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Introduction and scientific background
Dielectric materials transparent in the ultraviolet (UV) wavelength range (e.g. fused silica,
quartz, sapphire, MgF2, CaF2, BaF2) have many application possibilities in several fields of
science and industry due to their transparency, high optical quality and chemical stability.
These materials are used in some novel areas beside the conventional applications (UVtransparent optics e.g. laser applications): they can be applied as base material of
microfluidical and microoptical elements. It is important to find the best processing method
which fits the requirements of possible applications: the resolution has to be high enough
(micro- and submicrometer) and the machined surface has to be smooth, and the method
should have high productivity.
These materials can be microstructured by conventional techniques such as
hidrofluidic etching and powder blasting, which are based on lithography techniques. These
conventional methods have ~10 μm lateral resolution, their productivity is high, but the
processed surface is rather rough. The ion- and plasma etching methods (called dry etching
techniques in scientific literature) combined with the lithographic procedures are suitable to
reach high resolution (~50 nm, which is less then the diffraction limit of light). Unfortunately,
these dry etching methods have some disadvantages: they are time consuming, they have high
prices, necessary instruments are complicate; their productivity is low.
The laser-based methods can provide a good alternative for microstructuring of UVtransparent dielectrics: their resolution and productivity can be high enough. The laser-based
procedures can be classified as direct and indirect methods. A procedure is called direct
method, if the laser beam can etch the target surface itself, and it called indirect, if some other
material helps the material removal from the target. The direct processing of these transparent
materials can be carried out by using laser beam having wavelength out of the transparency
range: e.g. fluorine-laser (λ=157 nm), carbon-dioxide laser (λ=10,6 μm) or soft X-ray laser
(λ~10 nm). On the other hand the ultrashort laser pulses can remove a thin layer of the target
as a result of complicated mechanism, if the intensity of the beam is high enough to increase
the probability of two-photon absorption. The previously mentioned laser-systems (fluorine-,
soft X-ray- and ultrashort lasers) are expensive and usually complicated and unmanageable,
therefore they can not be used in industrial environment. The UV-transparent materials can be
micromachined also by nanosecond UV lasers (mostly excimer lasers), but the quality of the
processed surface is not sufficient and the productivity of these methods is too low.
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The indirect laser-based methods are competitive procedures compared to the above
mentioned direct methods. Excimer lasers and frequency-quadrupled Nd:YAG lasers are used
as light sources in indirect techniques. The backside of the target (the laser light comes from
its front side through the transparent dielectric) is in contact with an absorber material (e.g.
liquid, thin metal or adsorbed hydrocarbon layer), which makes the effective etching possible;
or the laser-generated plasma (originating from the absorbing solid state material placed to the
backside of the target) helps the effective material removal. All indirect techniques have
similar advantages: low etching threshold fluence and relatively good surface quality (low
roughness).
The laser-induced backside wet etching, which is the subject of these theses, is a
flexible and important method that is the most promising with many advantages for
micromachining of UV-transparent materials. The LIBWE was invented approx. 10 years
ago. During the LIBWE procedure the backside of the transparent is in contact with a liquid
(mostly hydrocarbon solution), which has high absorption coefficient at the laser wavelength.
Laser pulses (having sufficient fluence) irradiate the absorber-sample interface through the
transparent material and a thin layer is removed from the target surface as a result of a
complex processes. The most important advantages of LIBWE are the followings: it is a onestep method (does not need mask preparation on the sample surface); the depth of the etched
area can be easily controlled; good etched surface quality; crack- and debris-free etched and
surrounding areas; high lateral resolution and relatively low etching threshold fluence.

Aims and methods
After studying the literature of LIBWE method it was obvious that there were several
important unanswered questions about the procedure. These questions were partly related to
base research, to the material removal process, and partly related to the application possibility
of the laser-induced backside wet etching technique. Considering these open questions, I
summarized the aims of my work in the followings:
1. My first goal was to study the LIBWE procedure in order to interpret the material
removal process with a coherent theory. I applied a new laser type (ArF), which had
not been used in LIBWE experiments, and new liquid absorbers (naphthalene/methylmethacrylate solutions) to achieve my aims (I used fused silica plate as transparent
target in all of my experiments). I intended to explain why the fluence-etch rate data
points can be fitted by two straight lines.
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2. My aim was to prepare a numerical model of LIWBE procedure and to calculate
temperature distribution in the target and liquid on the basis of my experimental
results to interpret the laser-induced backside wet etching.
3. The best resolution of structures fabricated by laser-induced backside wet etching
procedure could not be determined unambiguously on the basis of the literature.
Therefore my goal was to study the best resolution of this technique by grating
fabrication. My aim was to investigate which parameters can limit the minimal grating
periods over the obvious optical limit.
I studied the laser-induced backside wet etched surface of fused silica by atomic force
microscope and profilometer in my first experiments. I prepared a numerical model of
LIBWE which was based on thermal effects. After studying the accompanying effects and
expanding my calculations to other laser types I realized that some phenomenon was not
taken into account in my model. Therefore I analyzed the etched surface by X-ray
photoelectron spectroscopy and spectroscopic ellipsometry. I completed and improved my
first numerical model with the results of ellipsomety. The results of the developed model
showed good agreements with the experiments and could help the interpretation of some
important phenomenon in material removal by LIBWE.
