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Laser-induced backside wet etching (LIBWE) is a method for the precise etching and structuring 
of SiO2. In this study, LIBWE is performed by using ultrashort laser pulses with a pulse duration of 
τ = 500 fs and a wavelength of λ = 515 nm. Saturated aqueous KMnO4 solution is the absorbing liq-
uid for the LIBWE process. The observed etching rate is approximately 10–3 nm/pulse, which is 
substantially lower than that in previous reports; it increases with increasing laser fluence. The ini-
tial etching rate decreases with higher pulse numbers until it approaches a stable value. After the 
LIBWE, the generated etching pits are partially covered by MnOx layers with thicknesses of tens of 
nanometers. However, at the etched SiO2 surface, two different laser-induced periodic surface struc-
tures (LIPSS) are found. In the center of the etching pits, LIPSS with a period of λHSFL ≈ (52 ± 2) nm 
are observed, whereas in the outer areas, LIPSS with a period of λLSFL ≈ (390 ± 20) nm are found. 
The etching mechanism for the LIBWE of SiO2 with aqueous KMnO4 solution is proposed to com-
prise laser-based heating, decomposition of KMnO4, and chemical etching of the SiO2 surface by 
the produced KOH. 
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1. Introduction 

Laser-induced backside wet etching (LIBWE) is a 
method for the precise etching and structuring of transpar-
ent materials, such as fused silica, sapphire, MgF2, and 
poly(methyl methacrylate) (PMMA). The material etching 
process with LIBWE is characterized by a low etching rate 
and a high surface quality. With LIBWE, the rear side of a 
transparent sample is in contact with an absorbing liquid to 
allow laser photon absorption. The applied laser pulses 
pass through the transparent sample and are absorbed in the 
liquid near the interface with the sample surface. The de-
posited laser energy induces manifold processes including 
rapid heating of the surface/liquid near-interface region, 
surface melting/softening, bubble generation, plasma for-
mation, and surface modification. Finally, these effects 
cause etching of the sample surface. Various dye/organic-
solvent combinations, such as pyrene/toluene [1], py-
rene/acetone [2, 3], and naphthalene/methyl methacrylate 
[2], as well as pure toluene [3, 4], have been reported to be 
applied as absorbing liquids for LIBWE using UV laser 
pulses. For LIBWE using visible- (VIS-) and near-infrared- 
(NIR-) wavelength laser pulses, absorbers such as gallium 
[5, 6], mercury [7], rose bengal/acetone [8], and inorganic 
metal salts have been tested. In the case of inorganic salts, 
the use of an aqueous CuSO4 solution in combination with 
an NIR laser has attracted increasing attention in recent 
years [9-12]. In the pioneering work of Shafeev and co-

workers [13, 14], inorganic solutions of CrO3, FeCl3, and 
KMnO4 were introduced for metallization and etching of 
sapphire by using a copper vapor laser with a wavelength 
of λ = 510 nm. 

LIBWE experiments are mainly performed with nano-
second laser pulses. Only a few papers cover LIBWE using 
ultrashort laser pulses. However, LIBWE etching with laser 
pulse durations in the pico- and femtosecond range is of 
fundamental interest: on the one hand for investigation of 
the LIBWE process itself, and on the other hand as a model 
system for studying laser-irradiation effects, either at modi-
fied surfaces or under confinement conditions. With pulse 
durations of less than 10 ps, thermal-dominated etching 
effects, which are discussed with nanosecond LIBWE, are 
reduced and non-linear effects have to be considered as 
well, because of the high photon intensity in the pico- and 
femtosecond time range and the short heat-diffusion length. 
Due to the short pulse duration and high photon density 
relative to those with nanosecond laser pulses, new interac-
tion processes between the absorber liquid/sample material 
and the laser photon have to be considered. Such extra non-
linear processes may include multiphoton absorption and 
non-thermal laser-induced defect generation and accumula-
tion [15]. 

