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Abstract 

An overview is given of the applications of short and ultrashort lasers in material 

processing. Shorter pulses reduce heat-affected damage of the material and opens 

new ways for nanometer accuracy. Even forty years after the development of the 

laser there is a lot of effort in developing new and better performing concepts of 

laserS.The driving force is higher accuracy at reasonable cost, which is realised by 

compact systems delivering short laser pulses of high beam quality. Another trend is 

the shift towards shorter wavelengths, which are better absorbed by the material and 

which allows smaller feature sizes to  be produced. Examples of new products, which 

became possible by this technique, are given. The trends in miniaturization QS predict- 

ed by Moore and Tanigychi are expected to  continue over the next decade too 

thanks to  short and ultrashort laser machining techniques. 

Keywords: tMisro-machining, Laser, Ablation. 



I introduction 
Photons are in this century. They are replacing electrons as 
the favorite tool in modern industry. Light is used for every- 
thing from eye surgcry to telephone technology and inateri- 
als processing. An important property of light is that it has 
no volume, photons have no charge, so when concentrated 
into a vcry small space, they don't repulse each other like 
negatively charged electrons do. This is a vcry important 
property for ultrashort machining. In the fifth century B.C. 
the philosopher Empedocles had the brilliant intuition that 
light is a streaming substance emitted by the sun and that we 
are not conscious of its movement because it moves too fast 
[I]. Now we know that light is produced by changes in the 
energy level of electrons. It moves through space as a wave, 
but when it encounters matter it behaves like a particle of 
energy, a photon. Not all photons have the same amount of 
energy. The visiblc part of the spectrum contains wave- 
lengths from 400 to 750 nm Radiation below 400 imi 
includes the harmful frequencies of UV and, x-rays, while 
above 750 nin the invisible infrared,' microwave and radio 
frequencies are included. The c&rgy of photons is E = hv. 
For the visible 500 nm wavelength this is 4 10-19 J or 2.5 
eV per photon, which is not enough to break the chemical 
bonds in the material This requires 3 to' 10 eV In the laser 
materials processing this can be overcome in different ways. 
The first solution is simply heating the'haterial by absorp- 
tion of laser energy, which is a thermal or pyrolitic process. 
Secondly higher energy photons (ÚV)-can be used with 

photon energies Òf 3 to 7 eV; which is used directly to break 
the chemical bonds (especially plastics) This is a photolitic 
process. For metals bven more energy is required (up to 5 
times the sublimation'energy of about 4 eV for most met- 
als). The third option is using lasers that deliver so many 
photons on a timc that electrons are hit by several photons 
simultaneously: Absorption of multi photons has thc same 
result as single high energetic photons. Pulses delivered by 
pico- and femto second lasers can strip up to 5 electrons of 
a molecule removing solid material as highly ionised plas- 
ma. In this case the photon energy, thus the wavelength, is 
Icss impqrtknf because energy is transferred by multi pho- 
tons simÚltaieÖusly. This is a reason that such lasers are 
preferable' o,j?érated in the visible part of the spectrum with 
relativdy s.jmple optics. Although the femtosecond lasers 
are still looking for applications, the race for shorter wave- 
lengths ,continuous. Recently the first isolated attosecond 
( s) pulses have been produced [2] and measured [3] in 
the extreniè ultraviolet around 14 nm wavelength. They are 
produced by' high ..harmonic generation, which requires 
injense,.femto'seCond lasers in turn. In this paper an 
overview kagiyeii of short and ultrashort pulsed lasers, the 
fields 65 applications and further developments. 

2 Laser-material interactions, 
what is short, what is ultrashort? 
In laser machining processes we distinguish pyrolitic and 
photolitic processes. In pyrolitic processes the laser energy 



is absorbed by heating the material, resulting in a tempera- 
ture rise, melting or evaporation of the material while pho- 
tolitic processes result in photon induced chemical reac- 
tions. This paper addresses mainly pyrolitic processes. 

2. I Shortlultrashort 
Since the invention of the laser there has been a constant 
development to shortcr pulse times. Only a few years ago 1 O 
nanosecond pulses were the shortest obtainable but now 
femtosecond lasers are applied and even shorter pulses can 
be obtained in the lab Therefore we will discuss first what 
is short from the viewpoint of the laser. 
Like very long distances can be expressed in light-years we 
can exprcss very short timcs in light-distanccs, that is the 
distance a light wave or a photon travels during that short 
time. This distance amounts for 100 fs pulse only 30 pm. In 
Figure 2.1 these light-distances arc shown in rclation to the 
laser machining processes. Note that for very short fs puls- 
es the distance is in the order of the wavelength of the light! 
The question how short is short enough can also be 
approached from the viewpoint of the applications. Chen [4] 
compared 3 lasers with different pulse width (Table 2.1) aiid 
concluded that shorter pulses produce better quality but at 
higher cost 

Shock hardening 

1 10 POO 1000 

1ó6 I 1000 
Interaction t ime [si 

Figure 2 I. Overview of laser machining processeS.The 'conven- 
tional' laser processes are found around the line of I I<J/cm2.The 
dotted line indicates the melt boundary of metal. Ultrashort 
processes require less energy per cm2 in general. 
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Table 2. I. General comparison of lasers with different pulse widtC 
and their performance and cost 

2.2 The material. 
The question what is short and what is ultrashort can be dis- 
cussed also from thc viewpoint of thc matenal The material 
is subjected to a beam of photons coming from outside 
which is absorbed in a skin layer. The photons are absorbed 
in that skin layer by thc frcc electrons, in about 1 fs s). 
The relaxation time of the electrons is about one ps s). 
During that time the energy is stored in the electrons, after 
the relaxation time it is converted into heat. The intensity of 
the incoming beam is expressed by IO The decrease of the 
laser intensity in the depth is given by I = Io e-OrX where OL the 
optical absorptivity of the inaterial aiid x the depth into the 
material. An important quantity is the penetration depth 
6 (6=2/a) in which almost all laser energy is absorbed. This 
optical penetration depth is for metals in the order of 10 nm. 
It means that the laser energy heats a 10 nm thick layer of 
metal in one ps. This heat will diffuse from that skin layer to 
the bulk. The diffusion depth is expressed by d=-\/4at with a 
as the thcrmal diffusivity and t the diffusion tiinc. In casc of 
steel we obtain in 10 fs a diffusion depth of 1 nm while dur- 
ing a 1 ps pulse the heat diffuses over 10 nm. Taking the 
results together than we see that: 
- it takes 1 ps to convert laser energy into heat 
- this takes place in a 10 nm thick skin layer 
- the diffusion depth for 1 ps is also IO nm 
From thcse rcsults we considcr a pulse as ultrashort when 
the (thermal) diffusion depth during the pulse is in the same 
order or less than the skin layer depth (optical penetration 
depth). The optical penetration depth depends on the niater- 
ial and the laser wavelength. The diffusion depth depends on 
the material properties. Table 2.2 gives some numbers for 
different materials. Since especially for glass and plastics 
thc material can be more or less transparent for certain 
wavelengths this is just a rough indication. Detailed infor- 
mation is given by Bosman [SI. In general we will consider 
pulses shorter than one picosecond as ultrashort. 



_l_ll-...." ........... -.Ix..-__..__.~._I.-~-~~~ ......... 
! Material 

I 
[---Pulse length 

i 
I 

1 the particles is several km/s or more, but there arc also par- 
1 ticles whose velocities are negative. They are returning to 
i the substrate causing some dcposition of debris. Another 
i effect found by simulation was the generation oîdislocation 

j Piastics I 1 ns i slip planes and vacancies due to shock waves acting until 50 L .... i I__III_IIII__III-I_I_~----- 1 nm below the surface. 
Table 2.2 Ultrashort pulses times for some materials 
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Based on physical considerations a removal rate of 10 
ndpulse at F = 1 J/cm2 is expected on stccl, while an excess 
of laser Iluence is spilled. Experiments at Lawrence 
Livermore Nat Lab (Figure 2.2), however, show higher 
yields of 50 ndpulse  at F = 4 J/cm2 up to 350 nndpulse at 
F = 14 J/cin2 which is the saturation limit according to 
Semak [6]. These rcsults are explained by the interaction 
with the hot solid plasma that is formed during the pulse and 
which is expected to evaporate metal even after the pulse 
has been finished. According to Semak, there is no detailed 
knowledge about the real interaction processes during fein- 
tosecond laser pulses up to now. Computer simulations 
however, based on three-dimensional inolecular dynamics, 
will give some insight in the interaction phenomena. 
Ohmura [7- 101, (Figure 2.3) has simulated the interaction 
and ablation behaviour of aluminium, copper and silicon at 
266 nm wavelength The optical penetration depth was 7, 12 
and 5 nm respectively. The applied power density was in thc 
range of 5 to 50.109 W/cm2. It was found that the material 
evaporates as small particles (O 3-10 nm), most of them 
smaller than 1 nm. The average velocity of 
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Figure 2.2. Material removal rates for two lasers. A Copper vapor 
laser 30 ns, +.Ti: sapphire laser 200 fs. 
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Figure 2.3.Ablation of silicon by a 200 fs, 5 I Oio W/cm2 laser pulse. 
The 5 nrn thick layer is released from the surface within 3 ps [8] 

2.3 Generation of short laser pulses 
The inechanism for generating laser pulses lies in the naturc 
of thc active laser medium and the corresponding lifetimes 
of the atomic energy levels. With pulsed lasers much higher 
peak powers can be reached making these sources attractive 
for iiuinerous applications in industrial production. By 
using different pulse generation techniques (Figure 2.4), the 
pulse duration, pulse energy and reproducibility can be 
modified over wide ranges. 

-Gain switching 
Gain switching can be regarded as the most direct method to 
generale laser pulses During gain switching the pumping 
process is modulated which results in switching the ampli- 
fication in the laser medium. After the pumping process has 
been switched on, the population inversion starts to build 
up. The laser starts to oscillate when the critical inversion is 
reached, i.e. the gain becomes larger than losses. The oscil- 
lation continues until the pumping process is switched off, 
or until the losses become higher than the amplification. 
The reproducibility and stability tends to be stochastic, 
which makes gain switching, in spite of its simplicity, inap- 
plicable for inany applications. Pulse duration available 
from flash lamp pumped solid-state lasers by gain switching 
can vary between 10 ps up to 10 ms. 

