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Laser-induced backside wet etched fused silica surfaces were characterized by X-ray photoelec-
tron spectroscopy (XPS) and ellipsomerty, and a new numerical model was developed to interpret 
the etching procedure on the basis of our recent results. ArF and KrF lasers were used for etching, 
while the applied liquid absorbers were naphthalene/methyl-methacrylate and pyrene/acetone solu-
tions. The XPS measurements showed that the completely cleaned, etched fused silica surface layers 
were contaminated by carbon (which originated from the organic absorber molecules). The optical 
parameters of the modified layers were measured by spectroscopic ellipsometer. The thicknesses of 
these carbon contaminated layers were very thin (between 10 and 30 nm), while their absorption co-
efficient and the refractive index at 248 nm were between 100 000 and 180 000 cm-1, and 1.85, re-
spectively. Our previous numerical model was completed on the basis of the determined properties 
of this modified layer, and our results proved that this layer plays key role in the etching procedure. 
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1. Introduction 
Dielectrics materials transparent in a wide wavelength 

range (fused silica, quartz, sapphire, MgF2, CaF2, BaF2, 
etc.) have several application possibilities in refractive and 
diffractive microoptics and in microfluidics. These materi-
als can be microstructured by conventional techniques 
which are based on masking procedure (multistep meth-
ods): hidrofluidic etching [1], powder blasting [2-3] and 
ion etching technologies (inductively coupled plasma etch-
ing – ICP [4] and reactive ion etching – RIE [5]), and laser-
based methods. Hidrofluidic etching and powder blasting 
have limited resolution and the machined surface is not 
smooth enough for many optical applications. RIE can 
reach submicrometer resolution and smooth processed sur-
face, but it is a very complicated and expensive procedure. 
The laser based techniques can be divided into direct and 
indirect techniques. In the direct methods infrared and far 
ultraviolet lasers (CO2 [6], F2 [7-8]), soft X-ray beam [9] 
and femtosecond pulses [8, 10] can be used for etching. 
Although the CO2 laser is applied in industrial environ-
ments, but the reachable resolution is some ten micrometer 
(due to its long wavelength (10.6 μm) and thermal based 
material removal), which is not sufficient for microoptical 
applications. The other direct methods (F2 laser, soft X-ray 
and femtosecond beam etching) are too complicated at pre-
sent for real industrial applications. The nanosecond UV 
lasers (mostly excimers) would be suitable for micro-
machining of UV-transparent materials, but the effective-
ness is very low due to the high etching threshold fluence, 
which originates from their transparency. The indirect 

methods, the laser-induced backside wet/dry etching – 
LIBWE/LIBDE [11-19], laser etching at a surface adsorbed 
layer – LESAL [20] and laser induced plasma assisted ab-
lation – LIPAA [21] are mainly based on UV (excimer) 
lasers, which has already proved its suitability in industrial 
environments. 

One of the most flexible and promising indirect tech-
niques is the laser-induced backside wet etching. The most 
important advantages of LIBWE are the followings: 1. low 
etching threshold fluence (a few hundreds mJ/cm2, while 
the direct ablation threshold is a few J/cm2 [22]); 2. crack- 
and debris-free etched and surrounding areas; 3. one-step 
method (do not need mask preparation on the sample sur-
face); 4. the depth of the etched area can be easily con-
trolled: minimum etch rate can be lower than 3 nm/pulse; 5. 
good etched surface quality; 6. high lateral resolution. In 
our previous studies it was proved that LIBWE is suitable 
for production of submicrometer grating structure in fused 
silica [23-26]: we fabricated 104 nm period fused silica 
grating, which has the minimum grating constant produced 
by laser techniques in fused silica so far [23]. 

