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Abstract. The technology of thermoplasmonic laser-induced back-
side wet etching is proposed to microstructure such solid and diffi-
cult-to-process materials as sapphire. In this technology, the laser
absorbing medium is silver nanoparticles obtained from a precursor
(AgNO3) and providing significant laser radiation absorption due
to the presence of plasmonic absorption with the formation of a
substantially localised region with extremely high temperatures
and pressures. This approach makes it possible to process sapphire
both in the ‘gentle’ regime with the formation of nanometre struc-
tures and in the ‘strong’ regime to allow for the formation of ‘deep’
structures with etching rates up to several micrometers per pulse
and high aspect ratio. The possibility of formation of periodic struc-
tures in sapphire in the above-threshold regime is shown.

Keywords: laser-induced backside wet etching, sapphire, thermo-
plasmonics, microstructuring, laser-induced periodic structures.

1. Introduction

Synthetic sapphire (Al,Oj) is increasingly used in micro- and
optoelectronics, machine-building, instrument making and
medicine. High optical uniformity and transparency of sap-
phire in a wide wavelength range, low residual stresses and
radiation resistance are combined with good mechanical,
thermo-oxidising, and dielectric properties which ensure the
operation of sapphire products under high temperatures and
pressures in contact with aggressive media [1, 2].

The formation of a microrelief on the sapphire surface is
in high demand. Sapphire microstructuring can be used to
produce substrates for light-emitting structures [3], anti-ref-
lective coatings for radiation in the far-IR range [4] and other
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structures for microelectronics, photonics and microfluidics
[5]. At the same time, sapphire processing (mechanical, ultra-
sonic, chemical) is a rather challenging task due to sapphire
high hardness and chemical resistance. In recent years, in
addition to traditional methods, laser technologies of sap-
phire processing, in particular, under the action of femto-
second laser pulses with subsequent chemical etching have
been developed (see, for example, works [6—8]).

One of the promising methods of microstructuring of
optically transparent materials is the method of laser-induced
backside wet etching (LIBWE) (Fig. 1) [9]. In particular, this
method has already been used for laser-induced sapphire
etching (see, for example, [10—13]). In implementation of this
process, high-intensity laser radiation (/) is focused on the
rear surface of the transparent sample (3), which is located in
the cell (&) filled with strongly absorbing liquid (7). In the
focusing area (4), a whole series of processes occurs at the
sample—liquid interface, including nonlinear radiation absor-
ption, absorption on defects, photochemical, thermal, and hyd-
rodynamic processes, formation of supercritical medium,
cavitation, melting, evaporation, etc. [14—16]. These proces-
ses result in the formation of a substantially localised region
at the liquid—solid interface with extremely high temperatu-
res and pressures; in this case, strong temperature and pres-
sure gradients thus formed contribute to the substance rem-
oval from the etching zone. The dominant LIBWE mecha-
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Figure 1. Block diagram of the LIBWE process:

(1) laser beam; (2) lens; (3) sapphire plate; (4) etching area; (5) plas-
ma plume; (6) propagating shock waves and divergent nanoparticles;
(7) absorbing liquid; (8) demountable cell.
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nisms, substance removal rate and parameters of the micro-
structures formed are determined by the substance type,
liquid composition and parameters of pulsed laser radiation.

And here, from our viewpoint, an approach based on the
use of nanoparticles as an absorbing medium in which the
occurrence of plasmon resonance is possible could make a
significant contribution to the development of LIBWE mic-
rostructuring (see our work [17—19]). When laser radiation
affects nanoparticles in metal, the electric field of a light wave
excites collective oscillations of conduction electrons, which
are called surface plasmons [20]. At certain optical frequen-
cies, such oscillations are excited in resonance with significant
charge shifts and the generation of local electromagnetic
fields. For a considerable period of time, the resulting plas-
mon absorption and subsequent temperature rise of nanopar-
ticles were considered as a not so significant effect, and only
recently attention has been paid to the fact that resonant light
absorption makes metallic nanoparticles ideal heat sources
and provides unprecedented ways of implementing thermally
induced phenomena localised in the zone of laser radiation
interaction with a plasmon medium [21, 22].

This work shows the possibility of using thermoplasmonic
LIBWE (TP-LIBWE) with AgNOs as a precursor of silver
nanoparticles for laser micromachining of sapphire. The con-
tribution to microstructuring of sapphire in the processes
occurring under conditions typical of supercritical media is
discussed. Various types of the thus formed structures are
demonstrated. It is shown that in this process, silver nanopar-
ticles (AgNP) are formed as a result of precursor recovery.