- Q-switching 
The output of a gain switched, pulsed solid-state laser is 
generally a train of irregular pulses - irregular in pcak 
power, pulse width and repetition frequency. It is possible to 



remove these irregularities and at the saine time greatly 
increase the peak power by a technique called Qswitching. 
Q-switched lasers normally emit only one giant pulse in an 
operational cycle. The pulse length is typically less than a 
microsecond down to several nanoseconds and peak powers 
between lo6 W and lo9 W. This technique can also be 
applied to continuously pumped lasers in order to produce a 
train of Q-switched pulses with regular duratioii, peak 
power, and repetition rate. Qswitchiiig is a mode of laser 
operation in which energy is stored in the laser material dur- 
ing puniping in the form of excited atoms and suddenly 
released in a single, short burst. This is accomplished by 
changing the optical quality of the laser cavity. The quality 
factor Q is defined as the ratio of the energy stored in the 
cavity to the energy loss per cycle. During pumping the high 
reflectivity (HR) mirror is effectively removed from the sys- 
tem, resulting in a low Q factor and preventing the onset of 
laser emission. After a large amount of energy has been 
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Figure 2 4. Different Q-Switching techniques 

storcd in the active medium, the HK mirror is returned to 
proper alignment and operation, and most of the stored 
energy emerges in a single, short pulse [I  i]. A Q-switch is 
essentially a shutter placed between the active medium and 
the HR mirror. With this shutter closed, the HR mirror i s  
blocked preventing oscillation When the amplifier gain 
reaches a predetermined value, the shutter is opened to 
increase the cavity quality. Several techniques can be used 
for Q-switching OE lasers. Mechanical Q-switches can be 
realized by a light chopper, a spinning disc with a hole, or 
by a spinning mirror. The chopper is inserted into thc opti- 
cal cavity between the laser rod and the high reflecting mir- 
ror. A mechanical chopper is relatively slow. It can switch 
only a fraction of the beam area at a timc as it is swept 
across the aperture. For this reason, mechanical Q-switches 
are not practical or effective. Spinning reflectors are used 
quite frequently in Qswitched systems where it is not nec- 
essary to closely synchronize the output to some other 
event. Usually the high reflecting mirror is rotated so that 
the mirror is tilted out of alignment. The system is Q- 
switched when the mirror rotates back into alignment (it is 
in alignment once each revolution). Switching time is typi- 
cally a few nanoseconds. For electro-optic Q-switching a 
polarization filter and rotator are placed into the reflecting 
cavity between the laser rod and the reflecting mirror. 
Rotating the polarization vector of the laser beam inside the 
cavity results in low cavity feedback so that it cannot pass 
through the polarization filter. When this polarization rota- 
tion is terininated, the cavity reflectivity is high and the sys- 
tem will produce a giant pulse. Two of the electrooptic 
devices used in this application are Kerr cells and Pockels 
cells. The Pockels effect is a lincar electrooptical effect, i.e 
the refraction index change in the parallel and orthogonal 
direction is proportional to the applied voltage. The Kerr 
effect is a non-linear electrooptical effect, i.e. the dependen- 
cy is a square function of the applied voltage Switching 
time is fast, typically less than a nanosecond. Within acous- 
to-optic Q-switches a transparent element is placed in the 
cavity This transparent device, when excited with intense, 
standing, acoustic waves by piezoelectric crystals, exhibits a 
diffraction effect on the intracavity laser beam and diffracts 
part of the beam out of the cavity alignment This results in 
a low feedback. When the acoustic wave is removed, the dif- 
fraction effect disappears, the cavity is again aligned, and 
the system emits a giant pulse. Switching tiine is slow at 100 
ns or greater. Saturable absorbers are available as thin films 
on glass substrates or as liquids in glass cells. For 
Qswitching, a dye cell is placed in the laser cavity. The dye 
absorbs the laser wavelength at high ratcs at low light inten- 
sities, presenting a very high cavity loss to the laser, and 
preventing lasing until the amplifier has been pumped to a 



high gain state. When the irradiance froin thc active inedi- 
um becomes intense enough, the energy that is absorbed by 
the dye optically pumps the dye material, causing it to be 
transparent at the laser wavelength. The dye cell is bleached 
and causes no longer high cavity losses, i.e. the quality of 
the resonator increases The absorption change of the dye is 
the equivalent of Q-switching in the laser, and it can occur 
in less than a nanosccond. Their switching time is fast. 

- Mode-loclang 
While Q-switching can be used to generate pulses with high 
intensities in tlie ils-range, mode locking is used to generate 
ultrashort laser pulses with pulse duration in the ps- to îs- 
range. Pulses in the ps-rangc were generated for the first 
time by passive mode locking of a ruby laser shortly after its 
discovery by Mocker in the mid 60s [12]. Mode locking can 
be used very effectively for lasers with a relatively broad 
laser transition bandwidth, and thus for lasers with a broad 
amplification profile, in which numerous longitudinal 
modes can oscillate simultancously. Assuming that 2N+1 
modes oscillate with the same amplitude Eo and a constant 
phase rclation between the modes, the resultant field ampli- 
tude Etot can be expressed as a function of the time t. The 
superposition of the single modes with a constant phase dif- 
ference leads to laser pulses with a duration t,,. The peak 
intensity I, of the single pulses (Figure 2.5) is given by: 

Ip=(2N+1)210 

Thus, the peak intensity is (2N+1) times the sum ofthe sin- 
gle intensities when the oscillating modes are random cou- 
pled. 

Figure 2.5 High peak intensities by Mode-locking. 

The broadcr the spectral bandwidth of the transition and the 
higher the number of modes for which the threshold ampli- 
fication is exceeded, the shorter laser pulses can be generat- 
cd For achieving the mode-locking condition, active and 

passive mode-locking techniques can be used Activc mode- 
locking implies tl.iat the resonator is equipped with a modu- 
lator, which is triggered by an external signal 111 such a way 
that a sinusoidal modulation of the losses in the optical res- 
onator takes place. The frequency is equal to the frequency 
distance of the longitudinal modes. Initially, this loss modu- 
lation represents an amplitude modulation with the frequen- 
cy of the mode, which starts to oscillate first at a maximum 
amplification at the frequency. This modulation then induces 
the neighbouring modes with the frequencies, which experi- 
ence an amplitude modulatioi-i as well. This process contin- 
ues until all longitudinal modes within the amplification 
bandwidth of the laser are coupled and synchronized. The 
induction of the side bands autoinatically results in the con- 
stant phase relation. Generally, electro-optic and acousto- 
optic modulators can be used. Flash lamp-pumped solid- 
state lasers typically produce pulse durations of 100 ps, with 
Nd.YAG and 30 ps with Nd.YLF using active mode locking. 
Diodcpumped Nd.YLF lasers with active mode locking are 
even able to provide laser pulses below lops. Passive mode 
locking is based on the same principle as activc mode lock- 
ing, which is a temporal modulation of the resonator losses. 
In contrast to active mode locking, the laser system itself 
determines the point in time at which thc losses are at their 
ininimuin [13]. The loss modulation takes place either by 
means of an intensity dependent absorption, which is caused 
by a saturable absorber [ 141 or the use of the Kerr effect [ 151. 
Due to the fact that many modes oscillate simultaneously in 
an oscillator with a broad amplification bandwidth, the 
intensity initially shows a statistic temporal behaviour. Such 
time dependent intensity automatically causes a temporal 
loss modulation in the absorber. This gradually leads to an 
order with a constant phase relation between the individual 
longitudinal modes, which behaviour can be thcoretically 
described by the fluctuation model. In passive mode locking 
using saturable absorbers, mode locking starts from normal 
noise fluctuations in the laser cavity. Once a noise spike 
exceeds the threshold of saturating an absorber, the losses 
decrease, and gain increases in the round trip. Thus initiated 
spike begins to grow, and becomes shorter, until a stable 
pulse duration is obtained. As a rule, an absorber cuvette 
with a length of 1 O0 pm is being placed in the resonator. The 
advantage of this set-up is that the reflected front flank of the 
pulse and the approaching back flank of the pulse interfere 
inside the absorber, which results in a saturation at lower 
intensities. Currently, for the generation of ultrashort laser 
pulses in solid-state lasers usually Kerrlens mode locking is 
applied. This method uses the nonlinear Kerr-effect, i e the 
depcndcncy of the refractive index from the incident intensi- 
ty. If a laser beam with high intensity and Gaussian profile 



passes a Kerr medium the refractive indcx is not spatially 
constant due to the intensity profile. According to the high 
intensities close to the center of the laser beam, the refractive 
index and accordingly the optical path, are high compared to 
the outer regions. Consequently, the Kerr-mediuin acts as a 
gradient index lens and is, therefore, called Kerr-lens. For 
Kerr-lens inode-locking, an aperturc is installed in the focal 
point of the Kerr-lens which is big enough to let the focused 
pulsed beam pass and to block most of thc low intensity radi- 
ation. This intracavity aperture lets the mode-locked pulses 
with high intensities pass and blocks the modes with random 
phase relation and low intensity level until they get the right 
phase relation by accident. The aperture can either be real- 
iTed by a slit or by arranging a tailored puinping region in the 
active material The combination of the Kerr-medium with 
the aperture then acts as a saturable absorber. 

verview SP lasers and application fields 
Table 3 1 gives an ovei-vicw of the (short) pulscd lasers for 
various applications 
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Table 3. I Short pulsed lasers 
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The passively Q-switched micro lasers [16,17] open new 
ways for micro machining. A continuous wave diode laser of 
about 1 W is used to pump a laser niaterial with a saturable 
absorber on the output window. When this solid state Q- 
switch reaches the threshold it becomes transparent within a 
nanosecond and a short pulse (0.3 to 1.5 ils) is delivered 
Repetition rates are between 2 and 50 kHz. An overview of 
laser micromachining applications is in Table 3.2. 
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4 Solid state pulsed lasers 