 Although LIBWE is intensively studied nowadays, 
there are some open questions concerning the etching proc-
ess. The first one is that the fluence – etch rate graphs can 
be fitted by two straight lines. This behavior was observed 
by many research groups [13-14, 27-32], but correct, co-
herent explanation have not existed yet. We have already 
presented a LIBWE model in our previous papers [15, 27], 
which gave relatively good results for LIBWE applying 
ArF laser (nevertheless the calculated threshold fluence 
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was higher than the measured one), but this model did not 
work for KrF experiments, namely etching was not pre-
dicted in the applied fluence range (up to ≈2 J/cm2). The 
main difference between the two laser sources is in their 
wavelengths and therefore in the significant difference be-
tween the absorption coefficients of the absorbing liquid 
(αArF

193nm~50000 cm-1; αKrF
248nm~3000 cm-1). This is the 

second problem which has to be solved: difficulty of this 
modeling indicated that there should be something which is 
not involved in our model. These questions motivated our 
following studies (surface characterization and modeling of 
the etching procedure) to give a more complex explanation 
of LIBWE process. 

 
2. Experimental and results 

2.1 Etching: particle deposition – qualitative observa-
tion 

Fused silica plates were used as targets in our experi-
ments (Suprasil II, Heraeus). Naphthalene/methyl-
methacrylate (concentrations: c=0.85 and 1.71 M; 
M=mol/dm3) and pyrene/acetone (c=0.4 M) solutions were 
used as liquid absorbers. In the experiments we used ArF 
and KrF excimer lasers (λArF=193 nm; λKrF=248 nm; 
τFWHM=30 ns). The intensity distribution of the beam cross 
section was trapezoid-like shape. The scheme of our ex-
perimental setup was presented previously [28]. 

After the etching procedure the etched fused silica 
plates were carefully cleaned by pouring acetone directly 
onto them. After cleaning a dark, thin graphite-like layer 
was observed on those places, where the local laser fluence 
value was just below the etching threshold. The thin layer 
could be easily removed by ultrasonic bath in acetone or by 
wiping the surface with acetone soaked paper wadding. 
This layer was characterized by Raman spectroscopy and it 
was found that this layer contains mostly amorphous car-
bon particles [32-34]. The detailed description of this layer 
can be found in Rico Böhme’s PhD thesis [35]. The correct 
determination of the optical properties (absorption, refrac-
tive index) of this layer consisting of carbon particles is 
difficult, because it scatters the light, which strongly influ-
ences the results. These carbon particles can originate from 
the decomposition of the organic molecules by the ultravio-
let photons, and probably can contaminate the surface of 
the etched fused silica [32-35]. Although this contamina-
tion may have significant effect on the etching procedure, it 
was observed only on those areas where the local laser flu-
ence value was just below the etching threshold. This 
means that the etched area (produced by irradiation having 
fluence much higher than the threshold value) was free 
from these particles, and only the near surrounding area 
was contaminated by carbon. The shape of the graphite-like 
particles covered area (deformed ellipse-like “ring”) corre-
sponded to the beamshape.  

The etched, completely cleaned surface after the re-
moval of the slightly bonded, deposited graphite-like layer 
was characterized by XPS (X-ray photoelectron spectros-
copy) and ellipsomerty. The etched and characterized areas 
were free from the above described carbon particles; only 
their surrounding areas was covered by the carbon layer, 
but these were also completely removed before the follow-

ing characterization measurements by ultrasonic bath and 
wiping. 

 
2.2 XPS measurements 

The XPS measurements were performed on the etched, 
completely cleaned (after wiping and cleaning in ultrasonic 
bath) fused silica surfaces (laser: KrF; fluence: 465 
mJ/cm2; number of laser pulses: 1000; etched area: 16.76 
mm2). Naphthalene/methyl-methacrylate (c=0.85 and 
1.71 M) and pyrene/acetone (c=0.4 M) solutions were used 
as liquid absorbers. The XP spectra were collected by a 
KRATOS XSAM 800 machine using Mg radiation with 
120 W power and FAT mode with 40 eV pass energy. The 
fused silica plates were cut to about 10x10 mm size pieces 
and fixed to the sample holder by double sided carbon ad-
hesive tape. The electrostatic charging of the sample was 
about 2 eV. The C 1s line at 285 eV binding energy was 
used for charge referencing. 

