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Abstract—The method of thermoplasmonic laser-induced backside wet etching (TPLIBWE) is applied for
effective and well-controlled microstructuring of sapphire. The method is based on the generation of highly
absorbing silver nanoparticles in the course of the pulsed-periodic laser irradiation. The silver nanoparticles
are formed as a result of the reduction of a water-dissolved precursor, AgNOjs. The process of sapphire etching
occurs via the formation of supercritical water at ultrahigh temperatures and pressures (which significantly
exceed the critical values for water) and the formation of silver nanoparticles at the sapphire/water interface
as a result of the absorption of laser radiation. The mechanism of TPLIBWE is considered and the etching
rate, which reaches ~100 nm/pulse, is determined. The formation of aluminum nanoparticles, which indi-
cates a deep destruction of Al,O5 as a result of TPLIBWE, is observed.
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INTRODUCTION

Synthetic sapphire (leucosapphire, Al,O5) is increas-
ingly used in micro- and optoelectronics, mechanical
engineering and instrument engineering, and the medi-
cal and jewelry industries. High optical uniformity and
transparency in a wide range of wavelengths, small
residual stresses, and radiation resistance are com-
bined in sapphire with good mechanical, thermo-oxi-
dative, and dielectric properties, which ensure the
operation of sapphire products under high tempera-
tures and pressures and in contact with corrosive
media [1, 2].

The production of microstructures on the sapphire
surface is in great demand. Microstructuring of sap-
phire can be used to create substrates for light-emitting
structures [3]; antireflective coatings for far infrared
radiation [4]; and other structures for microelectron-
ics, photonics, and microfluidics [5]. However, the
high hardness and chemical resistance of sapphire
make its treatment (mechanical, ultrasonic, or chem-
ical) a rather complicated task. Laser processing tech-

nologies of sapphire, particularly its treatment under
the action of femtosecond laser pulses (see, for exam-
ple, [6—8]), have been developed in recent years in
addition to the traditional treatment methods.

One of the modern approaches to the laser micro-
structuring of sapphire (and other optically transpar-
ent materials) is the method of laser-induced backside
wet etching (LIBWE) [9]. In this process, high-inten-
sity laser radiation (usually a periodic sequence of
pulses of nanosecond duration) is focused on the
backside of a transparent sample, which is located in a
cuvette filled with a highly absorbing liquid. Numer-
ous processes occur in the focusing region of the sam-
ple/liquid surface (nonlinear absorption; absorption
on defects; thermal, hydrodynamic, and photochemi-
cal processes; formation of a supercritical medium;
formation and collapsing of bubbles; melting; evapo-
ration; etc.). These processes can cause etching of the
sample surface (i.e., the removal of its near-surface
layer) [10—12]. The dominant mechanisms of
LIBWE, the material removal rate, and the parameters
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of the formed microstructures are determined by the
type of the material, the composition of the liquid, and
the parameters of the pulsed laser radiation.

As has been shown in our studies [13—16], the most
important process in the LIBWE of glass is the inter-
action of glass with supercritical water (SCW) formed
near the surface of the sample during rapid pulsed
heating of the water by a laser (the critical parameters
for water are 7., = 647.1 K and P, = 22.1 MPa). As for
sapphire, it is considered chemically resistant to SCW at
temperatures below 800 K and pressures below 60 MPa
(see, for example, brilliant review [17] by Yu.E. Gor-
batyi and references cited therein). Sapphire windows
were used in spectroscopic cuvettes with SCW and the
rate of their SCW etching was negligible even at very
high T and P values.

As we show in the present study, laser-induced back-
side wet etching makes it possible to obtain SCW at much
higher temperatures and pressures than the above-men-
tioned values for brief periods of time (1078 s) and to
carry out effective etching and microstructuring of
sapphire (also see [18]). This is achieved, in particular,
by implementing the so-called thermoplasmonic
effect [19, 20], which makes it possible to reach ultra-
high temperatures (7> T,) and pressures (P> P,,) via
highly absorbing plasmon nanoparticles and to carry
out thermoplasmonic laser-induced backside wet
etching (TPLIBWE) at a sufficiently high rate, thereby
obtaining well-controlled microstructures on the sap-
phire surface.

