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Abstract—The features and mechanisms of microcrater formation in optical silicate glass by laser-induced
backside wet etching (LIBWE) are determined in a wide range of energy densities (®) from 4 to 103 J/cm? for
laser pulses of 5 ns length and 1 kHz repetition rate. The existence of two different mechanisms of laser-
induced microcrater formation is revealed: (i) chemical etching in supercritical water (SCW), and (ii) cavita-
tion. At @ > 102 J/cm? irregular craters of 1—20 wm in depth with rough walls and distinct cracks around
microcrater are formed testifying that in such mode (“hard”) laser induced cavitation plays a dominant role
in glass removal. At @ < J/cm? neat glass craters with smooth walls are formed, their size and shape are easily
reproducible, cracks are not formed, and the processing area is limited to the laser spot area. In this mode
(“soft mode with active cavitation”), a microcirculation of water is stimulated by cavitation without causing
undesirable shock breakage. The latter is achieved thanks to the fast removal of glass etching products by
microcirculation, and the inflow of “fresh” etchant (SCW) to the glass surface in the vicinity of the formed
microcraters. Such mode is optimal for highly controlled laser microstructuring of glass and other optically

transparent materials.
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INTRODUCTION

One of the effective approaches to the formation of
microstructures on the surface of optically transparent
materials is based on pulsed laser-induced backside
wet etching (LIBWE) [1—4]. In the Russian-speaking
literature, there is no equivalent well-established term,
and it can be named as laser liquid etching. The
LIBWE method is based on the focusing of pulsed-
periodic laser radiation on the back surface of an opti-
cally transparent sample bordering on a liquid that
strongly absorbs laser radiation. Absorption of a
focused laser pulse by the liquid leads to a rapid
increase in temperature at the boundary of the sample,
which is accompanied by the removal of a part of its
material. Using pulsed-periodic laser radiation and a
suitable highly absorbing liquid solution, it is possible
to form very accurately various microstructures on the
surface of a transparent sample by moving the point of
focus along a given trajectory [5] or by creating inter-
ference patterns [6].

The LIBWE process can provide a low roughness
of the inner surface of the resulting crater (the mean

square deviation <10 nm) [7], the possibility of
obtaining channels in an optical material with a large
ratio of their depth to the width (up to ~30 [8, 9]).
Therefore, this method is very promising for the cre-
ation of new elements of microelectronics, microop-
tics [7, 10, 11], and microfluids [12].

As for the mechanism of pulsed laser etching of the
back surface of a transparent sample in a liquid, it has
been poorly studied. Among the techniques under
consideration, we especially note cavitation destruc-
tion and/or material removal associated with the for-
mation and stripping of bubbles (accompanied by high
impulse pressures) [ 13] and chemical etching in super-
critical water formed using the fast-pulsed heating of
the aqueous solution [14]. These contributions to the
LIBWE process can largely depend on the temporal
and amplitude parameters of the sudden temperature
and pressure changes that occur in the region of the
laser pulse action. By changing these parameters, for
example, by changing the energy and duration of the
laser pulse or the surface tension in the absorbing liq-
uid (on which the effect of cavitation is substantially
dependent [15]), the relative contribution of each can
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Fig. 1. Scheme of laser etching of the crater in the sample of borosilicate glass with focused laser radiation.

be selectively varied. Each individual contribution be
assessed by visual observation of the impressions using
optical, electron, or atomic force microscopy. A sensi-
tive and very convenient method for studying laser-
induced hydrodynamic processes, in particular, the
cavitation arising during the LIBWE process, is the
optoacoustic method [14, 16] based on the measure-
ment of acoustic fields near the field of laser action by
means of needle hydrophones. It allows us to deter-
mine the boundary of the transition from “soft” (well-
controlled) to “hard” (impact, poorly controlled)
pulsed laser action on a transparent material [14, 16],
which is important for implementing the technology
of a well-controlled laser microstructuring based on
the considered LIBWE method.