4. i Introduction 
A variety of tools are used for micro machining, including 
high precision turning (Weck [ 19]), electric discharge 
(Krutli [ZO]) or electron- and laser beams. Each has a dif- 
ferent mechanism for energy coupling, such as mechanical 
heating of the cut edge as well as Joule heating of the cur- 
rent density (volume source and homogeneous Neumann 
type') boundary condition) and scattering and absorption of 
electrons and photons within a few tenths of an Angstrom 
(Neumann type boundary conditions) up to a few centime- 
ters depending on material and photon energy [21]. Two 
types of pulsed lasers, excimer lasers and solid state lasers, 
are widely used in industrial production for generating a 
structure size in the range of 130 nm (for cxample Pentium 
4 lithography) and for laser ablation by melting and vapor- 
ization of inaterial with structure sizes of O. 1 inm and form 
accuracy of 1 - 1 O pni Excimcr lasers are based on gas dis- 
charge and operate in the UV wavelength. Solid-state lasers 
are applied with lamp pumped crystals designed as first 
generation diode pumped lasers where diode lasers substi- 
tute the lamp while the resonator design remains almost 
unchanged. The domains of excimer lasers are applications 
that need high average output powers (up to several 100 W) 
and large pulse energies in the UV wavelength regime 
Excimer lasers offer large pulse energies (10 mJ to 1 J) at 
Pulse durations around 30 ns by a discrete UV wavelength 
between 157 and 355 nm. Typical applications are: 1JV lith- 
ography, annealing of LCD displays, eye surgery and sur- 
face treatment by mask imaging techniques. Solid state 
lasers with a wavc length of 1 06 pni based on Nd:YAG and 
Nd.Vanadat crystals are widely used for marking and micro 
structuring processes in industry. With the option of non-lin- 
ear frequency conversion to 532 nm, 355 nm and 266 nm 

laser cliaracteristics and material properties like wavelength 
dependent absorption can be matched. Diode pumped solid 
state lasers are, compared to excimer lasers, more compact, 
nearly maintenance free, and offcr better beam quality 
which enables direct processing and a wider range of wave- 
length, pulse durations and pulse frequency. Different types 
of solidstate lasers are used They can be labelled by pulse 
energy E,, average power P and pulse duration tp. 
Conventional lamp pumped, acousto-optic Q-switched 
lasers (EP > 10 mJ, P = 10 - 200 W, t, = 60 ns to several 100 
ns) are widely used in low cost systems for marking appli- 
cations. Electro-optic Q-switched lasers offer shorter pulse 
durations and higher pulse powers (EP < 1 mJ, P = 1 - 30 W, 
tp > 5 - 20 ns), they are used for structuring and drilling. 
Higher output powers (up to the kW level) are gained by 
amplification of the oscillator pulses in a separate amplifier 
module. Advances in tailoriiig of the optical energy density 
will enable prospective applications 

The most valuable paraineters of the achievable laser perfor- 
mance are shown in Figure 4.1: pulse energy E, LinJ], repc- 
tition rate "rep, pulse duration tp, and beam quality M2. For 
the highest beam quality (M2 = 1) beam is diffraction limit- 
ed. The key properties are beam quality and output power 
-improved simultaneously at high efficiency- as well as 
compact design. The combination of enhanced capabilities 
for tailoring the optical energy density with new laser sys- 
tems and improved processing strategies using the advanced 
ps-lasers as well as lasers with only a few 11s pulse duration 
[22] leads to further iniproveineiit. Actual developments 
enable new applications like marking in the middle of trans- 
parent materials as well as polishing of metal parts (Figure 
4 .9 ,  micro machining of transparent inaterial (Figures 4 7 
and 4.8) with highcr form accuracy and also generation of 
EUV radiation at 13 nm wavelength for next generation lith- 
ography. Beyond metals and ceramics also materials like dia- 
mond and semiconductors as well as very weak materials 
like silicon and rubber can be processed Theoretical aspects 
of actual approaches leading to new laser sources and their 
applicatioiis are presented in the next paragraph. 

i) There are three kinds of boundary conditions 

a. Dirichelet boundary conditions the temperature is  prescribed at the 

boundary 

b Neumann type boundary condition means that the temperature at the 

boundary directly follows from the prescribed heat flow (example 

radiation) 

c Robin boundary conditions a combination of temperature and heat 

flux is  prescribed at the boundary and both, temperature and heat flux 

are parts of the solution (example Phase transformations) 
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Figure 4. I : Roadmap for solid-state laser systems, introduced t o  
industrial applications like drilling, structuring, and cleaning. 

4.2 Fundamentals of laser performance. 
Tailoring the laser performance means to balance the fun- 
damental phenomena involved in the laser action and espe- 
cially to take full advantage of the diodc laser as excitation 
source for the laser crystal. The mechanisms of excitation, 
amplification and saturation in the crystal depending on 
spectral and spatial matching of diode pump volume to the 
volume of the desired laser mode influence efficiency and 
beam quality. In conventional side pumped laser designs for 
example thermo-optical effccts introduce thermal lensing 
and birefringence which reduce beam qüality and stablc 
laser operation. As consequeiice of thermal induced bire- 
fringence the statc of polarization is changed and optical 
losses are introduced. Successful resonator design dcpcnds 
on detailed knowledge about the most important physical 
phenomena today limiting the laser performance. Currently 
applied designs are: 

Rod end pumped 
Thc output power is limited by thermo mechanical dam- 
age of the crystal even for high strength YAGmaterial 
and the beam quality and scalability of output power is 
limited by thermal lensing. 
Rod side pumped 
The beam quality is limited by birefringcncc, siiicc the 
thermal lens becomes polarization dependent. In spite of 
these limitations actual development of industrial solu- 
tions for robust and ccononiical power amplifier for 
Next Generation EUV-Lithography are based on rod side 
pumped modules. 
Sluh side pumped (conventional, almost the whole slab 
volume is excited) 
The amplifier gain is limited by parasitic modes. The 
laser emission is not gain guided and therefore addition- 
al, parasitic modes are amplified outside the fundainen- 

tal inode volume The output power is limited by thermo 
mechanical damage of the crystal. In particular cxcita- 
tion and heating at tlie corners and edges of the crystal 
are critical. 
Innoslab end pumped (Figuiz 4.3) 
The scalability of the laser power at high beam quality is 
limited by the spatial homogeneity of the pump radiation 
in the scaling direction (Figure 4 3, x-direction). 
Shaping of the diode laser beam by optical integrators is 
the challenge 

- Duc end pumped 
The thin (1 O0 pin) disc concept [23] relies on multi pass 
excitation and high regencrative amplification in order 
to compensate the small crystal volume. Optical 
arrangement of multi pass excitation instead of thermal 
management becomes crucial for the beam quality. hi 
comparison to the eiid pumped slab Innoslab both heat 
exchange and reflection of the laser light takes place at 
the mounted surface of the disc. One challcnge is to han- 
dle both demands - thermo-mechanical robustness for 
rcliable heat exchange and high optical quality - simul- 
taneously. Actually the disc and the Innoslab are the 
most promising concepts for the resonator design and 
their potentials are not fully discovered. Suitable match- 
ing of diode laser charactesistics and resonatoi- design is 
tlie challenge of actual development to enable the 
advanced laser performance of diode pumped solid-state 
lasers of the second gcncration. 

- 

4.3 Advances in laser performance 
New laser sources likc diode pumped solid-state lasers and 
diode lasers lead to improved beam qüality, efficiency and 
coinpactness compared to conventional CO;, and lamp 
pumped lascrs I n  the past four years the first generation of 
diode laser based new laser sources have been introduced 
into industrial production. Actually first prototypes of the 
sccoiid generation of diode pumped solid-state lasers are 
ready for use. Beside improvements in efficiency aiid beam 
quality these laser sources provide short (ns) and ultrashort 
(ps and fs) pulses with very high pulse powers, leading to 
improved process efficiencies and new fields of laser appli- 
cation. Advances in the design of crystal cooling and exci- 
tation by diode lasers enable the second-generation solid- 
state lascrs to becoine very efficient and compact tools for 
a wider range of pulse paramcters Additionally new types 
of lasers crystals like Yb.YAG [24] or Yb:KGW can be 
used. The simple two-level electronic stsucture of the Yb ion 
avoids undesired loss processes such as upcoiiversion, excit- 
ed state absorption, and concentration qucnching 
Compared with the commonly used Nd:YAG crystal 



Yb:ICGW crystal has a much larger absorption bandwidth, 3 
or 4 tiines longer eniissioii lifetime in similar hosts with 
enhanced storage capacity. Disc lasers and end pumpcd slab 
lasers allow average powers up to the kW regime and beam 
qualities comparable to a COL-laser. While disk lasers have 
been proven to provide good CW performance, pulse pcr- 
formance is limited by comparable low pulse energy and 
low gain, leading to 1 O0 ns pulses in Q-switched operation. 
Mode locked oscillators generating ps pulses at more than 
100 W average output power have been demonstrated. Slab 
lasers provide highest bcam quality at kW output level and 
the ability of short pulse generation (5 to IO ns) in Q-switch 
mode. High gain lead to efficient single pass amplification 
for example amplification of a 4 W signal at 7 ps pulse dura- 
tion and 100 MI-Iz repetition rate to about 50 W average 
power with a single amplifier stage. Most ps-systems are 
also build up in Master Oscillator Power Amplifier (MOPA) 
configurations; ps pulses with average output power of sev- 
eral W are generated by mode locked solid state lasers and 
amplified by regenerative and/or high gain single- or inulti- 
pass amplifiers. These lasers are mostly on a laboratory 
level. Material processing with ultrashort-pulses (Ep < 100 
mJ, P = 1 mW to 1 O0 W, tp > 1 O - 150 fs) is actually under 
investigation. There are only a few fs-laser systems used in 
production, see par. 4.8. Next generation fs-lasers are 
expected to be direct diode pumped in order to reduce sys- 
tem size and costs. First laser sources based on crystals like 
Cr:LiSAF and Cr:LiSGAF have been demonstrated. 
Amplifier prototypes will be available soon. 

4.4 Resonator design 
The core issue by scaling the output power at high beain 
quality is the thermal management to maintain high beam 
quality. An effective design is given by diode end pumped 
slab laser [25], a slab-shaped crystal with two polished end 
faces only for passing the pumping beam and the laser 
beam. The waste heat in the crystal is effectively removed 
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Figure 4.2 The Innoslab concept takes advantage of gain-guided 
generation of laser radiation. Homogeneous excitation by beam 
shaping of the diode laser IS a key feature. 

by iís two large faces, which are thermally contacted to heat 
sinks (Figure 4.2). 