I studied the resolution limit of the laser-induced backside wet etching technique by
fabricating gratings in fused silica surface by combining LIWBE and two-beam interference
methods. The gratings were characterized by atomic force microscope and profilometer.
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Results
1. I used ArF excimer laser and new liquid absorbers (naphthalene/methyl-methacrylate
with a concentrations: c=0.85 and 1.71 mol/dm3), which were not applied in LIBWE
experiments previously, to process transparent fused silica plates. These allowed to
achieve removal efficiencies higher than usual, due to the low ArF wavelength and the
high absorption coefficient of the liquids at this wavelength. I studied the edge of
etched surface and I observed a small hill (which is probably melted and resolidified
fused silica) on the unetched area directly around the processed surface, which proved
that thermal effects play significant role in the material removal process. I
demonstrated that the etch rate (thickness of target layer removed by one laser pulse)
depends on the laser wavelength, the type and concentration of the liquid absorber and
the laser fluence. The etch rates were found to be between 4 and 55 nm/pulse in the
case of applied hydrocarbon solutions (naphthalene/methyl-methacrylate with a
concentrations: c=0.85 and 1.71 mol/dm3 and pyrene/acetone c=0,4 mol/dm3), and
experimental conditions (fluence range for ArF: 200-1000 mJ/cm2; for KrF: 300-1800
mJ/cm2). The fluence-etch rate graphs could be fitted by two straight lines in each
case. [T1, T2]
I demonstrated that the surface quality of etched area is the best (the roughness
parameter is the lowest - 3-4 nm) in the fluence range of 490 - 620 mJ/cm2 when using
KrF laser and of naphthalene/methyl-methacrylate c=0.85 and 1.71 mol/dm3 or
pyrene/acetone c=0,4 mol/dm3 solutions. This fluence range has significant
importance in the possible application of LIBWE technique.
2. I characterized the etched fused silica surface by X-ray photoelectron spectroscopy
(XPS) and spectroscopic ellipsometry to better understand the mechanism of the
material removal. My XPS results demonstrated that the etched surface is
contaminated by carbon originating from the liquid absorber. The thickness and the
optical properties of this modified, carbon contaminated etched fused silica layer were
measured by spectroscopic ellipsometer. I demonstrated that its thickness was between
10 and 30 nm, the refractive index for 248 nm wavelength was 1.86, while the
absorption coefficient was significant, 1,8-3·105 1/cm for ArF and KrF wavelength.
[T8]
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3. I elaborated a numerical model to calculate the evolution of the temperature of the
irradiated fused silica target. This model is the most sophisticated one existing
presently and gives results that are in good agreement with the experiments in most of
the cases. It takes into consideration the phase changes of the relevant materials, the
temperature dependent thermal properties of the materials, the absorption of the
modified layer and the removal of boiled fused silica. The measured etch rate was
indentified as the thickness of the boiled fused silica layer. My model predicted the
etching threshold fluences with accuracy of about ~10 % and gave good estimation on
the etch rate at the low fluence range (in the case of ArF laser: 260-440 mJ/cm2; KrF
laser: 400-700 mJ/cm2). The fluence dependence of calculated thickness of boiled
fused silica layer can also be fitted with two straight lines in the case of ArF laser –
similarly to the experiments. Based on results of the etched surface analyses and
numerical calculation, I can state that the modified, carbon contaminated layer plays
important role in material removal. I found that the break-point of fluence-etch rate
graph corresponds to the complete removal of the modified layer, and the melted fused
silica layer probably plays role in the repeated formation of the modified layer. The
differences between the results of model calculations and the experiments can be
attributed to the followings: 1. the relevant optical and thermal properties of materials
were not known in the whole relevant temperature range; 2. the amorphous carbon
was not taken into account due to the insufficient information about its optical and
physical properties; 3. the exact process of the formation of the amorphous carbon and
the modified layer was not known; 4. I neglected the energy required for the formation
of carbon particles from the hydrocarbon solution; 5 the model could not take into
account the mechanical effects. [T2, T8]
4. I combined the laser-induced backside wet etching procedure and the two-beam
interferometric arrangement (called TWIN-LIBWE; the UV source was the 4th
harmonic of Nd:YAG laser) to study the lateral resolution of LIBWE method. I
investigated how the grating parameters depend on the laser fluence and the number of
laser pulses. I determined the optimal fabrication parameters for 550 and 990 nm
period gratings: the best quality gratings can be fabricated by laser fluence of ≈330
mJ/cm2, and 50-100 pulses. On the basis of this knowledge I produced 266 and 154
nm period grating structure by increasing the incident angle of the laser light. I found
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that the decrease of the grating period is accompanied with the narrowing of the range
of optimal pulse number and fluence values. [T4, T5, T7].
5. I proved that the lateral resolution of the LIBWE technique is around 100 nm: I
fabricated grating structure in fused silica with a period of 104 nm by applying an
immersion setup. This period is the smallest grating constant fabricated by laser
techniques in fused silica, so far. I demonstrated that the minimal grating period is
strongly limited by the heat diffusion in addition to the obvious optical limit [T6, T7].
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