In this paper, we show that both these laser-
induced processes (cavitation and formation of super-
critical water (SCW)) play an important role in the
LIBWE process. Moreover, conditions are found
under which cavitation, without causing undesirable
destruction of glass, makes it possible to significantly
accelerate the etching process of the SCW glass. This
is ensured by the rapid removal of glass etching prod-
ucts by cavitation-generated microcirculations and the
inflow of a “fresh” etching agent into the glass surface
in the region of the crater to be formed.

EXPERIMENTAL

As samples of a transparent material for the study of
the LIBWE process, standard microscopic glasses made
of silicate glass with dimensions of 75 X 25 X 1 mm were
used; the approximate composition is the following:
Si0,, 73%; Na,O, 14%; CaO, 7%; MgO, 4%; and
Al,O3, 2%. The sample to be laser etched was installed
as the front wall of a demountable cuvette which was
filled with an absorbing liquid (Fig. 1).

The effect on the back surface of the optically
transparent sample bordering on the absorbing liquid
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was carried out by the second harmonic of the solid-
state laser TECH-527 Basic (Laser-compact, Russia)
at a wavelength of 527 nm with a laser pulse duration
of ~5 ns, a maximum pulse energy of 250 WJ, and
with a pulse frequency repetition of 1 kHz. To focus
the radiation on the back surface, a Thorlabs LM H-
10X-532 10X lens with a numerical aperture NA =
0.25 was used (Fig. 1).

As an absorbing liquid, an aqueous solution of food
coloring Amaranth (Sigma-Aldrich) [17] was used in
the experiments. The absorption spectra of the dye
solutions were determined using a Shimadzu UV-3600
spectrophotometer. The absorption coefficient of this
dye at a wavelength of 527 nm using a saturated dye
solution (0.1 mol/L) was 2 x 10° cm~!, which provided
absorption of ~90% of the laser radiation in the 10 um
layer of the absorbing liquid (the absorption region is
conventionally shown in Fig. 1). In experiments, to
reduce the surface tension coefficient, polyethylene
glycol (PEG) was added to the dye solution at a con-
centration of 20 vol %. At this concentration, the coef-
ficient of surface tension decreases by approximately
30%, and with a further increase in the concentration
of polyethylene glycol, there is practically no decrease
in the coefficient.

The cuvette with the sample was placed on a
Standa 8MT167-100 software-controlled three-coor-
dinated shift with a positioning accuracy exceeding
0.5 um. After the formation of the regular crater in the
sample of silicate glass (exposure time 10 s), the
cuvette was moved with the controlled shift to a prede-
termined distance, and the laser was turned on again
to produce the next crater.

The geometry, shape, and characteristics of the
surface of the craters formed in the samples were stud-
ied using optical microscopy (an HRM-300 Huvitz
optical microscope), scanning electron microscopy
(SEM, a Phenom ProX microscope), and atomic force
microscopy (AFM “INTEGRA-Terma”, NT-MDT).
Vol. 11
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Table 1. Characteristics of the process of crater formation and dominant mechanisms under different LIBWE modes

. Process Characteristics of the formation process Dominant mechanism
No. Processing mode .
parameters and laser crater parameters of material removal
1 | Hard mode D> 1027 /cm? High wall roughness of the crater; Impact (cavitational)

formation of cracks outside the crater;
high rate of material removal;

low repeatability of the shape of the crater;
large amplitude of the shock wave

removal of the material

2 | Soft mode with ® < 50J/cm? | Low roughness of crater walls; Glass etching in SCW;
active cavitation no cracks outside the crater; cavitation removal of laser
high repeatability of the crater shape; etching products in SCW;
presence of the “edge” around the crater; |acceleration of the inflow
high etching rate; moderate amplitude of SCW to the boundary
of the shock wave with the material
3 | Soft mode with sup- |® < 50 J/cm?; | Smooth crater walls; Etching of glass in SCW;
pressed cavitation with addition | no cracks outside the crater; slow removal of laser etch-
of PEG high repeatability of the shape of the crater; | ing products in SCW