Böhme et al. [15, 16] investigated a pyrene/toluene so-
lution as the absorber liquid for LIBWE with ultraviolet 
(UV) and NIR ultrashort laser pulses. The femtosecond 
LIBWE mechanism with the dye/organic solvent was ex-
plained by Böhme et al. [17] as a two-step process. In the 
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first step, the excited pyrene/toluene absorber solution 
promotes the modification of the sample surface as a result 
of the formation of a thin defect-enriched near-surface layer. 
The surface modification increases the absorption and, in 
consequence, the interaction of laser photons with the sam-
ple surface, which finally causes material removal. In refs. 
[18, 19], picosecond LIBWE of SiO2, sapphire, and fluo-
rides by using UV laser pulses and a pyrene/toluene ab-
sorber solution has been reported. It was also speculated in 
that investigation that surface modification and the la-
ser pulse – surface modification interaction are the main 
factors of the etching process. 

In ref. [20], a comparison between various nanosecond 
and ultrashort laser pulse sources was performed for metal-
lization and LIBWE with aqueous CuSO4-based absorber 
liquids. In contrast to the nanosecond laser pulse sources, 
no LIBWE or controlled metallization could be achieved 
with ultrashort laser pulses. Ripples or laser-induced peri-
odic surface structures (LIPSS) have been observed for 
LIBWE processing with organic absorber liquids in combi-
nation with sub-picosecond and femtosecond laser pulses 
[15, 21]. LIPSS formation is regularly observed after pro-
cessing of the surface with ultrashort laser pulses [22-24]. 
Two different types of LIPSS can be distinguished: low 
spatial frequency LIPSS (LSFL) and high spatial frequency 
LIPSS (HSFL). The LSFL typically have a period between 
λLSFL ≈ λ and λLSFL ≈ λ/n, with λ being the laser wavelength 
and n being the refraction index. The formation of LSFL is 
commonly related with effects like excitation of surface 
plasmon polaritons (SPP) or radiation remnants (RR) [25]. 
HSFL have a period less than half of the laser wavelength 
and are preferentially formed close to the damage threshold 
of the laser-irradiated surface [25]. The origin of HSFL is 
still under discussion, and various explanations for HSFL 
formation can be found in the literature [26-29]. In several 
studies, it could be shown that the periods of LIPSS gener-
ated in liquid environments by using ultrashort laser pulses 
are significantly smaller than those of LIPSS formed in air 
[30]. In ref. [21], LIPSS formation by LIBWE etching of 
SiO2 with toluene as the absorber and a laser pulse duration 
of 600 fs was reported. The laser wavelength in this study 
was 248 nm. The observed LIPSS had a period of 140 nm, 
which is close to the laser wavelength with consideration of 
the refraction index of SiO2. However, only this one type of 
LIPSS was found; with higher fluences, the LIPSS van-
ished and the surface became smooth. This effect could be 
explained by thermal diffusion effects, which wash out the 
shallow nano-sized HSFL[25]. 

In the present study, LIBWE processing of SiO2 by us-
ing VIS laser pulses with sub-picosecond durations 
(τ = 500 fs) and a saturated aqueous KMnO4 solution has 
been investigated in order to study the etching of SiO2 and 
LIPSS formation under confinement with a non-organic 
absorber liquid. The large absorption of the saturated aque-
ous KMnO4 solution at the laser wavelength of λ = 515 nm 
[31] is related to the magnate, whereas the water has a neg-
ligible absorption. The usage of an aqueous KMnO4 solu-
tion introduces an additional absorber liquid for LIBWE 
with ultrashort laser pulses. The large absorption of the 
aqueous KMnO4 solution in contrast to that of pure water 
enables the study of confined ablation and LIPSS formation 
by near-interface absorption in comparison to the non-

linear absorption with pure water. The large linear absorp-
tion of the KMnO4 solution, however, reduces the required 
laser pulse energy to a level at which subtle laser–material 
interactions can be observed and not eliminated by the sub-
sequent thermal processes in the excited system. 