A diode laser stack pumps the slab crystal. They havc to 
match the emission and absorption spectra as well as the 
spatial volume of pump mode and the laser mode,. The exci- 
tation and amplification is gain guided inside the slab hav- 
ing a line shaped cross section, which underfills the cross 
section of the slab. A hybrid resonator -stable in the plane of 
small gain dimension (high beam quality) and off-axis 
unstable (high power) in the plane of large gain diinension- 
is used for getting high efficiency at diffraction limited 
beam quality. The resonator has a length of some cm since 
the time for one round trip in the resonator limits the achiev- 
able pulse length and repetition rate. The slab design takes 
(spatial and spectral) advantage of the diode lasers. In par- 
ticular the line shaped diode laser beam is diffraction limit- 
ed in the fast direction (Figure 4.2, y-direction) where it 
matches the requirements of gain guiding. Simultaneously, 
the line shaped diode laser beam with low beam quality in 
the slow direction (Figure 4.2, x-direction) matches the slab 
shape. In combination with the cooling design end pumped 
slab laser has a compact size, efficient cooling in one spa- 
tial direction (low thermal lensing), proper overlap of the 
excited and laser mode volumes (high efficiency and beam 
quality). Short pulses in Q-switch operation are achieved 
and the power is expected to be scalable at diffraction limit- 
ed beam quality by increasing the extent of the slab the 
length of the line shaped diode laser beam (Figure 4.2, xdi- 
rection). Based on the end pumped slab laser concept the 
Fraunhofer Institute for Laser Technology and the Company 
EdgeWave have developed an electro-optically Q-switched 
laser. The laser delivers an output power as high as 50 W at 
a repetition rate of 45 kHz Figure 4 3 shows a typical pulse 
shape. The pulse length is about 5 ns at 5 kHz. The pulse 
energy reaches 5 mJ at 5 kHz. The pulse peak power is as 
high as 800 kW, which is of interest for efficient frequcncy 
conversion. The beam quality is almost diffraction limited. 
The high peak power and high beam quality can be used for 
engraving inside transparent materials (Figure 4 4). In this 
case the laser beam is focused into the transparent material 
The extremely high intensity of about 400 GW/cm2 at the 
focus leads to localized absorption and optical breakdown 
in the volume of the material. The absorbed laser energy 
generates a micro deformation, which scatters the light 
(Figure 4.4, inlet). 



Figure 4.3:With the Innoslab concept shortest pulse durations of 
about 5 ns at 5 kHz repetition rate are demonstrated emitting a 
high quality nearly diffraction limited 5mJ laser pulse 

Figure 4.4 Engraving on the inside transparent materials generate 
micro deformations, which are visible by scattering of the light. 
Laser polishing means remelting with cw-lasers and finishing by 
short pulse lasers (right). 

Moving the focus by a scanner can generate threedimen- 
sional pictures. The applications of such process are perma- 
nent coding of glass, anti counterfeiting and quality control. 
The generation of tools for moulding is done mostly maiiu- 
ally and is very time consuming. A new application under 
development is laser polishing, where remelting with cw- 
lasers does pre-processing and for finishing short pulse 
lasers are used (Figure 4.4). 

4.5 Power amplifier for EUV-lithography 
The need for microchips with smaller structures requires 
new technologies of lithography (Next Generation 
Lithography). With Plasma-sources radiating in thc extreme 
ultraviolet region, structure sizes of 10-13 nm are possible. 
A promising source for efficient plasma generation from 
Xenon droplets are diode pumped solid state lasers with 
short pulses, high repetition rates, average power in the kW- 
region and excellent beam quality. Reliable economical high 
powcr industrial cw laser modules (ROFIN SINAR) arc 
used for excitation. Such laser modules are available for cw 
output powers up to 5 kW To achieve a beam quality M2 < 
1 O, which is necessary to provide intensities higher than 
lol2 W/cm2 on the plasma target, special efforts regarding 
the conipensation of thermal effects (i e thermal leiising, 
thermal induced birefringence) of the laser rods are neces- 
sary [26]. The amplifier modules are pumped in cwmode 
with high power diode laser bars with a maximum optical 
pump power of 2000 W per module. This is because at the 
repetition rates of 1 - 10 1tHz a pulsed pumping of the 
Nd.YAG rod is not of advantage because of the lifetime of 
the upper laser level Numerically optimised optical config- 
urations, consisting of polarization rotators and lenses, 
between the amplifier modules serve as birefringcnce com- 
pensation and allow a very compact design of the amplifier 
while maintaining a very high mode overlap to meet the 
demands foi- high quality and power. Set-ups with oscilla- 
tors of repetitions rates up to 10 kHz and 2 amplifiers are 
demonstrated. Configurations with 4 amplifiers are actually 
under investigation. The experimental results are used for 
iniprovcment of the underlying model and the numerical 
calculations to extrapolate the scalability to 8 amplifier 
modules. 

4.6 Processing with higher harmonics 
Generally, laser processing of dielectric materials requires 
ultraviolet radiation because of the low absorption of the 
infrared laser wavelength Non-linear optical effects like 
frequency conversion require a high beam quality and a high 
pulse peak power to be efficient Current laser sources for 
precision ceramic processing are Q-switched diode pumped 
solid state lasers (DPSSL) with extra cavity frequency dou- 
bling and tripling [27]. The beam profile can be approxi- 
mated as a Gaussian mode, which results in a near-diffrac- 
tion, limited beam quality (M2 5 1.5). Beam quality and sta- 
bility of modern laser sources is prerequisite for most appli- 
cations The pulse repetition rate is typically in the range of 
1 to 5 kHz and will be increased by actual laser develop- 
ments. With different beam guiding and shaping devices the 
focus diameter can be varied between 3 and 20 pin A sec- 
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ond harmonic conversion efficiency of 65% is achieved by 
illuminating a nonlinear crystal (LBO) with the Innoslab 
(Figurc 4.2). The pulse length at the doubled frequency 
remains below 6 ns at repetition rate as high as 15 kHz. 
There is a pronounced dependence of absorption on wave- 
length in the interesting spectral i-ange from 200 to 1200 nm 
for ceramic materials (Figure 4.5) The absorptivities are 
calculated from the measured reflection and transmission at 
low intensities with white light lamp At low intensity illu- 
miiiation the optical properties of the bulk material at low 
temperatures are detected. The temperature dependence of 
the optical properties as well as phase transitions and 
decomposition are not encountered, so that these results 
cannot givc an exact value for the energy deposition during 
laser processing but they figure out the general course For 
example, also materials transparent at low intensities like 
sapphirc can be machined at high intensities or with a rough 
surface. The absorption increases rapidly in the UV-range 
for Al203 and ZrOz. For S13N4 and hard metals like tungsten 
carbide (WC) there IS  no significant change over the whole 
spectrum as well as sapphire is nearly transparent 
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Figure 4.5.The absorption of ceramics depends on wavelength. 
W i th  the option of efficient nonlinear frequency conversion t o  
532 nrn, 355 nm and 266 nrn laser characteristics and material 
properties like wavelength dependent absorption can be 
matched. 

Rased on the absorption characteristics excimer lasers and 
frequency tripled Nd:YAG lasers are used yielding low opti- 
cal absorptions length and high ablation efficiency Short 
pulse lasers, especially frequencytripled, diode pumped 
Nd.YAG lasers with a high beam quality offer the possibil- 
ity to ablate these materials with high quality With a spot 
size of about 10 pm, high fluence (> 100 J/cm2) can be 
achieved, so that the materials are vaporized with small 
amounts of molten material This technique is applicable for 

drilling small holes with diameters 2 5 pm (aspect ratio up 
to 60) and cutting of thin ceramic substrates (thickness 0.5 
mm). The edges are sharp and the surface roughness can be 
reduced to Ra 5 0.1 pm. Low ablation rates (0.05 pg per 
pulse) are in favour of controlled micromachining and high 
precision. The achieved removal depth per pulse has a max- 
imum at a material specific energy density and decreases for 
higher values The best quality is achieved at reduced inten- 
sity to avoid thermo mechanical damage of the surrounding 
material. Furthei-more the thickness of the recast layer can 
be reduced down to < 5 pm depending on energy per pulse 
and pulse length. There is a possibility the thermal shock on 
ceramics can cause damage uiider the recast layer. 
Investigations with shorter pulse lengths show no signifi- 
cant damage [28]. At higher energy densities also laser puls- 
es in the fs-range can cause inaterial damage. The machin- 
ing quality depends on the maximum pressure of the vapor- 
ized material. The pulse length dominantly determines the 
amount of molten material. Three-dimensional microprod- 
ucts are produced with direct writing were the laser bcam 
moves - in most cases scans - along the workpiece. To get a 
threc-dimcnsionai micro-product the geometry is sliced into 
several layers comparable to a milling process using 
CAD/CAM-software. The average depth of a single layer is 
used as parameter for the calculation of the toolpath. The 
exact depth of the layer is measured with a white light sen- 
sor after removing each layer and compared with the desired 
value. Deviations are adjusted by varying the process para- 
meters or by recalculating the toolpath. Precise inicro-prod- 
ucts are produced by 30-50 Yi overlap. Out of this range the 
roughness increases steeply [29]. The depth of a single layer 
and the roughness depend on the energy density The sur- 
face roughness increases at higher aspect ratios of a single 
pulse crater A periodic wavy surface is the result, where the 
period of these waves is not a function of the grid of the 
laser pulses. As example, the roughness of WC surface 
processed at a spatial distance between two laser pulses of 
10 pm contains waves with a period of around 40 pm. An 
optimised surface roughness can be achieved with flat 
removed areas, which means a low aspect ratio. As an exam- 
ple, the pyramid made of WC as part of an embossing tool 
has a very good surface roughness, coinparable to EDM 
(Figure 4.6). The single ablation steps remove around 1 pm 
Due to the low energy densities no damage by removed 
grains was detected The adhesion of the removed material 
(debris) is a very weak, so that the structures can be cleaned 
easily in an ultrasonic bath. Compared to the combined 
mask and dircct writing technique by Exciiner lasers, the 
direct writing process with a Q-switch Nd:YAG laser offers 
a higher flexibility concerning the possible shapes, because 



curved surfaces are generated easily by CADíCAD. The 
restrictions are given by the accuracy of the moving system 
With this technique three-dimensional structures will be 
produced in future. The final structures can be used as tools 
for thc production of cmbosscd metal micro parts. 
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Figure 4.6. Surface roughnesses of WC after laser micro 
structuring (X = 355nm, fp = SkHz, E, = 0.26mJ) Inlet: sur- 
face of WC-embossing tool (E,, = 0.3 mJ). 