absence of the “edge” around the crater;
small amplitude of the shock wave

The study of the hydrodynamic processes caused
by fast laser heating, arising in the process of cavity-
free cavitation, was carried out using the optoacoustic
method. This required recording the acoustic signals
accompanying the fast laser heating of the aqueous
solution using a needle hydrophone with a 1-mm
diameter of the sensor area with a flat (4 dB) spectral
characteristic in the range of 200 kHz—15 MHz and a
sensitivity of 850 nV/Pa. The sensory end of the needle
hydrophone was located in the absorbing fluid near
the optic axis of the laser beam at a distance of 7 mm
from the region of the laser action (Fig. 1). The signals
from the hydrophone passed through a Precision
Acoustics preamplifier were recorded with a GW
Instek GDS 72304 memory oscilloscope with a band-
width of 300 MHz. The value of the pressure was
recalculated to a distance of 3 wm from the surface of
the sample assuming a spherical divergence of the
wave from the laser action region.

RESULTS AND DISCUSSION

The formation of laser craters in optical plates
made of silicate glass by the LIBWE method was per-
formed at a laser pulse energy in the range of 0.5—130 pJ.
The diameter of the laser spot focused on the back sur-
face of the transparent sample was 3.4 + 0.4 um, i.e.,
the range of energy densities (®) of the laser pulse used
was 4—103 J/cm?. Experiments have shown that from
the point of view of the nature of the laser imprint in the
sample and the character of the optoacoustic response,
three different modes of action clearly appear (Table 1,
Figs. 2 and 3): (1) “hard” mode (with strong cavitation)
occurring at @ > 102 J/cm?; (2) “soft mode with active
cavitation” at ® < 50 J/cm?; (3) “soft mode with sup-
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pressed cavitation” at @ < 50 J/cm?, and the addition
of PEG to the aqueous solution, significantly reducing
the surface tension of the solution.

Figure 2 shows the SEM images of the craters
obtained in the sample corresponding to each of the
three listed modes (“hard”, “soft with active cavita-
tion”, and “soft with suppressed cavitation”).

It can be seen that in the hard mode, a crater with
uneven edges and wide expanding cracks is formed
(Fig. 2a). When reducing the amplitudes of the pulsed
pressure associated with cavitation by more than an order
of magnitude and passing to the soft mode with active
cavitation (Fig. 2b), a regular-shaped crater with a diam-
eter at the level of the sample surface ~4 um is formed on
the surface of silicate glass. The reduction of the cavi-
tation by adding a surfactant to the water solution
when passing to the soft mode with suppressed cavita-
tion (Fig. 2c) leads to a decrease in the etching rate,
and the crater diameter decreases to ~2.5 um.

Figure 3 shows fragments of acoustic signals regis-
tered during laser etching of a sample of silicate glass
in three modes: hard, soft with active cavitation, and
soft with suppressed cavitation (these signals corre-
spond to the same cases of the LIBWE modes, SEM
images for which are presented in Fig. 2).

When decreasing the energy in the laser pulse and
passing from the hard mode (Fig. 3a) to the soft mode
with active cavitation (Fig. 3b), the amplitudes of
acoustic pulses decrease by a factor of 5—10, which
indicates a significant decrease in the energy of cavita-
tion. In the case when PEG is added to the aqueous
solution of the dye, the amplitudes of the recorded
acoustic pulses decrease by approximately an order of

No.7 2017
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Fig. 2. SEM images of craters in silicate glass obtained in the process of laser etching for three modes: (a) hard mode with strong
cavitation (® =200 /cm2); (b) soft with active cavitation (& =35J /cmz);(c) soft with suppressed cavitation (® = 351] /cmz, with

the addition of PEG).
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Fig. 3. Fragments of acoustic signals obtained in the process of laser etching for three modes: (a) hard with strong cavitation
(®=2001J] /cmz); (b) soft with active cavitation (® = 351 /cmz); (¢) soft with suppressed cavitation (& =35J /cm2, with the addi-

tion of PEG).

magnitude (Fig. 3c), which indicates a significant sup-
pression of cavitation.