The influence of the laser pulse energy, the pulse num-
ber, and the pulse repetition rate on the etching rate of SiO2 
was investigated. The results are discussed in detail, and an 
etching mechanism for LIBWE with an aqueous KMnO4 
solution is proposed. The LIBWE-processed surface was 
analyzed by scanning electron microscopy (SEM) and 
white-light interference microscopy (WLIM). 

 

2. Experimental details 

A detailed description of the basic experimental setup 
for LIBWE can be found in refs. [32, 33]. In Figure 1, a 
sketch is shown of the setup for the performed experiments.  

 

 
Fig.1  Sketch of the experimental setup for LIBWE. 

 
In this study, a femtosecond laser (JenLas® femto 16, 

Jenoptik AG, Jena, Germany) delivered laser pulses with a 
pulse length of τ = 500 fs at a wavelength of 
λ = 1030 nm/λ = 515 nm and a maximum repetition rate of 
frep = 500 kHz. The output beam of the laser was linearly 
polarized. For the experiments, a wavelength of λ = 515 nm 
with a maximum pulse energy of E = 109 µJ was selected. 
The laser beam spot was moved across the sample by using 
a scanner with a telecentric f–ϴ lens that had a focal length 
of f = 100 mm. The spot size of the laser beam in the focal 
plane was d ≈ 35 µm. For all experiments, double-sided 
polished fused silica pieces with a thickness of 380 µm, 
surface roughness of 0.25 nm rms, and peak-to-valley value 
of 1.2 nm were used. The samples were used as received 
without further cleaning. A saturated aqueous KMnO4 solu-
tion was used as the absorber liquid. After laser processing, 
the samples were cleaned with acidic sulfur in an ultrasonic 
bath for 5 min. The surface morphology and chemical 
composition of the laser-irradiated samples were analyzed 
by SEM and energy-dispersive X-ray spectroscopy (EDX), 
respectively. The depths of the achieved etching pits were 
measured by WLIM. The etching rate was calculated by 
dividing the measured maximum final etching depth detch 
by the pulse number N and, therefore, corresponds to an 
averaged etching rate. 
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3. Results 
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Fig.2 Dependence of the average etching rate on the fluence 
used for different pulse numbers N. The lines are for guiding the 
eyes. 
 

In Figure 2, the etching rate dependence on the fluence 
used for different pulse numbers is shown. It can be seen in 
Figure 2 that the etching rate increases with increasing flu-
ence. The etching rate increase is non-linear with the 
fluence and features a steeper slope at higher fluences. The 
calculated average etching rate values are approximately 
10–3 nm/pulse, which is less than the etching of one mono-
layer of SiO2 per laser pulse. 
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Fig.3 Profiles from WLIM measurements of two different etch-
ing pits realized at laser fluences of F = 5 J/cm² (A) and 
F = 8 J/cm² (B). Both etching pits were generated by applying 
N = 80×103 laser pulses at frep = 10 kHz. 
 

Figure 3 shows the profiles of typical etching pits gen-
erated at low (A) and high (B) fluences. A comparison of 
the different etching pit profiles shows that the etching pits 
that were generated at higher fluences feature a step in the 
etching profile. This step allows two areas to be distin-
guished in the etching pit. In Figure 3 (B), these areas are 
marked as zone I and zone II; the laser energy density in 
the outer zone II was lower than that in the center zone I 
because of the Gaussian beam profile of the laser source 
used. The division of the etching pit profiles into two zones 
is more obvious at higher fluences. At low laser fluences, 
no separation of the etching pit profile can be made, as il-
lustrated in Figure 3 (A). In Figure 4, the dependence of the 
etching rate on the pulse number is shown for different 
fluences. It can be seen that the etching rate decreases with 
increasing pulse numbers for N < 40 × 103. In contrast, for 
pulse numbers higher than this, the etching rate is nearly 
independent from the pulse number. 
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Fig.4 Etching rate dependence on the pulse number for different 
fluences. The lines are for guiding the eyes 