EXPERIMENTAL

The basic outline of the experiment and the exper-
imental setup were similar to those presented in our
papers [13, 14] devoted to the LIBWE of glass. Sap-
phire (0001) substrates with a diameter of 50.8 mm
and a thickness of 0.45 mm were used as optical sam-
ples. The substrates were obtained from sapphire
monocrystals grown by the Kyropoulos—Musatov
method [21]. Preforms of the substrates were cut with
diamond saws and bits; abrasive powders or diamond
and boron-carbide-based instruments were used for
their polishing. Two-sided chemical—-mechanical pol-
ishing of the layers was carried out with a silicasole-
based suspension on a polyurethane lapping tool. All
operations were completed by washing the preforms
and measuring the controlled parameters. In particu-
lar, the relief and roughness of the surface after the
mechanical treatment were measured using a mechan-
ical profilometer. After the chemical-mechanical
polishing, these parameters were measured by atomic-
force microscopy and X-ray scattering.

We used a TECH-527 Basic diode-pumped solid-
state laser (Laser-compact, Russia) at the wavelength
of A =527 nm, the pulse duration of T = 5 ns, the max-
imum pulse energy of £= 250 uJ, and the beam diver-
gence of <3 mrad. An etchable plate was positioned as
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a front wall in a demountable cell, which was then
filled with the working liquid: a saturated 5 M aqueous
solution of silver nitrate, AgNO; (the laser-induced
decomposition of which ensured generation of highly
absorbing silver nanoparticles in the system and the
thermoplasmonic effect). The cell that contained the
sample and the working liquid was placed on an
8MT167-100 three-axis translation stage (Standa)
with the positioning accuracy of no worse than 0.2 um.
A 10x LMH-10X-532 objective (Thorlabs) with a
numerical aperture of NA = 0.25 was used to focus
light on the backside of the plate. Visual express mon-
itoring of the craters and channels formed during the
TPLIBWE experiments was carried out using an
image obtained from a video camera. Using a dichroic
mirror, a laser beam of a Gaussian profile with given
energy and geometric parameters (see below) was
directed on the objective and focused at the interface
between the liquid and the backside of the transparent
sapphire sample. The use of the selective mirror made
it possible to record an image of the etched surface
region via an EXCCD USB 2.0 camera (ToupIek)
while illuminating the region with white light from an
illuminator. This provided an accurate adjustment of
the sample and the possibility to observe the treated
surface during the etching.

The geometry, shape, and surface characteristics of
the microstructures generated in the samples were
studied using optical microscopy, scanning electron
microscopy (SEM), and atomic-force microscopy
(AFM). Optical images of the laser structures were
obtained at different energy densities of laser pulses
using an HRM-300 optical microscope (Huvitz,
Korea), which supports three-dimensional visualiza-
tion of the surface topography, and a Contour GT-K
optical profilometer (Bruker). SEM images were
obtained on a Phenom ProX scanning electron micro-
scope at an accelerating voltage of 10 kV. AFM images
were obtained on a scanning probe of the Integra-
TERMA nano-laboratory (NT-MDT, Russia) that
was equipped with RTESP silicon cantilevers (Veeco)
with a resonant frequency of 300—360 kHz and a can-
tilever tip radius of less than 5 nm. The scanning was
carried out in a semicontact mode in air at a constant
amplitude (topography). The electron absorption
spectra of the working liquid were recorded on a Cary
50 spectrometer (Varian).

Experiments on laser-plasmon microstructuring of
sapphire samples were carried out at a pulse repetition
rate of 1 kHz and laser radiation energies of up to 25 uJ
in a pulse. The sample was irradiated both with focused
(backside of the plate at the beam waist region) and
defocused beams (the beam waist region was shifted
into the absorbing liquid by up to 20 um). The focus-
ing parameters of a laser beam with a Gaussian profile
are determined by the diameter of the beam in front of
the focusing lens and by the parameters of the focusing
optics [22]. In our case, the diameter of the beam var-
ied from 1.4 to 4.0 mm. This made it possible to carry
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Fig. 1. Sapphire plate: a—top view; b—view of a transverse cleavage with craters (optical microscopy); c—view of a transverse

cleavage with a channel (scanning electron microscopy).

out a formation near the focus region at the sample—
absorbing liquid interface using the following parame-
ters: the beam waist diameter of 3.4—9.6 um (1/e level)
and the focusing depth of 30—300 pum. During defo-
cusing, the beam diameter in the etching region
increased to 20 um. The energy density reached @ =
300 J/cm? under our conditions.

