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1. Introduction

Over the last years a revolution has occurred in our ability to produce high power and
extremely high intensity pulses using more and more compact laser systems. The key
parameters for an immense increase of intensity are the short pulse duration and the short
wavelength. The short radiation time allows us to transfer relatively high-energy pulses in
very short time intervals and so to reach high peak powers. If additionally the given power
can be concentrated over a very small area, production of intensities up to 10*' W/cm®
becomes possible. This is the point where short wavelength systems have ultimate
advantages, because the minimum achievable irradiated spot size scales with the wavelength.
The ability to reach high intensity short pulses with a small-scale laser system opens the way
to study a plenty of new areas of physics also in small laboratories. Such areas can be fusion
research, relativistic plasma physics, higher harmonics generation or a new regime of laser
matter interaction etc. in the tera- or petawatt region. It is fascinating to think, that such
environments can be re-created in university laboratories, which usually can only be found in
stellar interiors (At around 10*' W/cm? intensity the field strength is in the order of TV/cm
which is about 100 times the Coulombic field binding the ground state electron in the
hydrogen atom.), switching the role of the scientist from observer to actor. Already at
relatively moderate intensities application of short pulses opens new possibilities also for high
precision material processing studies, where the advantages of short wavelength sources are
specially pronounced.

Nowadays the used short pulse lasers are predominantly solid-state systems operating in the
infrared (IR) spectral region. The reason for the fast development of short pulse solid state
lasers was the appearance of the chirped pulse amplification (CPA) technique (invented for
the optical spectral range by Gerard Mourou in 1985), solving the nonlinearity problems for
short pulse duration in the high saturation energy density solid state active media (more
detailed in 2.1). Only relatively moderate scientific forces were concentrated on the
development of table-top ultraviolet (UV) systems. In numerous applications, however, high
intensity fs pulses in the UV wavelength region have ultimate advantages compared to longer

wavelengths. The most powerful candidates are hybrid dye — excimer or solid state — excimer
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laser systems (because of the difficulties of ultrashort pulse generation in the UV). In the
beginning dye laser front-end systems dominated this field. However, the fast development of
reliable solid state sources opened the way for the development of compact and reliable solid
state - excimer laser systems, taking over the task of dye lasers used before.

The aims of the present work are to develop compact and reliable short pulse UV systems,
optimizing them for the requirement of different applications and the study of possible
applications specially concentrating on the field of short pulse micromaterial processing.
According to these aims the dissertation is organized as follows. After the present
introduction a brief description of the techniques and theories related to the scope of this work
is given as a scientific background in chapter 2. A summary of the present state of the art of
high power short pulse laser systems together with a historical overview of the development
of short pulse lasers is given in 2.1. The next two sessions (2.2 and 2.3) deal with the
fundamentals of short pulse amplification in excimers, the limitations of such systems and
possible solutions of the problems using different optical arrangements like off-axis
amplification (2.3.1) or interferometric multiplexing (2.3.2). Closing the circle of the
introduced theories, a brief description of short pulse ablation models is given in 2.4, focused
on the differences between long and short pulse ablation processes. The 3™ chapter gives a
detailed description of the recent achievements in the development and optimization of short
pulse solid state — excimer (and dye — excimer in 3.4) hybrid laser systems. The basic concept
of short pulse hybrid laser systems has been described in 3.1. The used front-ends and the
frequency tripling unit are introduced in 3.2. In 3.3 and 3.4 experimental results of the
application of two different optical setups are described obtained with a modified excimer
amplifier module, where optimized operation was maintained for the requirements of different
front-ends. Systems delivering output energies of over 50 mJ (3.3) up to 100 mJ (3.4) in a
single subpicosecond UV pulse are reported here with some 10 Hz repetition rates. In
numerous applications (specially in industrial environment) however moderate intensities but
a large number of pulses are required. In 3.5 a newly developed high average power solid
state — excimer hybrid short pulse UV source is introduced. This is the point, where solid state
front-ends are favorable not only because of their stability and reliability but also because of
their high repetition rate. A system consisting of a Ti:Sa front-end and a modified excimer

module capable to operate up to 300-350 Hz (NovaLine, Lambda Physik) is described here.
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Making use of the unique possibilities of the above described laser systems various results in
different application fields like the generation of efficient XUV pulses, investigation of short
pulse ablation properties of different materials, metal deposition on silicon and polymer
surfaces, application of diffractive phase elements at 248 nm, generation of gratings with
grating periods down to 300 nm, and drilling of submicron-size holes on practically all kind
of solids etc. becomes possible. Investigations dealing with such application possibilities of
short UV pulses are presented in the 4t chapter. In 4.1 investigation results on the short pulse
ablation properties of different metals and semiconductors are shown. In 4.2 an amplitude
mask imaging technique - for the generation of holes in the micrometer and submicrometer
region — is described. Application of mask imaging techniques based on interferometric
methods like the imaging of diffractive amplitude- or phase-masks can results in even smaller
ablated structure sizes and opens new possibilities to improve the efficiency of the process
(4.3). Possibilities of the ablation of submicron-size patterns using diffractive amplitude
masks with Fourier filtering and diffractive phase elements (DPE) are discussed in 4.3.1 and
4.3.2, respectively. The fabrication of diffractive phase elements for 248 nm is quite difficult,
because of the necessarily low absorption of the usually applied fused silica substrate material
at 248 nm. A possible solution for this problem is described and compared with other
techniques in 4.4. A newly developed method for the design of DPE’s is discussed in 4.4.1
and a single step laser ablation technique is introduced in 4.4.2 for the mask fabrication

process applying 193 nm ArF laser pulses.



2. Scientific background

2.1 High power short pulse laser systems

Since the invention of lasers in 1960 the achievable maximal peak power has been increased
by more than 12 orders of magnitudes. The fastest development of the peak power was always
in connection with the reduction of the pulse duration. The first lasers were free running
devices with pulse durations in the HUs range delivering some kW peak powers. The first
significant increase in the peak power was reached by modulating the laser cavity quality
factor (Q-switching), allowing ns pulse duration, and through the concentration of the pulse
energy in a shorter time period pushing the peak power around 3 orders of magnitudes higher.
In 1964 with the help of mode locking the picosecond region has been reached and after a
very short period the first lasers with GW peak powers appeared. At that point the intensity
inside the laser cavity became so high that the refractive index (n) of the materials was not

any more constant for different intensities (I) but a linear function of the intensity (2.1):
n=n,+n,l. (2.1)

This nonlinear reaction of the matter resulted in severe distortions of the beam quality at high
power levels. The reason for that is, that the intensity-dependent refractive index produces a

nonlinear phase retardation (also called as B integral) given by (2.2)

B = (2n/A)In2| (x)dx, (2.2)

0

where A is the wavelength of the radiation traveling through the medium, n; is the nonlinear
component of the refractive index, I the intensity in a given point of the medium and 1 is the
propagation length. This nonlinear phase retardation results in wavefront distortion and strong
filamentation, which causes damage to the gain medium [1]. To circumvent this problem the
only possibility was to increase the beam diameter. This, however, results in other type of

problems like difficulties of producing good quality optics, cooling problems, tremendously
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increasing sizes and costs and decreased repetition rates. It is well known from numerous
investigations [2,3], that for efficient energy extraction a fluence (energy density) level in the
order of the saturation energy density (Es,) is required (for details see 2.2). This means that to
keep the power density inside the gain medium below the GW/cm? level and providing good
energy extraction at the same time is only possible, if inferior energy storage materials with
some mJ/cm’ saturation energy density (typical for dye or gaseous active media) for short
pulse amplification are used. This fact restricted the circle of applicable active media to dyes
and gases. Also here the small Eg, indicates the need of large active volumes for high output
energies, and so relatively large systems, compared to solid state ones. But since the gaseous
active media are easily scalable and the nonlinearities are also much smaller here, they still
presented a big potential for short pulse amplification. In the field of solid state lasers no
further significant increase of the peak power has been reached until the middle 80ies. At that
time the so-called chirped pulse amplification (CPA) technique has been applied the first time
for light waves (CPA is an adaptation of the technique of chirped radar in the microwave
wavelength range). In CPA the pulse is first stretched (elongated in time) and then amplified,
before finally being recompressed [4]. This way a high fluence (energy per unit area) level
can be provided keeping the intensity (fluence per unit time) at a moderate value, where no
disturbing nonlinearities occur. The combination of ultrashort pulse generation and CPA
techniques has been the driving force in the development of terawatt level high peak power
solid state laser systems. Most of the systems based on the above mentioned principles are
operating in the infrared (IR) spectral range between 800 nm and 1100 nm and the active
media are usually some kind of doped glass (like Ti:Sa, Nd:glass or Cr:LISAF) materials.

In the last years, because of the big possibilities of solid state lasers only moderate efforts
have been made to develop compact and reliable short-pulse laser systems operating in the
ultraviolet (UV) part of the spectrum. In numerous applications, however, high intensity fs
UV pulses have ultimate advantages compared to longer wavelengths. Already before the
appearance of the solid state lasers using CPA, several concepts have been developed to use
the very desirable and promising properties of rare gas - halogen excimer gain media. In the
middle 80ies a cascade dye laser system has been developed by Szatmari et al. and was
successfully used as a front — end for UV excimer amplifiers [5,6]. As a result of the

enormous development of solid state front-ends in the last few years, compact, reliable, easy-



2.2 Fundamentals of short pulse amplification (SPA) in excimers 9

to-handle systems with high average powers and repetition rates become available. These
achievements opened the way for the development of solid state - excimer laser systems,
where solid state laser features like compactness and reliability can be combined with the
advantages of excimer lasers. These advantages are the easy scalability, low nonlinearities,
and the ease of amplification even for short pulses without the use of any stretching and
compression technique at short wavelengths in the UV, providing nearly diffraction limited

beam quality and high optical resolution.

2.2 Fundamentals of short pulse amplification (SPA) in excimers

Short pulse amplification in excimer lasers - especially in KrF modules - has been
investigated by different groups [2,7-9]. Several models have been developed to describe the
propagation of picosecond and subpicosecond pulses in excimer amplifiers. In an early
treatment of the problem by Frantz and Nodvik [8] they obtained a closed-form solution to the
photon transport equations describing the growth of the pulse in an amplifying medium
similar to that of excimers. Their model gives an exponential growth of the normalized laser
energy vs. the total gain at input energies much less than the saturation energy density. In the
case of input energy densities in the range or larger than the saturation energy density of the
active volume a linear dependence can be obscured. A big disadvantage of this model is that
even at very high energy densities a steadily growing amplification is estimated what is not in
agreement with the results of high intensity experiments. In an improved model of Tilleman
and Jacob the solution of the Franz-Nodvik equations in the presence of absorption is

presented and discussed [2]. The equations including absorption are given by

odP 09

—+Cc—=cP(g—-qa), 2.
s o (9-a) (2.3)
99 __g9®
P e ) (2.4)
ot £ (2:3)

sa
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where € and & are the saturation energy density for the gain and for the absorption,
respectively, ® = ®(x, t) is the photon flux, g = g(x, t) is the laser gain, and o = A(Xx, t) is the
absorption coefficient. In (2.3) the photon flux transport is described, (2.4) and (2.5) describe
the photon creation and extinction rates due to gain and absorption, respectively. Taking into
account that g4 >> &,, which means that the absorption is nonsaturable, equations (2.3)-(2.5)

can be written as

de - £
S e g =0, (2.6)

t
where € = E;[Cb(x,t')dt‘%fsat is the normalized laser energy density at position x and gy is the

small signal gain. In the limit of no absorption (2.6) can be integrated giving the results
presented by Frantz and Nodvik. Introducing nonsaturable absorption as it is taken into

account in (2.6) the one dimensional ordinary differential equation there is only numerically
integrable. Numerical solutions for different a , £0, O, and L = xyx values show [2], that an

excimer amplifier is working with “positive gain” just until the point, where the energy

density inside the active medium reaches a critical value defined by go/a (see also in Fig. 2.1).

At €= g,/a the energy density cannot be further increased, the absorption losses will just be
compensated by the amplification. In case of an incoming beam with a > go/d the device
will act as an attenuator until a = go/d is reached. This result can be obtained from (2.6) by

solving it in the limit of £>1 yielding
266=§€“+%f@—y“) 2.7)
which predicts the asymptotic limit for X — oo as

lime=g,/a. (2.8)

X 00
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Based on (2.6) a further important parameter of the amplifier can be derived which is called
the local extraction efficiency (n(€)). The local extraction efficiency expresses the ratio of the
derivative of the normalized pulse energy for a unit amplifier length and the small signal gain

as

nle)=L %8 =1-e* -9 ¢, (2.9)

In case of no absorption and saturated amplification N(€) = 1, which means, that the complete
stored energy is extracted from the amplifier. In a realistic case the extraction efficiency is
always smaller than 1 (see Fig. 2.1). The integral of the local extraction efficiency for the

whole amplifier length is the overall extraction efficiency, which can be obtained as

(n)= %jndx = e -2, |lo,L)". (2.10)

where L is the length of the excited active medium (practically the length of electrodes). From

(2.6) and (2.9) the € value for the maximum extraction efficiency condition can be obtained

by differentiating (2.9) with respect to € and looking for the solution of € at j—’z =0:
&
dn _d I -
= dEE " E (9,/a) (2.11)

These results show that the maximum achievable energy density is proportional to go/a and
can be calculated according to (2.12). If optimized operational conditions are desired, the

output energy density of the laser must be around the value given in (2.13)

gout,max = gsat [(90/a)7 (212)

Equopn = Exa On(0, /). (2.13)

This makes it clear that the saturation energy density, small signal gain coefficient and

absorption coefficient define a theoretically achievable maximal and optimal value of the
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output energy density for an excimer laser module. According to the importance of these
parameters several groups tried to determine these values experimentally [3,7,9-12]. The
results show that the saturation energy density for KrF active medium is around 2 mJ/cm? for
optical pulses with subpicosecond pulse duration [7,12,13]. For go/a values between 6 [9] and
about 20 [11] has been measured, obviously depending on the gas mix and other device
characteristics. Here, values between 10-15 seem to be most reasonable. Substituting these
values into (2.12) and (2.13) the optimal output energy density (providing optimal energy
extraction efficiency) is about 4.6-5.4 mJ/cm® reaching its maximum at around 20-30 mJ/cm®.
By optimizing the operational conditions of a power amplifier high output energy with good
energy extraction efficiency and high signal-to-noise ratio are necessary to reach. Since in
many applications the signal-to-noise ratio is of comparable importance to the extraction
efficiency (given in (2.9) and (2.10)) the amplifiers must be optimized both parameters. The
development of the signal-to-noise ratio during amplification can be described by the gain
contrast (C) and its local quantity that is called gain contrast coefficient (c), given in (2.14)

and (2.15), respectively.

C=G/G,, (2.14)

c =0y /(g, ~a). 2.15)

In these equations G =¢_, /€, is the actual gain, G, =e®" is the small signal gain (L is the

length of the amplifying medium), gy is the small signal gain coefficient, and

Q. (X) = lim LlngX;AX is the effective gain coefficient (which is defined similar to g;, but
o MOOAX

also including the effect of saturation and absorption). C gives the signal-to-noise ratio at the
output compared to the input, because (taking into account that the energy density of the noise
is much smaller during the complete amplification process than the saturation energy density
of the given active medium). the noise will be amplified with the small signal gain and the
signal will see only a fraction of that amplification, defined by the actual gain. The
importance of the contrast (C) is specially pronounced in the case of UV systems because of
the lack of a practicable saturable absorber [14,15]. The simplest method for keeping the

signal-to-noise ratio on a low level is to operate the amplifier at optimized condition where C
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is close to 1. In Fig. 2.1 the local extraction efficiency (1) and the gain contrast coefficient (c)

are plotted.

In Fig. 2.1 it is visible, that the local extraction efficiency first increases quite fast with

increasing €, reaches its maximum at E=ln(go /0{), and then starts to decrease. At

£= (g0 Ja ) the value of n will again reach zero, which means that the energy density cannot

be further increased, the maximum value has been achieved. From the figure it is also visible,

that both parameters cannot be kept on the optimum at the same time, a trade-off for the

different requirements of pre- and power amplifiers has to be made. It has been also shown by

numerical calculations, that these parameters can be well controlled during the amplification

process applying different solutions for the different problems.
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Fig. 2.1: Local extraction efficiency () and gain contrast coefficient (c) vs. normalized

energy density (£ ) in a KrF amplifier

2.3 Limitations of SPA in excimers and possible solutions

The application of excimers for short pulse amplification has unique advantages like ease of

operation at short wavelengths or the low nonlinearities of the active volume etc., still there

are some problems to solve mainly in connection with the fast saturation and short energy

storage time of the active medium.
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The advantage of the small saturation energy density (&) of dye and excimer active media
for short pulse amplification partially turned into a drawback after the invention of the CPA
with the appearance of stretcher arrangements to very large stretching ratios, solving a big
part of the nonlinearity problems related with the propagation of high intensity pulses in the
gain medium. The saturation energy density of excimers is in the mJ/cm? range in contrast to
solid-state media, where € is usually several J/cm?. Fig. 2.1 shows that the energy density in
the amplifying medium has to be kept on a relatively low value (in the range of the saturation
energy density), in order to reach optimized operation. However, this means that it is
necessary to apply large active volumes to reach high output energies with excimer lasers.
Although, the gaseous excimer media are easily scalable, still there are some difficulties
arising by scaling up the excited volume.

The reasons can be listed as follows. It is very difficult to design a discharge with large, stable
and homogenous cross section, imposed by the stringent requirements on the inductance of
the discharge loop of the laser head [10]. The above mentioned limitation on the cross section
forces to increase the length of the discharge, resulting in a pencil like discharge geometry of
excimers. Consequently, the width of the discharge will be too small, but too long, causing
strong saturation. A simple technique addressed to solve this problem can be the application
of the so-called off-axis amplification scheme, which is basically an optical method to change
the length and cross section of the discharge seen by the amplified beam, using a geometrical
transformation [3,10,16,17].