 
A comparison of the etching rate dependences on the 

pulse number N shows that the etching rate achieved at 
frep = 100 kHz is higher than that at frep = 10 kHz (Figure 5). 
The slope of the etching rate dependence on the pulse 
number is similar for both pulse repetition values. The dif-
ferent repetition rates do not affect the primary laser–
material interaction but do have an impact on subsequent 
processes, such as the heat accumulation of laser pulse 
trains and bubble formation. 
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Fig.5 Etching rate dependence on the pulse number for two 
pulse repetition rates at F = 6 J/cm2. The lines are for guiding the 
eyes. 
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The SEM images in Figure 6 show an etching pit after 
LIBWE processing and without further cleaning. A materi-
al layer was clearly deposited in the etching pit; the depos-
ited material layer is higher than the surrounding unpro-
cessed substrate surface at the edge of the etching pit. An 
EDX spectrum measured at the center of the pit shows that 
the deposited layer consists mainly of MnOx, which can be 
generated by decomposition of the KMnO4 absorber liquid 
as a result of laser irradiation. 

Fig.6 (A) SEM image of an etching pit without further cleaning. 
(B) Magnified view of the center of the etching pit shown in (A). 
Conditions: F = 5 J/cm²; N = 4×10³. 

 
The thickness of the MnOx layer was determined by 

measuring the depth of the etching pit before removal of 
the MnOx layer and after cleaning of the sample surface. In 
Figure 7 (A), the dependence of the MnOx layer thickness 
on the pulse number N is shown. The corresponding etch-
ing rate is also shown in this graph. It can be seen that, the 
MnOx layer thickness increases with increasing pulse num-
bers at N < 40 × 103, whereas it slightly decreases at larger 
pulse numbers. The dependence of the etching rate devel-
opment on the pulse number N shows the opposite charac-
teristic. This means that a higher etching rate can be 
achieved with a smaller MnOx layer thickness. The same 
characteristic was also found for larger pulse repetition 
rates and pulse numbers, as can be seen in Figure 7 (B). At 
small pulse numbers, the MnOx layer thickness is greater 
than the depth of the etching pit; in consequence, the laser-
processed area is raised above the surrounding substrate 
surface.  

The SEM image in Figure 6 (B) shows a magnified im-
age of the center of the etching pit shown in Figure 6 (A). 
LIPSS with a period of 322 ± 30 nm clearly appear on the 
MnOx layer that is formed during the etching process at 
F = 5 J/cm². In Figure 8 (A), the etching pit is shown after 
removal of the MnOx layer. The LIPSS also appear on the 
etched SiO2 substrate but with a slightly larger period of 
390 ± 20 nm. It can be concluded that LIPSS generation is 
not limited to the MnOx layer but is a principal characteris-
tic of the etching under the applied conditions.
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Fig.7 Dependence of the thickness of the deposited layer (black, 
solid squares) and the corresponding etching rate (blue, empty 
triangles) on the pulse number. Conditions: (A) frep = 10 kHz; (B) 
frep = 100 kHz. 

 
Figure 8 (C) shows a magnified section of the LIPSS on 

the SiO2 substrate shown in Figure 8 (B). In addition to the 
LSFL, HSFL are formed inside the LSFL. The orientation 
of the HSFL is perpendicular to that of the LSFL. The peri-
od of these HSFL is λHSFL = 46 ± 13 nm, which is much 
smaller than that of the LSFL (λLSFL = 390 ± 20 nm) and 
the laser wavelength (λ = 515 nm). 