Experiments on the formation of craters were car-
ried out by varying the energy density of laser radiation
® and the number of laser radiation pulses N and by
shifting the laser beam waist relative to the backside of
the plate. The channels were formed at a laser beam
scan speed of 8—140 um/s.

RESULTS
Sapphire Microstructuring
Several types of structures were formed as a result
of implementing the TPLIBWE process on sapphire:

—craters were formed both in the focusing region
and in the region that was irradiated by a defocused
beam;

—channels were produced by scanning with a
focused and a defocused beam;

—microstructures were produced by scanning the
sapphire plate surface with a beam.

By smoothly changing the energy density of the
laser radiation, we determined the threshold of the
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TPLIBWE of sapphire based on the emergence of
laser craters on the sapphire surface. In our case, the
threshold was ®,, ~ 6 J/cm?. When the threshold is
exceeded, the etching intensity starts to increase rap-
idly: it reaches a value of 100 nm/pulse and higher at
@ ~ 30 J/cm?. This makes it possible to form neat cra-
ters and channels of 200 um in depth at a rather high
aspect ratio of 210 (Fig. 1).

The figure shows the optical and scanning electron
microscopy images of the craters. The etching was car-
ried out at a frequency of 1 kHz and an irradiation
energy of £ = 12 uJ. The number of pulses varied for
craters 1—5: 1—500; 2—2500; 3—10000; 4—60000;
and 5—100000. The formed craters were of 9 um in
diameter. The depth of the first crater was 60 um and
the depth of the others was 120 pm.

The transverse cleavage of the plate results from
splitting of the plate along the line (see dot/dashed line
in Fig. 1a) formed by the craters and channels as
shown in the figure. The heterogeneity of the sapphire
plate cleavage is clearly visible in the lower right-hand
corner of Fig. 1b.

Figure 1a also shows that the diameter of the craters
increases with increasing number of laser pulses; the
crater depth increases at first but then quickly reaches
saturation (at N = 6000). Moreover, the crater quality
clearly deteriorates at sufficiently large N (Fig. 1b,
channels 4 and 5). In particular, the channel entry sig-
nificantly widens, which can be naturally associated
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Fig. 2. Fragment of a microstructure. The 3D image was obtained on a 3D optical microscope.

with an increasingly strong impact on the material at
the wings of the Gaussian distribution F at increasing V.

The sapphire etching intensity continues to
increase with increasing value of ®. However, the
quality of the channels significantly deteriorates at suf-
ficiently large ® (>100—150 J/cm?). At ® > 300 J/cm?,
the removal of the material is no longer manifested as
relatively smooth craters, but takes the form of poorly
controlled and irregular pits, while the ejection prod-
ucts rise above the sapphire surface. We associate this
with the dominance of hydrodynamic cavitation pro-
cesses, which cause the intensive removal of super-
heated (softened) sapphire. Despite its high etching
intensity (microns per pulse), this “intense mode” of
TPLIBWE is unsuitable for regular and well-con-
trolled etching of sapphire.

The developed TPLIBWE technology made it pos-
sible to form microstructures of different types. As an
example, Fig. 2 shows a microstructure that we
formed to create prototypes of structured biosub-
strates.

The distance between the channels is 100 pm, the
channel width (at the top) is 35 wm, and the depth is
55 um.