Hard Mode for Removing Material

At alaser radiation energy density of @ > 102J/cm?,
irregular laser craters with a depth of 1-20 um with
strongly broken walls are formed in glass with distinct
cracks around them. In this mode (which we called
hard [14]), with an increasing number of laser pulses
the depth of the laser crater and its width increase
(exceeding the region of the laser spot). No cracks
appear at first laser pulses, but they begin to appear
distinctly after a certain laser exposure, which is
apparently due to the accumulation of internal defects
and their manifestation upon further irradiation. This
indicates the impact nature of the glass treatment in
this hard mode (Fig. 3a) demonstrating the formation
of intense shock waves, which obviously cause the
impact destruction of glass when the impulse pres-
sures associated with cavitation (caused by a fast laser
heating of water [18]) exceed the strength of the trans-
parent material. This hard LIBWE mode is character-
ized by low repeatability and bad controllability of the
glass treatment, and therefore it is practically not suit-
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able for the formation of well-controlled microstruc-
tures in glass.

Soft Etching Modes

With a decrease in the energy density of the laser
pulse to 50 J/cm? (and lower), the formation of the
crater becomes more controllable, the depth of the
crater increases with the number of pulses, and no
cracks are formed around the crater. In addition, the
roughness and unevenness of the wall surface of the
crater are significantly reduced. The diameter of the
crater in this case is approximately equal or slightly
smaller than the diameter of the laser spot. An import-
ant feature of this mode is the formation of a distinct
“border” around the laser crater (Fig. 4), which we
associate with the ejection of etching products from
the crater by liquid streams that result from cavitation
and cause no impact failure of glass. That is why we
call this mode the soft mode with active cavitation.

Adding a certain amount of PEG to the dye solu-
tion, which reduces the surface tension of the solution
by 30%, causes a significant decrease in the etching
rate of glass and suppression of the amplitude of the
Vol. 11
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Fig. 4. AFM image of the crater formed in the soft mode
with active cavitation.

optoacoustic signal associated with cavitation (see Fig. 3)
with the same value of ®.

The differences in the shape of the crater in sili-
cate glass during laser etching in the soft mode with
active cavitation and soft mode with suppressed
cavitation are clear more distinctly from a compari-
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son of crater profiles obtained using AFM (Fig. 5).
The crater obtained in the soft mode with active
cavitation (Fig. 5d) has a V-shaped profile (inverted
cone), a depth of ~600 nm, and a diameter at the
sample surface level of ~4.5 um. Passing to the soft mode
with suppressed cavitation (Fig. 5b) results in a signifi-
cant decrease in the etching rate. In this case, the crater
has the shape of an inverted truncated cone, its diameter
at the surface level slightly decreased to ~3.8 jum, and the
depth decreased almost 6 times to ~110 nm.

Another significant difference between the craters
when passing from the laser etching mode with the
active cavitation to the suppressed cavitation mode is a
substantial decrease in the small-scale fluctuations in
the depths of the crater profiles (Fig. 5b), i.e., to a
decrease in the roughness of their inner surface.

To clarify the role of SCW in the LIBWE mecha-
nism, laser-induced etching of the core and a shell of
the end section of a preform of a multimode optical
fiber with a quartz shell and a core with a GeO, con-
tent of 10% were compared. To make this, a ~1 mm
thick disk was cut from the preform, which was placed
inside the cuvette with an absorbing liquid on its front
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Fig. 5. AFM profiles (top) and small-scale fluctuations in the depths of profiles of the corresponding craters (bottom) obtained
in silicate glass during laser etching, for (a) soft mode with active cavitation and (b) soft mode with suppressed cavitation; in both

cases, ® =35 J/cm2‘
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Fig. 6. Diagram explaining the mechanism of the action of the LIBWE for soft modes at different moments of time (7): (a) in the
moment when the first laser pulse ends (# = T); (b) for > 1 for soft mode with active cavitation; (c) for ¢ > 7 for soft mode with

suppressed cavitation; (/) the area in which the laser energy is absorbed; (2) directions of expansion of the region with high tem-
perature and pressure; (3) streams in a liquid; (4) the particles of the transparent sample etched with SCW carried by the laser-

induced flow; (5) softened area of

the transparent sample; (6) a thin layer with the substance of a transparent sample etched

with SCW; (7) a part of the softened layer (5) destroyed by cavitation.