The spectra of the original and the etched surfaces were 
compared. The main peaks in both the original and the 
etched surface’s spectra are: O 1s; C 1s; Si 2p. The O 1s 
and C 1s peaks do not show significant differences in the 
untreated and treated cases, although the adventitious car-
bon made difficult to evaluate the carbon peaks. A signifi-
cant difference appears in the Si 2p peak: a second peak 
can be observed due to the laser etching below the main Si 
2p peak, which refers to Si-C bounding (Fig. 1). 
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Table 1 The ratio of carbon at different absorbers 

Liquid absorber α [cm-1] Si-C/ΣSi [%]

Pyrene/acetone 0.4 M 2100 6.75 

Naphthalene/methyl-methacrylate 0.85 M 2830 7.7 

Naphthalene/methyl-methacrylate 1.71 M 3380 14.4 

Fig. 1  XPS spectrum of Si 2p and Si-C peaks 

The Si 2p and the Si-C peaks were fitted by Gaussian-
Lorentzian 50-50% mixed functions, and the area of the 
peaks was calculated, which can be used to compare the 
amount of the carbon contamination of different treated 
fused silica surface. Comparing these ratios the highest 
Si-C/ΣSi ratios can be observed for naphthalene/methyl-
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methacrylate in the case of the highest concentration which 
means that the absorption coefficient is the highest. The 
ratio of carbon decreased with the lowering of concentra-
tion and the lowest Si-C/ΣSi ratio was observed for the 
pyrene/acetone solution having also the lowest absorption 
coefficient (Table 1). 

2.3 Ellipsometry 
The XPS detected carbon contamination suggested that 

the optical properties of the etched surface changed after 
the etching procedure, therefore the optical properties of 
the etched, completely cleaned fused silica substrates were 
determined in this study by Woollam M2000F rotating 
compensator spectroscopic ellipsometer. The ellipsometric 
angles Ψ and Δ corresponding to the relative amplitude and 
phase change of the s and p polarized electric field vectors 
upon reflection, respectively, were measured at 4 different 
angles of incidence (50°, 55°, 60° and 65°) and at 477 dif-
ferent wavelengths (245-1000 nm). In order to avoid the 
problems during data analysis arising from the light re-
flected from the sample backside, the fused silica backside 
was roughened. Upon reflection of the beam, the illumi-
nated area was elliptical. The short axis was 1 mm and the 
long axis varies between ~1.46 mm and ~0.56 mm, de-
pending on the angle of incidence. Thus the illuminated 
area (~0.64 mm2) was much smaller than the etched area 
(15 mm2). 

The measured Ψ and Δ curves belonging to the treated 
surface completely differ from the curves of the original 
surfaces (see Fig. 2.). This difference can be attributed to 
the carbon contamination. 
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Fig. 2  The Ψ (circles) and Δ (squares) values belonging to 55 
angle of incidence measured on the unetched (original) quartz 
(solid symbols) and on the sample prepared at 500 mJ/cm2 flu-

ence (open symbols). For better visibility only every 10th point is 
plotted. The solid line represents the result of the fitting with 

Cauchy's dispersion relation. 
 

The optical properties of the original fused silica sub-
strate were determined with Sellmeier’s dispersion relation. 
Even though the surface roughness of the etched holes de-
termined by AFM was below 5 nm, as a first approach the 
etched holes were modeled as a roughened a quartz surface. 
For this a three phase model was applied, which consisted 
of the quartz substrate, surface roughness modeled with 
effective medium approximation [36] and ambient. The 
goodness of the fitting was measured by the difference of 
the fitted and measured Ψ and Δ curves, namely with the 
Mean Squared Error, MSE [37]. The higher MSE values 