Formation of Nanoparticles

Two types of processes that lead to the formation of
nanoparticles occur upon the action of laser radiation
on the sapphire surface in a solution of silver nitrate.
The first process, which predominates at the initial
stage of etching, is associated with the reduction of
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AgNO;, the formation of silver nanoparticles
(nanoAg), and the formation of the plasmon medium
[23]. The second process is a deep decomposition of
sapphire as a result of its exposure to SCW and the
subsequent formation of aluminum nanoparticles
(nanoAl) [24—26]. As a result, both types of particles
(nanoAg and nanoAl) can be found in the working liq-
uid at the end of the etching process. Their plasmonic
peaks are clearly traced in the extinction spectrum of
the working liquid after the completion of the
TPLIBWE process (Fig. 3a).

The peak at 460 nm and the absence of additional
peaks in the longwave region indicate the emergence
of spherical nanoAg with average diameters of slightly
more than 50 nm in the working liquid [27]. The peak
at 300 nm is typical of aluminum nanoparticles with
diameters of up to several tens of nanometers [25, 28].
Figure 3b shows an AFM image of Al nanoparticles
deposited on a silicon substrate. Separation of nanoAg
and nanoAl was performed by decanting until the plas-
mon resonance of silver disappeared. Subsequently,
the exclusive deposition of nanoAl on the substrate
was confirmed by energy dispersive X-ray analysis
(EDAX).

The forming nanoparticles are in the spent solu-
tion. Moreover, a considerable amount of them is
deposited on the surface of the sapphire plate that is
being processed and in the pores of the microstruc-
tures that are formed. We used nitric acid mixed with
water in a ratio of 1 : 3 to etch the nanoparticles. To
ensure access of the etchant to the pores with a large
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aspect ratio, we used treatment in an ultrasonic bath.
The samples were then washed with deionized water.

DISCUSSION

Thus, the performed experiments demonstrated
the possibility of an efficient formation of well-con-
trolled microstructures on the sapphire surface under
conditions of thermoplasmonic laser-induced back-
side wet etching.

Formation of a Plasmon Medium

In our TPLIBWE experiments, silver nanoparticles
are formed upon the reduction of AgNO; by laser irra-
diation of its aqueous solution. Laser radiation initi-
ates the formation of silver Ag® atoms in the solution
[23, 29]. Then, the process of self-assembly takes place
and it is accompanied by the formation of nanoAg of
various sizes [30, 31].

It is important to note that, when a fresh solution of
AgNO; is used, the start of laser irradiation is always
followed by an incubation period during which the
etching is negligible but the formation of silver
nanoparticles is intense. After that, the etching process
begins.

It is known that silver nanoparticles smaller than
40—50 nm in size are characterized by resonant plas-
mon absorption at 400 nm and that the peak of plas-
mon absorption shifts to the longwave region as the
nanoparticles grow [27].

‘When analyzing the absorption spectra of an aqueous
colloid obtained after the TPLIBWE of a sapphire sam-
ple, we directly observed the formation of nanoAg. The
rather broad absorption peak near 460 nm is precisely
due to nanoAg of different sizes formed in the working
liquid. This peak was missing in the initial (unirradi-
ated) working liquid.

As for the question of the mechanism of the forma-
tion and growth of nanoAg during the incubation
period, we will not go into this in detail. However, we
note that, besides laser photolysis (and photothermol-
ysis) of silver nitrate (including that adsorbed on the
sapphire surface), traces of nanoAg in the working lig-
uid can also have a role.

The first “seeding” pulses of laser radiation form
centers of additional plasmon absorption and the pro-
cess develops incrementally (among other things, via
thermal decomposition of AgNO; near the silver
nanoparticles that are heated by pulsed laser radia-
tion). As a result, a region with a high density of
strongly absorbing nanoAg is formed at the interface
with the treated sample. Laser pulses turn such
nanoparticles into highly localized heat sources with
huge energy release at the sample/liquid interface; as a
result, both thermal and hydrodynamic processes are
initiated and these processes lead to the removal of
some of the sample material (etching) [32, 33].
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Fig. 3. (a) Extinction spectrum of the nanoparticle suspen-
sion obtained after the TPLIBWE processing of sapphire:
the peak at 300 nm is due to nanoAl and the peak at 460 nm
is due to nanoAg; (b) 3D AFM image of nanoAl that were
deposited from the working liquid on a silicon substrate
after TPLIBWE.