At higher fluence (F = 8 J/cm²), the morphology of the 
etching pit, shown in Figure 8 (D), is different than that 
achieved at lower fluences (see Figure 8 (A)). However, 
LIPSS formation has also been observed under these condi-
tions, as shown in Figure 8 (D) and (E). In the center of the 
etching pit, no LSFL can be found, and, in consequence, 
the surface roughness in the center is lower than at the edg-
es of the etching pit. The magnified view of the center of 
the etching pit (Figure 8 (E) and (F)) shows that it is cov-
ered with HSFL, and the LSFL are at the edges. The period 
of the HSFL is λHSFL = 52 ± 2 nm. The period and orienta-
tion of these HSFL are similar to those of the HSFL inside 
the LSFL at low energies (Figure 8 (C)). From a compari-
son of the morphology/LIPSS distribution in Figure 8 (D) 
and (E) with the profiles of the etching pits (see Figure 3 
(B)), it is noticeable that the smooth, HSFL-covered area in 
the center of the etch pits correlates roughly with the cen-
tral zone I of the profile. 
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4. Discussion 

LIBWE processing of SiO2 with an aqueous KMnO4 
solution as the absorber liquid by using laser pulses 
(τ = 500 fs and λ = 515 nm) was demonstrated. It was 
found that the etching rate increases with increasing flu-
ence. By contrast, a reduction of the etching rate was found 
with larger pulse numbers N. In the etching pits, a layer of 
MnOx could be found. After removal of the MnOx layer by 
selective chemical etching, HSFL and LSFL can be ob-
served in the etching pits. 

The achieved etching rate was very low in comparison 
to previously reported LIBWE experiments using nanosec-
ond or ultrashort pulses [2, 16, 19, 35]. For example, in refs. 
[15-17], LIBWE experiments were reported with py-
rene/toluene as the absorber liquid and with UV and NIR 
laser pulses that had pulse durations of τ = 500 fs and 
τ = 150 fs, respectively. In those studies [15-17], the ob-
served etching rate was approximately one magnitude 
higher and the fluence range was about 10 times less than 
that in the present investigations. The division of the 
etching rate devolution into low- and high-fluence ranges  
is typical for the LIBWE process and has been observed 
with nanosecond laser pulses [32] and ultrashort laser puls-
es [19]. 

In the case of LIBWE with ultrashort laser pulses, these 
characteristics are discussed in relation to non-linear effects 
such as multi-photon absorption, which is more likely with 
higher laser energy densities.  

The observed decrease in the etching rate with an in-
crease in the pulse number N for LIBWE with KMnO4 (see 
Figure 5) is the opposite of the characteristic reported for 
most other LIBWE experiments [3, 19, 36] with nanosec-
ond or ultrashort laser pulses. A commonly reported 

etch rate – pulse number dependency includes a specific 
number of laser pulses before etching starts (incubation), 
followed by a pulse number range, during which the etch-
ing rate increases, and a steady-state etching range, in 
which the etching rate is independent from the pulse num-
ber. For LIBWE with organic liquid absorbers, the required 
pulse number before etching starts and the increasing etch-
ing rate with an increase in the pulse number are explained 
with incubation effects [19, 36, 37]. In the LIBWE model 
given in ref. [1], a certain number of pulses is required to 
generate a thin defect-enriched surface layer, which can be 
ablated by the subsequent laser pulse and is reconstructed 
between the laser pulses. Hence, as a result of the extreme-
ly low etching rates, the extraordinary pulse number de-
pendence, and the coverage of the etching pit with a rather 
thick MnOx layer, the LIBWE model developed for hydro-
carbon absorbers does not seem applicable. In consequence 
of this specific pulse number – etch rate dependency and 
the low achieved etching rate with the KMnO4 absorber, a 
specific etching mechanism is required for the non-
hydrocarbon absorber. 

Because the etching process with aqueous KMnO4 as 
the absorber liquid is affected by a variety of complex pro-
cesses, a detailed description of the etching mechanism is 
difficult. Based on the experimental results, the following 
etching mechanism is proposed. The KMnO4 absorber liq-
uid has a high absorption that was measured to be 
α = 3.35 µm-1 at the laser wavelength of 515 nm [31]. Fur-
thermore, thermal and photochemical decomposition can 
be assumed [38]; one dissociation pathway is given in Eq. 
1. The formed K2O can further react with water and form 
KOH in accordance with Eq. 2. 
 