mean worse fitting. This roughness model resulted in MSE 
values exceeding 100 and thus it could not describe the 
measured data. Therefore the surface roughness layer was 
replaced in the three phase model with a fused silica layer 
of which refractive index and the extinction coefficient 
were described by Cauchy dispersion relation and Urbach-
tail, respectively. The average MSE of this type of fitting 
was 5.8, indicating good fittings and that the assumption of 
contaminated layer is plausible. The goodness of the fit-
tings is represented also in Fig. 2, where the measured and 
fitted data is plotted (MSE=3.028). The Cauchy-Urbach 
model provide the optical properties of this carbon con-
taminated fused silica layer (at 248 nm) produced by 1000 
pulses of KrF laser (fluence: 500 mJ/cm2) using naphtha-
lene/methyl-methacrylate absorber (c=1.71 M): refractive 
index: n=1.85 (original fused silica: 1.51); absorption coef-
ficient: α=1.58·105 cm-1 (absorption of original fused silica 
is negligible), while the thickness of the modified layer was 
measure to be 24 nm in this case. The increase of the re-
fractive index and absorption coefficient can be due to the 
appearance of Si-C bonds (indicated by the XPS spectra). 

The ellipsometrical measurements were carried out on 
several etched holes generated by KrF (and also ArF) laser 
pulses in the fluence range of 480-1000 mJ/cm2. Generally 
we state from these measurements that besides the slightly 
bonded deposited graphite-like layer [32-35] a modified, i.e. 
carbon contaminated, fused silica layer is present during 
LIBWE. The thicknesses of the modified, carbon contami-
nated fused silica surface layers are between 10 and 30 nm 
(KrF: 20-30 nm; ArF: 10-20 nm depending on the applied 
liquid absorber, concentration and fluence), the absorption 
coefficients are relatively high: measured at 248 nm for 
KrF etching: 1.0-1.8·105 cm-1 , and measured at 193 nm for 
ArF etching: 2.5-4.0·105 cm-1, while the refractive index is 
increased from 1.51 to 1.85 (measured at 248 nm on KrF 
etched samples) according to our ellipsometric measure-
ments. 

 
3. Numerical model and discussion 

Our previous numerical model [15] was completed ac-
cording to our new results: the one dimensional heat flow 
equation was solved using the parameter of fused silica and 
considering the ellipsometry determined optical properties 
of the modified fused silica layer. The temporal intensity 
profile of the laser pulse was modeled by Gaussian profile. 
The melting and vaporization of the relevant materials were 
taken into account. Temperature-dependent material pa-
rameters (specific heat: c(T); heat diffusion coefficient: 
κ(T)) were used in the available temperature ranges [15]. 
The absorption of the modified layer was also taken into 
account. Our previous model was further improved by con-
sidering the removal of the boiled fused silica: during these 
calculations, if the temperature of fused silica layer reached 
the boiling point, it leaved the surface, and the liquid ab-
sorber took its place – therefore the etch rate (which can be 
identify as the boiled fused silica) could be directly calcu-
lated with our program code. The elementary thickness of 
one layer was Δz=2.5 nm, and the timestep was Δt=0.1 ps.  

This improved model basically differs from our previ-
ously published theory [15] since we considered the pres-
ence of modified layer and the boiling of the fused silica 

45 



 
JLMN-Journal of Laser Micro/Nanoengineering Vol. 5, No. 1, 2010 

 
 
during the laser pulse. If we took only the modified layer 
(without consideration of boiling) into account, the etch 
rate would increase (compared to our previous model); if 
we took only the boiling (without consideration of the 
modified layer) into account, the etch rate would slightly 
decrease (compared to our previous model). But using this 
two considerations in our new calculations, the improved 
model works for both laser wavelengths and gives rela-
tively good results for the etch rates and threshold fluences. 