wall. It was shown [19] that when etched in supercriti-
cal water the etching rate of the core of such a fiber is
much higher than the etching rate of its shell. This is
due to the fact that, due to the larger ionic radius of Ge
compared with Si, the glass network becomes more
strained, which can lead to the formation of microc-
racks. In addition, the introduction of germanium ini-
tiates the formation of high (>10?° cm~—3) concentra-
tions of point defects of the type of oxygen-deficient
centers in the glass network [20]. Our experiments
showed that in the soft mode with suppressed cavita-
tion, the rate of LIBWE of the germanosilicate core of
the preform is several times higher than the etching
rate of the quartz shell, which was observed in [19].

Modes of Laser Etching

The table summarizes the main observations for all
three modes of material removal in the LIBWE process.

Let us consider in more detail the possible ways
pulsed laser etching of glass works in two practically
important and most interesting modes, the soft mode
with active cavitation and the soft mode with sup-
pressed cavitation.

We assume that the differences in shape, size, and
quality of the surface of the craters formed in silicate
glass as described above when passing from one mode
to another are explained by the different contribution
of the two main processes of material removal caused
by strong pulsed laser water heating: (1) chemical
etching with supercritical water; and (2) cavitation
failure.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

The main processes that take place when a focused
pulsed laser radiation is exposed to the back surface of
an optically transparent sample bordering the absorb-
ing liquid are schematically shown in Fig. 6, where two
hyperbolas indicate the region of action of laser pulsed
radiation focused on the transparent image/liquid
boundary. For two “soft” modes, the laser etching
mechanism is due to: (i) etching with SCW, cavitation
removal of the material etched with SCW (4), and cav-
itation destruction of the softened layer (5) (Fig. 6b);
and (ii) only by etching with SCW (Fig. 6¢).

Initially, a small subsurface volume of liquid (/) is
heated (see Fig. 6a) because of the absorption of laser
radiation. The volume of this region is determined by
the geometric parameters of the focusing of laser radi-
ation (a hyperbola in Fig. 6a) and by the distance at
which about 90% of the laser energy is absorbed, approx-
imately equal to 20.™' = 10 um (o0 =2 X 10° cm™! is the
absorption coefficient). In our case, almost all the
laser energy is absorbed in a volume of ~150 um?. The
absorption of the energy of a short laser pulse (dura-
tion T) in such a small volume of liquid leads to the fact
that at the end (# = 1) the liquid will be heated up to the
temperature [1]

@ (1 - exp(-oudy))
pCCSdy +ptCrdy’

T=T,+ (1)

where T, = 300 K is the initial temperature; ® = E/S'is
the density of the laser radiation energy; E is the
energy of the laser pulse; .S is the laser area on the sur-
face of the sample bordering with the absorbing liquid;

Vol. 11  No.7 2017
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p is the density; C, is the specific heat; dr = \/4D;7T is
the depth of thermal heating; Dy is the coefficient of
thermal conductivity; and 7 is the length of the laser
pulse (the upper indices L and G refer to the liquid and
glass, respectively). Substituting the table values p- =

1000 kg/m?, pS = 2500 kg/m3, C5 = 4200 J/(kg K),

C5 =700J/(kg K), Dy = 1.4 x 107 m%/s, DY = 3.4 x
10~ m?/s, and T = 5 x 10? s, for the soft mode with an
energy of laser pulses of £ =4 uJ we obtain T= 1.7 x
10* K. Thus, the absorption of the laser pulse heats the
volume of liquid (7 in Fig. 6a) to a temperature of 7> T,
where T = 647 K is the critical temperature of water.