The second problem arising by amplifying short pulses in a gaseous active medium is the low
energy extraction capability caused by the short energy storage time of excimers. The energy
storage time of excimers is only a few ns [7]. This means, that a short pulse has only access to
that part of the stored energy of the amplifier, which has been accumulated within the last few
ns before the arrival of the short pulse. Compared to the excitation time of the discharge
(which is typically 15-20 ns) the energy storage time is still about 5-10 times shorter.
Dynamics measurements [7,12,13] showed that the relaxation time, the time necessary to built
up the population inversion after a short pulse has traveled through the active medium of
excimers is also in the 2-3 ns range. Consequently, a short pulse could be efficiently amplified
every 2-3 ns within the gain window of the amplifier. The energy, which can be extracted

from an amplifier with a long (practically 15-20 ns) optical pulse can be defined as the whole
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stored energy (Ei), and similarly, for short pulses - due to the short storage time of the active
medium of excimers - the momentarily stored energy (Eg). The whole stored energy is given

by (2.16), where T is the gain window and T is the recovery time of the gain.

E, =E,T/T. (2.16)

T/t is determined by physical and electrical properties of the given gas mixture and the
amplifier module, and as discussed before in the case of commonly used KrF amplifiers its
value is around 5-10. This means that the momentarily stored energy of an excimer module is
relatively small compared to the total stored energy. A short optical pulse in a single pass has
only access to a small fraction of the whole energy stored in the excited medium. The only
way to have access to the whole stored energy of the amplifier is successive replenishment of
the momentarily stored energy (Eg).

A possible solution would be to amplify a train of short pulses within the time window of the
discharge, and the “only” task is to recombine the subsequent pulses after amplification. The
best candidates to manage this task in case of femtosecond pulses are different variants of the

so-called interferometric multiplexing technique [18].

2.3.1 Off-axis amplification

The off-axis amplification is a multiple pass amplification technique. In this arrangement the
seed pulse is not sent through the amplifying medium parallel with the longitudinal axis of the
discharge (on-axis) but the direction of propagation is enclosing an adjustable angle (off-axis
angle) with the longitudinal axis of the discharge, in the plane of the electrodes. Such a
scheme is visible in (Fig. 2.2), where a conventionally used 3 pass version of the off-axis

arrangement is shown.
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KrF amplifier
input

/
discharge volume
output

Fig. 2.2: 3 pass off axis arrangement

As it is visible in the figure, the off-axis amplification allows amplifying a short pulse in
subsequent steps, fitting the operational conditions to the optimum values in each pass. This is
possible by changing the size and the off-axis angle of the beam. Especially in case of KrF
amplifiers the optimal value for the energy density inside the active volume can only be
varied in a relatively narrow range between around 0.5 &, and 3 &, (see Fig. 2.1). The reason
for that is the strong dependence of the efficiency and contrast on the energy density (already
discussed in 2.2), the presence of a relatively wide nonsaturable absorption range, and the
lack of a well applicable saturable absorber. Additionally, it is very difficult to keep the
energy density in this range because of the high overall gain in a single pass, caused by the
pencil-like discharge geometry of excimers. This problem can be partially solved by applying
an optical method that changes the effective length and cross-section of the discharge seen by
the seed pulse.

For on-axis amplification the length and width of the gain medium is practically the length
(L) and width (W) of the discharge. For off-axis amplification the effective length and width
of the discharge can differ from L and W as it is shown in Fig. 2.3.

T L »  amplifying
o Tl medium
¥ -

on axis

Fig. 2.3: Off-axis geometry
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The off-axis arrangement changes the effective length (L) and width (W) of the discharge
seen by the pulse if
a >arctg(W/L), (2.17)

where O is the off-axis angle of the beam. This is the practically important case (otherwise the
effective L and W values will not change significantly), and for these angles the new values

of Lgsr and Wsr can be calculated as

L, =W/sina, (2.18)
and

W, =LW/L,, =LBina. (2.19)

The left side of (2.19) means that this transformation leaves the active volume of the amplifier
unchanged. (The right side is obtained by substituting (2.18) into (2.19).) From Fig. 2.3 it is
visible that this assumption is fairly good for a pencil like excimer discharge geometry.

Calling the real used volume as V. the ratio of Vi and V (discharge volume) can be given as

V -
o _(LOIW-2A)D _ | W1
Y LW [D LG4tga

(2.20)

where D is the electrode distance (not shown on Fig. 2.3), and Ac is the area of the corners of
the discharge, not used by off-axis amplification. For usual discharge parameters like
L =100 cm, W =20 mm, and o = 2° a ratio of Vei/ V ~86 % is obtained.

It is visible from (2.19) that by changing the off-axis angle L.y and Wcg can be controlled.
This allows us to fit the energy density of the desired values in the subsequent amplification
passes. It is possible by changing the propagation angle of the beam or by changing the size of
the beam between the amplification passes, applying telescopes or in an even simpler way by
sending a divergent beam through the amplifier. (At first sight it would also be possible to
send a divergent beam through the amplifier in on axis mode. It is mostly not the case because
in on-axis operation the effective width of the discharge is equivalent with the real discharge

width, and consequently too small to support the amplification of a beam with the desired
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divergence. That is why only elongated output beams (usually with height — width ratios over
3 or 4) - with much smaller cross section - can be efficiently amplified that way.)

This also means, that the beam cross-section (A) can be significantly increased in the off-axis
amplification arrangement, which is a very important feature, taking into account that the
theoretically achievable maximum output energy (Eoy) scales with the beam cross-section. As
a consequence of (2.13), for optimized operation E, is defined by &, and A, and can be
calculated as

= Egp LA (2.21)

out

2.3.2 Interferometric multiplexing

Optical multiplexing is basically a multiple beam technique. By taking special care of the
proper delays of the subsequent multiplexed pulses the same amplifying medium can be used
also in multiple pass arrangement, opening the way to combine the advantages of multiple
pass and multiple beam arrangements, reaching even higher output energies. The main idea of
optical multiplexing is, that the seed beam is split into equal parts and sent into the amplifier
with different delays. The pulse train is recombined again after amplification, forming a
single output beam. The key point of any kind of multiplexing is how accurately the
recombination can be performed. In the conventional multiplexing schemes (Fig. 2.4 a)
recombination is far from that of interferometric accuracy, imposing severe limitations on the
temporal reconstruction of the partial beams and on the resulting focusability. Satisfactory
demultiplexing has been reached only for longer than picosecond pulses [19-21]. For
femtosecond pulses a generally applicable interferometric beam recombination method has
been described in [18]. In the arrangements presented there the above mentioned
shortcomings of the conventional multiplexing methods are eliminated by using the same
optical element for multiplexing and demultiplexing, so that the divided beams have exactly
the same optical path, allowing an automatic, phase-locked synchronization of the partial

beams (Fig. 2.4).
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Fig. 2.4: The principles of (a) optical multiplexing and (b) interferometric multiplexing
methods [18]

The multiple beam arrangements gives the possibility to divide the input beam into several
parts, amplify them one after the other and recombine them after amplification, outside the
amplifying medium. This way the energy density inside the active medium can be kept
around the optimum value, and still higher output energy densities (and therefore higher
output energies) can be reached outside the active volume. Multiplexing allows efficient
extraction of the stored energy of amplifiers of short storage time by the use of a train of
pulses of about the same intensity.

In [18] several arrangements have been investigated like on-axis and off-axis arrangements, 2
and 4 beams evaluations, geometrical and polarization splitting techniques or the combination
of them. The arrangements are based on Sagnac interferometer’s principle. Applying this
technique it is possible to multiply the output energy extractable from the same module with a
single short pulse. Combining the multiplexing with the off-axis amplification technique
allows to make use of the advantages of both arrangements, changing the effective cross
section and gain length of the amplifier through the off-axis angle of the beams, applying for
several beams at the same time. In an arrangement where a 2 beam variant is applied for the
same excimer module, the maximum achievable output energy is about 2 times the value,

which can be theoretically reached in an off-axis arrangement (2.21).
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2.4 Short pulse material processing

Laser micro-machining of solids is nowadays a well accepted technology for the
manufacturing of components in electronics, aerospace, optics, medical and photovoltaic
industries. Also laser etching of sub-micron-sized features in dielectric materials is a widely
used technique in photolithography for the fabrication of microelectronic devices. Usually the
laser devices used for these applications are standard CO,, Nd:YAG, Ar' or excimer lasers
with nanosecond or longer pulse durations [22-27]. In case of some of the materials (e.g.
polymers), generation of submicron structures with relatively simple laser sources is possible
and was experimentally demonstrated by several groups [28-32]. For the machining of
another group of materials (e.g. special polymers, metals, semiconductors, ceramics and
biological tissues) application of short laser pulses is necessary to achieve the required
ablation quality. Picosecond and femtosecond laser ablation has been proved to be a powerful
technique for the patterning of highly conducting (thermally) and wide-bandgap materials.
Both lateral spreading of the absorbed energy outward from the irradiated zone and screening
of the incident laser light can be diminished or even ignored with femtosecond pulses,
enabling the creation of micron size structures, and allowing very localized material removal
with much less irradiated energy. Good results on short pulse ablation of various targets have
been reported in [33-40]. However, to reach submicron resolution with IR sources is hardly
possible. These are the applications where UV femtosecond sources have ultimate advantages
not only because of their short pulse duration but also for the high optical resolution at this
wavelength and the high absorption coefficient of most materials in the UV. In the case of
materials highly transparent in the VIS and IR, laser direct writing of submicron-size
structures is only possible with ultra short UV laser pulses [41-44].

The results of ablation studies on highly conducting materials show, that the size of the heat

affected area can be characterized by the thermal diffusion length Ly, [45], given as
L, =~/2KT , (2.22)

where K is the thermal diffusivity of the material, and T is the laser pulse duration. For Ni the

value of K is 0.19 cm?/s [46], which means that Ly, is about 1 um for laser pulses longer than
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15 ns. On the other hand, the penetration depth of the radiation at 248 nm is in the nm range
because of the strong absorption (for Ni o' = 8 nm at the KrF wavelength [46]). Although the
energy of the laser pulse will be absorbed in a thin surface layer, it will be transferred in
deeper regions through thermal conduction, because of the long interaction time (some ns). In
this way, a material layer will be damaged in the form of different heating and melting effects,
with a thickness of around 100 times larger then the optical penetration depth. This is, in
principle, the origin of the molten zones occurring around the ablated structures applying ns
or longer pulses. Intuitively, it is expected that the limiting effect of the heat conductivity can
be neglected, if Ly < o' with a™ being the penetration depth of the laser radiation. In the
case of Ni this is the case for pulses shorter than 1.5 ps. It was demonstrated by several
groups, that by applying laser pulses shorter than a picosecond the size of the damaged zone
can be drastically reduced [35,38,41,45]. Additionally, short pulses have the advantage, that
during the complete penetration of the pulse into the material there is no time for the
development of a plume, which would otherwise cause significant energy losses through
absorption of the trailing edge of the pulse. This advantage, together with the much lower
losses through heat conduction provide around 2 orders of magnitude lower ablation
thresholds in case of metal targets for short pulses compared to the long pulse ablation
thresholds. A further advantage is that getting rid of disturbing plume effects the imaging
quality can be kept constant good during the ablation process [41]. In contrast to nanosecond
pulses, the ablation rate for femtosecond pulses is found to be independent of the irradiated
spot diameter [47]. Another difference was reported in the case of metal film targets, where
the ablation rate was found to be independent of the film thickness, as far as the optical
penetration depth is larger than the thermal diffusion length (d > 100 nm) [46], which is in
contradiction with the results of nanosecond ablation experiments indicating basic differences
between the two processes.

An effective optimization of the applied parameters is much easier with the complete
understanding of the ablation mechanisms. Especially the dynamics of the single steps from
the absorption of the laser pulse until the formation of the ablated structure is of increased
interest. Time-resolved measurements yield fundamental information on the dynamics of the
ablation process. In particular, they permit one to determine the importance of multiphoton

processes, the lifetime of excited states, the latent time between the incident laser pulse and
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the ejection of species from the surface, the influence of plasma shielding effects, etc. Among
the various techniques employed are acoustic methods, time resolved reflectivity and beam
deflection measurements, and various types of spectroscopic techniques.

Based on theoretical considerations and experimental results, a relatively new theory of the
short pulse ablation mechanism has been developed in the last years. Although the main
principles of the process are similar for different materials, still there are some differences in
the ablation behavior of metals and semiconductors, mainly because of the different material
properties.

In case of metals the penetrated pulse energy is almost exclusively absorbed by free-free
electron transitions in the conduction band. As a first step the short pulse will be absorbed in a
relatively thin surface layer (skin depth) of the irradiated material. The absorbed radiation will
excite the free electrons through inverse Bremsstrahlung [48,49]. Thermalization between the
electron subsystem and the lattice is usually much slower, typically of the order of 1 to
100 ps, depending on the strength of the electron-phonon coupling (I'c.pn). This way the
femtosecond laser pulse generates a hot electron gas and temperatures over several thousand
Kelvin will be reached in the electron system. During this time temperature of the lattice will
not be significantly over the room temperature. As a result we can define two different
temperatures of these two systems. To describe this state of the matter a two-temperature
model has been invented by Anisimov et. al. [50] and was later further developed by Allen
[51]. The transient non-equilibrium between hot electrons and the lattice can be described by
temperatures T, and T, which can be calculated from the corresponding heat equations. For a
laboratory system these coupled equations for femtosecond and, in good approximation, also

for picosecond pulses can be written as

oT
C, ate =D(K8DTe)—|_e_ph(Te -T)+Q, (2.23)
and
oT
C E = I_e—ph (Te _T) > (224)

where C. and C are the heat capacities per unit volume of the electron and lattice subsystem,

respectively.
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This model describes the heat transport between the electron and phonon system, and builds
the theoretical base for the different investigations in this field. The experimental
demonstration of the temperature difference between the electron and phonon system become
first possible in the middle of 80ies, parallel with the fast development of short pulse laser
systems. Eesley [52,53], Fujimoto et al. [54] and also Elsayed-Ali et al [55] were able to
demonstrate the mentioned temperature difference experimentally through photoelectrons
[54] and thermomodulations spectroscopy by irradiating copper samples with short laser
pulses. During the excitation of about 100 fs the Fermi-Dirac energy distribution of the
electron system will be reached through electron-electron collisions. The strongly overheated
electron system gives the energy to the lattice within a few picoseconds through the electron-
phonon coupling [56]. It has been found that beside the energy coupling to the phonon
system, also the heat transport inside the electron system plays a very important role in the
energy relaxation [57-60]. Usually the heat transport dominates the process in the first 500 fs,
and later the electron-phonon coupling plays the more important role [61].

In case of semiconductors the optical excitation generates electron-hole pares by pushing
electrons from the valence band to the different electronic energy bands. However, the photon
energy has to be at least as big as the bandgap energy [49]. In less than 120 fs the energy
distribution will be thermalized through Coulomb-collisions [62]. Also in this case strongly
different temperatures for the electron and the phonon structure can be observed. This
temperature of the charge carrier particles will be equaled through collisions between
electrons and holes and partially through Auger-recombination in the first picosecond after
irradiation [63,64]. The relaxation of the temperature difference between the charge carrier
system and the lattice has a constant in the few picosecond range [48]. The process can be
described as follows: The energy coupling into the phonon system and material melting can
be observed within the first 100 fs [65], although high resolution measurements show that the
melting is inhomogeneous on this time scale [66]. Within the first picosecond a homogeneous
molten zone will be reached [67]. After around 5 ps material evaporation has been observed
[66,68], combined with cluster formation in a 100 ps time scale [66]. After few nanoseconds
the complete resolidification of the surface can be detected.

The ablation dynamics description above is a summary of the most important steps, that has

been observed by several research groups after irradiating metal or semiconductor probes with
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high intensity laser pulses. The dynamics of the processes depend on the material properties,
the microscopic state of the probe [69,70], and the energy density, repetition rate,
accumulation effects, etc. However, for energy densities higher than the ablation threshold of
the given material the global effects (heating, melting, evaporation) are very similar for all
kind of investigated materials [49].

Another field of application of ultrashort pulses is the patterning and micromachining of
materials for which the photon energy of conventional lasers is not high enough either for
direct (single-photon) bandgap excitation or for efficient defect generation. Such materials are
fused silica, fluoride crystals, diamond, sapphire, teflon, etc, having only little absorption in
the UV part of the spectrum. Subpicosecond UV lasers can be new tools for the precise
micro-machining of these materials. Ultrashort pulses generate extremely high peak powers
(~TW/cm?) already at moderate energies. At such high power levels multiphoton processes
become dominant establishing the condition for the concentration of the irradiated energy in a
thin surface layer necessary for precise machining. At the same time, the relatively low
energy of the pulse ensures that little or no optical damage occurs to the adjacent zones or to
the bulk material.

A further very important feature of the complete system used for micromachining is the high
optical resolution. In material processing, especially if high precision is required, it is the
minimal achievable focal spot size, which is considered to be the major figure of merit for the
performance of the laser system. This is where the better focusability of short wavelength gas
lasers plays a very important role [71-78]. Fabrication of feature sizes below one micron is
hardly possible with lasers operating in the infrared. However, the short UV wavelength
results in an around 3 times smaller theoretically achievable minimal focal spot size,
compared to an IR system running at around 800 nm. The gaseous active medium of excimers
also introduces less optical distortions [72-74,76,77]. As a result of the combination of these
effects, a typically 10-100 time smaller focal spot area is reachable for excimer lasers
compared to high intensity solid state systems [17]. This significantly relaxes the
requirements also for the peak power necessary to reach a given focused intensity. The most
important advantages of such a system for submicron machining are the small penetration
depth of the radiation, the small thermal diffusion length and a high optical resolution. The

high peak power ensures a small penetration depth through multiphoton absorption and
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consequently well defined ablation depths. Additionally the short pulse duration provides a
small thermal diffusion length and through that prohibits the lateral spreading of heat into the
surrounding regions, ensuring the creation of small lateral structures. Operation with UV
pulses provides the necessary high spatial resolution because the minimum achievable
irradiated spot size scales with the wavelength. Further advantage of the short wavelength is
the increased absorption of most of the materials in the UV region. This relaxes further the
system requirements even for hardly machinable, in the IR and VIS wavelength region
transparent materials. As a result of all these advantages practically all kind of materials can

be machined with submicron precision, applying UV femtosecond pulses.
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3. Short pulse hybrid laser systems

3.1 Basic concepts of short pulse hybrid laser systems

To date there is no effective way to generate ultra short pulses directly in the UV. So far the
most attractive scheme for the control of the temporal, spatial, energetic, and spectral
properties of short UV pulses consists of three well-defined stages. These stages are the seed
pulse generation in the IR or visible wavelength range, followed by a spectral conversion
stage, where the frequency of the primary radiation is up-converted into the amplification
band of an excimer gain medium. The final part is the power amplifier stage, which is based
on excimer module(s) with a properly chosen optical arrangement. For the short pulse
generation different front ends can be used, e.g. frequency tripled seed beams from a Ti:Sa
solid-state laser or frequency doubled pulses of a short pulse dye laser system. In earlier
experiments the dye laser front-end [6] was used and successfully applied in numerous
laboratories all over the world. Actually, such a front-end is used in the polarization
multiplexing experiments, described in details in 3.4. However, thanks to the recent
achievements of solid state laser technique, there are some features (reliability, simplicity,
possibility of high frequency operation), that make the solid state front-ends more preferable
in a big part of the applications. After a brief description of the used front-end systems and the
frequency tripling arrangement in 3.2, the achieved results on the development of hybrid laser

systems are enumerated in the following sessions (3.3-3.5) of this chapter.