4.7 Outlook of future laser developments 
Diode pumped solid-state laser systems of the first genera- 
tion are based on rod laser operation and have improved 
beam quality in comparison with lamp pumped systems. 
They represent a simple, compact and robust tool for indus- 
trial manufacturing. Also special applications like Next 
Generation EUV-Lithography rely on power amplifiers with 
side pumped rods. Furthcr improvement with rcspcct to 
beam quality is possible but limited by thermal lensing. The 
slab as well as the disc laser are seen to be the most promis- 
ing concepts for diode pumped lasers of the second geiiera- 
tion, where the resonator design and new dopants as well as 
host crystals are used to take full advantage of the excitation 
by diode lasers. Tailoring the optical energy density with 
respect to the desired spatial fcaturcs and dynamical pro- 
cessing domain becomes a broader sense, due to the extend- 
ed range of accessible parameters for the laser performaiice 
and its control. Requirements of micro machining and 
demands on geometrical accuracy will be approached by 
diode pumped lasers of the second generation. 

4.8 Examples of applications 
Laser cleaning: 
Pulsed Nd.YAC lasers are also used in the cleaning and 
recycling area. G. Spur [30] has developed a process for de- 
coating compact disks, madc of (Dl20 x 1 2  mm polycar- 
bonate discs coated with 50 nm aluminium and 10 pm var- 
nish. Due to the recycling economy and waste legislation 
established in 1996 and the EU waste law for information 
technology, industry is seeking solutions for an economical 
and efficient recycling process. It is estimated that of the 10 
billion disks annually 3 billion pieces will be collected for 
recycling. The applied laser is a 50 W 8 ns Q-switched 
Nd:YAG laser delivering 2 J pulses, which chip the alu- 
minium and varnish, and does not influence the transparent 
polycarbonate. The removal rate at 50 Hz is 22 cm2ís which 
results in a de-coating time of 5 s and cost (including han- 
dling and labour) of 0.04 $ per disk. This is in the same 
order as the real production costs of a new disk! [3í]. 
Another interesting cleaning application is surface cleaning 
of silicon wafer by 'laser sparking' which is a gas break- 
down caused by an intense laser pulse focussed in the air 
above the wafer surface. It has been shown by Lee [32] that 
an airborne plasma shock wave above the surface can suc- 
cessfully remove small particles (-1 pm diameter) such as 
tungsten, copper and gold from the silicon surface. This 
contactless cleaning technique is a very efficient, fast and 
damage-free process. It has superior characteristics com- 
pared with conventional laser cleaning employing direct 
interactions bctwecn the laser pulse and thc particles. In 
conventional laser cleaning a fourth harmonic Q-switched 
Nd:YAG laser (266 nm, 10 ns) is directed on the Si sub- 
strate. The small tungsten particles are removed by a rapid 
thermal expansion of the particle resulting from the laser 
absorption. This requires fluencies above 0.65 J/cin2 to 
overcome the strong adliesion force for smaller particles 
The short wavelength is necessary because of the better 
absorptivity of W, Cu and Au for this wavelength. The flu- 
ency, however, must be kept below the threshold fluency of 
Si damagc (0.3 Jlcin2). This is not enough for cfficient par- 
ticle removal in the conventional way. In the new contactless 
method the striking incoming beam is focussed 2 mm above 
the surface at around 10" W/cm2 causing an optical break- 
down of the air rcsulting in a shock wave of several hun- 
dreds MPa [33, 341 depending on the distance to the origin. 
This is well above the adhesion forces of 1 MPa for 1 pin 
and 3 MPa for 0.1 pm tungsten particles Once the bond 
between the particle and the substrate surface is broken, the 
detached particles are accelerated to high velocity and 
blown away by the expansion following the shock wave 
(Figurc 4 7) In this application the fundamental 1064 nm 



wavelength of the 10 ns Q-switched Nd:YAG laser can be 
applied because there is no direct interaction with the parti- 
cles. Thc clcancd area per shock is around 2 cm2, which is 
one order above the conventional technique. 

Figure 4.7. Optical micrographs of the silicon surface, (left) before 
and (right) aker the laser shock treatment for the removal of a 
mixture of submicron W, Cu and Au particles adhered on the sur- 
face, Lee [32]. 

Adjustment 
Pulsed lasers are applied successfully to adjust micro elec- 
tro mechanical assemblies. This opens new ways to optimise 
the design of actuators according to Geiger [35] Pulsed 
Nd.YAG as well as excimer lasers are applied to adjust (and 
bend) various materials as stainless steel, copper alloys or 
lead frame materials likc FeNi42. Hoving [36] describes the 
adjustment of audio heads mounted on a dedicated adjust- 
ment frame . Laser pulses on the indicated positions result 
in a micrometer accuracy fine adjustment. Another applica- 
tion is the adjustment of reed contacts. The strength of the 
adjustment pulse is based on the measured magnetic field to 
opedclose the contacts A special requirement for this 
application is that the laserbeam has to pass thc green glass 
enclosure of the reed contacts. Laser adjustment is a flexi- 
ble alternative for micro bending by sparks. Otsu [37] found 
the latter more advantageous for highly reflecting materials 
like copper 

5 Excimer lasers 

5. i Introduction and application field 
Excimer lasers are a family of pulsed lasers operating in the 
ultraviolet region of the spectrum. The laser emission is 
generated by a fast electrical discharge in a highpressure 
mixture of rare gas (krypton, argon or xenon) and a halogen 
gas (fluorine or hydrogen chloride). The combination of rare 
gas and halogen determines the output wavelength. 

Available wavelengths include 
ArF 193 iiin 
KrP 248nm 
XeCI 308nm 
XeF 351 nm 
A further laser action arises from thc molecular fluorine 
transition (F2) although the output of this gas mix is weaker 
than any other Typical outputs are pulse energies of a few 
hundred milliJoules to one Joule, and repetition rates of tcn 
Hz to a few hundred Hz, although for specialised lasers 
1 O00 Hz is available now The average power is in the range 
of 10 W to one kW. The pulse length is short, typical in the 
10 --20 ns range. This results in peak powers of tens of 
megawatts. The short wavelength also provides high-resolu- 
tion imaging. These and other unique properties of UV light 
have provided a broad field of applications. The different 
lasers offer a variety of photon energies, which can be 
selected to match the requirements of a given application 
(Table 5.1). Galantucci [39] has developed a 3D numerical 
model for excimer laser cutting. Thc results are iii agrec- 
ment with experimental results as obtained for polyester 
ablation rates of 0.8 pdpulse for 1 J/cm2 to 1.4 pdpulse 
for 15 J/cm2 (248 nin, 10-100 Hz). Excimer lasers are niost- 
ly applied using mask projection set-up allowing 3 -10 
times reduction rates (Figure 5.1). 

Figure 5. I A laser beam with uniform beam profile is projected by 
a mask on a micro part. 
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Table 5. I. Photon energies obtained from different laser sources 
and the required dissociation energies for several chemical 
bonds [38]. 

5.2 Some details about the laser 
Excimer is an acronym for excited dimer, a rare gas halo- 
gen like ArF molecules. Such molecules have a very short 
lifetime, existing in the exited state Exciincr molecules are 
produced by electron excitation in a gas mixture of fluorine 
or chlorine, a buffer gas like helium and a rare gas (Ar, Kr 
or Xe) Excited dimers are produced by a high voltage dis- 
charge pulse. The reaction starts with electron attachment to 
the fluorine molecule, followed by a two-step ionisation of 
the rare gas, then three-body excimer formation and finally 
spontaneous and stimulated emission. 

i F z + e + F - + F  ! / excitation I 
i K F  + e > K r + +  2e i i ionisation i 

1 F + F + H e  > F 2 + H e  1 slow i 
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I Kr+ + F- + He + KrFb + He i excimer formation i 
i KrF* -t Kr + F + hu 
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Figure 5.2. Primary reactions producing excimer radiation (Kr* 
denotes an excited Kr atom). [40] 

i 
i Laser action 

l 

Excimcr lasers require high power density discharge to pro- 
duce sufficiently high populations of excited molecules for 
laser action. This is obtained by a fast transverse electrical 
discharge in a pre-ionised gas. The materials that come in 
contact with the gas mixture need to be extremely inert 
because molecular fluorine is highly reactive, corrosive and 
toxic. By products of corrosion will absorb laser energy, 
deposit particles on the output optics so lascr gas purity 
must be very high. Proper laser gas handling systems and 
maintenance are required to ensure safe, uninterrupted oper- 
ation of the system. Based on the application different 
designs of the laser cavity are applied A top-hat like profile 
of ca 1 x 2 cin is required for mask projection applications 
(Figure 5.1) while for high quality processes and for deep 
hole drilling, where the beam i s  directly focused in the 
material, a preferably a nearly TEM00 mode is generated. 

