameters. 
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Fig. 2. Schematic of the setup used during the laser irra- 
diation phase of the experiments. 

Fig. 3. (a) Single lines are produced by exposing the 
sample to laser pulses, while translating the sample at 
a constant velocity of v = 1 mm/s. (b) A stack of micro- 
lines is created by laterally overlapping single lines. 

Table 1 

Set of experimental parameters. 

Laser Polarization // Parallel to the direction of irradiation 

⊥ Perpendicular to the direction of irradiation 

Pulse repetition rate 0.001 MHz, 0.010 MHz, 0.050 MHz, 0.100 MHz, 0.200 MHz, 0.500 MHz, 

1 MHz, 5 MHz, 10 MHz, 15 MHz 

Laser pulse energy 94.5 nJ, 234 nJ, 457 nJ for repetition rates: 0.001 MHz ≤ f ≤ 1 MHz 

18.9 nJ, 46.8 nJ, 91.4 nJ for repetition rates: 5 MHz ≤ f ≤ 15 MHz 

No. of stacked lines 2, 4, 8, 16, 32, 64, 128, 256 

 

p  

t  

o  

r  

T  

b  

p
 

a  

5  

i  
Cross-sections of the structures were obtained by grinding the sam-
le along the direction shown in Fig. 4 , and removing enough sapphire
o expose the amorphous material. Subsequently, for ease of inspection
f the cross-sections, the sample was polished to optical quality (average
oughness R a < 5 nm). Grinding and polishing were carried out using a
egramin (Struers, Netherlands) polishing apparatus using silicon car-
ide papers for the grinding and diamond pastes for the polishing, with
rogressive finer steps. 

After polishing, the cross-section of each line is inspected by SEM
nd analyzed. Afterwards, the irradiated samples are immersed in
0% HF for about 2 h to dissolve the amorphous material. After rins-
ng in demineralized water and drying, SEM inspection of the cross-
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Fig. 4. Optical microscopy image (top view) of channels and stacks of channels 
obtained after irradiation and etching in HF at room temperature for about 2 h. 
To expose the (amorphized) channels and study the cross-sections, samples are 
grinded and polished. 
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Fig. 6. SEM micrograph of a cross-section of a single modified line obtained 
using a pulse energy E p = 91.4 nJ and a pulse repetition rate of f = 15 MHz. The 
irradiation was performed along the direction perpendicular to the polarization 
of the laser beam. At a high energy per pulse and high repetition rates a void can 
appear near the top of the laser-affected volume. The laser radiated from top to 
bottom of the picture. The velocity of the stage was v = 1 mm/s, the geometrical 
pulse to pulse overlap (calculated) OL = 99.999%. 
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ections of formed microchannels (and stacks), at the same locations, is
erformed. 

The lines and stacks of lines are irradiated upon varying the polar-
zation of the incoming laser beam, the repetition rate of the laser with
hich the pulses are delivered, the energy per pulse and the number of
verlapping lines in case of stacks (see Table 1 ) 

. Results and discussion 

Fig. 5 shows the general features of a typical cross-section before (i.e.
ine) and after (i.e. channel) the wet etching step. 

As can be observed from this figure, the shape of the cross-section
f the modified line after laser irradiation generally follows the original
hape of the laser focal spot. In Fig. 5 (a) amorphized sapphire appears
arker in the SEM micrographs than crystalline sapphire. As was men-
ioned in Section 1 , the amorphous region is not homogeneous in many
ases. That is, the laser-affected volume shows both amorphous regions
nd crystalline regions. For this reason, the cross-sections of channels
btained after the etching in Fig. 5 (b) fall in the model in Fig. 1 (c). 

The “microexplosions ” caused by the absorption of the laser energy
35] in a very short time are causing cracking of the crystalline sapphire.
s will be shown in the next paragraphs, most of the modified lines are
urrounded by cracks which may change in length from few hundreds
f nanometers up to millimeters, depending mainly on the pulse energy
nd the repetition rate. These cracks are not modified in size and mor-
hology by the etching process. 