3.2 The different front ends and the frequency tripling unit

There are several possibilities to generate ultrashort pulses in the visible or the IR spectral
range. One promising way is to use a hybrid dye-excimer system for the generation of ~500 fs
pulses tunable over a wide spectral range between 400 and 600 nm. For amplification in KrF,

the lasing wavelength of the DFDL (distributed feedback dye laser, which is the key
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component of the system) is tuned to 497 nm, being twice the 248.5 nm KrF wavelength. The

experimental arrangement of such a dye laser front end is shown in (Fig. 3.1).
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Fig. 3.1: Szatmari-type cascade dye laser system

This system is based on a cascade of dye laser and amplifier stages, pumped with an exciter
laser delivering ~15 ns pulses at 308 nm. The pulse is shortened step-by-step (QCDL, SCDL,
GSA), applying different shortening techniques [79], reaching a pulse duration of ~0.5 ps
after the DFDL. These pulses are amplified again and frequency doubled in a single BBO
crystal, reaching the desired 248.5 nm wavelength. The applied excimer module is an
EMG 150 laser, consisting of an oscillator and amplifier tube. The frequency doubled pulses
can be amplified in the second tube up to ~10 mJ. Such a system is ideal as a front end if
relatively high energy input pulses are desired, offering some energy reserves even if e.g.
spatial filtering or compressor stages are necessary to use before further amplification. A
further advantage of the arrangement is that the twin tube excimer module automatically
solves the synchronization. Disadvantages are the complicated alignment procedure of the
cascade dye stages and the low repetition rate (in the range of 10 Hz).

Alternative candidates to solve the above mentioned problems arising from the dye laser

system are short pulse solid state lasers. Our choice was a commercially available Ti:Sapphire
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solid state laser system (Spectra-Physics Lasers, Inc., CA) shown in (Fig. 3.2), generating
around 150 fs pulses at 745 nm with a repetition rate up to 1000 Hz [80,81].
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Fig. 3.2: The short pulse Ti:Sa laser system

The system consist of a quasi cw mode-locked master oscillator providing a broadband seed
radiation centered normally at around 800 nm with ~90 fs pulse duration. A slit placed into
the cavity allows tuning the laser to the desired 745.5 nm wavelength. The seed pulses are
stretched, and then amplified in the regenerative amplifier (RA). The frequency of the Q-
switched pump laser for the RA can be varied between 1-1000 Hz, determining the repetition
rate of the amplified pulses. After amplification the beam is compressed again to about 130-
150 fs, carrying an energy of ~400 J. These pulses can be frequency converted in a
frequency-tripling unit. To provide absolutely hands off operation, the tripling unit was built
in a linear arrangement, placed into a sealed box flushed by argon.

The frequency upconversion was realized in two main steps [80,81]. First a second harmonic
(2w) signal was generated in a nonlinear medium with around 40 % efficiency. After the
necessary correction on the polarization and timing of the w and 2w beams sum-frequency
mixing was used to generate the desired third harmonic (3w) radiation. The details of this
arrangement are as follows. To generate the 2w radiation at 372.7 nm a 7x7x0.8 mm thick
polished BBO crystal was used as nonlinear medium with type I phase-matching condition
with 8=31,4° and @=0° cutting angles. To compensate the group velocity delay after
frequency doubling a 1.1 mm thick polished MgF, wave plate was used. The operation of the

wave plate is based on the birefringence of MgF,. The polarization of the fundamental and the
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second harmonic radiations are orthogonal, as a consequence of the type I phase-matching in
the doubling crystal. By proper choice of the cutting angle relative to the optical axis allows
us to roughly define the required refractive indices (n(A)) of the MgF, wave plate seen by the
different wavelengths. Rotating the normal of the crystal surface relative to the incoming
beams a fine-tuning of the optical path lengths and the refractive indices for the different
beams is realized allowing to adjust the required group delay. This way the optimal temporal
overlap of the w and 2w waves on the tripling crystal can be ensured. To reach parallel
polarization between the fundamental and the second harmonic wave on the second BBO
crystal we used a 2 mm thick MgF, retardation plate (dual wave plate with AR/AR coating for
400 and 800 nm from Alphalas GmbH Géttingen), placed right behind the wave plate. In the
second main step sum-frequency mixing also in type I phase-matching condition was used.
The 0.24 mm thick second BBO crystal (polished, 7x7%0.24 mm thick, 68 =49° and @=0°
cutting angles) mixed the remaining IR (w) and the second harmonic (2w) near-UV light to
produce the third harmonic (3w) radiation at 248.5 nm. The crystals together with the wave
and retardation plates were placed into a sealed box, filled with Ar gas to protect the crystals
against humidity, ensuring long lifetime of the optical components. The maximal efficiency
for the tripling was around 8%. Although this is not the highest possible conversion
efficiency, the linear arrangement provides absolutely hands off, “no tweak™ operation of the

tripling unit, making the arrangement more reliable.

3.3 Description of a S0 mJ system

In the first experiments a solid state Ti:Sa system set to 745,5 nm wavelength was applied
with ~30 W energy seed pulses. These pulses were amplified up to over 50 mJ. For the
amplification a specially designed wide-aperture KrF excimer module was used in a three-

pass off-axis arrangement [80].

As it is described in details in 2.3.1, the off-axis amplification allows to use a KrF module in
multiple pass operation, fitting the operational conditions of the amplifier to the gain

requirements in each pass by changing the size and the off-axis angle of the beam. The
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theoretically achievable maximal number of passes is around 5-10, however, the overall gain
lifetime and the length of the discharge limits the number of amplification passes to a
practical maximum of 3.

In the experiments an EMG 201 Lambda Physics excimer laser was used, and it was specially
modified for short pulse amplification. The length of the discharge was 930 mm, with 36 mm
electrode separation. The charging circuit, the capacitor banks, the magnetic switch, the
peaking capacitors, the electrode profile and the preionization geometry were also fitted to
these parameters. The main goal of the modifications was to increase the momentarily stored
energy (Eg) of the amplifier. After modification of the amplifier Ey was measured

experimentally. In case of a short pulse amplifier Eg; can be theoretically calculated from (3.1)
Ey =B 9, LW ID, 3.1

where Egy is the saturation energy density, gy is the small signal gain coefficient, L is the
length of the discharge, W is the width of the discharge and D is the electrode separation. For

the measurement of the stored energy (3.2) can be used
Est = Esat |IQOI—efT ) |]\/ef'f DD s (32)

where both the gain length product (goLcsr) and the effective width of the discharge (W.g) are
measured values. In such a measurement a small diameter femtosecond probe beam was sent
through the spatial maximum of the gain (in our case enclosing an angle of 1.5° with the
longitudinal axis a, of the amplifier) and the energy of the amplified output beam was
measured, scanning through the effective width of the discharge (W) in lateral direction

(Fig. 3.3).
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Fig. 3.3: Setup for the stored energy measurements. In the picture the discharge volume is
visible where W is the width, L is the length and D is the height of the discharge
(electrode separation). Ej, and E,, represent the measured input and output
energies, ay is the longitudinal axis of the amplifier, a = 1.5° is the angle enclosed

by the beam and ay, and x is the direction of the scan in the xy plane.

The input signal was strongly attenuated in order to avoid saturation of the amplification
during the whole measurement. By measuring E;, and calibrating the attenuation factor it is

possible to calculate the gain length product for each measured point according to
Qber = In(Equ/Eyn)- (3.3)

The other measured value Weg can be defined as the FWHM of the measured amplification
curves.

For our specially developed discharge module a momentarily stored energy (Eg) of as high as
100 mJ was found. For the calculation we used the values Eg,;: = 2 mJ/crnz, D = 36 mm and the
measured maximal values for In(Eq/Ein) = goLlesr=5.3 and Wegr=25 mm (width of the
discharge seen by a femtosecond probe pulse at an off axis angle of 1.5° around the spatial
maximum of the gain).

We used this newly developed amplifier in combination with the frequency-tripled output of a
Ti:Sa system (delivering 40 J energy at 248 nm) in a 3 pass off-axis arrangement (see Fig.
2.2 in 2.3.1). In order to ensure a proper timing an active delay control unit (EMG 97 or
LPA 97, Lambda Physik) was used to trigger the excimer module. This means that the

maximal gain in the excimer active medium has to be continuously adjusted in time relative to
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the seed pulse. The active delay control unit manages to keep a constant delay between an
external trigger pulse and the discharge in the amplifier. After adjusting the correct time delay
the frequency-tripled signal was directed into the amplifier at an angle of 1.1°. The proper
divergence was reached by a negative lens placed in front of the amplifier. The beam diameter
at the input was 6 mm. In the first pass it is not a necessity that the beam fills the entire
discharge cross section because the extracted energy in this pass is small compared to the
momentarily stored energy of the amplifier. The angle of the first pass was chosen quite small
to boost up the energy into the mJ range, corresponding to an amplification factor of ~70. The
energy density of the beam right after amplification is about 1.2 times &g (2 mJ energy in an
around 10 mm diameter beam), which is close to the determined optimum for pre-amplifiers.
The small angle provides the high amplification factor, however also causes stronger ASE
coupling. In order to suppress the amplified spontaneous emission we applied a spatial filter
after the first pass. To keep the arrangement relatively compact we applied here a relatively
short spatial filter. This way it was easier to build a stable optical arrangement and to stay
within the middle region of the time window of the maximal gain. The drawbacks of the short
filter are mostly in connection with the use of short focal length focusing optics. This way the
focal spot size is very small generating high intensities in the focus and consequently faster
deterioration of the used pinholes. Additionally the introduced pulse front distortions are also
higher this case. The beam was focused with an f= 180 mm fused silica lens. In the focus
position a quartz pinhole with 50 pm diameter was used, placed into an evacuated tube. The
whole vacuum tube was mounted on an xyz micrometer translator stage, allowing precise
positioning of the pinhole. For collimation an f=350 mm quartz lens was used not only
collimating but also introducing an around 2 times magnification of the beam. After the
spatial filter the beam diameter was about 25 mm delivering about 1-1.5 mJ energy. For the
2" and 3" passes the divergence was aligned so that the beam at the output filled the aperture
of the amplifier. The angles were adjusted to 2° and 2.4°, respectively. After the ond pass
about 1.8 times the saturation energy density was reached (beam diameter around 30 mm)
corresponding to an amplification factor of ~20. In the third pass a large off-axis angle was
adjusted providing a small amplification factor (about 2) but still the biggest amount of
extracted energy (~20-30 mJ). The measured output energy was 50 mJ with less than 5%

energy fluctuation. The pulse length was measured to be ~530 fs (shown in Fig. 3.4), using a
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homemade UV autocorrelator, based on multiphoton ionization in NO [82]. For the
calculation of the pulse width a gauss fit was used, the measured FWHM value was 760 fs

corresponding to 532 fs pulse duration.
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Fig. 3.4: Measured autocorrelation curve, the half with of the fitted gauss curve was 760 fs

corresponding to 532 fs pulse length

The pulse-width broadening (~340 fs) relative to the pulse duration of the frequency tripled
seed beam (~190 fs) can be explained by the group velocity dispersion (GVD) of the window

materials using the equation given in (3.4).

(3.4)

,A=248nm aF,,A=248nm ’

AT = % [ tdn, /dA ), ¥ 'CZFZ DA tdn, /dA)_
where AT is the temporal broadening of the pulse, 1, is the length of the material, AA is the
pulse bandwidth and dn,/dA is the GVD coefficient of the given material at 248 nm. Using the
values 1o =36 mm (quartz lenses in the off-axis arrangements and windows for the tripling
box and for the vacuum pinhole), lc,p, =48 mm (6 times the 8 mm thick CaF, window),
¢ =300 nm/fs, A\ = 0.7 nm, and dny/dA = 1.334007 1/nm and 2.104007 1/nm for CaF, and
fused silica (at 248 nm), respectively, the temporal broadening estimated to be ~330 fs, which

is within the measurement error.
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The focusability of the amplified output beam was measured in a simple arrangement, where
the full diameter beam was focused with a 1 m nominal focal length fused silica lens (f was
measured to be 1105 mm, partially because of the divergence of the beam) and the focal spot
was imaged with a 10x microscope objective onto a CCD. The focal distribution was
investigated using a beam analyzing system. (The results of a similar measurement are shown
in Fig. 3.10 measured for the same amplifier but in a different optical setup.) For a square

shaped output beam the diffraction limited focal spot size (FWHM) can be calculated as

A Of
X = 5 (3.5)
where A is the wavelength of the radiation, f is the measured focal length and d is the beam
size on the focusing element. For d=45mm, f=1105mm, A =248nm the calculated
diffraction limited focal diameter would be x = 6.1 um. The measured FWHM values were
12.5 x 14.5 pm corresponding to a 2.4 x 2.1 times diffraction limited beam.
The reached 50 mJ output energy is quite close to the theoretically estimated maximum
extractable energy for our amplifier. In this arrangement the discharge parameters of our
modified excimer module support a maximal output beam size of around 36x36 mm?®. From
(2.19) Wgr = Lsina ~ 37 mm calculating with L =970 mm discharge length and a = 2.2° off
axis angle. Taking the optimal energy density value for a power amplifier (from [17]), the
achievable maximal output energy can be calculated according to (2.21). Using the values
€qat = 2 mJ/crnz, Eopt = 2.2 € and A = 3.6 cm’ the maximal output energy is ~60 mJ. This
means that using the off-axis amplification scheme operational parameters close to the
theoretically achievable optimum have been found for our modified module. For further
increase of the output energy excimer modules with even larger amplification cross sections

or tricky optical arrangements have to be used. Such a powerful candidate is the so-called

polarization multiplexing technique.
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3.4 Description of a 100 mJ system

In this section a polarization multiplexing method (based on Sagnac interferometer’s
principle) is described and investigated to increase the extractable energy out of the same
excimer module applied in 3.3. The modified KrF amplifier device (the same as the one
described in 3.3) was tested in a 2-beam variant of the polarization multiplexing scheme, and
100 mJ maximum output energy pulses in a single subpicosecond beam at 248 nm were

reached and characterized [80].

intput beam

"x

ﬂ output beam
PSR

KrF gain medium
(LLG 100 amplifier)

Fig. 3.5: Two-pass polarization multiplexing scheme, the key component is the polarization

sensitive reflector (PSR)

It was shown by theoretical considerations that our modified wide aperture KrF amplifier can
be used to amplify femtosecond UV pulses in a multiple pass arrangement up to ~60 mJ. In
the previous section generation of 50 mJ energy output pulses was demonstrated using a 3
pass off-axis amplification scheme. However, to reach even higher output energies with the
same amplifier a multiple beam arrangement (interferometric multiplexing) is needed.
Multiplexing allows efficient extraction of the stored energy of amplifiers of short storage
time by the use of a train of pulses. For shorter than picosecond pulses a generally applicable

interferometric beam recombination method was found, and theoretical studies have already
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been made [18]. The shortcomings of the conventional multiplexing methods (detailed in
2.3.2) are eliminated by using the same optical element for multiplexing and demultiplexing,
so that the partial beams have exactly the same optical path, allowing an automatic, phase-
locked synchronization of the beams (Fig. 2.4 b in 2.3). In the measurements detailed in the
followings 2 beams in 2 passes were amplified based on the polarization splitting method
(Fig. 3.5).

The most important component of the optical setup is the polarization sensitive reflector
(PSR). This splits the input beam into two partial — perpendicularly polarized — beams
counterpropagating in the ring, and recombining them again, thus providing a single output.
The Sagnac interferometer is considered to be well-aligned, when the two partial output
beams have a complete spatial overlap. If the input beam has a plane phase front, the output
beams have always parallel phase fronts for any alignment of the interferometer, in which the
number of mirrors — taking into account the PSR itself — should be an odd number. This
means that neither a parallel shift nor a directional change of an optical component can cause

a non-parallelism of the output beams.
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Fig. 3.6: Simplified scheme of interferometric multiplexing based on a Sagnac interferometer,
a) misalignment in the case of a parallel shift d of M, and b) misalignment caused
by Aa directional change of M, (PSR means polarization sensitive reflector, M; and

M, are dielectric mirrors)
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However, as displayed in Fig. 3.6 a, a parallel shift of d causes a lateral shift of the two

outputs which is given by (3.6)

Ax, =d Bina. (3.6)

Directional change of a component causes not only a parallel shift but also a phase shift (Fig.

3.6 b). The parallel shift can be calculated as (3.7)

Ax,, =(a+b-c)sin’(2Aa) +sin*(2A¢), (3.7)

where Ad and Ag are the directional misalignment of a component in a plane parallel and
perpendicular to that of the interferometer, respectively, and a, b and ¢ are the optical

pathways between the components of the setup. The phase shift of the two beams is given by

Ds, . =2(a+b-c)Vsin' Aa +sin® A€ . (3.8)

Using the assumption Aa =sin Aa with (AW/2)* = Aa’ + Ae” and D=a+b-c, (3.7) and (3.8)

can be simplified as

Ax,, = DAY, 3.9)

and from the relationship 1/2(sin’a +sin’€)* <sin*a +sin* € < (sin” a +sin” £)*> one

obtains for As:
1/8 D [AW? < As<1/2 D [AW? . (3.10)

Here As = 1/8DAW? if Aa =A¢, and As = 1/2DAW? if Aa =0 or Ag =0.