5.3 Applications 
The application areas of exciiner lasers are: 
- Ablation 
- Lithography 
- Micro fabrication 
- Others 

Ablution 
The term ablation describes the effect of vaporizing materi- 
al, which IS irradiated by the laser beam. Generally two 
mechanisms are distinguished: photolitic and pyrolitic 
processes In photolitic processes the photon energy is 
directly applied to overcome the chemical bonding energy 
of (macro) molecules. In case of polymers they are broken 
in smaller (often gaseous) monomers. For most ablation 
processes the photon energy of the 248 nm KrF laser is suf- 
ficient as shown in Table 5 1 and 5.2. 
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rabie 5.2. Chemical bonding energies. 

c = c  i 7  

In the ideal case all laser energy is used to overcome the 
chemical binding energy. Such proccsses are known as 
"cold ablation". In case of metals however the laser energy 
is first absorbed by electrons, then transferred to heat, which 
melts and evaporates the metal, just like other lasers do. 
Figure 5.2 shows clearly how in photolitic processes "the 
molecules are taken away", while pyrolitic processes melts 
the material first and evaporates from the melt surface 

The material rcmoval of organic polymers consists of three 
stcps. First the UV photons are absorbed in the top layer of 
typical 0.2 pm thickness, then the long cham molecules in 
this layer are broken into parts and finally they are removed 
from the processing area in the form of vapour and small 
particles. Photons with more than 5.1 eV will break apart 
oxygen molecules in its path This is demonstrated by a 193 
nin ArF beam passing through air, producing the character- 
istic ozone smell. The threshold fluence for a wide variety 
of plastics is about 120 mJ/cin2. At low fluence the walls 
become tapered from about 2" at 500 mJ/cm2 to 20" at 150 
mJ/cm2. Useful fluences are given in Table 5.3 and 5.4. 
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Table 5.3.Ablation thresholds for various materials 
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Table 5.4. Parameters for drilling 100 pm holes. 

Lithogruphy 
Lithography plays a vital role in microclectronics. Thc cost 
of lithography is typical 35-40% of the wafer costs. 
Currently mostly the 248 nm KrF laser is applied in step and 
repeat cameras. Based upon trends over the last 20 years 
[42] it is likely that 64 Gb DRAMS with 70 nm features will 
be in production in 2009. This requires shorter wavelengths 
of 193 nm and further 157 nm. This requires the develop- 
inent of high performance deep-UV optical components 
from materials like BaF2 or CaF2 which have to be devel- 
oped under an tight time schedule for the introduction of 
157 nm that the industry is committed to achieve [43] 

Luser LIGA 
Excimer laser ablation is also used for the fabrication of 
micro electro mechanical systems (MEMS) by the LIGA 
process. As an alternative for the expensive X-ray LIGA the 
laser-LIGA process has been developed for the realisation 
of three-dimensional microstructures [44]. This process pro- 
duces nickel structures of several hundredmicrometer thick- 
nesses. By alternating deposition of metal and resin layers 
complex multiplayer structures can bc obtained by excimer 
mask projection ablation [45]. 

Micro fuhricatìon 
Micro parts of almost any geometry can be produced by 
mask projection Drilling holes, however, is the key applica- 
tion in micro fabrication. Excimer lasers offer three signifi- 
cant advantages for drilling applications over lasers that 
emit in the visible and infrared. First, the short ultraviolet 
light can be imaged to a smaller spot size than the longer 
wavelengths. This is because the minimum feature size is 
limitcd by diffraction, which depends lincarly with the 
wavelength. The second advantage is that due to the mech- 
anisin of "photoablation" there is less thennal influence or 
melting of the surrounding material. Finally, most materials 
have high absorption in the ultraviolet region. This means 
that the penetration depth is small and each pulse removes 
only a thin layer of material, allowing precise control of the 
drilling depth [46]. In printed circuit board (PCB) fabrica- 
tion many bridging holes (via's) are produced to make elec- 
trical connections in multiplayer PCBs The holes are drillcd 
in dielectric polyimide layer until the underlying copper 
layer is uncovered. The drilling then stops automatically 
because of the higher threshold (one order of magnitudc) of 
copper. The conducting connection is made by a following 
chemical deposition of copper on the via walls. The process 
has been developed in 1990 by Bachmann [47] and is used 
for drilling small = 10 pm holes. However, for bigger holes 
of 100 pni and above the cheaper and faster CO2 lasers are 
currently used. 

InkJet nozzles 
Ink jet printers are widcly used because they offer good 
quality at low cost, based on a simple design. It consist of 
an array of small orifices with precisely defined diameter 
and tapcr, each located on top of a channel with resister 
heater Small bubbles are formed when the ink is heated; 
ejecting small (3 - 80 picoliters) drops out of the nozzle. 
Riccardi [48] describes the fabrication of high-resolution 
bubble ink Jet nozzles, Figure 5 3 Depending on the design 
up to 300 holes have to be drilled simultaneously in a 0.5 x 
15 inm area. This is obtained by 5x demagnification of a 
400 mJ pulse to 0.6 to 0.8 J/cm2 tluency. Ca. 300 pulses are 
applied to obtain 55 pm holes with 27" taper The total 
drilling time is about one second, using a 300 IIz KrF laser. 
Recent developments will require smaller holes below 25 
pm diameter. 



Figure 5.3. Array of ink jet nozzles drilled in 50 pm thick 
polyimide. 

Others 
Thcre are a lot of other applications of short pulsed excimer 
lasers like marking of eye glasscs, medical devices, aircraft 
cables and electronic devices, writing of fiber Bragg grat- 
ings for telecom applications, medical applications in 
surgery etc. Two of them will be described in more detail, 
ablation of diamond and laser cleaning. 

Laseu ablation of diamond 
Diamond is difficult to machine [49] because it is transpar- 
ent in a wide range of wavelength. At high power densities, 
however, the diamond is transitcd into graphite, which 
absorbs the laser power and is removed by ablation subse- 
quently Diamond machining is currently done by micro- 

Figure 5.4 Diamond wire drawing die Wire opening 50pm Photo: 
Diamond Tools Group. Netherlands. 

second pulse Nd:YAG and nano-second puise excimer 
lasers [SO]. Examples of applications are drilling holes in 
wire drawing dies (Figure 5 4) aiid cutting of knife blades 
for eye surgery. Thin layers of graphite or amorphous car- 
bon are found on the surface after laser machining which 
requires an extra polishing operation to remove the graphite. 
An alternative (new) technique is the use of ultrashort fem- 
tosecond lasers. No evidence of graphite was found [51] 
because the thermal diffusion depth is only 50 nm. Some 
processing data is given in Table 5.5. 
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Table 5.5. Laser ablation of diamond 

Excimer laser cleaning 
Q-switched Nd:YAG lasers as well as excimer lasers are 
applied for surface cleaning, particularly in the electronic 
industry Examples are cleaning of silicon stencils (masks 
for e-beam lithography), magnetic head sliders and optical 
components. Particles are preferably removed using a thin 
liquid film of water or ethanol allowing low energy densi- 
ties for an explosive evaporation of the liquid, which blows 
away all particles. Differences in ablation tlireshold are used 
to remove printing residues from chromium plated 
rotogravurc cylinders. By scanning the whole surface at a 
fluency below the ablation threshold for the chromium (= 5 
J/cm2) all contamination is removed in an environmcntal 
friendly Way [52]. 

SurJnce cleaning of Aut 
Impressing results were achieved in the restoration of paint- 
ings, which were previously treated unsuccessfully by con- 
ventional methods, by 20 ns KrF excinier laser pulses 



(Figure 5.5). The ablation depth per pulse is about 1 ,um. 
Process monitoring of the laser induced plasma by real time 
spectroscopy [53] allows for precise control of the ablation 
depth and identification of the different layers. 

Figure 5.5. Partial laser cleaned (left) and fully cleaned fine 
arts. Courtesy Art-Innovation, Hengelo NL [54]. 

5.4 Future developments 
New lasers 
The market forecast for excimer lasers is more or less sta- 
ble. At the low power segment there is a shift from excimer 
lasers toward the new higher harmonic Nd:YAG lasers 
(green 532 nm and UV 355 or 266 nm), which become 

Figure 5.6:A 0.25 mrn thick sapphire gear wheel used in a fluid 
sensor made by multi passes 355 nm laser pulses for high preci- 
sion and no microcracking. (LZH) 

available for low power inicromachining and for semicon- 
ductor materials processing The UV Nd:YAG lascrs oper- 
ate in the same wavelength and pulse length domain as the 
excimer laser. The average output is one to two orders less, 
but nevertheless the peak power intensity is high (1 07-l Os 
W/cm2) because of the short pulse length and superior 
beam quality. An example of what can be realised is given 
in Figure 5.6. 

Another development are the very high power kW excimer 
lasers, which are developed for simultaneous drilling for 
huge amounts of small holes for instance for the aerospace 
industry (holes for cooling of engine parts and for boundary 
layer suction). One of the research efforts in this area is the 
generation of longer pulses [SS]. The driving force is an 
increased overall system efficiency, lower stresses on the 
electrical components and better beam quality. Longer puls- 
es could also be more efficiently transmitted in fiber deliv- 
ery systems [56]. 

Nano particles 
Naiioparticles are interesting for future applications as nano 
composites, as devices such as biological sensors, as basis 
for novel LEDs or to be used as thick film silver nanoparti- 
cles paste for electronic devices Nanometer size particles 
are currently grown through vapour condensation or flame 
spray techniques, but all suffer from inefficiency, impurities 
or complexity Laser based techniques may lead to the 
industrial production of nanoparticles without any of these 
limitations. The idea is to produce nanoparticles by illumi- 
nating a stream of microparticles with a pulsed excimer 
lascr Research at the University of Texas and DuPont 
Electronic Materials [57] has shown the feasibility to ablate 
a low velocity aerosol stream of 2 um diameter microparti- 
cles with 10 ns pulses from a 249 nm KrF laser. It results in 
nucleation of nanoparticles, which are unagglomerated and 
relatively uniform in size. The output should be scaled up 
considerably to meet the industrial needs. It is expectcd that 
this can be realized when new developed kW excimer lasers 
break through on the market. 

3 0  Micromachining 
With normal mask projection techniques the homogeneous 
power density distribution will result in an equal ablation over 
the whole area of the mask. For 3D structures different sets of 
mask are uscd. This gencrally results in a stepwise structure. 
Masuzawa [ 581 has developed the Hole Area Modulation 
method using a semitransparent mask, consisting o1 series of 
small holes enabling a continuous variable depth just by 
oscillating the mask in pre-programmed patterns. 



6 Copper vapor lasers 
Copper vapor lasers (CVL) belong to the family of metal 
vapor lasers, which use mixtures of metal vapor and rare 
gases to produce laser light. There are copper vapor, helium- 
cadmium and gold vapor lasers They operate at tempera- 
tures of 200 - 1200 C to keep the metal in vapor state The 
excitation is by electrical discharges in the gas mixture. 