Moreover, at high repetition rates (typically 15 MHz) and high pulse
nergies (typically 91.4 nJ), the presence of small voids may be observed
n the cross-sections of the lines (i.e. prior to etching) as well, see Fig. 6 .
Fig. 5. SEM micrographs of a typical cross-section of 
a single modified line (a) after laser irradiation at a 
laser pulse energy of 457 nJ and a repetition rate of 
0.010 MHz and (b) after 2 h etching in hydrofluoric 
acid at room temperature. The irradiation was per- 
formed along the direction parallel to the polariza- 
tion of the laser beam. The laser radiates from top to 
bottom of the picture. The velocity of the stage was 
v = 1 mm/s, the geometrical pulse to pulse overlap 
(calculated) OL = 90.000%. 
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Fig. 7. SEM micrographs (top row) and zoomed SEM micrographs (bottom row) of cross-sections of modified lines (non-etched) after irradiation obtained using: 
(a) f = 0.1 MHz and E p = 94.5 nJ, (b) 1 MHz and E p = 94.5 nJ, (c) 5 MHz and E p = 91.4 nJ, (d) 10 MHz and E p = 91.4 nJ. The amorphized parallel nanochannels 
increase in size and number with increasing pulse repetition rate. In all the pictures the sample is irradiated along the direction perpendicular to the polarization of 
the laser. The laser radiated from top to bottom of the picture. The velocity of the stage was v = 1 mm/s, the geometrical pulse to pulse overlap (calculated) varied 
from OL = 99.000% for f = 0.100 MHz to OL = 99.990% for 10 MHz. 
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Fig. 8. SEM micrograph of a cross-section of a single irradiated line (non- 
etched) obtained using E p = 91.4 nJ and f = 15 MHz along the direction perpen- 
dicular to the polarization of the laser beam before etching. The laser radiates 
from top to bottom of the picture. The velocity of the stage was v = 1 mm/s, the 
geometrical pulse to pulse overlap (calculated) OL = 99.999%. 
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As mentioned, the linear velocity of the XY stages moving the sam-
le was 1 mm/s, whereas the pulse repetition rate was varied from
.001 MHz to 15 MHz, corresponding respectively to geometrical pulse
o pulse overlaps ranging from 0% (completely separated single modifi-
ations) to 99.999%. 

.1. Structures parallel or perpendicular to the polarization of the laser 

ight 

The cross-sectional shape of the irradiated and etched structures is
ffected by the angle between the (linear) polarization direction of the
aser radiation [24,28,36–38] and the direction of irradiation (direction
long which the stage moves). 

Hnatovsky et al. [38] demonstrated that modifying the bulk of fused
ilica using linearly polarized laser pulses results in periodic structures
riented in a direction perpendicular to the irradiation direction. 

Taylor et al. [39] explained the formation, during processing, of pe-
iodic structures perpendicular to the polarization of the laser radiation,
sing the transient nanoplasmonics model. This model theorizes the for-
ation of ionization hotspots during the irradiation by ultrashort laser
ulses, which eventually induces plasma. These hotspots may lead to a
referential local ionization of the material. In particular, field enhance-
ent on the boundary of the generated ionized spots facilitates the gen-

ration of plasma in the direction perpendicular to the polarization of
he laser light. 

To study the effect of the orientation of the polarization on the irra-
iated lines and etched channels, structures were produced both parallel
nd perpendicular to the polarization of the laser radiation. 
If the laser polarization is perpendicular to the scan-direction of the
tage, the presence of parallel nanochannels is observed in the focal
egion ( Fig. 1 (b)), which are not observed if the irradiation direction is
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Fig. 9. SEM micrographs of cross-sections after irradiation of lines and after etching of channels obtained at different repetition rates: (a) f = 0.001 MHz, (b) 
0.010 MHz, (c) 0.050 MHz, (d) 0.100 MHz, (e) 0.200 MHz, (f) 0.500 MHz, (g) 1 MHz, (h) 5 MHz, (i) 10 MHz, (l) 15 MHz. The laser radiated the samples from top 
to bottom of the pictures. The velocity of the stage was v = 1 mm/s, the geometrical pulse to pulse overlap (calculated) varied from completely detached pulses at 
f = 0.001 MHz to an overlap OL = 99.999%.at 15 MHz. 
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Fig. 10. SEM micrographs of cross-sections after irradiation 
of lines and after etching of channels obtained using a pulse 
repetition rate of f = 1 MHz at different energies per pulse: 
(a) E p = 457 nJ, (b) 234 nJ, (c) 94,5 nJ. The laser radiated 
from top to bottom of the picture. The velocity of the stage was 
v = 1 mm/s, the geometrical pulse to pulse overlap (calculated) 
OL = 99.900%. 
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arallel to the polarization direction. These regular amorphized parallel
anolines are observed for pulse repetition rates over 0.1 MHz and are
ore pronounced when a repetition rate of at least 1 MHz is applied,

ee Fig. 7 . 
Upon increasing the repetition rate, an increase in both horizon-

al and vertical dimension of the cross sections and in the number
f nanolines per area is observed. However, at a pulse repetition rate
f 15 MHz, a circular shape is observed frequently, see Fig. 8 . This
pherical shape impedes the propagation of the focused laser beam
eeper into the sample. This phenomenon will be explained in detail in
ection 4.2 . 