From Fig. 3.6 D =atb-c is the optical delay of the two beams and assuming only small
misalignments AW is the angle deviation of the outputs from the original direction caused by
the misalignments Aa and A€ of an optical component. In case of excimer amplifiers where D
is around 1 m, assuming AW = 0.5 mrad - which can easily be realized without special care -

Ax=0.5mm and 31.25nm <As <125 nm. This means that it is possible to reach an
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alignment, where the lateral displacement can be neglected compared to the beam size and the
phase matching accuracy is better than A/2.

The multiplexing arrangement requires input energies, in the mJ range. The reason for this is
the absence of a similar pass like the first one in e.g. a 3 pass off-axis arrangement, where the
energy is boosted up into the mJ regime. For this purpose we used the output of a
femtosecond dye-excimer laser system. A further amplifier stage for the Ti:Sa system which
would be able to provide ~1 mJ frequency tripled seed pulses was not available in our
institute. The output of the dye - excimer laser system (see in Fig. 3.1) was sent through a 3 m
long spatial filter where the beam was cleaned up from the ASE. At this point the focused
intensity is already so high that special care had to be taken to design the filter. In order to
elongate the lifetime of the pinhole we used a long focal length lens to get a bigger focal spot
diameter (2r) and through that a decreased power density in the focus (power density in the
focus ~ 1/r*). We used home-made CaF, and MgF, pinholes as filtering elements because of
the much smaller two photon absorption coefficient and hence higher damage threshold of
these materials. After the spatial filtering the beam was collimated and sent into the Sagnac
interferometer. Its first component is the polarization sensitive reflector (PSR). The PSR is a
special mirror, which has 100 % reflectivity for s-polarized 248 nm radiation and 100 %
transmittance for the p-polarized 248 nm radiation at Brewster angle. In order to get two
beams with the same intensity, it is necessary to have a completely linearly polarized seed
radiation and the polarization of the input beam has to be set so that it encloses an angle of
45° with the plane of incidence of the PSR. This results in a reflected and a transmitted beam
with roughly the same intensity, one beam with s- and the other with p-polarization. Then, the
reflected beam was delayed by 3.5 ns — which is in the range of the relaxation time of a KrF
amplifier [7] - and both were sent through the amplifier. At the other end of the amplifier a
delay of 7 ns was adjusted for both beams in order to obtain complete relaxation of the
amplifier before the beams re-enter it for the second pass. Through this delay line the beams
were sent back to the amplifier to retrace the same beam path. After subsequent amplification
the two beams reach the PSR at exactly the same time, thus yielding a recombination with
interferometric precision. The beam, which was totally reflected, will be totally reflected

again and the opposite holds for the transmitted beam, resulting in only a small leakage back
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to the spatial filter. The applied off-axis angle of 2.2° was the highest allowed by the clear
aperture of the amplifier windows.

Fig. 3.7 shows calculated values of the overall contrast (C calculated as in (2.14)), overall
extraction efficiency (<n>, given in(2.10)) and the output energy (Eou = €,utA) as a function
of the input energy (Ei,) for different off-axis angles (0) in our amplifier calculating with two
passes of the same off-axis angle. This is the case for the multiplexing setup assuming that the
delays were defined so that the population inversion in the active medium is totally recovered

between each amplification step.
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Fig. 3.7: Calculated values of the overall contrast (C), overall extraction efficiency (<n>)
and the output energy (Eou) as a function of the input energy (E;n) for our amplifier
assuming two passes with the same off-axis angles

It is seen from Fig. 3.7, that by increasing the input energy the output energy increases fast
and saturation is reached quite soon. At larger off-axis angles the output energy increasing
slowlier, however because of the faster saturation at smaller angles the difference will be very
small already at the end of the measured region. The overall extraction efficiency seems to be
quite insensible in the whole plotted region after a fast increasing period. In contradiction
with that the contrast decreases fast with increasing input energies and a very strong
depencence on the off-axis angle is visible. For larger angles the drop is significantly slower

than for smaller ones. Altogether, high output energies can be reached with only small inputs,
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although at larger off-axis angles this value is somewhat lower. However, small off-axis
angles will result in a bad contrast. A trade-off can be reached using 1-2 mJ input energy and
large off-axis angles reaching high output energy and good extraction efficiency at relatively
good contrast values.

By constructing the PSR we had to consider two very important features. One of them was
two-photon absorption of the PSR substrate material, the other is a reflection from the non-
coated surface of the polarizer. There are different possibilities to place the polarizer, which

had to be considered (Fig. 3.8).
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Fig. 3.8: Different possibilities to place the polarizer into the beam-path, the most critical

properties: appearance of pre-pulses and multiphoton-absorption

If the input beam hits the reflecting surface first, no difficulties at the multiplexing process
occur, however, upon demultiplexing the recombination of the two beams will take place
before the beam passes the substrate material. This way the high-energy beam has to
propagate through the substrate material causing higher losses by nonlinear absorption or
color center formation. In addition, a small reflection (1-2% of the total energy) can occur
from the substrate surface by any misalignment from the Brewster-angle, causing a pre-pulse
at the output few picoseconds before the main pulse (corresponding to the optical path in the
substrate material), which is not tolerable in many experiments (Fig. 3.8 A).

The other possibility is to place the PSR so that the input beam first reaches the non-reflecting

surface. In this case the recombined beam will not pass the substrate but a pre-pulse is
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injected into the amplifier and can deplete it before the main pulse enters the amplifier (Fig.
3.8 B). To eliminate this problem we tried to use antireflection coatings but for such a special
case no practicable AR-coating is available and even with the use of a special colloid AR-
coating the transmission is only around 98-99% for the critical polarization, which is still not
satisfactory. To solve this problem we used a wedged substrate with a wedge angle of 20°,
which causes about 1° deviation at Brewster-angle incidence (Fig. 3.8 C). Such deviation
results in a lateral shift enough to get rid of the pre-pulse on the >2 m way up to the
amplifier. Because of the wedge the polarizer is working like a prism, causing some
limitations for the focusing and temporal properties of the output beam through angular
dispersion.

In the following this limiting effect will be evaluated and it will be shown that it can be
neglected. The effect is different for the transmitted and reflected parts. The reflected part will
see the PSR as a prism with &, =20’ prism angle two times, first by entering the
interferometer and for the second time by leaving it. The polarizer will introduce the same
deviation in both cases that have to be added. For the reflected part the PSR will act as a
prism with € = 2g, prism angle but only once, by entering the interferometer. As it is known a
single dispersive element with a given angular dispersion introduces negative GVD (group
velocity dispersion), and therefore a spatially evolving negative chirp [83,84]. The introduced
chirp is a function of the angular dispersion (d® / d\), wavelength (A) and spectral bandwidth
(AM) of the laser pulse and the optical path of the beam (1), according to

AT :@EELGH AN, (3.11)
ch OdA O

where c is the speed of light, n the absolute refractive index in air (n= 1), and d©/dA can be

derived from (3.12)

U
@()\) =a, + arcsinm()\)sin% —arcsin( 1/\) sinal)%—s , (3.12)
O

n(

where Q; is the incident angle of the beam and € is the apex angle of the prism. Substituting

the values 1=7,3m, A = 248.5nm, ¢ = 3108 m/s, AA = 0.6 nm, a; =56°, and €, =20 into
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(3.11) and (3.12), the calculated temporal broadening of the pulse is —0.084 fs and —0.323 fs
for the transmitted and reflected beam, respectively. It is evident that this effect is fully
negligible, the spatially evolving chirp practically does not influence the pulse length and will
not cause any difficulties at recombination.

A further effect is that the introduced angular dispersion will cause a lateral walk-off of the
different spectral components inside the beam and also influence the minimal focal spot size.
Using 1=7m, and d©/d\ =4.9200°° rad/nm the calculated lateral misalignment inside the
interferometer is ~20 and 40 pum for the transmitted and reflected beam so it is around 3
orders of magnitude smaller compared to the beam size therefore it can be neglected. The
lateral separation of the different spectral components in the focal plane, which is caused also

by the angular dispersion of the prism, can be calculated as
Ax = f dgm/\. (3.13)

The calculated deviation in the focal plane is 4.3 pm for the multiplexed beam, using the
values f=750 mm (focal length of the focusing lens), AA = 0.6 nm (spectral bandwidth) and
9.65 x 10 rad/nm angular dispersion for our PSR when its material is CaF, and the prism
angle is 2€ =40°. This is about 0.7 times the size of a diffraction-limited focus for these
parameters.

Using CaF; as substrate material instead of quartz can significantly decrease the losses caused
by nonlinear absorption. It is well known from the literature that for fused silica the losses are
mainly caused by two-photon absorption while for CaF, by three-photon absorption [15]. In
the 10 GW/cm? intensity range — which is reached for a 500 fs long pulse if 100 mJ energy in
concentrated in a 36 mm size square like beam — this allows around 66.8% transmission for
fused silica and 99.7% transmission for CaF, calculating with 8 mm material thickness (which
is necessary to reach good mechanical stability and surface polish for the PSR). The other
parameters used in this calculation are: 58° incidence angle, 9 x 10° W/cm? input intensity,
n=1.508 and 1.468 refraction index for fused silica and CaF, and 3 = 5.8 x 107" em/W two-
photon absorption coefficient for quartz and y= 3.8 x 107 cm’/W? three-photon absorption

coefficient in the case of CaF, as it is given in [15]. These calculations show that CaF, is a
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much better choice for substrate material, allowing higher transmission with minimized losses
even at output energies in the 100 mJ region.

Under optimized conditions output pulses with 100 mJ energy were obtained in a single
beam. The intensity distribution of the output beam after demultiplexing is shown in Fig. 3.9
with and without amplification. For this measurement a fluorescing glass plate was placed

into the beam path whose surface was imaged onto a CCD camera.

Fig. 3.9: Measured beam profile of the multiplexed output made by imaging the whole beam
onto a CCD camera (on the left: amplifier on, on the right: amplifier off)

For an assessment of the focusability the output beam was focused with an f= 750 mm focal
length lens and a magnified image of the focal spot was observed by the CCD-camera (Fig.
3.10), recorded and analyzed with a beam analyzing system (MrBeam, LLG).

The size of the beam was 36 x 36 mm, the calculated diffraction limited focal spot size is
6.3 pm. The measured values were 14.88 x 12.86 um for the not amplified beam and
13.96 x 12.40 ym in the case of the amplified output, corresponding to a 2.36 x 2.04 and

2.22 x 1.97 times diffraction limited beam, respectively.
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Fig. 3.10: Focal distribution of the output beam a without amplification and b with
amplification. The beam was focused with a 750 mm focal length fused silica lens
and was imaged onto a CCD camera with a 10x magnification quartz objective

Such a high power table-top femtosecond laser system operating in the UV region at 248 nm
and delivering 100 mJ output energy in a single beam facilitates the generation of about
1.7 x 10" W/cm? of focused intensity with the use of high quality focusing optics (f= 70 mm
off-axis parabolic mirror). These intensities allow the investigation of high intensity processes
and plasma-physics experiments for many laboratories with the use of such a small-scale
excimer laser system. On the other hand for high precision material processing this intensity
level is higher than necessary. In numerous applications it is more desired to make the process
faster, most effectively by increasing the repetition rate. Solid state front-ends are able to
operate at several kHz repetition rate, more difficult task is to solve the problem for excimers.
It necessitates the development of high repetition rate excimer modules as short pulse

amplifiers.

3.5 Description of a 9 W system

Thanks to the dynamic development of short pulse solid state laser sources [85-88], nowadays
a new potential occurred to push the repetition rate up to the limit of the excimers in solid

state excimer hybrid systems, in contrast to dye laser sources used before. There the
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maximum repetition rate was restricted to the 10 Hz range. Front-end devices with high
repetition rates open the way to the development of high average power femtosecond UV
laser systems. This research line was followed by the group of S. Watanabe [89-91]. Recently,
they reported on a solid state Ti:Sa-excimer system delivering 50 W output power at 200 Hz
with 248 nm femtosecond UV pulses [89]. The significant increase in the output power was
achieved by splitting the seed pulse into 4 parts and than amplifying them resulting in 4
output beams with 12.5 W power each delayed by 2.5 ns. Without recombination of the pulses
— which is practically impossible — the applicability of such an arrangement with a 4 beam
pulse train is restricted to specialized experiments. (A multiple pulse structure can not be
tolerated in experiments like e.g. formation of a plasma channel for multikilovolt x-ray
generation [92], study of hot electron production [93], etc.) Moreover, a rather complex, home
made front-end was used in [89], thus strongly limiting the applicability of such an

arrangement in industrial environment e.g. for material processing.
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Fig. 3.11: Femtosecond laser system consisting of a Ti:Sa solid state front-end, a frequency

tripling stage and an excimer amplifier in a three pass off-axis arrangement

The system developed in our group is a compact table-top UV femtosecond system based on
the combination of a Ti:Sa laser-system, and a newly developed wide-aperture, discharge-

pumped KrF amplifier [81]. Frequency tripled seed pulses of the Ti:Sa system were amplified
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in an excimer module using a 3 pass off-axis scheme. The device was specially modified and
carefully optimized for short pulse amplification. Measurements of the stored energy as a
function of gas pressure, repetition rate and peaking capacitance were carried out. At
optimized operational conditions the laser system delivers 270 fs pulses at 248 nm with an
average power of more than 9 W at 300 Hz in a single output. The compactness and reliability
of the system would, in principle, allow industrial application of the apparatus.

In Fig. 3.11 the 3 main parts of the system is shown. The first part is a commercially available
Ti:Sapphire solid state laser system (Spectra-Physics Lasers, Inc., CA) followed by a
frequency tripling unit being the second part. Both of them were already detailed in 3.2. After
frequency tripling a telescope was used to adjust the proper divergence for subsequent
amplification. After the telescope the 248 nm pulse was directed into a specially modified
wide aperture, discharge pumped excimer module based on a LP NovaLine laser. The length
of the discharge was 970 mm with an electrode separation of 25 mm. The excimer module
was used in a 3 pass off-axis arrangement in order to reach the optimal conditions for the
amplification of femtosecond pulses [16]. The divergence was adjusted so that the beam
entirely fills the clear aperture of the amplifier at the end of the 3™ pass (25x25 mm). The

chosen off-axis angles were 1°, 1.5° and about 2° for the three passes, respectively.

laser param. In(Eou/Ein) (rgm) E (mJ)

= 25 Hz 5.701 216 61.6
2 g 100 Hz 5.531 22,0 60.8
g g 250 Hz 5.559 232 64.5
= 300 Hz 5.647 219 61.8

. 1.9 bar 43813 235 56.6

5 2.3 bar 5.109 234 59.8

17}

S 2.8 bar 4.877 24.1 58.8

= 3.3 bar 5.647 21.9 61.8

Tab. 3.1: Measurement of the stored energy depending on the repetition rate and gas
pressure. In(Equ/Ein) and W’ are measured values, Eg is the calculated momentarily
stored energy.
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After modifications of the discharge frame, the windows and the window holders, stored
energy measurements were carried out to characterize the module and to fit the operational
conditions to the requirements of short pulse amplification (see also in 3.3). First the
dependence of the stored energy on the repetition rate and gas pressure was measured and the
results are displayed in Tab. 3.1.

The measurements on the repetition rate dependence were carried out at 3.3 bar pressure with
43 nF capacitance of the peaking capacitors. The results show that our amplifier’s stored
energy is practically independent of the repetition rate in the measured range.

It is also known that at high repetition rates the stored energy can strongly depend on the
pressure because of insufficient circulation of the gas in the discharge volume. To investigate
this behavior of the given amplifier Eg has been measured at 300 Hz and different pressures,
and the results are displayed in Tab. 3.1. (measured with 43 nF peaking capacitance). It is
seen, that Eg is optimal at the highest pressure allowed in the chamber (3.3 bar).

In further measurements we applied 3.3 bar pressure in the amplifier and measured the
dependence of the stored energy on the peaking capacitance. By optimizing the number of
capacitors it was possible to reach an increase of about 14% in the stored energy compared to
the original value. This best case was achieved by decreasing the number of capacitors by

about 34% (Tab. 3.2).

capaszal:;]eg (nF) In(Eou/Ein) (nvlvm) Es¢ (mJ)
43 5.647 21.9 61.8
35 5.732 23.2 66.5
28.5 5.779 243 702
20.5 5.686 23.1 65.7

Tab. 3.2: Measurement of the stored energy dependence on the peaking capacitance

The values in these measurements were recorded at 300 Hz repetition rate at a total pressure
of 3.3 bar. For the further experiments we set the number of capacitors to the measured
optimal value and built up the 3 pass off-axis arrangement that was very similar to that
described in 3.3. The frequency tripled beam from the telescope (with a given divergence)

propagates through the amplifier three times. After each pass a delay line is applied because
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of the ~2-3 ns recovery time of the amplifying medium. In the 1 pass the energy is boosted
up to the mJ region. In the second pass the energy reaches the 10-15 mJ region. The energy
density is around 2-2.3 times the saturation energy density (Eg) of KrF in an about
17x17 mm beam. In the last pass the beam reaches the 25x25 mm size (which is the
maximum allowed by the electrode separation) with pulse energy of around 30 mJ at an off-
axis angle of 2° (the highest allowed by the windows and the off-axis frame we used). This
results in an output energy density of around 2.4 times E,, which is in the optimal region for
a power amplifier [3,17]. The measured ASE content was around 15% in the case of maximal
gain but by reducing the gain to 80 % of its original value it was possible to reduce the ASE
level to below 4-5 %. These signal-to-noise ratios represent an upper limit, since they were
calculated as the ratio of the output power without seed and with seed pulse, however the real
ASE content is smaller in the presence of the short pulse because the gain is depleted by the
femtosecond pulse preventing ASE generation in the presence of the short pulse [89].

The dependence of the output power on the repetition rate has also been measured. The results
show a linear dependence through the measured region with a gradient of 1, which means that
the output pulse energy is practically independent from the repetition rate (as it was already

found by measuring the stored energy). The measured values can bee seen in Fig. 3.12.
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Fig. 3.12: Measured output power as a function of the repetition rate.
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0 10 20 30 mm
Fig. 3.13: Measured 3D near-field beam profile recorded by a CCD camera and processed
with a beam profiler system.