4 KMnO4  4 MnO2 + 2K2O + 3 O2       (1) 
K2O + H2O  2 KOH              (2) 

 

Fig.8 SEM images of two etch pits at different magnifications after cleaning of the sample. The fluences for etching the pit 
in the upper (A to C) and lower (D to F) images were F = 5 J/cm² and F = 8 J/cm², respectively. The period of the LSFL is 
λLSFL = 390 ±20 nm, and the periods of the HSFL at low and high fluences (upper and lower rows) are λHSFL = 46 ± 13 nm 
and λHSFL = 52 ± 2 nm, respectively. 
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The aqueous KOH solution, which is known for etching 
SiO2 [39], can dissolve silicon with the reaction scheme 
shown in Eq. 3 [40]. 
 

Si + 4 OH  Si(OH)4 + 4e– 

4 e– + 4 H2O  4 OH–˙ + 2 H2          (3) 
 
With standard KOH wet etching of SiO2, an etching 

rate of approximately 1 nm/s can be achieved, for example, 
by using a 30 % KOH solution at a temperature of 
T = 80 °C [41]. A comparison of the etching rates of the 
standard KOH wet etching with those of LIBWE using 
KMnO4 is difficult. In contrast to the standard KOH wet 
etching, the temperature and concentration of the formed 
KOH can reach very high values locally at the surface for a 
short time; this can affect the etching process of SiO2 by 
the decomposition of KMnO4. 

The MnOx formed as a result of the photodissociation 
of KMnO4 is deposited as a layer on the laser-processed 
area. With sufficient pulses, the thickness of the MnOx lay-
er is high enough to prevent chemical etching of the SiO2 
by the KOH. As a result of the high optical absorption of 
MnOx, the thick MnOx layer provides an additional thin 
absorbing layer on the SiO2 surface. Therefore, the laser 
energy is absorbed in the interface between the MnOx layer 
and the SiO2 surface. The absorbed laser energy causes 
heating and partial or total ablation of the MnOx under con-
finement conditions and, in consequence, the formation of 
near-surface defects, such as structural deformation of the 
SiO2, attached impurities, or trapped electrons. The accu-
mulation of these defects within the near-surface layer can 
enhance the absorption for subsequent laser pulses. With a 
sufficient density of defects and, therefore, free electrons, 
the laser energy can be absorbed by the free electrons and 
transferred via electron – phonon collision to the lattice 
(free-carrier model), which causes heating and evaporation 
of the SiO2 lattice [17]. 

In addition, such structural defects are known to have 
an impact on the chemical etching of silicon dioxide [42]. 
The enhancement of chemical etching by KOH after femto-
second laser defect generation has been reported by Kiya-
ma et al. [40]. The defects were generated by multiphoton 
processes directly in silica, which enabled selective etching 
of the irradiated regions provided with OH– ions. Because 
of the deposition of decomposition products from the 
KMnO4 at the SiO2 surface, the MnOx layer is regenerated 
after every laser pulse. In consequence, new absorbing lay-
ers at the SiO2 surface are continually provided, which en-
ables the deposition of the laser energy near the SiO2 sur-
face. Additionally to this suggested material removal pro-
cess for high pulse numbers based on the generation of a 
defected enrich surface layer also mechanical ablation 
mechanisms have to be considered. Due to the different 
thermal expansion coefficients of the SiO2 substrate and the 
adherent MnOx layer the substrate surface can be loaded 
with a high thermo - mechanical stress. This surface stress 
can supported or cause a material removal by e.g. “spalla-
tion”. A similar material removal process was descript by 
G. A. Shafeev et al. [43] which investigated laser deposi-
tion of diamond – like films on transparent substrates from 
liquid hydrocarbons [44, 45].  