In the case of the predominance of thermal diffu-
sion, the characteristic lifetime of this heated region
with supercritical water can be estimated from the time
of thermal relaxation:

12
Tr = F = 200 us,

T

()

where L = 5 um is the characteristic size of the heated
region. However, at high temperatures, phase transi-
tions must be considered. As shown by theoretical cal-
culations and experimental studies, explosive boiling
of liquid takes place at a temperature as low as (0.9—
1.0) T, = 590—650 K with the formation of a bubble in
the region of laser action expanding at a high velocity
[21]. Rapid expansion of the bubble leads to its equally
rapid cooling and causes intensive mixing of the lig-
uid. It is well known [22] that a bubble reaching its
maximum radius R, cavitates and collapses. When
the bubble contracts to very small size (<1 um), its
potential energy is converted into the Kinetic energy of
the high-speed (up to 103 m/s) stream and into the
acoustic energy of the shock wave expanding in all
directions [23]. When the bubble collapses near the
solid wall of the back surface of the sample, this stream
is directed toward the wall. It is known that these
streams can destroy the surface of quartz glass forming
micron-sized holes and other defects [18].

In our case, the intensity of these laser-induced
hydrodynamic processes was recorded using acoustic
measurements. As it is seen from Fig. 3, when passing
from the soft mode with active cavitation to soft mode
with suppressed cavitation, the amplitude of the
acoustic pulses decreased by approximately an order of
magnitude, which confirms the suppression of cavita-
tion with the addition of PEG to the aqueous dye solu-
tion. At the same time, the pressure amplitudes in the
soft mode with active cavitation fell in the range of
100—400 MPa (Fig. 6b), and in the soft mode with
suppressed cavitation (Fig. 3c) they varied within the
range of 25—60 MPa, i.e., in both cases it exceeded the
value of the critical pressure for water P, = 22.1 MPa.

Thus, it is shown that under the laser action both
the temperature and pressure of the near-surface liq-
uid layer (/ in Fig. 6a) are increased to values exceed-
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ing the corresponding critical values for water when
the laser pulse is applied. This means that there is
water in the supercritical state in the crater formation
area. Therefore, the differences in shape, size, and
quality of the surfaces of craters formed in silicate glass
when passing from the soft mode with active cavitation
to soft mode with suppressed cavitation can be
explained by the different contribution of cavitation
fracture and chemical etching by supercritical water.

In the soft mode with active cavitation, an import-
ant role is played by the cavitation removal of the sub-
stance, which leads to the formation of a crater in the
form of an inverted cone. This leads to an increased
level of roughness of the surface of the crater (Fig. 5a)
and to the appearance of a crater edge projecting over
the surface (see Figs. 4, 5a, 6b), which we directly con-
nect with the partial removal (extrusion) of the mate-
rial heated to high temperatures by high-pressure
pulses [14] and precipitation of the sample material
dissolved in supercritical water [24]. Note that in [24],
when etching canals in borosilicate glass placed in a
reactor with supercritical water, similar regions pro-
jecting over the glass surface with a thickness of up to
7 um were observed along the channels. In this case,
the precipitation of glass dissolved by supercritical
water occurred only if the SCW density in the reactor
exceeded 0.5 g/cm’.

We emphasize that in the very center of the crater
(Fig. 5a below) a smoother region with a transverse
size of ~600 nm clearly stands out. We explain this by
the fact that supercritical water down the crater is
delayed for a longer time due to a decrease in the mix-
ing rate associated with the geometry.

In the “soft mode with suppressed cavitation”,
there is no microcirculation and removal of the sub-
stance. This leads to a decrease in the etching rate and
the formation of craters with smooth surfaces and a
practically flat bottom (Fig. 4b). The suppression of
cavitation also leads to the absence of a crater edge
projecting over the surface, which is characteristic of
the mode with developed cavitation. Strengthening
the role of supercritical water in the etching of the
material is because it is retained in the crater for a lon-
ger time because of a decrease in the flow velocity
(streams 3 in Fig. 6¢). Because the area with supercrit-
ical water is mixed, the walls of the crater are etched in
all directions at approximately the same rate, which
leads to the formation of an almost flattened bottom.