A 3D graph of the output beam profile shown in Fig. 3.13 was recorded by a CCD camera and

than processed with a home built beam profiler system. A relatively flat-top beam profile is

visible.
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Fig. 3.14: Autocorrelation curves and calculated pulse widths of the seed (a) and the

amplified (b) pulses. T, and T, are the calculated pulse lengths for the applied
gaussian fits.

We also measured the pulse length of the seed pulse and the amplified pulse. In Fig. 3.14
autocorrelation measurement of the seed pulse (a) and the amplified output pulse (b) is

visible. The autocorrelation widths for the two pulses were found to be 241 and 388 fs for the



3. Short pulse hybrid laser systems 50

incoming and the amplified beam, respectively, corresponding to 169 and 272 fs pulse

lengths, calculating with gaussian pulse shapes.

The values demonstrate a temporal broadening of 103 fs. Calculations show that the measured
temporal broadening is mainly caused by the GVD in the window materials. The total
broadening caused by ng(A)s4g.m of the window materials (6 mm thick CaF,) was calculated

(using AA = 0.65 nm and (dng/dA)car, 248nm = 1.3340107 1/nm) and found to be 104.5 s, which

is in good agreement with our experimental results.

Combining the advantages of a solid state front-end with those of an excimer KrF amplifier
and with optimized operational conditions it was possible to reach over 30 mJ output pulses in
a single beam. The repetition rate could be increased up to 300 Hz reaching an average output
power of over 9 W in a single 270 fs UV pulse. To our knowledge, at this repetition rate, this

system generates the most powerful UV femtosecond pulses ever obtained.
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4. Applications

The unique possibilities of the laser systems described above open new ways to investigate
new application fields. Because of the relatively short history of the short pulse techniques,
the study of the ablation process for different materials is still not completed. With reducing
pulse duration higher and higher resolution in time can be reached, concentrating significant
scientific forces onto this field. Improvement of the spatial resolution is another strong
motivating force. This is resulting in a worldwide trend of decreasing the wavelength of the
irradiating sources. Up to date the applied wavelength in the industry for IC fabrication is 248
and 193 nm, but the first prototypes operating at 157 nm are running. To further decrease the
wavelength, the generation of efficient XUV pulses through frequency tripling of 248 nm
pulses is a powerful candidate, delivering 83 nm wavelength subpicosecond XUV radiation
[94,95], getting closer to the ultimate aim of 13 nm [96]. Because of physical and practical
reasons, the shortest wavelength at which energetic subpicosecond pulses can be obtained is
248 nm, and so short pulse systems operating at that wavelength are the best candidates for
the different material processing studies up to date. Belong the numerous application
possibilities these are investigation of metal deposition on silicon [97] or generation of
submicron-size metal ant metal oxide dots on different surfaces with the laser-induced
forward transfer (LIFT) technique [98]. Also the application of diffractive phase elements at
248 nm [99], generation of gratings with grating periods down to 300 nm, and drilling of
submicron sized holes on practically all kind of solids [94,99-102] has been investigated.

Some of these possibilities are detailed in the following sessions.

4.1 Subpicosecond ablation studies

As it is discussed in (2.4 and references there) the duration of the laser pulse plays a very
important role in the ablation process, especially if materials with high thermal conductivity
are necessary to machine with high spatial resolution. To verify the theoretical predictions,

morphology changes as a function of pulse duration has been investigated [102].
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The limiting effect of the heat conductivity can be neglected, if the penetration depth of the
laser radiation is less than Ly, (see equation (2.22)). For most metals (and semiconductors) this
condition is fulfilled for pulses shorter than a couple of picoseconds. The ablation of sub-
micron structures at 248 nm on copper and silicon representing the material classes of metals
and semiconductors has been demonstrated. Periodic line structures with a line-spacing below
400 nm, and individual holes with diameters below 500 nm have been produced on the
sample surface by single laser shot exposure (Fig. 4.1) and the pulse duration was varied for

the different measurements between 500 fs and 50 ps.

T=1500 fs T=5Dps T=150ps

1 .:r. i J | o
R': db ‘L o
J W

500nm 500nm

T

Fig. 4.1: Holes (1.2 J/cm?) and grating structures (0.6 J/cm?) ablated in copper with single

pulses at 248 nm with different pulse durations.

The observed ablation morphology for metals can be explained as follows. Irrespective of the
mechanism of the primary ablation process (evaporation) there will be a melt zone with a
depth defined by the pulse duration, the electron-phonon relaxation-time, and the thermal
diffusivity. This melt is affected by the recoil of the evaporated material and moves to the
edge of the irradiated area forming rims or droplets. The shape of these structures depends on
the driving force of the melt expulsion (recoil pressure) and the duration of heating and

subsequent cooling. Fast cooling leads to rapid solidification causing sharp burrs and small
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droplets in case of short pulses, and to broad, smooth rims for longer ones. It is readily seen
from Fig. 4.1 and Fig. 4.2 that both for metals and for semiconductors the quality of the

resulting structures deteriorates at pulse durations exceeding 5 ps.

1y ! R . : o
T=5ps T=50ps
Fig. 4.2: Grating structures ablated on silicon (0.2 J/cm?) with single pulses at 248 nm with

different pulse durations(5 ps and 50 ps, respectively).

The influence of the applied pulse duration on the morphology of various materials has been
studied, however, the processes involved are not yet completely understood. In particular,
knowledge of the dynamic evolution of the processes, starting with the absorption of the laser
energy, continuing with melting followed by ablation and resolidification, is of crucial
importance. In order to learn more about the dynamics of the ablation process, pump-probe
measurements of the temporal evolution of sub-micron structures can be performed [102-
104].

It has been shown, that the morphology of the ablated structures is significantly different for
short pulses. But not only morphological differences can be measured using femtosecond
pulses but also differences in the ablation thresholds and ablation rates. Ablation properties of
metals, semiconductors have already been investigated by several groups [41,42,103,105].
However, novel materials like nanoparticle layers - to our knowledge - have not been
investigated so far.

That is why basic ablation properties (like ablation thresholds and rates) of nanoparticle layers
have been investigated [106]. Based on a newly developed inert gas evaporation and

deposition technique [107], thick films of ultra-fine gold particles were prepared. This
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deposition method is designed for creating isolated nanocrystals and nanocrystal films with
well-defined narrow-band log-normal particle size distribution of (7 = 1) nm [108]. These
nanoparticles are of high purity because they are “distilled” in a high-purity inert gas
atmosphere. Furthermore, they are formed under conditions of quasi-thermal equilibrium.
Therefore they have very good crystallinity and have a well-controlled and reproducible mean
size ranging from 3 — 100 nm. The ablation properties of the same material with different
atomic structures like in the case of conventionally evaporated layers and nanoparticle
structures, can react differently with short laser pulses, similarly to the numerous differences
in other material features like flexibility and hardness (10 times higher for nanoparticles than
for vacuum evaporated layers), annealing temperature (above 700 °C for nanogold [109]),
resistance against oxidation (e.g. in the case of iron and aluminum) or electronic properties
[110], caused mainly by the defect-free nature of nanoparticles. That is why UV laser ablation
of gold nanoparticle films on glass substrates using femtosecond pulses was investigated and
compared with the ablation properties of conventionally evaporated gold layers. The pulse
length of the laser was 500 fs at 248 nm wavelength. Ablation thresholds, ablation rates at
different fluxes, and the morphology of the ablated structures were measured and explained
by taking into account the energy transport properties of nanocrystalline and conventionally
evaporated gold films [106].

The generation process of the nanogold films used in the experiments can be described as
follows. Gold was evaporated from a carbon crucible by induction heating and condensed in
an inert (He) gas atmosphere at pressures of 250, 500, and 750 mbar (Fig. 4.3).

A selection of nanocrystals was fed into the deposition chamber as a jet flow via the transfer
pipe and a special “nozzle” having a special inner shape and an end diameter of 500 pm. The
temperature of the molten metal was kept ~100 K above the melting point to obtain optimal
vapor pressures. In the deposition chamber the pressure was kept below 107" mbar. The

substrate was cold (50 °C) glass, cleaned and degassed previously by standard techniques.
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Fig. 4.3: Experimental setup for nanoparticle film production by the inert gas deposition

method

Ablation experiments were performed with a short-pulse, hybrid Ti-sapphire-KrF laser system
delivering 50 mJ energy output pulses at 248 nm with pulse duration of about 500 fs
(described in 3.3). Irradiation was carried out in a mask projection setup. In this arrangement
a 4.5 mm diameter circular aperture was placed into a homogeneous part of the laser output
beam and was imaged onto the sample surface with a 200 mm focal length lens, resulting in
irradiated spots of 250 pm diameter. The laser fluence was varied between 80 and 300 mJ/cm?
by a variable attenuator. In order to avoid air breakdown in the focus the sample was located
in a vacuum chamber. Ablation depths were measured by a Dektak 3030 Auto II stylus
profilometer and by optical microscopy. The morphology of the ablation holes was
investigated using a scanning electron microscope (Zeiss DSM 962).

During laser ablation of metal samples melting of the surface occurs and governs the process
even in the case of subpicosecond UV pulses [42]. Theoretical and experimental

investigations have demonstrated the key role of electron—phonon coupling in the fast ablation
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processes [111,112]. As a first step the optical excitation generates hot electrons in the metal
sample whose energy will be converted into the lattice through electron—electron scattering
and electron—phonon relaxation within a couple of ps. The rates of these processes are
different for nanocrystalline films, which cause differences in the ablation mechanisms.
Besides their mechanical and chemical stability, the resistance of thin films to laser irradiation
is of crucial importance in some important applications. Such properties of layers can be
investigated in laser ablation experiments. However, in the case of metal films with high heat
conductivity, rapid spreading of the absorbed optical energy during the laser pulse prohibits
the evaluation of such measurements. The only way to circumvent this problem is to apply
ultra-short laser pulses with pulse duration below the electron—phonon relaxation time of
several ps. Moreover, applying ultraviolet laser pulses ensures a very short penetration depth
of the radiation, thus further reducing any influence of the substrate on the laser heating of the
film itself.

In the case of conventional vacuum-deposited films an ablation threshold of 145 mJ/cm? is
obtained (Fig. 4.4 a). This is in good agreement with former results of other groups [41,103].
In the case of nanoparticle films the measured ablation thresholds were different for samples

deposited at different inert gas pressures (250—750 mbar).
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Fig. 4.4: a) Ablation depth vs. laser fluence for evaporated gold and b) for nanocrystalline
gold film (results derived after 20 laser shots, v =5 Hz, E =200 pJ in the image

plane with a diameter of 250 um)
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Fig. 4.4 b shows the ablation rate vs. laser fluence for a nanoparticle film evaporated at 250
mbar. From the data an ablation threshold value of 128 mJ/cm? is obtained. The measured
thresholds increased with increasing pressure. For films made at 750 mbar the ablation
threshold increased to the same value obtained for conventional vacuum-deposited films.
Gilidde et al. showed that by applying the two-temperature model the energy transport after
absorption of a fs laser pulse is mainly determined by diffusion of hot electrons [113]. In
agreement with this model the somewhat smaller ablation threshold for nanoparticle films can
be explained by the irregularities at the borders of nanocrystals, because they can decrease the
electron conductivity, keeping the energy in a smaller volume. These borders also act as
“weak points” in the structure of the film. The higher pressure during the evaporation process
promotes better bounding of nanoparticles, which determines the increase in the ablation
threshold in the case of samples made at higher pressures. Comparing Fig. 4.4 a and b one can
also see a difference in the ablation rates of the two kinds of samples. The almost five times
higher ablation rate of the nanoparticle films can be explained by a difference in the ablation
process. Presumably during ablation of nanoparticle films whole nanocrystals or nanocrystall
agglomerates (with a size in the region of 30 nm) are removed. Although inside the crystals —
because of their defect-free nature — the ablation threshold can be higher than for normal gold
films, between them the binding forces are smaller. So for ablation we must deposit an
amount of energy that is enough to break the connections between the nanocrystals to a depth
the size of one nanocrystal. This theory is supported by the data in Fig. 4.4, where the
measured rates were integer multiples of 7 nm, which is the particle size of our samples, and
the saturation of the ablation rate is in the range of the agglomerates’ size (about 30 nm). This
would mean that the ablation threshold and rate of the nanoparticle films should depend on
the particle size of the nanocrystals. At smaller crystal sizes the ablation thresholds and rates
expected to be smaller than in the case of larger ones.

Fig. 4.5 a and b indicates that the morphology of the ablated structures is similar in the case of
nanoparticle and conventional gold films. For this comparison both types of film were only
partially removed by 20 pulses at laser fluences slightly above the ablation threshold
(132 mJ/cm? and 156 mJ/cm?, respectively). In both cases well-defined edges and very similar

structures of the ablated areas are visible.
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Fig. 4.5: SEM pictures of a) ablated evaporated and b) nanoparticle gold layers. The holes
are 250 um in diameter, irradiated at a fluence of 156 mJ/cm? in the case of
conventional gold film and 132 mJ/cm?in the case of the nanoparticle layer. In both

cases the number of shots was 20. The white line represents 10 um

4.2 Submicron-size hole drilling

In case of materials with high thermal diffusion length (like metals and semiconductors) the
creation of submicron sized structures is only possible by applying pulses shorter than a
couple of picoseconds. Generation of submicron period gratings or sub-p diameter holes
requires high spatial resolution in addition to the short pulse duration. Such resolution can
usually be achieved by using short wavelength sources. The combination of short pulse
duration and short wavelength supposed to be a superior tool to create submicron-size holes
on the surface of highly conducting materials. These possibilities are demonstrated and
discussed in the followings [94,100,101].

As it is shown in 2.4, by applying femtosecond laser pulses (even for materials with high
thermal conductivity) the size of the heat-affected zone is in the submicron region, allowing
the creation of small lateral structures, with negligible heat affected zone, at lower ablation
thresholds in the absence of plasma shielding effects. However, the short pulse duration itself
does not predestinate the necessarily high optical resolution enough to reach the submicron
region. Applying fs pulses at 800 nm wavelength, ablated structures down to the some pUm
range are reported [114,115] The theoretical limit for the achievable smallest spot size is

defined by the numerical aperture (N.A.) of the imaging optics and the wavelength (M) of the
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laser radiation. This gives us two possibilities to increase the resolution of the used optical
system. Increasing the numerical aperture the resolution will be increased, however a
maximum practical value will be reached quite soon at around 1. Further increase of N.A. can
only be reached by applying complicated immersion optics, introducing unacceptable losses
in ease of operation and efficiency, too. By decreasing wavelength the optical resolution
becomes higher, making laser sources emitting in the UV region more powerful tools. The
theoretical limit of the spatial resolution at the KrF laser wavelength (248 nm) is over three
times higher than that of a solid state Ti:Sa laser (usually operating around 800 nm) supposing
the same optical setup and diffraction limited beams. Although it was demonstrated that
making use of the threshold like properties of the ablation process and the gaussian focal
distribution of the Ti:Sa lasers the generation of submicron-size structures in the infrared (IR)
wavelength range is possible, creating much smaller size ablated structures than the focal spot
diameter [116,117]. The application of these kind of techniques is strongly restricted by the
extremely high requirements on the energy stability of the pulses. Based on this threshold-like
property of the removal process the size of the ablated structures is a sensitive function of the
pulse energy, in contrast to imaging techniques, where the energy fluctuation does not
influence the size of the structures but only the ablation rate. Using short wavelength UV
radiation facilitates the application of imaging techniques and the creation of submicron-size
structures above the ablation threshold for the complete irradiated area.

This capability of our UV fs system was demonstrated applying a mask imaging setup. First a
simple imaging setup based on quartz singlet or achromatic lenses was tested. This way
generation of holes of several micron size in steel samples was possible. Such a pattern is
shown in Fig. 4.6, where 10 um diameter holes were ablated with 60 shots (per hole) in steel
samples. In the experiments an f = 100 mm focal length achromatic lens was used to image a

circular aperture onto the sample surface.
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Fig. 4.6: Ablated 10 um diameter holes (60 shots per hole) in steel samples using an

f =100 mm focal length achromatic lens.

For the creation of holes in the sub-micrometer range the optical resolution of a single lens is
usually not high enough anymore. Severe distortions caused by multiphoton absorption, self-
focusing, chromatic and spherical aberrations of the lens material prohibit the application of
such optical schemes.

In the experiments investigating sub-um structuring of various solids a Swarzschild-type
reflective objective was used for mask projection (Fig. 4.7). In multishot experiments the
beam passed a rotating A/2 plate to rotate the polarization of the beam shot to shot eliminating
the consequences of undesired polarization effects [118]. After the polarization plate a field
lens was used to increase the energy density on the mask. The mask was a 25 um diameter
pinhole and was imaged onto the surface of the steel foil samples. The focal length of the field
lens and the diameter of the mask were chosen so that the diffracted beam entirely covered the
aperture of the Swarzschild-type objective. The demagnification of the objective was 36x
with a numerical aperture of 0.3. Because of the small depth of field of the objective a
monitoring system for online controlling of the image plane was used. For this purpose a He-
Ne laser beam was directed onto the mask and after reflection from the sample surface, it was

coupled out with a pellicle beam splitter and was imaged onto a CCD camera (Fig. 4.7).
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Fig. 4.7: Optical arrangement based on a Schwarzschild-type reflective objective

This setup made it possible to find the image plane practically online also in case of samples
with uneven surfaces. Before irradiation of the given sample, the surface has been adjusted to
the image plane of the optical setup, using the calibrated He-Ne beam. (First in a separate
measurement the image plane of the He-Ne arrangement has been adjusted to be coincident
with the UV setup.) In the first experiments with the use of moderate intensities and a few

number of shots we were able to ablate submicron sized holes into stainless steel plates.

Fig. 4.8: Sub-micron sized holes on stainless steel plates.



4. Applications 62

In Fig. 4.8 holes on steel samples with diameters of around 600 nm are shown. The number of
shots was 50. A good reproducibility and precise edges with minimum ablation debris are
readily seen.

In further experiments we tried to drill through steel foils of different thicknesses preserving
the submicron diameter of the holes. Our results showed that the limit is around 5 pm [100].
Over this thickness it was not possible to drill through the samples without deteriorating the
ablated structures on the irradiated side. Because of the high N.A. and in connection with that
the small confocal parameter of the optical arrangement (based on the Schwarzschild
objective with N.A.=0.4, Rayleigh length = 7.2 pm), generation of structures with high
aspect ratios is not possible. A solution could be to move the sample compared to the image
plane during irradiation, however, severe damage of the surface region was observed this
case. This way presumably caused by the significantly different intensity distribution outside
the image plane. Channeling effects similar to that, reported in numerous drilling experiments
[119] has not been observed to be significant.