The experimentally found dependencies of the etching 
rate and the MnOx layer thickness on the pulse number is 
supported by the proposed etching mechanism: For small 
pulse numbers and, in consequence, a thin MnOx layer, the 
high etching rate is dominated by chemical etching of the 
SiO2 surface by the formed OH– ions. For high pulse num-
bers, the MnOx layer thickness increases and the etching 
rate decreases because of diffusion limitations. In this pulse 
number range, the material removal process is most likely 
dominated by the generation and ablation of a defect-
enriched near-surface layer in the SiO2accompanied by 
thermo - mechanical surface stresses. Incubation processes 
could not be evaluated properly, because of the low abso-
lute etching rate and the high pulse number needed for 
depth measurments. However, incubation might occur as a 
result of the defect-related wet etching process but could be 
superimposed with the formation of the OH– diffusion 
barrier, which results finally in a decrease of the etching 
rate with increasing pulse numbers. In general, the contri-
bution of other processes to the process at low laser pulse 
range cannot be excluded. Apparently, no incubation has 
been found. 
The low absolute value of the etching rate and the high 
fluence required for etching in comparison with LIBWE 
using an organic absorber could be caused by several fac-
tors, including the fact that, for the low pulse number range, 
the proposed dominant chemical etching process is less 
efficient than the defect-layer ablation-based process that 
occurs with LIBWE using an organic absorber. The de-
pendency of the etching rate on the repetition rate (see Fig-
ure 5) could be explained with heat accumulation effects. 
As a result of heat accumulation at high repetition rates, 
thermal decomposition of KMnO4 is quite likely, which 
assists in KOH etching of the SiO2 surface. Furthermore, 
higher temperatures should enhance diffusion processes 
through the covering MnOx layer. 

Inside the etching pit, two kinds of LIPSS can be 
found: HSFL and LSFL. The spatial period of the LSFL is 
λLSFL ≈ 390 ±20 nm. LSFL formations are commonly dis-
cussed with excitation of SPPs [25, 46]. Within the model 
of “perfect medium approximation” (PMA), one condition 
of excitation of SPP is given by Eq. 4 [47], in which ε' is 
the real part Re(ε) of the dielectric permittivity ε. 

 
𝜀𝜀1′ 𝜀𝜀2′

𝜀𝜀1′+𝜀𝜀2′
> 0                    (4) 

 
The spatial period of the SPP with the PMA model can 

be expressed by Eq. 5 [47]. 
 
Ʌ = 𝜆𝜆

� 𝜀𝜀1
′ 𝜀𝜀2
′

𝜀𝜀1
′ +𝜀𝜀2

′

                    (5) 

 
With consideration of the MnOx layer on the etched 

SiO2 surface that can be seen in Figure 6 and the analysis 
of the MnOx layer thickness – pulse number dependency 
shown in Figure 7, it can be assumed that the SPP exist at 
the SiO2/MnOx interface. With 𝜀𝜀′ = 𝑛𝑛2 − 𝑘𝑘2 (n is the re-
fraction index and k is the extinction coefficient), ε' ≈ 2.2 
for SiO2 [48] and ε' ≈ 5.9 for MnO2 [49] at λ = 515 nm. 
According to Eq. 4, excitation of SPP is possible at the 
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SiO2/MnO2 interface. With Eq. 5, the calculated spatial 
period of the SPP is Ʌ = 407 nm, which is close to the peri-
od of the LSFL (λLSFL ≈ 390 ±20 nm) that was found in the 
etching pits (see Figure 8). In contrast to the results of other 
studies [30], the LSFL are dominant for low fluences and 
the HSFL are dominant for high fluences. It is noticeable 
that the HSFL appear only in the central part of the etching 
pits, which feature two clearly distinguishable zones in the 
etching profile, as shown in Figure 3 (B). The period of the 
HSFL, λHSFL ≈ (52 ± 2) nm, is roughly equivalent to 
0.1 × λLaser. This is much smaller than for reported HSFL in 
SiO2, for which the HSFL period was λHSFL ≈ λLaser/4 [50]. 
In several studies [30, 51], HSFL formation under water 
confinement was studied. It was shown that, because of 
water confinement, the period of the HSFL could be re-
duced up to a factor of five, relative to laser processing in 
air, depending on the sample material (e.g., Si: 
λHSFL,Air = 670 nm, λHSFL,Water = 120 nm [52]). The reason 
for the reduction in the periodicity is still under discussion. 
Proposed mechanisms for the periodicity reduction include 
effects such as inducing a non-linear refractive index [52] 
or plasmonic effects [30] as a result of the ultrashort laser 
pulses.  