A detailed description of the mechanisms and
dynamics of sapphire TPLIBWE is extremely complex
because there are numerous processes (chemical,
thermal, hydrodynamic, etc.) that depend on the
parameters of laser radiation and the properties of the
material. For example, it is necessary to account for
possible reactions of thermolysis of Al,O; [34].

It is clear, however, that the very possibility of effi-
cient etching and microstructuring of sapphire is asso-
ciated with achieving ultrahigh temperatures and pres-
sures at the sapphire/water interface in the supercriti-
cal region.

Estimates of Temperatures and Pressures

Let us note once again that etching of sapphire via
the TPLIBWE process with an aqueous solution of
AgNO; occurs because of the absorption of laser
pulses by silver nanoparticles that are actively formed
at the sapphire/liquid interface. The absorption of a
short laser pulse by Ag nanoparticles causes their rapid
heating, which, in turn, facilitates equally rapid heat-
ing of a thin layer of sapphire and liquid near the inter-
face. All this causes a rather rapid etching of sapphire.
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It is obvious that the maximum intensity of etching
of the sample surface will occur at the maximum tem-
peratures, which are reached by the end of a laser
pulse. In this case, the absorbed energy density ®@ of a
laser impulse is used to heat three layers: the layer of
silver with a thickness of d and the layers of sapphire
and water that are adjacent to the silver layer. The
thicknesses of the latter layers are determined by the

corresponding thermal heating depths d =+/4D;T,
where Dy is the thermal diffusivity coefficient and 7 is
the duration of the laser pulse. By the end of the laser
pulse, these three layers will be heated to a tempera-
ture of

(I)abs
pAChd +p°Cldy +pChdy’
where T, = 300 K is the initial temperature; @, is the
part of @ that is absorbed in the layer of silver; p is the
density; C, is the specific heat capacity; and the upper
indices A, S, and L refer to silver, sapphire, and liquid,
respectively.

To estimate ®,,, we will assume that a monolayer
of silver nanoparticles covers half of the sapphire sur-
face in the region of the laser action over the interval
between successive laser pulses. Given that the coeffi-
cient of effective absorption of nanoAg at the wave-
length of the laser radiation (527 nm) is 0.3 [34], we get
@, = 0.15@. In this case, we get D, = 0.9 J/cm? for
the threshold values of ® ~6 J/cm?. By applying the
reference values C* = 10500 kg/m?, C*- = 1000 kg/m?,

CS = 3980 kg/m’, C,) = 240 J/(kg K), C, =

)/
4200 J/(kg K), C; =8501/(kg K), Dy = 1.4 x 107 m?/s,
Dy =4 x 10 m?/s, and T=5 x 10~ s in (3), we get
T=7 x 103 K for ®,,, = 0.9 J/cm? and d = 10 nm.
Thus, our estimates show that the absorption of a laser

T:T0+

pulse can heat thin layers of sapphire (D; =280 nm) and
liquid (d TL = 50 nm) to ultrahigh temperatures 7> T,.

The possibility of achieving ultrahigh temperatures
of water 7> T during TPLIBWE of sapphire under
our conditions is also indirectly confirmed by the fact
of the formation of nanoAl, which is directly observed
in the working liquid by the electron absorption spec-
tra (Fig. 3a) and by the AFM images after deposition
on the surface (Fig. 3b). The emergence of nanoAl is
caused by self-assembly of Al atoms, which, according
to [34] can be formed as a result of the thermolysis of
aluminum oxide at ultrahigh pressures and tempera-
tures.

For a series of NV laser pulses with the duration of T,
the total action time of an ultrahigh temperature on sap-
phire can be estimated as Ty = NT. Under our experi-
mental conditions (T=5 x 10~ sand N < 10° pulses), the
total action time is Ty < 5 X 10~*s. It follows from our
experiments that, under these conditions, sapphire is
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efficiently etched to the depth of 100—200 um. How-
ever, as already noted in the introduction, sapphire is
chemically resistant to SCW at temperatures below
~800 K and pressures below ~60 MPa; i.e., its etching
over “macroscopic” times of ~10*—103 (hours, days) is
negligible [17]. Unfortunately, we are not yet able to
experimentally determine the temperature that is
achieved at the sapphire/water interface under the
conditions of TPLIBWE. It is clear, however, that the
temperature of the liquid and the surface can rise to
ultrahigh values (up to several thousand K).