Using a similar setup like Fig. 4.7 and higher number of pulses, stainless steel foils with 5 um
thickness were perforated with 4000 pulses. Fig. 4.9 a and b shows such through holes with a
diameter of around 600 nm at the exit side, and a detailed high magnification SEM picture,

respectively.

a) b)
Fig. 4.9: Sub-pum holes in 5 um thick steel made by fs-UV-laser

Perforation of foils above this limit is only possible by applying complicated pre-drilling

processes. Combining this process with conventional methods (e.g. precision mechanical
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drilling or “macro” hole drilling with lasers) can facilitate the fabrication of sub-um holes in

thicker steel plates (Fig. 4.10), applying a more complicated multiple step process.
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Fig. 4.10: Predrilled holes and macro blind hole with submicron sized hole in the middle

A possible multiple step solution can be described as follows. First a “macro” blind hole can
be made with a conventional method, so that the thickness of the remaining material is small
enough (few um) to drill it through with fs laser pulses. At the end we have a sub-um hole
drilled through the center of the macro hole. Such holes can be used in several applications,
e.g. in high pressure or vacuum systems or in the automotive industry as special nozzles. The
“macro hole” shown in Fig. 4.10 was made by applying a special, high precision mechanical
milling technique. This technique allows drilling blind conic holes with some 100 pm
diameter on the surface and only ~50 um on the bottom so, that the remaining bottom
thickness is only a few microns. Another possibility can be the application of laser pulses for
the predrilling, specially optimized for its requirements. Because of the lack of an adequate
system and while the principle scope of this work is the generation of small structures, this
line was not followed in more details.

The results of different investigations show, that it is possible to texture surfaces individually,
using a precise positioning system in combination with a UV fs laser source and a high
quality imaging system. However, if fabrication of a large number of features over an
extended area is needed the large number of points can prohibit the application of single hole
processing techniques. In these cases it would be reasonable to apply other optical setups

where many holes could be drilled simultaneously. A possible solution is the application of a
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special interferometric technique that produces a 2D periodic intensity pattern on the sample

surface [120].

4.3 Ablation of submicron-size patterns

Excimer laser ablation for surface patterning is performed in most cases by mask projection.
The mask is illuminated by a flat-top beam profile, and by using an appropriate optical system
an (in general strongly demagnified) image of the mask is formed on the surface of the
workpiece. In the simplest case a circular aperture (a small hole on a plate) can be used to
create submicron-size holes. The fabrication of these masks is quite simple and problems like
low damage threshold of the mask materials can be solved and high transparency can be
reached. In this case, however, sequential machining of individual holes makes the process
time consuming and inefficient especially if complex patterns with large number of holes are
required. In these cases more complicated masks are necessary to use. Such amplitude masks
are usually transparent substrates (fused silica), patterned with an opaque layer (Cr). Mask
shops provide them with high accuracy and resolution. But there are several disadvantages of
them: first, they are easily damaged at high fluences; therefore dielectric layers are used in
some high power applications [121]. Second, for applications with a small filling factor of the
mask (large opaque areas with only a few transparent regions) a large amount of laser
radiation is lost at the mask and the process becomes rather inefficient.

For efficient texturing of large surfaces we developed and experimentally tested two different
methods for different assignments. The first arrangement is based on the projection of
amplitude gratings combined with a Fourier filtering technique. It is reasonable to use these
masks to generate dense patterns, e.g. crossed lines or for instance densely packed holes. This
way highly reproducible periodic line structures with a line-spacing below 400 nm have been
produced on the sample surface by single laser shot exposure or hole matrices on metal
surfaces with individual hole diameters of 300 nm were generated. For the generation of
surface patterns with small filling factor a second method was tested, based on DPE’s
(diffractive phase elements). Applying this technique hole-arrays with 1 -2 pm diameters

were fabricated.
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4.3.1 Application of diffractive amplitude masks with Fourier filtering

Application of a relatively simple projection technique, where amplitude gratings are
illuminated and imaged onto the sample surface after Fourier filtering allows the generation
of various submicron patterns. This way highly reproducible submicron sized periodic line
structures or individual holes down to 300 nm diameters were generated. [94,99,101,102].
The optical setup consists basically of a diffractive optical element, a beam selector placed
into the Fourier plane of the optical arrangement and a Schwarzschild objective. The
diffractive optical element splits the beam into several parts. Applying the beam selector in
front of the objective allows to select arbitrary beam parts. After this filtering the beams are
overlapped in the image plane of the objective, forming the desired intensity distribution. By
properly choosing the diffractive beam splitter and the beam selector, different sub-pm
patterns can be generated over the entire interference region.

The simplest diffractive amplitude mask can be an amplitude grating, consisting of alternating
highly transitive and reflective zones. Using the grating as a mask and imaging it onto the
sample a periodic intensity distribution with submicron period can be created on the surface.
By blocking the 0™ order the period can be halved further decreasing the size of the ablated
structures. With the help of this simple filtering technique a perfect sinusoidal grating can be
generated. This simple one step process is a powerful candidate to replace complicated
multiple step processes used before in numerous applications. Highly reproducible periodic
line structures with a line-spacing below 400 nm have been produced on the sample surface
by single laser shot exposure on metal and semiconductor surfaces (see Fig. 4.1 and Fig. 4.2).
Besides metals and semiconductors, we have also investigated dielectric materials having
relatively high heat conductivities. One of them, LiNbOs, has attracted accentuated interest in
integrated optics applications. Optically pumped LiNbOs—based distributed Bragg reflector
(DBR) waveguide lasers hold great promise in optical communications technology. The key
component of these devices, the narrow band Bragg reflector gratings, were fabricated by
holographic exposure and a set of dry etching techniques. This fabrication technology is time
consuming and expensive. Recently, however, it has been shown that applying 248 nm

subpicosecond pulses, grating structures with periods of about 360 nm can be created on
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LiNbOs; with single exposure [43]. As can be seen in Fig. 4.11, a smooth and homogeneous

sinusoidal modulation profile has been achieved.
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Fig. 4.11: SEM picture (a) and an AFM record (b) of a periodic structure ablated in LiNbO3
with a single 500 fs UV pulse.

Another important material in various areas of optical technology is Ta,Os. Due to its good
transparency and the high refractive index (n> 2.2 in the visible range) it is often used for
multilayer dielectric mirrors or masks and also for planar waveguides in optical
communications technology and in integrated optical sensors. Due to the high thermal
conductivity of Ta,Os fabrication of sub-um structures has only become possible with 248 nm
subpicosecond pulses. In a recent work similar results to that of LiNbO; were demonstrated
[122].

Using more complicated diffractive elements with Fourier filtering, not only periodic lines,
but also various surface patterns can be generated on the samples. A possible way is to use an
amplitude mask consisting of crossed lines and spaces. Such a mask can also be created by
using 2 amplitude grating masks in crossed position (the lines are perpendicular to each
other), pushing the coated surfaces together. By blocking the 0™ order together with the higher
orders (2", 3", etc.), a sinusoidal crossed grating structure can be generated. The ablated
structure looks like small hemispheres packed densely in a matrix structure, as is shown in

Fig. 4.12.
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Fig. 4.12: Ablated cross-gratings with Imm period in Ni samples using simple transitive
amplitude gratings as DPE mask.

Playing around with the beam selector and selecting only the 4 principal first order beams out
of the diffraction pattern, an even more interesting intensity distribution will be generated in

the image plane of the objective [120,123].

a) b)
Fig. 4.13: Submicron sized hole patterns in Ni (a) and Ag (b) films generated with

interferometric projection technique.

Such distribution is shown in Fig. 4.13 and Fig. 4.14. In such an experiment a Cr-mask
consisting of crossed lines and spaces was imaged with a Schwarzschild objective on steel
and copper surfaces resulting in a dense pattern of holes. In this way two dimensional large

area patterns consisting of individual holes with diameters down to 300 nm were fabricated
(Fig. 4.13).
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Although the setup was not optimized for large area irradiation, it was possible to create
patterned areas with a size of 60 x 60 pm. In the presented example the surface was irradiated
with 15 shots creating around 7000 holes with a depth of ~300 nm.

Similar results have also been reached on other metal surfaces like stainless steel, copper

silver etc. In Fig. 4.14 holes made by applying 20 pulses with 0.9 J/cm? are shown.

Fig. 4.14: Hole grid pattern in (a) stainless steel and (b) copper made by projection of an
amplitude mask. Laser parameters: A =248 nm, =300 fs, ®= 0.9 J/cm? n= 20

pulses.

The demonstrated techniques facilitate the fabrication of large surfaces in short time, opening
the way for industrial applications in high quality submicron machining, without the use of
complicated lithographic or chemical processes.

Combining this technique with our newly developed high repetition rate UV femtosecond
laser system [81] - delivering 30 mJ pulses up to 300 Hz repetition rate - it would be possible
to machine large surfaces also in industrial environments. In applications where the
generation of small holes in a periodic matrix arrangement is desired our technique could be a

powerful tool.
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4.3.2 Patterning with Diffractive Phase Elements (DPE)

Applying specially designed diffractive phase elements (DPE) generation of micron size hole
matrices on different metal surfaces has been demonstrated. Using these special masks
individual (not necessarily periodical) structures can be generated with high efficiency [99].

For making more efficient use of the laser photons in case of masks with small filling factor,
in some cases diffractive optical elements are used to distribute the laser light only in those
areas of the mask that contain the transparent features [124]. In this case the amplitude mask
still defines the precise pattern and in addition suppresses stray light, which may originate
from the imperfections of the DPE. In a further step, if it is possible to precisely define the
desired pattern by the DPE, there is no need for an amplitude mask any more. The workpiece
can be directly positioned in the signal plane of the DPE (the element is called Fresnel-DPE,
if the signal plane has a finite distance from it), or it is positioned in the focal plane of an
additional lens, which transfers the signal of a Fraunhofer-DPE from infinity into its focal
plane. This latter case offers more flexibility, because various signal sizes can be realized
depending on the lens. Especially for creating high resolution patterns this method is
preferable, because otherwise the pixel size of the DPE strongly limits the achievable

resolution.

Fig. 4.15: Hole pattern in stainless steel made by the DPE shown in Fig. 4.17 and Fig. 4.18.
Laser parameters: A =248 nm, 7= 300 fs, n = 100 pulses, ®y = 54 pd/cm? on the

mask, and @ = 780 mJ/cm’ on the sample.
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An experimental demonstration of the operation of the DPE was performed applying our short
pulse UV laser as the illumination source. A 25x Schwarzschild (N.A. = 0.4) objective was
used to create the necessary high resolution. The use of a high quality achromatic optical
system is essential to avoid pulse front distortions, which would deteriorate the signal pattern.
This kind of processing was applied to various metals. A scanning electron micrograph
(SEM) of the full 10 x 10 hole matrix ablated in stainless steel and a strongly magnified

section of the pattern are shown in Fig. 4.15.

Fig. 4.16: Hole pattern metals made by the DPE shown in Fig. 4.17 and Fig. 4.18 in (a)
nickel and (b) silver surfaces. Laser parameters: A =248 nm, 7= 300fs, n =100

pulses, @, = 36 pd/cm? on the mask, and ® = 520 mJ/cm? on the sample.

The pattern was made by 100 laser shots with a fluence of 54 pJ/cm? on the mask
corresponding to 780 mJ/cm? on the sample. Further examples are shown for nickel as well as

for silver in Fig. 4.16 a and b.

4.4 Design, generation and fabrication of two level DPEs

For the fabrication of the diffractive phase elements a one-step method was developed based
on ns excimer laser ablation using ArF operating at 193 nm. I also developed and successfully
tested a new method to decrease the stringent restrictions for the pixel-depth of the DPE.

Immersion liquid has been used to set the refractive index difference of the mask substrate
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and the ambience and to reach optimized operation of the DPE for the given surface relief

step height [99].

4.4.1 Design and computer simulated reconstruction of DP masks

Design and fabrication of DPE’s has been investigated. Using an Iterative Fourier Transform
Algorithm (IFTA) for the design and a simple one-step ablation process for the fabrication
process it was possible to create diffractive phase masks on quartz plates.

As a demonstration of this technique a DPE was designed to generate an intensity distribution
consisting of a matrix of 10 x 10 spots. The calculation was performed with an iterative
Fourier transform algorithm (IFTA) [125] and resulted in a two level DPE represented by a
128 x 128 binary bitmap.

ey A
Fig. 4.17: (a) IFTA-designed binary bitmap of the DPE and (b) computer simulated

reconstruction of the intensity distribution in the signal plane.

Fig. 4.17 (a) shows the bitmap code of the phase distribution of the DPE and (b) displays the
simulated reconstruction. We also developed a fabrication method for the realization of the
DPE mask according to the simulations. The appropriate mask materials are quite difficult to
machine at 248 nm because of the high transmission at this wavelength. That is why

alternative solutions have to be found, as it is detailed in 4.4.2.
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4.4.2 Mask fabrication process based on ArF excimer laser ablation

The fabrication of quartz is usually quite complicated, especially if shallow holes with a few
nm depth precision and a very smooth bottom are required. For the generation of efficient
phase masks for 248 nm operation, the surface relief step height has to be ~244 nm (for fused
silica substrate material in air ambience). The generation of such a quartz mask required
complicated etching processes so far. In order to relax the stringent restrictions for the hole
depth a new technique has been developed using immersion liquid in front of the mask. This
way the necessary pixel depth can be controlled by changing the refractive index difference of
the immersion liquid and the substrate material. This technique was successfully tested on the
phase elements fabricated with ArF excimer laser pulses at 193 nm.

Whereas Cr-masks are easily available with any desired pattern, DPEs for high power
applications are not available as standard components. Especially for UV applications they
have to be made of fused silica, so that a highly complex fabrication procedure including
lithographic and reactive ion etching steps is required [126]. Alternatively, the required
surface relief can be made by laser ablation. This process has been demonstrated for DPE in
plastics [127-129], dielectrics [130-132] and diamond [133]. Excimer laser ablation of fused
silica has been investigated for various laser wavelengths [105]. For this highly transparent
material it is not easy to obtain precise, high quality surface structure. Whereas from the issue
of laser-material interaction, 157 nm is the most promising wavelength [134], from the point
of view of practicability (processing in air, availability of optics) 193 nm is very attractive for
this task and was used here. Though fused silica tends to form cracks after several pulses
when ablated with 193 nm, well defined excisions can be made by applying only one or two
pulses per position.

The calculated phase level distribution in bitmap form (as shown in Fig. 4.17 a) was
transferred into a surface relief on fused silica (suprasil 1) by ablating pixel by pixel. With a
pixel size of 12.5 um x 12.5 um the total size of the DPE is 1.6 mm x 1.6 mm. To be used
efficiently at a wavelength A, the relief step height has to be d = A/(2(n,-ng)), if n, is the
refractive index of the DPE-material and ng the refractive index of the environment. For a
reconstruction wavelength of A =248.5 nm and fused silica (n, = 1.508) in air (no=1) the

required step height is d = 244 nm. As the ablation behavior of fused silica near the threshold
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is rather complex (incubation, influence of surface), this step height cannot be reached with
sufficient reproducibility. A larger depth is reached more easily. Therefore for each pixel to
be ablated, two pulses of about 19 J/cm? were applied to reach an ablation depth of 900 nm
(Fig. 4.18). Then, if the surface profile is immersed in water (no = 1.37), the step height
condition is matched quite well, in this case the theoretically optimal step height is 900.4 nm.
Before application the surface was cleaned from ablation debris by slightly polishing it with

window cleaning powder.

Fig. 4.18: Two level DPE made by ablation at A = 193 nm in fused silica, according to the
design of Fig. 4.17, n = 2 pulses per pixel, @ = 19 J/cm? on the sample.
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5. Summary

Thanks to the advantages of the well-known chirped pulse amplification (CPA) technology,
solid state laser systems operating in the infrared (IR) region are widely used as compact high
brightness sources, and in fact dominate this field. Only moderate efforts have been made to
develop compact and reliable short-pulse laser systems operating in the ultraviolet (UV) part
of the spectrum. In numerous applications, however, high intensity fs pulses in the UV
wavelength region have ultimate advantages compared to longer wavelengths. In most of the
high intensity experiments, it is the minimal achievable focal spot size, which is considered to
be the major figure of merit for the performance of the laser system. This is where the better
focusability of short wavelength gas lasers plays a very important role. The short wavelength
results in an around 3 times smaller theoretically achievable minimal focal spot size,
compared to that of solid-state systems operating around 800 nm. The gaseous active medium
of excimers also introduces less optical distortions. As a result of the combination of these
effects, a typically 10-100 times smaller focal spot area is reachable for excimer lasers
compared to high intensity solid-state systems.

Since there is no effective way to generate ultrashort pulses in the UV, it is necessary to
amplify frequency-converted beams, most effectively in specially designed excimer modules.
Different front ends can be used, e.g. frequency tripled seed beams from a Ti:Sa solid-state
laser or frequency doubled pulses of a short pulse dye laser system. In earlier experiments the
dye laser front-end was used and successfully applied in numerous laboratories all over the
world. However there are some features (reliability, simplicity, possibility of high frequency
operation), which make the solid-state front-ends more preferable. Because of their enormous
development in the last few years compact, reliable, easy-to-handle systems with high average
powers and repetition rates are available. The above-mentioned developments opened the way
for the development of solid state - excimer laser systems. This line was followed in this work
combined with the study of possible applications.

A very important application field of such systems is material processing, especially if high
precision is required. The most important advantages of such a system for submicron

machining are the small penetration depth of the radiation, the small thermal diffusion length
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and the high optical resolution. The high peak power ensures a small penetration depth
through multiphoton absorption and consequently well defined ablation depths. Additionally
the short pulse duration provides a small thermal diffusion length and through that prohibits
the lateral spreading of heat into the surrounding regions, ensuring the creation of small
lateral structures. Operation with UV pulses provides the necessary high spatial resolution
because the minimum achievable irradiated spot size scales with the wavelength. Further
advantage of the short wavelength is the increased absorption of most of the materials in the
UV region. This relaxes further the system requirements even for hardly machinable, in the IR
and VIS wavelength region transparent materials. As a result of all these advantages
practically all kind of materials can be machined with submicron precision, applying UV
femtosecond pulses.