Objective of this paper is to form hollow/open microchannels and
tacks of hollow/open microchannels. Hence, the origin and growth of
arallel nanolines/nanochannels are out of the scope of this study. For
his reason, in the next sections, only results obtained with the irradia-
ion direction parallel to the polarization of the laser are discussed. 
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Fig. 11. Polarized optical microscopy image (top view) of channels (dark) and stacks of channels (dark), surrounded by stress fields (colored). The channels were 
obtained after irradiation and etching in HF at room temperature for about 2 h. The number of stacked channels range from 1 (extreme left) to 128 (extreme right). 
The channels were made using a pulse repetition rate of 0.200 MHz and a pulse energy of 94,5 nJ. The velocity of the stage was v = 1 mm/s, the geometrical pulse to 
pulse overlap (calculated) OL = 99.500%. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 12. SEM micrographs of cross-sections after irra- 
diation of a stack of 256 lines (a) and the structure 
left after etching (b) obtained using a repetition rate 
of 0.100 MHz at 94,5 nJ. A crack towards the center 
of the stack of lines is having a “shielding effect ” on 
the material below resulting in locally no formation 
of amorphous sapphire. (c) is an optical microscopy 
picture in top view of the same etched channel. The 
laser radiated from top to bottom of the pictures (a) 
and (b). For each line/channel the velocity of the stage 
was v = 1 mm/s, the geometrical pulse to pulse overlap 
(calculated) OL = 99.000%. 
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.2. Effect of pulse repetition rate on lines and stacks of lines 

Fig. 9 shows the effects of pulse repetition rate on the cross-sections
f single lines (only irradiation) and channels (after HF-etching of lines).
ince the velocity of the stages is constant at 1 mm/s, the geometri-
al pitch between the laser pulses changes from single isolated pulses
at f = 0.001 MHz) to a geometrical overlap of 99.999% between laser
ulses (at f = 15 MHz). 

At f = 0.001 MHz, the laser pulses are not geometrically overlapping.
his is also reflected in Fig. 9 (a), where a clear cross-section of the line

n the focal region cannot be identified. At 0.010 MHz the geometrical
verlap between the laser pulses is over 80% (overlap calculated when
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Fig. 13. SEM micrograph of a cross-section before etching of a stack of 2 irradi- 
ated lines (non-etched) obtained using a pulse energy of 94,5 nJ and a repetition 
rate of 0.200 MHz. The mismatch in refractive indexes between crystalline and 
amorphous sapphire is causing a separation between line 1 (the first to be ir- 
radiated) and line 2. The laser radiates from top to bottom of the picture. The 
velocity of the stage was v = 1 mm/s, the geometrical pulse to pulse overlap 
(calculated) OL = 99.500%. 
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n energy per pulse of 94,5 nJ was used with an effective minimal cross-
ectional dimension of 0.6 μm before and after etching). However, when
 repetition rate below f = 0.100 MHz is used ( Fig. 9 (b) and (c)), the
btained irradiated lines show irregular cross-sections- i.e. amorphous
apphire alternates with crystalline to form an irregular pattern such as
he one seen in Fig. 1 (c). 

This phenomenon may be explained by recrystallization of previ-
usly amorphized material. That is, even after the first laser pulse, each
ubsequent, overlapping laser pulse is irradiating a volume of both crys-
alline and amorphized material. As was reported by Juodkazis and Mi-
awa [32] , this may recrystallize parts of the amorphized material, leav-
ng it non-soluble by the etchant. 

Another hypothesis is that the overlap between pulses is not suffi-
ient to cause hollow channels with a constant width, because the mate-
ial amorphized by previous laser pulses is optically distorting the prop-
gation and profile of the laser beam. This effect will be discussed more
n detail in Section 4.4 . 

For pulse repetition rates ranging from f = 0.100 MHz to 1 MHz the
ross-sections in Fig. 9 (d)–(g) show open channels with a constant cross-
ection along their length. These are the targeted hollow microchannels
hown in Fig. 1 (a). In these figures, the cross-sectional width increases
rom 0.6 μm at f = 0.100 MHz to 1 μm at 1 MHz. 