The calculated and measured etch rates showed good 
agreement in the lower fluence range: for ArF: 200-400 
mJ/cm2; for KrF: 400-600 mJ/cm2 (Fig. 3-4.). 
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Fig. 3  The measured and calculated etch rate vs. fluence – for 

ArF laser (The thickness and the absorption coefficient of modi-
fied layer were 15 nm and 300 000 cm-1 in this calculation, re-

spectively.) 
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Fig. 4  The measured and calculated etch rate vs. fluence – for 

KrF laser (The thickness and the absorption coefficient of modi-
fied layer were 25 nm and 158 000 cm-1 in this calculation, re-

spectively.) 
 
The thicknesses of the modified layers were determined 
directly from ellipsometric measurements, but the absorp-
tion coefficients at 193 nm were calculated from absorption 
measurements by spectrophotometer for the wavelength of 
ArF laser using the thickness values. 

Our advanced model could predict the threshold flu-
ences for both ArF and KrF etchings (ArF: Fth

meas193nm=210 

mJ/cm2; Fth
calc193nm=256 mJ/cm2; KrF: Fth

meas248nm=400 
mJ/cm2; Fth

calc248nm=395 mJ/cm2), and describe the charac-
teristic features of the experimentally determined flu-
ence - etch rate graphs for ArF irradiation – the calculated 
fluence etch rate functions can be also fitted by two straight 
lines. 

The breaking points on the measured fluence-etch rate 
graphs is at those fluence values (for ArF: 340 mJ/cm2; for 
KrF: 620 mJ/cm2), at which the modified layer can be 
completely removed already by one laser pulse. The meas-
ured etch rates at this fluences probably correspond to the 
thicknesses of the modified layers (for ArF: 7 nm; for KrF: 
10 nm). If the applied fluences are higher than these, the 
slope of the function will be changed, because the modified 
layers are completely removed during the firs part of one 
pulse, and the etching mechanism is changed: only the or-
ganic liquid absorbs the further part of the pulse. The 
thickness of the residual melted layer was calculated to be 
60-80 nm in the case of ArF laser; and 45-60 nm in the 
case of KrF laser. These layers can be identified as the 
modified layers, although these thicknesses were overesti-
mated by the calculations. This residual melted and quickly 
refrozen layer might answer the question, how the modified 
layer is reproduced from pulse to pulse: the carbon (origi-
nate from the organic liquid molecules due to the high en-
ergy UV photons) probably can build in the upper part of 
the residual melted fused silica layer (by diffusion and/or 
due to the high pressure in the liquid [27, 29, 38]).  

In the higher fluence region the difference between the 
measured and calculated etch rates became higher, al-
though for using ArF laser the behavior of the flu-
ence - etch rate graph is correct (namely the calculated data 
can also be fitted by two straight lines, similarly to our 
measurements).  

This difference can be due to the weaknesses of the 
model, which were: 1. the thermal and optical properties 
were not well known in the whole temperature and laser 
intensity ranges. Namely, the real material properties (c(T), 
κ(T), α(I)) can differ from the used values. 2. The graphite-
like layer was not taken into account, because: i. it is diffi-
cult to characterize this layer (the model would be too 
speculative without correct characterization). ii. we can not 
say anything about the formation of this layer during the 
laser pulse (At the end of the etching procedure this layer 
can not be observed, but we have to suppose, that it has 
important role in the etching. Certainly the boiled and re-
moved fused silica sweep away it from the surface.). 3. The 
mechanical effects (high pressure bubbles [27, 29, 38]) 
were not included in the model. 

 
4. Summary 

To answer the open questions concerning the LIBWE 
procedure (two straight lines fitted fluence – etch rate 
graphs, modeling problems, and visual observations of 
graphite-like layer) two surface-analytical measurements 
(XPS and ellipsometry) were carried out. Our previous 
numerical model was developed according to these new 
results. On the basis of our experimental and numerical 
results, we gave a new LIBWE interpretation. We demon-
strated that the described and characterized modified, car-
bon contaminated thin fused silica layer plays key role in 
the LIBWE procedure. 
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