My PhD work focuses on the development of reliable and compact high power femtosecond
UV laser systems, optimizing the operational conditions and optical setups. My aim was to
improve the output parameters like pulse energy, repetition rate or output power and to adept
the system to different applications. Among the investigated applications one of the most
important field was micromaterial processing. In this part of my work I focused on the
development of time effective material processing techniques, allowing the fast machining of
large surfaces, also in industrial environment.

In the experiments a big variety of investigation methods and tools have been used. For the
development of high intensity solid-state-excimer laser systems a solid state Ti:Sa laser
source has been used (Spectra Physic Inc., USA) to generate seed pulses at 745 nm
wavelength. For the frequency upconversion a frequency-tripling unit was built in a linear
arrangement based on BBO crystals (CASIX, China) as nonlinear medium. For the
amplification of these pulses at 248 nm different excimer modules (Lambda Physic GmbH,
Germany) were modified and optimized for the different experimental conditions. The
investigated optical setups are based on the principles of the off-axis amplification and
interferometric multiplexing schemes.

To measure the pulse energies of the amplified and seed pulses at 248 nm and to measure the
pulse energies at 745 nm right before frequency tripling Gentec ED100, ED200, ED500 and
RJP735 type piezoelectric energy meters were used. To measure the output power of the

queasy cw Tsunami master oscillator Spectra Physics power meter (model 407a) was applied.
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To characterize the output pulse length at 745 nm a Spectra Physic single shot autocorrelator,
at 248 nm a multiple shot UV autocorrelator based on multiphoton ionization of NO was
used. For the spectral measurements a homemade grating spectrometer in Littrow condition
was applied and the spectrum was visualized with a diode array (Hamamatsu) as a detection
unit. To control the timing between the different laser units active delay control boxes from
Lambda Physik (LP) were used. To adjust the optimal delay between the different laser
components fast photodiodes (Hamamatsu R1193U, Alphalas UPD-200-UD) in combination
with a 1 GHz bandwidth analog oscilloscope from Tektronix (Tektronix 7104) were used. For
the measurements of the beam profile of the amplified UV beams a homemade image
processing system was used based on a modified UV sensitive CCD camera and a beam
analyzing system (MrBeam, LLG, Germany).

In the material processing measurements alternative laser sources as ns mode excimer lasers
operating at 157 nm, 193 nm, 248 nm and 308 nm, AR" ion lasers at 488 nm, Nd-YAG lasers
at 1064 nm and 532 nm were used together with the short pulse UV and IR systems operating
at 248 and 745 nm, respectively. Different imaging techniques were tested and compared
based on achromatic UV objectives (Spindler&Hoyer, DUV Retro), Schwarzschild-type
reflective objectives (Ealing 25x, 36x) in combination with simple amplitude masks or
specially designed and generated diffractive phase elements. For the precise positioning of the
samples xyz-translators from PI (Physik Instruments, M-510.11) were used in combination
with home made online monitoring systems. The morphology of the irradiated samples was
investigated with light microscopes (Zeiss Axioskop) and with a scanning electron microscope
(Zeiss, DSM 962), the depth of the ablated structures was measured by a profilometer (Dektak
3030 Auto |1 Stylus) and by atomic force microscopy (AFM).
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The aims described above were investigated with the help of the listed methods and tools, and

the new experimental results of these investigations are listed in the following:

1. A new solid state — excimer hybrid laser system has been developed, amplifying the
frequency tripled output of a solid state Ti:Sa system set to 745 nm delivering up to over
50 mJ energy at 248 nm in the UV wavelength region. For the amplification a specially
designed wide-aperture KrF excimer module was used in a three-pass off-axis
arrangement [80].

2. By applying a 2-beam variant of the polarization-multiplexing scheme in combination with
the same excimer module used in point 1, amplification of UV femtosecond pulses up to the
100 mJ region has been realized. Seed pulses with 2-3 mJ energy were used in order to
reach optimized operation [80].

3. Based on a high repetition rate solid-state front-end a Ti:Sa - excimer system has been
developed operating up to over 300 Hz repetition rate, delivering 30 mJ output energy UV
pulses. This way an average power of 9 W at 300 Hz repetition rate has been reached in

the UV wavelength region [81].

Making use of the unique possibilities of the above described laser systems various results in
different application fields like the generation of efficient XUV pulses [94], investigation of
short pulse ablation properties of metals, semiconductors [102] and nanoparticle gold films
[106], metal deposition on silicon and polymer surfaces [26,97], application of diffractive
phase elements at 248 nm [99], generation of gratings with grating periods down to 300 nm,
and drilling of submicron-size holes on practically all kind of solids [94,99-102] etc. can be

presented. The most important results are concluded in the following points.

4. By investigating the ablation properties of materials with high heat conductivity in the
picosecond and subpicosecond region. Morphology changes as a function of the pulse
duration have been studied, and the result show that the quality of the ablated structures
strongly depends on the pulse duration. For metals and semiconductors optimal pulse

duration under 5 ps was found to be necessary in order to eliminate undesired melting
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effects. Subpicosecond ablation properties (like thresholds, rates and morphology) of novel
nanoparticle layers has also been investigated and compared with that of conventionally
evaporated films. For nanoparticle films five times higher ablation rates have been
measured. The ablation thresholds and rates were also found to be dependent on the
particle size and evaporation pressure [102,106]

5. Micromachining of different type of metals and semiconductors has been investigated. It
has been demonstrated experimentally that even in the case of materials with high thermal
diffusion length (like metals and semiconductors) it is possible to create submicron period
gratings or sub-u diameter holes on the surfaces of different materials applying a mask
projection setup based on a Schwarzschild-type reflective objective. Using high fluences
and some thousands of shots it was possible to perforate 5 um thick stainless steel foils
with 600 nm diameter holes [94,100,101].

6. It has been demonstrated experimentally that using a high power femtosecond laser
source, the experimental conditions can be optimized for various applications like: a)
generation of submicron size periodic surface modulation like normal grating or
sinusoidal crossed grating structures, b) simultaneous drilling of large number of holes
with diameters down to 300 nm using a special interferometric technique or c) generation
of micron size hole matrices on different metal surfaces applying specially designed
diffractive phase elements (DPE). Applying different experimental conditions and
optimized optical arrangements for the application, significant increase in efficiency can
be reached [99,101,102].

7. For the fabrication of the diffractive phase elements a one-step method was developed
based on ns excimer laser ablation using ArF operating at 193 nm. | also developed and
successfully tested a new method to decrease the stringent restrictions for the pixel-depth
of the DPE. Immersion liquid has been used to set the refractive index difference of the
mask substrate and the ambience and to reach optimized operation of the DPE for the

given surface relief step height [99].

The above listed scientific achievements contribute to a better understanding of the physical

properties of KrF amplifiers. The combination of the advantages of solid state lasers with the
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ones of UV excimer power amplifiers open new perspectives by providing a simple tool for
the investigation of a wide range of physical phenomena. The developed new sources and
imaging techniques can open new ways in material processing of practically all kind of
materials even for mass production in industrial environment. Alternatively, such a system
opens the way for the investigation of high intensity processes even in small laboratories,

using a reliable, easy-to-handle small-scale table-top solid state-excimer laser system.
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6. Osszefoglalo

A jol ismert fazismodulalt impulzus erdsités (CPA: Chirped Pulse Amplification) technikanak
koszonhetden kompakt, nagy intenzitasu szilardtest 1ézerrendszerek széles korben keriilnek
alkalmazéasra napjainkban, uralkodd szerepet toltve be a felhasznalasi teriiletek jelentds
részében. Ezen 1ézerrendszerek tulnyomorészt Ti:Sa alapuak, és az infravords tartomanyban -
800 nm-es hullamhossz kornyékén - miikddnek. Viszonylag kis mértékii tudomanyos
erdfeszités iranyult azonban olyan megbizhat6 és konnyen kezelhetd rendszerek fejlesztésére,
amelyek az elektromagneses spektrum ultraviola (UV) tartomdnydban sugaroznak. Szamos
felhasznalas esetében azonban nagy intenzitasu UV femtoszekundumos nyaldbok alkalmazésa
jelentds eldnyokkel jarhat az infravords 1ézerek nyujtotta lehetdségekkel szemben. A
nagyintenzitasu kisérletek tobbségében példaul az alkalmazott 1ézerrendszer legmérvadobb
paramétere a legkisebb elérheté fokuszméret. Osszehasonlitva a 800 nm kdrnyékén miikodo
szilardtest lézerek nyujtotta lehetdségeket az UV lézerekével, az utobbiak esetében - a
hullamhossz-kiilonbségb6l addédoéan - kb. haromszor kisebb elméletileg elérhetd
fokuszmérettel szamolhatunk. Ehhez jarul hozzd az éaltaldban gaz kozegli UV lézerek
anyagaban 1étrejovo torzuldsok kisebb aranya. A két effektus kombindcidjabol adddodan
tipikusan koriilbeliil 10-100-szor kisebb fokuszteriilet érhetd el ilyen rendszerekkel a
szilardtest 1ézerekhez viszonyitva.

Pillanatnyilag nem ismert olyan eljaras, amelynek segitségével jo hatdsfokkal tudnank nagy
energidju ¢és rovid impulzushossziit UV sugarzast eldallitani. A legalkalmasabb modszer e
célra frekvencia-tobbszorozés segitségével eldallitott rovid UV impulzusokat erdsiteni egy
specidlisan moddositott excimer modulban. A rovid impulzusok eléallitasdhoz kiilonb6zo
szilardtest- illetve festéklézer-rendszerek alkalmazhatok. A Ti:Sa alapu szilardtest 1ézerek
kezelhet6ség, megbizhatdosdg ¢és ismétlési frekvencia tekintetében is eldnydsebb
tulajdonsagokkal birnak. Egy A =745nm-re hangolt rendszer esetén frekvencia-
haromszorozas utan megkaphat6 a KrF aktiv kdzegben torténd erdsitéshez sziikséges 248 nm-
es hullamhossza rovid impulzus, amely ezutan kiilonb6z6 optikai eljarasok alkalmazéasaval
erOsithetd specidlisan modositott excimer modulokban. A napjainkban kereskedelmi

forgalomban is kaphatd6 megbizhat6, konnyen kezelhetd és nagy ismétlési frekvenciat
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biztositd szilardtest lézerek uj utat nyitottak szilardtest — excimer hibrid lézerek
kifejlesztéséhez, lehetveé téve a kiilonféle rendszerek elonyos tulajdonsagainak kombinalasat.
Ezt a fejlesztési iranyt koveti a jelen dolgozat, kiegészitve a rendszerhez kapcsolddo
alkalmazasi lehetdségek tanulmanyozéasaval.

A rovidimpulzust 1ézerrendszerek felhasznalasi teriiletei kozott fontos szerephez jut az egyre
sz¢élesebb korben alkalmazott 1ézeres anyagmegmunkalés, kiilondsen abban az esetben, ha
nagy optikai felbontoképesség kivanatos. Nagy precizitdsu anyagmegmunkalds esetén a
legfontosabb kdvetelmények a rendszerrel szemben a rovid behatoldsi mélység, a rovid
hévezetési hossz és nagy optikai felbontds. A nagy intenzitds tobbfotonos abszorbciot
eredményez, ezaltal minimalizalva a behatoldsi mélységet azon anyagok esetében is, amelyek
egyébként az UV tartomdnyban is magas transzmissziéval rendelkeznek. A rdvid
impulzushossz meggatolja a folyamat sordn keletkezd ho szétterjedését a kornyezd
teriiletekre, lehetdveé téve kisméretl strukturak 1étrehozasat. Ezen tulajdonsagokat kombinalva
a rovid hullamhossz biztositotta nagy optikai felbontassal a legtobb (mas modszerekkel
egyaltalan nem, vagy alig megmunkalhat6) anyag mikron alatti méreti megmunkalasa valik
lehetévé.

PhD munkamban célul tiiztem ki nagy intenzitasi femtoszekundumos UV lézerrendszerek
paramétereinek (mint pl. kimend energia, ismétlési frekvencia, atlagteljesitmény) javitasat,
illetve a rendszerhez kapcsolddo felhasznaléasi lehetdségek szélesitésének vizsgalatat. Ezek
kozott is kitlintetett helyet foglalt el a révidimpulzusti szubmikronos anyagmegmunkalas. A
kisérletek soran kiilonds figyelmet forditottam azon lézer- ¢és optikai paraméterek
optimalizaldsara, amelyek a mikron alatti méretii felilletmegmunkalas szempontjabol fokozott
jelentdséggel birnak. Célul tiiztem ki tovabba olyan leképezési technikak vizsgalatat, amelyek
segitségével nagy optikai felbontds érhetd el, a lehetd legkisebb mértékii energiaveszteség
mellett. Nagy feliiletek gyors és effektiv megmunkalasa valik ezaltal lehetdvé.

A kisérletek soran nagy szamu vizsgalati modszert és eszkozt alkalmaztam. A nagy
intenzitdsu szilardtest - excimer rendszer kifejlesztéséhez egy kiloherzes ismétlési
frekvenciaji, 745 nm-es hullamhosszon miikodé Ti:Sa lézerrendszert hasznaltam (Spectra
Physic Inc., USA) a rovid impulzusok generalasara. A frekvencia konverzidhoz olyan
haromszorozd egységet épitettem, amely igen kis helyet elfoglald linearis elrendezésének

koszonhetden stabil, mindennapos beallitasi eljarast nélkiil6zé miikddtetést tesz lehetdove.
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Nemlinearis kozegként BBO kristalyok (CASIX, Kina) keriiltek felhasznalasra. A végerdsito
kifejlesztéséhez kiilonb6z6 KrF excimer modulokat (Lambda Physik GmbH, Németorszag)
alakitottam at ¢és optimalizaltam a rovid impulzust erdsités szabta kovetelményekhez. Az
excimer erdsitOk optimalizalasa soran hasznalt optikai elrendezések az ,,off-axis erdsités” és
az ,interferometrikus multiplexelés” elvén alapulnak. A nyaldbprofillal kapcsolatos
mérésekhez egy digitalis képfeldolgozo rendszert hasznaltam (MrBeam, LLG, Gottingen). Az
impulzushossz meghatarozasahoz gazok kétfotonos ionizaciojan alapuldo UV autokorrelator
allt rendelkezésre. A Ti:Sa rendszerben mikodd 1ézerek teljesitményének mérésére egy
Spectra Physics teljesitménymérdt (model 407a), a 745 nm-es nyalab energidjanak mérésére
pedig Gentec RJP735 tipusu energiamérdt hasznaltam. A kiillonb6zd energiaji 248 nm-es
hullamhosszi erdsitetlen illetve erdsitett lézerimpulzusok energidjanak mérésére Gentec
ED100, ED200, ED500, vagy RIP735 tipust piezoelektromos elven miikkddd energiamérdket
alkalmaztam. A spektralis vizsgalatokhoz egy hazi készitésti Littrow-elrendezésii racsos
spektrografot hasznaltam. A kiilonb6zo 1€zeregységek pontos iddbeli szinkronizalasat gyors
fotodiddakat (Hamamatsu R1193U, Alphalas UPD-200-UD) alkalmazva egy nagy
savszélességli (1 GHz) Tektronix (Tektronix 7104) oszcilloszkop segitségével végeztem.

Az anyagmegmunkalasi vizsgalatok soran kiilonféle hullamhosszu (F2: 157 nm, ArF: 193 nm,
KrF: 248 nm, XeCl: 308 nm, Ti:Sa: 745 nm) és kiilonb6z6 impulzusidejii (ns-os, ps-os, illetve
fs-os nagysagrendl tartomdnyba esd) 1€zereket hasznaltam. Kiilonb6zo leképezési technikakat
hasonlitottam 0ssze, kiilonbdzd tipust és mindségli optikdk — pl. egyszeri UV lencsék,
akromatikus UV | transzmissziés” objektivek (Spindler&Hoyer, DUV Retro) ¢és
Schwarzschild tipusu ,,reflexios” objektivek (Ealing 25x, 36x) — felhasznalasaval. A kisérletek
soran egyszerli amplitidomaszkokat, diffrakciés amplitidomaszkokat vagy specialis modon
tervezett ¢és eldallitott diffrakcios fazismaszkokat (DFM) alkalmaztam. A mintdk nagy
pontossagu pozicionalasahoz xyz-eltolokat (Physik Instruments, M-510.11) hasznaltam, sajat
felépitésti monitoralo rendszerrel kiegészitve. Az ablalt feliileteket fénymikroszkop (Zeiss-féle
Axioskop) és pasztazo elektronmikroszkop (Zeiss, DSM 962) segitségével vizsgaltam. Az
ablalt mintak mélységét egy sekély struktardk alaki tanulméanyozasara hasznélhato
ugynevezett profilométerrel (Dektak 3030 Auto Il Stylus) illetve atomi er6tér mikroszkoppal
(AFM) mértem.
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A leirt tudomanyos célkitiizéseket az ismertetett kisérleti modszerek és eszkozok segitségével

megvaldsitva az alabb felsorolt 1) tudomanyos eredményeket értem el:

1. Kifejlesztettem egy olyan szilardtest — excimer hibrid lézerrendszert, amely 50 mJ

energiaji femtoszekundumos UV impulzusok eléallitasat teszi lehetové - 3 erositési

atmenetet alkalmazo6 - ,,off-axis” elrendezésben [80].
A rendszerben a rovid impulzusok generalasa egy Ti:Sa alapu szilardtest 1ézerben torténik,
az infravords (IR) hullimhossz-tartomanyban. Az alkalmazott szilardtest-1ézerrendszer egy
diodalézerrel (Millenia) pumpalt Ti:Sa oscillatorbol (Tsunami) és egy Nd-YIf (Merlin)
lézerrel pumpalt regenerativ erdsitobol (Spitfire) all, és ~400 W energiaji impulzusok
eldallitasara képes maximalisan 1000 Hz ismétlési frekvencidval A ,kezdeti” 745 nm-es
hullamhossztol frekvencia-haromszorozas segitségével juthatunk az UV tartomanyban 1évo
248 nm-es hullamhosszig. A frekvenciakonverzidhoz egy - BBO kristalyokat alkalmazo -
linedris elrendezésli haromszorozd egységet épitettem, amely lehetdvé teszi a frekvencia-
tobbszorozés esetén szokdsos mechanikus optikai késleltetd karok nélkiilozését. Ezaltal az
elallitodasi lehetdségek tilnyomo részét kikiiszoboltem, és ~ 8 %-os konverzids hatasfokot
értem el. A kapott kb. 150-180 fs-os UV impulzusokat egy specialisan modositott nagy
aperturaju KrF excimer modulban erdsitettem. Harom erdsitési atmenetet alkalmaz6 ,,off-
axis” tipust optikai elrendezésben - amelyben a rovid impulzus a kisiilés hosszirdnyt
tengelyéhez képest ferde szogben halad at az erdsitd kozegen — miikddtetve az erdsitot,
50 mJ energiaju kimend impulzusokat detektaltam. Az erdsitett nyalab impulzushosszat

tobblovéses UV autokorrelatorral 530 fs félértékszélességilinek mértem.