Fig. 9 (h), (i), (l) shows that, for pulse repetition rates of 5 MHz and
igher, the cross-sections of lines/channels reveal a disrupted and frag-
ented morphology. At these repetition rates large cracks have a strong

ffect, detrimental on the propagation and fluence profile of the incident
aser beam, and, in turn, on the amorphization of the material. 

Moreover, at f = 15 MHz, the laser-affected regions show a (nearly)
ircular shape near the top of the laser affected volume and smaller
eatures below it, see Fig. 9 ( l ), as well as Fig. 8 . This phenomenon can
ossibly be associated with the findings of Gamaly et al. [40] . These
uthors reported the formation of plasma at the apex of the focal spot
uring the ionization of the material both at high repetition rate and at
igh pulse energies . This plasma is, most likely, preventing exposure of
aterial below it to the laser radiation. 
.3. Effect of energy per pulse 

For pulse repetition rates up to 1 MHz, the sample was irradiated
sing three pulse energies: 94.5 nJ, 234 nJ, 457 nJ. Below the smallest
ulse energy, the material is not affected by the laser (at the mentioned
epetition rates), whereas at the highest pulse energy it is not possible
o irradiate sapphire without the formation of cracks so large that cause
he breaking of the specimen. For pulse repetition rates of f = 5 MHz,
0 MHz and 15 MHz lower pulse energies were applied because of the
ower limitations of the laser source. At these pulse repetition rates ex-
eriments were performed at E p = 18.9 nJ, 46.8 nJ and 91.4 nJ. 

Fig. 10 shows the effect of the pulse energy on the cross-sections
f irradiated lines and etched channels. The shape of the amorphized
egion deviates from the shape of the focal spot and the cross-sections
how multiple foci, with increasing pulse energy. The latter can be as-
ociated with Kerr-induced self-focusing. Self-focusing induced by the
lectro-optic Kerr effect is a change of the refractive index caused by
n applied strong electrical field, in this case the laser radiation. This
hange in the refractive index causes the focal spot to elongate. If the
ocusing due to the Kerr effect is counterbalanced by a defocusing effect
ue to the presence of plasma in the focal spot [40] , which lowers the
efractive index, this may result in spatial focusing/defocusing (multi-
oci) along the propagation axis of the laser beam. The power threshold
 crit above which Kerr effect is triggered can be expressed as [35] : 

 𝑐𝑟𝑖𝑡 = 

𝜆2 0 
2 𝜋𝑛 0 𝑛 2 

here 𝜆0 denotes the laser wavelength, n 0 the linear refractive index
 n 0 = 1.755 at 1030 nm [41] ) of the material and n 2 the nonlinear re-
ractive index ( n 2 = 3 ⋅10 − 16 cm 

2 /W [42] ). Hence, P crit ≈3.02 ⋅10 6 W,
hich has the same order of magnitude of the applied peak powers in

his work, especially at E p = 234 nJ and 457 nJ. This confirms the possi-
le occurrence of self-focusing/multifoci at these levels of pulse energy.

.4. Overlapping of the modified lines 

For each repetition rate and pulse energy, single lines were over-
apped laterally for producing stacks. The number of stacked lines per
tructure produced is 2 n , with n = 1 to 8 (see Table 1 ). However, at high
ulse energies, it is often not possible to go above 8–16 lines because of
evere cracking that hampers proper irradiation. 

A pitch of 50 nm (corresponding to an overlap of 90%) as the lat-
ral shift between the adjacent lines is used. At low pulse energies, it is
ossible to create stacks of up to 256 lines, although other factors are
nfluencing the formation of fully empty (with no residual crystalline
aterial left) stacks of microchannels. 

Accumulated stress inside transparent materials is known to cause
irefringence [43,44] . Stress induced by laser processing can facilitate
he etching of the material itself [45] . In this case, though, the difference
n refractive indices between unprocessed crystalline, stress-affected and
morphous material will most likely cause a distortion of the intensity
rofile of the incident laser beam. Fig. 11 shows the etched channels
urrounded by stress in the crystalline sapphire (and consequent bire-
ringence) made visible by polarized light microscopy. Although this
mage does not provide quantitative results, it can be concluded that
he surrounding stress increases significantly with increasing number of
hannels. 

Cracks additionally interfere with the formation of amorphous ma-
erial. Cracked material, in fact, is composed of normal crystalline sap-
hire, voids and stressed crystalline sapphire. It also has, therefore, a
ix of refractive indices, which are affecting the focusing of the laser

eam. This is, in most cases, having a shielding effect on the crystalline
aterial, which is directly below the crack, thus preventing its amor-
hization. 