The observed characteristic that the LSFL are dominant 
for low fluences, whereas the HSFL are dominant for high 
fluences, which is the opposite to other studies [30], could 
be caused by the special interface conditions during LIB-
WE using KMnO4 as an absorber liquid. The two distin-
guishable zones in the etching profile shown in Figure 
3 (B) and the two areas of LIPSS show that the LIBWE 
conditions differ if low and high fluences are used. One 
possible reason for this characteristic could be found in the 
MnOx layer deposited in the etching pits. The MnOx layer 
can absorb, at high laser intensity, i.e., in the center of the 
Gaussian laser beam profile, sufficient energy to suffer 
partial removal during the laser irradiation by chemical or 
physical processes.  

In the case of partial removal of the MnOx layer, the 
SiO2 surface is in contact with the KMnO4 solution, which 
results in a higher etching efficiency than that in the etch-
ing pit areas covered with the MnOx layer. These two dif-
ferent etching efficiencies in the laser irradiated area con-
sequently cause the step in the etching profile shown in 
Figure 3 (B). Because of the partial removal of the MnOx 
layer, HSFL are generated at the interface between the SiO2 
surface and the aqueous KMnO4 solution, which is an anal-
ogous condition to that for HSFL generation under wa-
ter/SiO2 confinement reported in [30, 51]. For the etched 
areas covered with the MnOx layer, LSFL are generated at 
the MnOx/SiO2 interface, and the spatial period can be de-
scribed by the PMA model (see Eq. 5). 

 

5. Summary 

LIBWE processing of SiO2 by using KMnO4 solution with 
500 fs VIS laser pulses has been demonstrated for the first 
time. The observed etching rate is substantially less than 
that in other reported nanosecond or ultrashort pulse LIB-
WE experiments. The etching rate increases as the fluence 
increases. In contrast, the etching rate decreases with in-
creases in the pulse number. In the laser-processed area, a 

deposited MnOx layer can be found. A unique two-stage 
material removal mechanism has been proposed. For small 
pulse numbers, material removal is dominated by chemical 
etching of the SiO2 surface by KOH, which is generated 
upon decomposition of KMnO4. For large pulse numbers, 
the main processes comprise laser-induced decomposition 
of KMnO4, deposition of a MnOx layer, defect formation 
near the surface of the SiO2, and selective laser ablation of 
the defect-enriched SiO2. 

After cleaning of the samples, two kinds of LIPSS ap-
pear at the SiO2 surface; these have been identified as 
LSFL and HSFL. LSFL with a period of 
λLSFL ≈ 390 ± 20 nm are generated at low fluences at the 
edges of the LIBWE pits and can be explained by surface 
scattering of the laser light into SPP. Contrary to the usual 
experimental results, HSFL with a period of 
λHSFL ≈ 52 ± 2 nm have been found in the center of the 
etching pit at high fluences after a large number of laser 
pulses. It can be concluded that HSFL are continually re-
generated with this LIBWE process, because these are 
found at a depth of several hundreds of nanometers too. 
Hence, this experiment provides additional data to discuss 
the origin of HSFL formation. 
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