2. Az 1. pontban leirt excimer erdsiton a polarizacios multiplexeléses technikanak
kétnyalabos osztason alapulé valtozatat alkalmazva, 100 mJ energiaju impulzusok
kibocsajtasara alkalmas rovidimpulzusu UV fényforrast épitettem [80].
Ez esetben a rovid impulzusok generalasahoz egy festéklézerekbdl allo, az elosztott
visszacsatolasu festéklézerek (EVFL) mukodési elvén alapuld rendszert hasznaltam
(Szatmari-féle festeklézer-rendszer) az erdsit6 telitéséhez sziikséges kb. 2-3 mJ bemend
energia biztositdsara. Az impulzusok hattérsugarzastol valé megsziirése érdekében egy 3 m

hosszlisdgu, nagy intenzitasti térszlrét épitettem, magas roncsolasi kiiszobli CaF,
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pinholokat készitve és beépitve a rendszerbe. A Sagnac-féle interferométerek mitkddési
elvén alapul6d polarizaciés multiplexelés segitségével a bemeneten kettéosztott nyalabot
két-két ,,off-axis” atmenetben erdsitettem. A nyaldbok fazishelyes egyesitésével 100 mJ
kimend energiat mértem az 1. pontban alkalmazott specialis excimer erdsitd kimenetén. A
vizsgalt kétszeresen diffrakcidlimitalt femtosekundumos nyaldb eléimpulzust nem
tartalmazott, kdszonhetéen az elrendezésben hasznalt polarizacios osztd tervezésének. A
polarizacios osztd tervezésekor a fobb szempontok a megfeleld mechanikai stabilitas
elérése (vastag hodozodanyag), az anyagban fellépd tobbfotonos abszorbcid okozta
veszteségek lecsokkentése (kiilonboz6 hordozoagyagok Osszehasonlitdsa), illetve
eldimpulzusok keletkezésének elkeriilése (€kes lap hasznalatdnak atgondolasa, térbeli

elhelyezés megvalasztasara vonatkozd meggondolasok) voltak.

3. Kifejlesztettem egy olyan Ti:Sa - excimer hibrid lézerrendszert, amely 30 mJ
energiaju UV impulzusok kibocsajtasara képes, 300 Hz-es ismétlési frekvencia mellett,
tobb mint 9 W-os atlagteljesitmény elérését téve lehetové, 300 femtoszekundumos UV
optikai impulzusok formajaban, 248 nm-es hullimhosszon [81].
Az UV lézerek alkalmazésainak széles korében nem okvetleniil a maximalis kimend
energia, hanem az elérhetd legnagyobb atlagteljesitmény a legfontosabb paraméter. Mivel
az 1. és 2. pontban leirt rendszerek esetében az elérhetd legnagyobb ismétlési frekvencia a
néhany 10 Hz-es tartomanyba esett, az atlagteljesitmény a nagy kimend energia ellenére is
csak alacsony értékeket érhetett el. Kihasznalva a Ti:Sa rendszerek nytjtotta nagy ismétlési
frekvencia elérését biztositdo lehetdségeket, olyan Ti:Sa - excimer hibrid rendszert
fejlesztettem ki, amely tobb mint 9 W-os atlagteljesitmény elérésére képes 300Hz-es
ismétlési frekvencian. A sziikséges magas repeticids rata biztositasahoz egy kiilonleges,
nagy teljesitményii excimer lézernek (NovaLinel00, Lambda Physik) a rovidimpulzusu
erdsitéshez optimalizalt, nagy apertiraji moédositott valtozatat alkalmaztam. A miikddési
paraméterek optimalizalasat tobbek kozott a pillanatnyilag tarolt energia mérésével
végeztem. Megvizsgaltam a kiilonboz6 elektromos és miikodési paraméterek — mint pl. a
»peaking” kondenzatorok eredd kapacitdsa, az erdsitdben alkalmazott gdz nyomadsa —
hatasat a pillanatnyilag tarolt energidra és azt allapitottam meg, hogy maximalis tarolt

energia 28.5 nF-os eredd kapacitdsu ,,peaking” kondenzatorok esetén, 3.3 bar gdznyomas
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esetén érhetd el. Ezen kapacitds és nyomds paraméterek mellett, az 1.pontban is
alkalmazott - 3 optikai atmenetet hasznald - ,,off-axis” elrendezés segitségével 30 mJ-os
erOsitett impulzusokat detektaltam. Az erdsitett nyalab impulzushosszat autokorrelécios

mérés segitségével 300 fs-nak mértem.

A fent leirt rendszerek nyujtotta lehetdségeket szamos felhasznaldsi teriileten Ilehet
kamatoztatni. Ezek kozé tartozik pl. XUV impulzusok generalasa frekvencia-sokszorozas
segitségével [94], a rovidimpulzusi ablaciés mechanizmus vizsgalata [102], kiilonbozo
anyagok ablacios tulajdonsagainak tanulméanyozasa [106], fémek levalasztasa polymer illetve
Si mintdk feliiletére [26,97], periodikus strukturak illetve lyukak ablalasa a mikron alatti
mérettartomanyban  [94,99-102] stb. Az anyagmegmunkaldsra vonatkozd kisérletek

legfontosabb eredményei a kdvetkezd pontokban foglalhatok ossze:

4. Az ablaciéos folyamat soran bekovetkezd morfologiai valtozasokat az impulzus-
idotartam fiiggvényében, nagy hdvezeté képességii anyagok esetén tanulmanyozva
megallapitottam, hogy az olvadasos jelenségek mértéke erdsen fiigg a lézerimpulzus
hosszatol. Nagy pontossagii szubmikronos megmunkaliashoz 5 ps-nal rovidebb
impulzusok sziikségesek. Hagyomanyos illetve nanorészecskékbdl felépiilo arany filmek
ablacios tulajdonsagainak vizsgalatainak soran bemutattam, hogy mig az ablalt feliiletek
morfolégidja megegyezik, a nanorészecskékbol felépiilé filmek esetében 5-szor nagyobb
ablacioés sebesség mérheto [102,106].
A vizsgalatok kimutattdk, hogy a nagy hdvezetd képességli anyagok fotomaratasa
(ablacidja) soran kialakuld strukturak mindsége szorosan fiigg az alkalmazott impulzus
hosszatol. A kisérletekben rovid impulzushosszi KrF 1ézerrendszert hasznaltam, amelyben
az impulzushosszt 500 fs és 50 ps kozott lehetett valtoztatni. A folyamatok pontos
nyomonkovetése érdekében mikron alatti méretli racsokat és lyukakat ablaltam fémes
illetve félvezetd mintak feliiletére. A mintak besugarzasat kovetden a feliileti struktarak
koriil megfigyelt olvadt réteg vastagsaga fiigg az impulzushossztdl, illetve az adott anyagra
jellemzd elektron-fonon relaxacidos 1d6tdl és hdvezetd-képességtdl. A vizsgalatok
eredménye szerint 50 ps-os impulzusokkal ablalt probak esetében nem kivant olvadasos

jelenségek figyelhetok meg, amelyek tobbsége kikiiszobolhetd 5 ps-os impulzusok
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alkalmazaséaval. Tovabb roviditve az impulzust, jelentds valtozas mar nem figyelhetd meg.
Az olvadt réteg vastagsaganak impulzushossztol valo fliggése egyezik a nemzetkozi

irodalomban kozolt elmélettel, mely szerint az olvadt zoéna mérete minimalisra

csokkenthetd, ha L, =+/2kT <a”', ahol L, a hdvezetési hossz, K az anyag hévezetési

egyiitthatoja, T a 1ézer impulzushossza ¢és alta sugarzas behatolasi mélysége. Ez a feltétel
fémek és félvezetdk esetében csak néhany pikoszekundumosnal révidebb impulzusokra
teljesiil. Az ujra megszilardult strukturdk formdja szintén impulzushosszfiiggd. Rovid
impulzusok esetén inkabb éles formak és aprd cseppek, mig hosszii impulzusok esetén
széles, sima gylurddések figyelhetok meg.

Uj, nanorészecskékbdl felépiild arany filmeknek a femtoszekundumos impulzushosszra
vonatkoz6 ablacios tulajdonsagait (ablacids kiiszob, ablacids sebesség, morfologia)
vizsgéltam és Osszehasonlitottam a hagyoméanyos modon pérologtatott arany filmek
ablacios jellemzdivel. A kisérletekhez fényforrasként egy 50 mJ-os Ti:Sa - excimer
lézerrendszert alkalmaztam. Amig az ablacidés kiiszob illetve az ablalt feliiletek
morfologidja a két anyag esetében hasonlonak bizonyultak, nanorészecskékbdl felépiild
filmeken végzett kisérletek sordn mintegy 5-szor magasabb ablacids sebességet figyeltem
meg. Az ablécids kiiszob és sebesség fliggdtt a nanofilmet felépitd részecskék méretétol

illetve a parologtatas soran alkalmazott nyomastdl is.

5. Kisérleti uton megmutattam, hogy UV femtoszekundumos lézerimpulzusokat
alkalmazasaval acél-mintak szubmikronos méretii megmunkalasa lehetséges. A
sziikséges optikai feloldas biztositasahoz nagy numerikus apertaraju Schwarzschild-
objektivvel képeztem le egy Kkis méretii amplitidomaszkot a mintak felszinére.
Megmutattam, hogy 500 nm-es atméroji lyukak flirhatok a mintak feliiletére, illetve
ilyen modon lehetévé valik ~5 pum vastag lemezek atfurasa is. Vastagabb mintak
esetében elofarasi technikat alkalmazastam [94,100,101].

Az UV femtoszekundumos Iézerek nyujtotta lehetdségek kisérleti uton torténd

demonstralasa céljabol nagy hdvezetd képességli anyagok (pl. fémek, félvezetdk)

szubmikronos méretii megmunkalasi lehetdségeit tanulmanyoztam. Ezen anyagok esetében

a mikronnal kisebb méretii strukturak létrehozéasa hosszu impulzusu 1ézerekkel az anyagok
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besugarzasa soran fellépd olvadasos folyamatot kisérd jelenségek miatt csak igen
korlatozott mértékben vagy egyaltalan nem valdsithatd meg, amelyet a 4. pontban kozolt
eredmények is aldtdmasztanak. Néhany szdz nanométeres atmérdji lyukak kiilonb6zo
tipusu fémek feliiletére torténd ablalasdhoz egy egyszerli amplitidomaszk (12-25 pm
atmérdjli kor alaku apertira) leképezésén alapuld optikai elrendezést hasznéltam. Egy
Schwarzschild tipusu ,,reflexids” objektiv segitségével elérhetd maximalis (kb. 360 nm-es)
felbontast kihasznalva lehetévé valik az iparilag nagy fontossaggal bir6d acél mikrométernél
nagyobb pontossagii megmunkalasa is. Néhany 10 1ézerimpulzus alkalmazaséaval 500 nm-
es lyukakat abladltam a mintak feliiletére. Megmutattam, hogy nemcsak
feliiletmegmunkalés valik lehetévé um-nél nagyobb pontossaggal, hanem vékony mintak
atfurasa is. A vizsgalatok eredménye szerint maximalisan 5 pm-es vastagsagu mintak
atfurdsa lehetséges. Vastagabb lemezek esetében azonban — valdsziniileg a leképezd
rendszer nagy numerikus apertirja és a rovid konfokalis tényezé miatt — az atfurashoz
megfeleld eléfurasi technikdk hasznélata sziikséges. Egy nagy pontossagli hagyomanyos
(mechanikus) eléfturasi technikat alkalmazva szubmikron méreti lyukakat firtam 1 mm

vastag acél lemezbe.

6. Kisérleti titon bizonyitottam, hogy nagy intenzitasi lézerrendszert alkalmazva a
felhasznalt leképezé rendszer a kiilonféle megmunkalasi eljarasokra optimalizalhato,
jelentosen novelve ily modon a folyamat hatasfokat. Megmutattam, hogy a leképezé
rendszer optimalizalhaté a kiilonb6z6 felhasznalasok szabta kovetelményekhez, mint a)
mikron alatti periddusu feliileti struktirak (racsok, keresztracsok) létrehozasa, b) nagy
szamu, 300 nm-es minimalis atméréji lyuk egyidejii farasa egy specialis
interferometrikus technika alkalmazasaval, illetve ¢) mikrométeres méreti lyukakbol
allé matrixok ablalasa - specidlisan az adott struktira létrehozasara optimalizalt -
diffrakcios fazismaszkok (DFM) segitségével [99,101,102].
Egy viszonylag egyszerli, nagy optikai feloldast biztositdé leképezd rendszer
felhasznalasaval (Schwarzschild-objektivvel leképezve egy amplitidoracsot) mikronnal
kisebb periddusu racsokat ablaltam fémek, félvezetdk, dieletrikumok, illetve hulldimvezetd
anyagok feliiletére. Két racsot keresztezve ¢és maszkként felhasznalva keresztracsok

ablalhatok a mintak feliiletére. Tovabbi kisérletekben Fourier sziirést alkalmaztam, és csak
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kivélasztott diffrakcios rendeket hasznaltam fel a képalkotashoz. Igy minimalisan 300 nm-
es atmérdji lyukakbol all6 matrixokat sikeriilt 1étrehozni, minddssze néhany 16véssel tobb
tizezer lyukat képezve a minta feliiletére. Olyan mintazatok esetében, ahol a maszk
feliiletének csak viszonylag kis hanyada atlatszo, diffrakcios fazismaszkok alkalmazasaval
jelentdsen hatékonyabb megmunkalds érhetd el. Kisérletileg bizonyitottam, hogy ilyen
fazismaszkok alkalmazasaval mikronos méretli struktirdk hozhatok 1étre kiilonb6z6 fémek
feliiletén. Mindharom bemutatott eljaras nagy feliiletek egyidejii megmunkalasat teszi
lehetdvé lényegesen lecsokkentve ezéltal az egységnyi szamu lyuk létrehozasahoz

sziikséges impulzusok szamat.

7. Kidolgoztam egy olyan egylépéses lézeres eljarast, amely kvarc hordozéanyagu
fazismaszkok gyors és nagy pontossagu létrehozasat teszi lehetové. A maszkot alkoto
pixelek mélységére vonatkozo elvarasok enyhitésére immerzids technikat alkalmaztam,
melynek segitségével a maszk és a kozeg torésmutato-kiilonbsége a pixelmélység altal
meghatarozott értékre illesztheté [99].
Az 5c pontban emlitett diffrakcios fazismaszkok létrehozésa altalaban igen bonyolult, tobb
1épésbdl allo, iddigényes és nagyon koltséges eljarasok (pl. maratasos technikdk)
alkalmazaséaval valosithatd meg. Kisérleti uton bemutattam egy olyan egylépéses 1ézeres
ablacion alapulo eljarast, amely lehetdvé teszi a maszk hordozoanyagat alkotd kvarc
mintdknak egyszeri és gyors megmunkalasat, biztositva a fazismaszk optimalis
miikddéséhez  sziikséges megmunkalasi pontossdgot. A  kvarc hordozdanyag
megmunkalasa bonyolult feladat, kiilondsen kis mélységli, nagypontossagu, sima
struktarak létrehozasa esetén. A fazismaszkok hatékony miikodéséhez sziikséges
pixelmélység a d = A/(2(ny-ny)) egyenlettel adhaté meg, ahol d a kivant pixelmélység, A a
maszk megvilagitasi hullamhossza (248 nm), n,,, a maszk anyaganak, ny pedig a kdrnyezet
(immerzid) anyaganak torésmutatoja. Ezen képlet alapjan a maszk hatékony miikodéséhez
244 nm-es mélységli pixelek létrehozasa sziikséges (kvarc hordozoanyagon, levegdben).
Ilyen kis mélységli struktirak létrehozasa igen bonyolult feladatnak bizonyult. A pixelek
mélységére vonatkozé elvarasok enyhitésére egy immerzios technikat alkalmaztam, amely
lehetdvé tette a sziikséges pixelmélység szabdlyozasat az immerzid torésmutatojanak

illesztésével. Desztillalt vizet hasznilva immerzios folyadékként a kivant pixelmélység
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900 nm. Ilyen mélységli struktarakat sikeriilt nagy pontossadggal eldallitani pixelenként 2
16véssel, 19 J/cm®-es energiasiiriiségli impulzusokat hasznalva. Az elkészitett maszkokat
profilométerrel ¢és pasztazd elektronmikroszkoppal vizsgéaltam, majd 248 nm-en

kisérletileg is teszteltem.

A felsorolt tudoméanyos eredmények hozzajarulnak a KrF-os excimer erdsitok fizikai
tulajdonsdgainak tokéletesebb megértéséhez. Kombindlva a szilardtest 1ézerek eldnyos
tulajdonsagait az UV excimer erdsitdk biztositotta lehetdségekkel, kis méretli és igen nagy
teljesitményti rendszerek létrehozédsa valik lehetévé. A dolgozatban leirt kis méretli és
viszonylag alacsony aron beszerezhetd lézerrendszerek Uj utakat nyithatnak olyan fizikai
jelenségek tanulmanyozasdhoz, amelyekre korabban csak nagy anyagi raforditassal, jol
felszerelt laboratériumokban nyilt lehetdség. A kifejlesztett rendszerek és leképezési eljarasok
segitségével hagyomanyos eszkozokkel nehezen megmunkalhaté anyagok Iézeres

megmunkalasa is lehetdvé valik, akar ipari kdrnyezetben is.
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