We studied the influence of the process on the
LIBWE mechanism in detail. The region with
increased pressure and temperature due to the pres-
ence of a boundary with a solid will expand mainly in
the direction of the free liquid, as it occurs when gen-
erating vapor-gas bubbles by a heated turn of the laser
fiber [25]. The rate of expansion of the heated region
can be assessed using the relation [26]:

No.7 2017
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v = 222 3
3p

where Ap is the abrupt pressure change determined
from acoustic measurements. Since for the soft mode
with active cavitation (Fig. 3b) Ap ~ 100—400 MPa, and
for the soft mode with suppressed cavitation (Fig. 3c)
Ap ~ 25—60 MPa, the expansion rates will be 260—520
and 130—200 m/s, respectively. We note that tempera-
ture at the boundary of the surface of the sample and
the absorbing liquid was calculated above by Eq. (1)
[1] without taking into account the absorption at the
boundary [13], which gradually increases in the multi-
pulse laser etching mode due to the formation of an
adsorbed layer of products of photo and thermal
destruction of the dye on the surface. These products
(mainly nano- and microparticles of carbon) will
accumulate near the region of the laser action also due
to the Marangoni convection and capture of nanopar-
ticles from the liquid volume by laser-induced bubbles
[23]. These bubbles could have been formed by gases
dissolved in water and by gaseous products (H,, CO,
CO,, CH,) of the decomposition of the dye and PEG
and their oxidation by water.

The results of our experiment (see above) show that
the SCW generated during fast laser heating plays a
crucial role in the LIBWE mechanism demonstrating
a much higher etching rate of the germanosilicate core
of the preform than its quartz shell, which is com-
pletely analogous to the results on the etching of simi-
lar materials in SCW obtained in [19].

CONCLUSIONS

The experiments on the formation of craters in an
optical plate made of silicate glass with rapid heating
of water at the water/glass boundary by high-power laser
pulses allowed us to determine three laser processing
modes determined both by the energy density of the laser
radiation @ and the surface tension of the solution.

(1) For sufficiently large ® (more than 10? J/cm?),
laser craters with a depth of 1—-20 um with rough walls
are formed with distinct cracks around them indicat-
ing the impact character of the action on glass in this
hard mode. The nature of the optoacoustic signals
recorded directly indicates the occurrence of intense
shock waves, which obviously lead to the destruction of
glass, since the impulse pressures associated with cavi-
tation (caused by rapid laser heating of water) exceed
the ultimate strength of the transparent material. It is
clear that this hard exposure mode is not suitable for
creating well-controlled microstructures in glass.

(2) At smaller values of ® (below 50 J/cm?), neat
laser craters with smooth walls are formed in glass; the
dimensions and shape of the craters are reproducible,
cracks are not formed, and the processing area is lim-
ited to the zone of the laser spot. It was determined
that in these cases, under laser action both the tem-
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perature and the pressure of the near-surface liquid
layer are increased to values higher than the corre-
sponding critical values for water. Acoustic measure-
ments show that shock waves are also formed in this
case, but they are of a significantly (by an order of
magnitude) lower intensity. They do not cause damage
of glass outside the irradiation zone. This etching
mode (the soft mode with active cavitation) is quite
suitable for creating well-controlled microstructures
in glass.

(3) When the surface tension of the aqueous solu-
tion is lowered (by adding PEG to it), the etching rate
of glass decreases several times, the walls of the crater
become smoother, its bottom is almost flat, and the
acoustic measurements demonstrate a significant
(almost an order of magnitude) suppression of the
cavitation signal. We call this etching mode the soft
mode with suppressed cavitation.

Thus, supercritical water and cavitation play an
important role in the mechanism of well-controlled
laser-induced backside wet etching based on pulsed
laser heating of a highly absorbing liquid near the back
surface of a transparent sample. The conditions of
LIBWE (soft mode with active cavitation) are found in
which cavitation without causing undesirable destruc-
tion of glass allows the glass etching process to be
accelerated considerably. This is ensured by the rapid
removal of etched products by means of the cavitation-
induced microcirculation and the inflow of a “fresh”
etching agent (SCW) to the glass surface in the region
of the microcrater formed.
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