6. i The laser 
Copper vapor lasers produce green aiid yellow light from a 
mixture of copper vapor and helium or neon They are 
excellent sources of short, high intensity laser pulses at high 
repetition ratc. The active medium, copper, is contained in a 
ceramic tube 1 m length, 25 mm diameter for 20 W output 
aiid up to 3 m x 6Omin for 300 W and more. The tube is con- 
tained in a vacuum envelope and heated by a pulsed dis- 
charge to 1450 “C where the copper vaporises. Laser action 
results from high-energy electrons and neutral copper 
atoms. The neon at a pressure of 20 to 60 nibar starts the dis- 
charge current when the tube is cold. The overall (‘wall- 
plug’) efficiency of 1% is much better than HeNe or argon 
lasers Commercial copper lasers produce up to 120 W aver- 
age output power. Wavelength 510.6 (green) and 578.2 nin 
(yellow), pulse repetition frequency over excess of 30 kHz, 
pulse duration 20-50 ns, peak power up to 100 kW. For sci- 
entific lasers, Lawrence Livermore National Laboratory has 
reported output powers of more than 800 W. The light of 
copper vapor lasers can also be frequency doubled 255 nm 
(second harmonic green) or 289 nm (second harmonic yel- 
low). Typical average power is l W at 5 kHz. These lasers 
might bc an alternative to exciiner lasers although the pulse 
energies are considerably less (0.2 m.I) than excinier lasers, 
but they have a good spatial coherence and a low diver- 
gence. This means that even witli low pulse energy the flu- 
ences necessary for machining (O 1 to 20 J/cm2) can easily 
be provided [59]. The removal rates are similar to that 
obtained by an excimer laser at 0.3 pin per pulse for kapton. 
The advantage however is the repetition frequency, which is 
a factor of 20 higher as those obtained using excimer lasers 
operating at 250 Hz and 1 J/cm2. Working with UV copper 
vapor lasers rcquires relatively expensive UV optics, which 
are prone to degradation. The main problem encountered 
witli frequency-doubled systems is the degradation to the 
faces of the doubling crystal with time. Crystal faces must 
be repolished after approximately 500 hours. However, most 
of the beam management is carried out in the visible area 
using relatively inexpensive optics. 

6.2 Examples of applications 
Copper vapor lasers are mainly applied to drill, cut and 
micro mill materials with a thickness up to 1.5 mm in 
Metals, Silicon, Diamond, Ccramics aiid Polymers Typical 
applications are: 
- Inkjet nozzle drilling 
- Diesel injector drilling 
- Spinneret drilling and cutting 
- Precision machining development 
- Writing Fiber Bragg Gratings 
Drilling, cutting and micro milling are the common applica- 
tions for the green light [60]. Among them siniple “holes” 
remain the most popular micro machined structures. These 
are found in medical flow controllers, microelectronic con- 
tacts and medical filters (Figure 6 1 )  Holes are also used to 
make plastics “breathable”, to calibrate leak testers and to 
perforate foils. The light of copper vapor lasers is more 
strongly absorbed in metals than that of IR lasers This leads 
to deep holes with a small heat affected zone. Aspecí ratios 
of greater than 40 and surface roughness in the order of 1-2 
,um are reported by Allen [61] Thc high speed is utilized 
best if the machine is equipped with a trepanning and a 
galvo machining head. CNC workstations are now being 
developed and coming on thc market. Some examples of 
machining data: 
- 
- 
- 
- 

Cutting of 150 pm thick metal foils at 15 mmis. 
Cutting of 500 pm thick foil at 0.5 minis. 
Cutting of silicon wafer and solar cells at 0.5 to 1 mmis. 
Drilling high quality holes in PE 15 to 250 pm diameters 
in about 100 ms 

Figure 6.1. Array of 100 ,um holes for medical filters 



Figure 6 4 Scction of diesel injection nozzle. 
Figure 6.2. Close up of one hole from array. 

In the automotive sector engineers are under considerably 
regulatory pressure to reduce the emission levcl of combus- 
tion engines. A major contributor to high emissions IS the 
fuel injector design. The current technique of EDM pro- 
duces excellent holes but suffers froin low processing speed. 
Hole dianieters less than 150 pm become increasingly diffi- 
cult. Micromachining by CVL has demoiistrated the ability 
to produce nozzles with diameters of 50 - 200 pm with no 
dross on the exit side The entry side has minimum dross, 
which can be removed by light abrasion. Figure 6.4 shows 
some 50 pm holes. 

Figure 6 3. Example of a blind hole 

Progress in drug discovery and analysis of the human 
genomc sequence require the development of micro tools 
and techniques to acquire and process vast amounts o î  data 
looking at the behaviour of many thousands of genes togetli- 
er This corresponds with increased speed and autoinatioii in 
biomedical instrumentation like a pin based picolitre dis- 
penser to take thousands of genetic samples for massive par- 
allel testing. The critical component is a tapered pin with a 
capillary slot. Elmes et al [62] concludc that laser micro 
machining is the preferred technique (Figure 6.5). 

Fabrication of ink je t  nozzles 
Ink jet nozzles require accurate dimensions and smooth sur- 
face finish to obtain laminar flow of ink and prevent turbu- 
lence Allen [63] has fabricated ink jet nozzles of metal 
sheet by three different fabrication techniques (micro-elec- 
trodischarge machining, micro drilling and CVL machin- 
ing) and evaluated the characteristics of each technique 
while assessing the differences between them. Micro EDM 
is one of the few tcchniques that can be used for micro hole 
fabrication following Almond [64] and Masuzawa [65]. A 
single hole of 50 pin diainetcr through 100 pni thick stain- 
less steel takes typical 3 minutes. With CVL a single pulse 
will remove the material to a depth of 1 O pm, which means 
that microholes are machined within seconds by 30 ns puls- 
es at 1 0 kHz. The short pulsewidth in CVL reduces the Heat 
Affected Zone Aspect ratios of greater than 40 are reported 
for stainless steel, the surface rougliness is of the order of 1 
to 2 pm. Trepanning was used to improve the quality of the 
holes. Results are given in Table 6.1. 



Figure 6.5. SEM micrograph of a micro reservoir pin with a capil- 
lary slot 15 pm wide by 600 pm long and a reservoir 100 pm 
wide and I O00 pm long cut by a CVL (M. Knowles [62]) 
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Table 6.  I Comparison of microhole fabrication. 

Although micro-EDM is an established process with excel- 
lent holc quality, its relative slowness is its main drawback 
CVL is much faster but the improvement of surface profile 
requires further investigation. 

6.3 Economic considerations 
Industry is beginning to realize how laser micromachining 
can fulfil its potential need for more complicated structures. 
A greater demand for the complex nonrepetitive micro pat- 
terning of materials makes masking techniques expensive 
and time consuming. In those cases the direct write micro 
pattern generation of UV copper vapor lasers makes them 
an alternative to excimer lasers. Direct 'writing of complex 
microstructures is applied in creating channels in glass 
plates to control micro fluid flow, engraving hard materials, 
micro marking for security purposes etc. The operation cost 
is estimated as $8 per hour [59] resulting in 1 $cent per hole. 

6.4 Future developments 
High precision micromachining will be the key application 
that finally will cause the industrial breakthrough of copper 
vapour lasers. A new devclopment is the copper hybrid 
source. The hydrogen bromide will reducc the operating 
temperature to 600 -800 OC. resulting in efficiencies of 2 to 
3% and a superior bean1 quality [66]. Problems still to be 
solved in future deal with the toxicity of hydrogen bromide. 

7 Femto second lasers 
The newest generation pulsed lasers delivering the shortest 
pulses are the feinto second lasers. In these systems, pulsing 
is mostly achieved by mode coupling of a broadband laser 
source. Typically, the bandwidth exceeds several tens of nm 
bandwidth, which allows pulse duration well below 100 fs. 
Due to the short pulse duration, peak powers of more than 
15 GW can be reached, which gives access to hrthcr abla- 
tion mechanisms, like multi photon ionisation (MPI). 

7. I Introduction and application field 
Due to the short interaction time only the elcctrons within 
the material are heated during the pulse duration. Once thc 
laser pulse has stopped, the lattice of the material cxperi- 
ences the influence of the overheated electrons. This results 
in two different ablation regimes, dependent on if the pene- 
tration depth of the overheated elcctrons exceeds the optical 
penetration depth. This is demonstrated by Figure 7 1. 

4 

P 

Figure.7. I .Ablation rates in Copper by S. Nolte [67]. 

Especially for low fluences, where the thermal diffusion 
length is smaller than the optical penetratioii depth, heat dif- 
fusion can be strongly suppressed, which allow highest pre- 
cision and minimal heat influence within the material. 



Furthermore, the intensity during the laser pulses is high 
enough to initiate multi-photon effects, which allows 
machining of literally any solid material. Due to the limited 
average power output of prcsent fs lascr systems, applica- 
tions are up to now limited to micro-machining processes, 
where the total volume of ablated material is rather small. 
Further applications can be located in metrology, where the 
bandwidth of the laser is advantageous, e.g. in optical 
coherence tomography (OCT). 

7.2 Some details about the laser 
Presently, most fs lasers are based on titanium sapphire, due 
to its broad bandwidth. The short pulses are generated with- 
in the oscillator, typically providing a pulse train of short 
pulses at low pulse energy of soinc nJ per pulse. As this 
energy is not sufficient for most micromachining applica- 
tions, further amplification has to be provided. A direct 
amplification is not viable, as the intensity would rise 
beyond values, where destruction of beam profiles and later 
the internal optics would occur. Therefore, the intensity has 
to be reduced to suîficient values, which is being done using 
the chirped pulse nrnplfication technique (CPA)]. Using 
CPA technique, the different spectral parts of the laser band- 
width are spread locally by means of prisms or gratings. 
Providing a set-up where the shorter wavelengths propagate 
a shorter path than the longer ones, the pulse can be 
stretched in time, thus reducing the intensity sufficiently 
low. After the amplification of single pulses, the original 
pulse duration can almost be reached by compressing the 
pulse using a similar set-up as applied in tlie stretcher, but 
with reversed propagation paths [68] Typical commercial 
available systems show average output powers of 1.5 W and 
up to 5 kHz repetition rate. This power output allows micro- 
machining processes, but sets limits regarding thc amount 
of removed material per time. Nevertheless, promising 
applications can be found in the precise machining of ther- 
mal sensitive materials. 