Fig. 12 shows an example of this: a crack occurring at about the
enter of the stacks of microlines was “shielding ” the material under-
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Fig. 14. SEM micrographs of cross-sections after irradiation of stacks of lines and the structures left after etching obtained at a repetition rate of 0.500 MHz and a 
pulse energy of 94,5 nJ. The number of single structures overlapped is in order: (a) 1, (b) 2, (c) 4, (d) 8, (e) 16, (f) 32, (g) 64, (h) 128. The laser radiated from top 
to bottom of the pictures. The velocity of the stage was v = 1 mm/s, the geometrical pulse to pulse overlap (calculated) OL = 99.800%. 
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eath: the lines irradiated after/next to the line during which the crack
as generated exhibit a smaller cross-section which, in turn, causes an

interruption ” in the structure itself. 
Fig. 12 (c) shows an optical microscopy picture of the same chan-

el (top view, after etching) showing that the crack, which propagated
ongitudinally, maintained the shielding effect for almost the entire re-
ainder of the irradiated stack. 
i  
Given the step resolution of 50 nm of the setup and because the
inimal cross-sectional dimension of single lines composing the stack

s in the order of few hundred nanometers, it should be possible to
btain stacks of microchannels with a single and uninterrupted cross-
ection. However, amorphized sapphire of a previously irradiated line
as a lower refractive index compared to the crystalline sapphire [46] .
his index difference has a deflecting effect on the incoming beam that

rradiates the following line. The result is that subsequent lines are often
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rradiated at a slightly tilted angle, which yields a separation between
djacent lines ( Fig. 13 ). 

Finally, in Fig. 14 an overview is presented of a series of stacks of
icrochannels produced with a repetition rate of 0.500 MHz and a pulse

nergy Ep = 94.5 nJ, starting from a single channel ( Fig. 14 (a)) up to
56 overlapping channels ( Fig. 14 (h)). The shielding effect caused by
he cracks is prominent in Fig. 14 (g) and (h), while the separation of the
hannels caused by mismatch of the refractive indices is visible starting
rom (d) and in varying degrees for every other case. Overall, the results
or experiments with more than 64 lines show the presence of large
racks. 

. Conclusions 

A study has been performed on the fabrication of microchannels and
tacks of microchannels inside the bulk of sapphire. A detailed step-by
tep approach regarding the formation of such channels with an anal-
sis of the main factors playing a role on the final morphology was, to
he best of our knowledge, missing. The study included the effects of
olarization of the light, repetition rate, pulse energy and number of
tacked lines on the morphology and appearance of the structures after
rradiation and wet chemical etching. The main results found are the
ollowing: 

• The first part of the investigation regarded the direction of the irra-
diation: parallel or perpendicular to the polarization of the light. It
was found that, if the sample is irradiated along the direction per-
pendicular to the polarization of the light, the irradiated lines do not
show a smooth single amorphized cross-section, but rather a series of
vertical amorphized parallel nanolines propagating along the whole
length of the channel. Such structures were not in line with the ob-
jective of the study; therefore, next experiments were restricted to
irradiation parallel to the light polarization. 

• With this arrangement, the next phase comprised studying the effect
of repetition rate on the obtained structures. It was found that the
ideal window of laser irradiation is between 0.100 MHz and 1 MHz.
Below this range the structures do not show a single and constant
cross-section, but fragmented. Upon using a repetition rate higher
than this range, the modified lines also show irregular cross-sections.
In fact, they are disrupted and often contain a circular shape on top of
the focal region which is shielding the lower/deeper located material
and preventing it to be modified. 

• The effect of pulse energy was investigated, and it was found that,
if a pulse energy of more than 234 nJ for pulse repetition rates of
( f = 0.001 to 1 MHz) is used, the focus is split in multiple foci. The
splitting is most probably caused by the Kerr-effect and, as a con-
sequence, the cross-sections of the channels after etching are not as
targeted. 

• Finally, stacks of microlines were studied by varying the number
of single lines composing them. In general, the presence of cracks
prevent the formation of hollow stacks of microchannels and limits
its size to 64 laterally overlapping channels. Moreover a possible
non-sufficient overlapping (technically limited by the setup) often
causes separation of adjacent channels. 

This work demonstrates the possibility of controlling the cross-
ectional shape of channels obtained in sapphire using a double-step
rocessing technique based on femtosecond pulsed laser irradiation and
elective etching in hydrofluoric acid. It is believed that structures with
 hollow, continuous and constant (along the length of the structure)
ross-section can be used for microfluidic applications. 
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