As for the impulse pressures Pthat are reached in the
process of TPLIBWE, our measurements performed
using an acoustic needle hydrophone [16] revealed
pressure impulses of P > 500 MPa, which significantly
exceed the critical pressure for water (22.1 MPa).

In our opinion, pressures and temperatures as high
as those achieved in the TPLIBWE process provide
the possibility of implementing a sufficiently high
intensity of sapphire etching (up to 100 nm/pulse and
higher), which is recorded experimentally.

Figure 4 shows a diagram that explains the mecha-
nism proposed by us for the process of thermoplastic
etching of sapphire performed in a multipulse mode at
different time periods after the start of irradiation by a
sequence of laser pulses.

The action of the first laser pulses on the AgNO,
solution (Fig. 4a) leads to the formation of silver
atoms, which merge into nanoAg (2) in the bulk liquid
and at the sapphire/water interface, forming, as we
assume, an island film (6) on the surface. After several
dozen pulses (b), the laser radiation energy begins to
be absorbed in the strongly localized region that is
formed on the sapphire surface and near it by an
increasing concentration of nanoAg. The absorption
of laser energy leads to the rapid heating (7> T,) of
the nanoparticles (thermoplasmonics) and the adja-
cent layers of sapphire and water and to the rapid
growth of the pressure (P > P.,). Impulse etching of
the softened sapphire surface with supercritical water
occurs at this stage, which leads to the formation of Al
atoms and, subsequently, nanoAl (3). Hydrodynamic
flows (4) arise in the vicinity of the laser action region:
these flows carry some of the nanoAg and nanoAl
deep into the solution. The action of a large number of
pulses (c) on the laser action zone leads to the forma-
tion of a crater. After every new pulse, the bottom and
walls of this crater get covered with etching products,
particularly, with nanoAg (6). Consequently, sapphire
gets etched rather efficiently to the depth of 200 pum
and deeper despite the relatively small total time of the
multipulse action (Ty < 5 X 1072 s). This is due to the
ultrahigh temperatures and pressures that are reached
during TPLIBWE.

Note that the intense hydrodynamic flows that are
formed during the TPLIBWE process can have a sig-
nificant effect on the mechanism and etching rate. In
addition to heating, it is necessary to consider different
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Fig. 4. Action mechanism of the thermoplasmic etching of sapphire in a multipulse mode at the following time periods: (a) after
the first pulses; (b) after a small series of pulses (the beginning of etching); and (c) after a large series of pulses (deep etching): /—
laser beam; 2—nanoAg; 3—nanoAl; 4—hydrodynamic flows; 5—formation of supercritical water (SCW); and 6—silver nanopar-

ticles localized near the sapphire surface.

cooling processes that are caused by the generation of
the hydrodynamic flows. Such flows can ensure the
removal of etch products and the delivery of a “fresh”
working medium to the etching area of the material.
All in all, the transport processes stimulated by
TPLIBWE require separate consideration.

CONCLUSIONS

The method of thermoplasmonic laser-induced
backside wet etching (using a pulsed-periodic laser
with a wavelength of 527 nm and a pulse duration of
5 ns) has been used for efficient and well-controlled
microstructuring of sapphire. The method is based on
the generation of highly absorbing plasmon silver
nanoparticles as a result of the laser destruction of
water-dissolved AgNO;. Sapphire is etched by super-
critical water that is formed at the sapphire/water inter-
face as a result of the absorption of laser radiation by sil-
ver nanoparticles at ultrahigh temperatures and pres-
sures. The mechanism of TPLIBWE has been proposed
and the etching intensity, which reaches 100 nm/pulse
and higher, has been determined. The formation of
aluminum nanoparticles, which indicates a deep
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destruction of Al,O; in the TPLIBWE process, has
been observed.
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