3.3 Examples of applications 
Apart from direct use of fs-lasers in medicine for surgery, 
for example the correction of myopia like LASIK (laser 
assisted in situ keratomileusis) [69], the structuring of med- 
ical implants, e.g. coronary stents, is a promising applica- 
tion with growing industrial interest [70]. Coronary stents 
are used as an minimally invasive treatment of arterioscle- 
rosis, as an alternative for bypass operations. Since the 
requirements of medical implants (c.g burrfreeness, x-ray 
opacity) are very strict, just a few materials are commonly 
used. Today, typical materials used for stents are stainless 
steel or shape memory alloys. For these materials chemical 

post-processing techniques have been developed to achieve 
tlie requircd properties. However, these materials are not 
optimal in several medical aspects (e.g risk of rcstenosis, 
limited bio-compatibility etc.). New approaches favour 
stents for temporary use only, which necessitate biore- 
sorbable materials like special bio-polymers (Figure 7.2a). 

Figure 7 2 Prototypes of stents made OF (a) bioresorbable poly- 
mer, (b) tantalum 

Other materials, like tantalum, show iniprovcd x-ray visibil- 
ity (Figure 7.2b). For these materials, no established post- 
processing technique is available. Furthermore, most of 
them show strong reactions to thermal load. Therefore, it is 
essential to avoid influences on the remaining material in 
order to keep the specific material properties. Femtosecond 
pulse laser material processing meets tlie requirements of 
these materials. 

Acceleration grids used for streak camera tubes 
The machining of metallic structures in the micrometer 
range can be performed successfully using fs-laser pulses. A 
promising application is the machining of acceleration 
grids, to be used in streak camera tubes as shown in Figure 
7.3. Acceleration grids must be highly transmitting for elec- 
trons, and still have to generate an electric field as homoge- 
neous as possible This can be fulfilled by generating grids 
with many thin struts. However, these fine struts are likely 
to be deformed by mechanical or thermal stress during fab- 
rication Using ultrashort laser pulses results despite of the 
small structural size in deformation free grids with no burrs. 
The achieved transmission ratio of the grids is about 60 %. 
Presently, acceleration meshes are manufactured by litho- 
graphic and electro-forming techniques. Although this tech- 
nique allows to machine very sharp geometries at reason- 
ably low costs, it is ecoiioinical only for inassproduction. 
Furthermore, it is not possible to create flank angles using 
lithographic methods, which is an important requirement for 
dynode structures. Here, femtosecond machining offers new 
ways for machining such structures. 



Figure 7.3 Femtosecond machined acceleration meshes (a) 
Hexagonal mesh with structural periodicity of 20pm, (b) grid 
mesh. Overall structure size of both meshes. I 1x8mm2 

Cutting of silicon 
Silicon is tlie most important material in the micro and 
semiconductor industry. It is most frequently used for the 
fabrication of microchips, sensors, and actuators. So far, 
conventional lasers could not bc applied for high precision 
structuring of semiconductors as they cause thermal melt- 
ing, cracks, and deposits. Recently, it has been deinoiistrat- 
ed that fenitosecond laser systems arc an ideal tool to over- 
come these limitations, since thermal and mechanical influ- 
ences are minimised. Cutting of silicon using fs laser puls- 
es shows outstanding high quality results. Since only negli- 
giblc mechanical stress is induced into the material, this 
method is very well suited for cutting thin wafers. In con- 
trast to the conventional dicing method, non-linear narrow 
cuts can be performed with a wear-free tool 

7.4 Economical considerations 
Investigations on the interaction of ultra-short laser pulses 
with solid materials have shown that heat diffusion into the 
surrounding material is reduced by decreasing pulse dura- 
tion. Therefore, less energy is required and heat affected 
zones arc minimised. Due to the rapid energy deposition the 
material is heated to very high temperatures, leading to 
direct evaporation. Since the amount of molten material is 
negligible the process shows excellent repeatability The 
generated structures are characterised through burr-freeness 
and minimal damage. Besides, the process itself is highly 
efficient. Therefore, the highest precision is achieved by 
applying ultrashort (sub-picosecond) laser pulses. Also the 
process efficiency is higher compared to “long” pulse abla- 
tion due to ininimised heat losses. The .process quality is 
enhanced by the fact that there is no interaction between the 
expanding plasma and the incident laser pulse (plasma 
shielding effect) as light absorption and ablation are sufTi- 
ciently separated in time. Although fcmtosccond lasers offer 
new and very promising ways of micro-machining almost 
any solid material, they are not yet introduced into industri- 

al service due to some drawbacks. As the CPA-technique is 
fairly complex, the system contains much more optical 
components than conventional lasers. This might influence 
the stability of operation by changing environmental condi- 
tions like teniperature, vibrations etc. Up to today, those sys- 
tems are mainly used foi- scientific purposes, which neces- 
sitates operating the laser by highly trained staff. Regarding 
industrial operation, such operators are not available. 
Therefore, industrial scrvicc rcquires much easier opera- 
tions and less maintenance than most of the typical fem- 
tosecond lasers can ofTer. A further drawback is the low 
average powcr, provided by comnicrcially femtosecond 
lasers. A typical average power is about 1.5 W, which limits 
available pulse energy and repetition rate. Typical 4 . 5  mJ 
and 1 kHz. As a result the machining speed is quite low. As 
many processes do not require very high pulse energies, the 
speed can be improved by increasing the repetition rate. 
Therefore, some manufacturers offer systems with up to 5 
kHz, which reduces the available pulse energy to less than 
400 pJ. The laser manufacturers have identified these prob- 
lems, so the fs-lasers are prcscntly dcsigncd to match the 
requirements of industrial service In conclusion, fs lasers 
are presently used for high quality applications, which are 
not achicvablc by other means. Duc to high investments, low 
cost applications seem not to be economically machinable 
by this kind of lasers. Future laser development will 
increase thc process speed by increasing repetition rate as 
well as average output power. By reducing the costs for the 
laser system as well, economical machining of several 
applications will be realised. 

7.5 Future developments 
Within tlie near future alternative approaches based on 
direct diode pumped laser materials, fibcr lascrs or para- 
metric amplification will lead to more compact and more 
reliable systems converting fs lasers into industrial tools. 
Big cffort is also going on to increase the repetition rates of 
the amplifiers up to 30 kHz. A promising approach is the 
fully fiber based concept, which provides average power of 
1.5W and repetition rates up to 10 kHz. Main advaiitage of 
this concept is the high thermal stability and low electrical 
consumption. This concept could prove to be very success- 
ful, if the life cycle is long enough. Different gain materials 
can achicve further incrcasc of average power. Presently, 
different designs based on Yt:YAG disc lasers are under 
investigation They can provide higher average powers, but 
are liinited to pulses longer then 700 fs 



8 Aecuracy 
Improvement of accuracy has been a central topic along 50 
years of CIRP history as described by Peters [7 i], Merchant 
[72], McKeown [73] and many others. Short pulscs have 
great potential to obtain higher accuracies in dimensional 
control because of the very small amounts of material that 
can be removed per pulse, as well because the very small 
damaged (heat affected) zone at the surface. Another merit 
of using ‘image tools’ compared with solid tools (e.g EDM) 
is thc wide space, available for release of debris 
Applications are found in the semiconductor industry where 
the demand for accuracy follows from the continuing minia- 
turisation in accordance with Moore’s law developed in 
1965 [74-761 and in the ultra precision machining following 
the trend given by Taniguchi in 1983 [77] In 1965, Gordon 
Moore, the founder of Fairchild Semiconductor and Intel, 
observed only six years after the introduction of the com- 
mercial planar transistor in 1959 an astounding trend, the 
number of transistors per chip was doubling every year. In 
1975 Moore updated his law distinguishing 3 contributing 
components. 
1) Increasing chip area (15% each year), 
2) Decreasing feature size (11% per year, or 27% less 

area). Roth factors resulted in 60% increasc of the num- 
ber iransistors per chip; 

3) The rest of the improvement was because of better 
design. 

In the first 15 years the chip complexity doubled each year 
and since 1975 when the design has reached its optimum, 
the increase was still 60% per year. When we extrapolate 
current trends to the year 2010, the minimum feature size 
will be only 70 nm. This sets the requirements for the future 
lasers. The feature size depends on four factors, the beam 
quality should be excellent (M2 F- i), the wavelength as 
short as possible in the UV, the f number as small as f# = 1 
and the power density just above the threshold intensity so 
that only the central part of the beam is used. Currently, fea- 
ture sizes of 30 nm have been experimentally demonstrated 
[78], but it is far from production. Companies are assessing 
nano photolithography with excimer wavelengths of 193 
and 152 nm In the machine industry Taniguchi published 
his famous paper in 1983 [77]. From his graphs an increas- 
ing accuracy of 10% per year is found, which is remarkable 
in balance with the 11 YO predictcd by Moore. Taniguchi 
expected in 2010 an ultimate accuracy of 1 nm by atom, 
molecule or ion beam machining. He did not consider any 
laserbeam processing although photons are much finer tool 
than atoms or ions Even clectron beams are not considered 
because he says: “it became clear thut direct thermal 
machining using high energy electron beams is not suitable 

jiir uh-a precision machining because the high energy elec- 
trons penetrate the surface layers to depths oj many microns 
or tens of microns (ut 50 kV typically 1 0 pm in aluminium) 
The energy is tran,sfert-ed to the atoms in the form of heat 
over a relatively large zone of several microns”. The reason 
that photons can perform better is because. 
- 
- 

Photons are much smaller than electrons 
They are electrical neutral so there are no repulsive- 
forces 

- The optical penetration depth is only 10 nm for metals. 
- The thermal penetration depth is of the sanie order 
Taniguchi could not consider this because there was no idea 
of femtosecond machining at that time. Nevertheless some 
problems have to be solved before laser micromachining 
will be applied on industrial scale. Not only the lasers 
should be more compact and robust but also the reliability 
in process- and dimensional control is most challenging. 
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