2. Experiment

A schematic of the experiment and corresponding installation
are described in our work [23,24] dedicated to the study of
various regimes of optical glass etching. As samples, we used
two-side-polished basic-oriented sapphire substrates with a
diameter of 50.8 mm and a thickness of ~ 0.45 mm, obtained
from the sapphire single crystals grown by the Kyropoulos—
Musatov method [25]. The substrate blanks were cut out with
diamond saws and crowns; abrasive powders or tools based
on diamond and boron carbide were used for their grinding
and mechanical polishing. Two-sided chemical-mechanical
polishing of substrates was carried out on polyurethane lap-
ping using a silicasol-based suspension. All operations were
completed by washing the blanks and measuring the moni-
tored parameters. In particular, the relief and surface rough-
ness after machining were measured with a mechanical pro-
filometer, while those obtained after chemical-mechanical
polishing — using atomic-force microscopy and X-ray scatter-
ing.

For etching the samples, we used radiation from a TECH-
527 Basic diode-pumped solid-state laser (Laser Compact,
Russia) with a wavelength of 527 nm, a laser pulse duration of
7 = 5 ns, a maximum pulse energy of £ = 250 uJ, a linear
polarisation of 100:1 and a divergence of less than 3 mrad.
The plate to be etched was installed as the front wall of a dis-
mountable cell filled with a working fluid — a saturated
S-molar aqueous solution of silver nitrate (AgNOs), laser-
induced decomposition of which ensures the appearance of
strongly absorbing silver nanoparticles and thermoplasmonic
effect in the system. The cell with the sample and working
fluid was placed on an 8MT167-100 three-axis translation
stage (Standa) with positioning accuracy no worse than 2 pum.
To focus radiation on the rear surface of the plate, a 10*

LMH-10X-532 lens (Thorlabs) with NA = 0.25 was used. A
laser beam with a Gaussian intensity distribution profile and
given energy and geometric parameters (see below) was
directed to the lens using a dichroic mirror and focused on the
interface between the liquid and the transparent surface of a
sapphire sample. Visual express control of craters and chan-
nels formed in the process of TP-LIBWE experiments was
carried out on the basis of images obtained through a dichroic
mirror using an EXCCDO00300KMA USB camera (Toup-
Tek) when illuminated with white light from the illuminator.
This enabled precise alignment of the sample, and also the
possibility of observing the surface during the etching pro-
cess.

Experiments on laser-plasmon microstructuring of sap-
phire samples were performed at a pulse repetition rate of
1 kHz and laser radiation energies up to 25 uJ per pulse. The
sample was irradiated both with focused (rear plane of the
plate was located in the region of the laser beam waist) and
defocused (the beam waist was shifted into the absorbing lig-
uid for a distance up to 20 pm) beams. Focusing parameters
of the Gaussian laser beam are determined by the beam diam-
eter in front of the focusing lens, and also by the lens param-
eters [26]. In our case, the beam diameter was varied from 1.4
to 4 mm. This made it possible to form areas with the follow-
ing parameters near the focus at the interface between the
sample and absorbing liquid: diameter of the laser beam waist
3.4-9.6 um (at the 1/e level), waist length from ~ 30 to ~ 300 um.
When the focus was shifted, the beam diameter in the etching
region increased up to 20 um. Under the experimental condi-
tions, the energy density @ reached 30 J cm™.

Experiments on the formation of craters were performed
by varying @ and N (the number of laser pulses) and also by
shifting the laser beam waist relative to the rear surface of the
plate. The channels were formed at a laser beam scan rate of
8—140 um s~! on the sample surface. The geometry, shape and
surface characteristics of the microstructures formed in the
samples were studied using optical scanning electron micros-
copy (SEM) and atomic force microscopy (AFM). Optical
images of laser structures at various energy densities of laser
pulses were obtained using an HRM-300 optical microscope
(Huvitz, Korea) equipped with functions of three-dimensio-
nal visualisation of the surface topography and a Contour
GT-K optical profilometer (Bruker). SEM images were
obtained using Phenom ProX and Jeol JCM-6000 Plus scan-
ning electron microscopes at 10 kV accelerating voltages. An
INTEGRA-Termascanning probe nanolaboratory (NT-MDT,
Russia) was used to obtain AFM images using Veeco RTESP
silicon cantilevers with a resonant frequency of 300—360 kHz
and a curvature radius of the cantilever tip less than 5 nm.
Scanning was performed in a semi-contact regime in the air at
constant amplitude (topography). The working fluid extinc-
tion spectra were recorded using a Cary 50 spectrometer
(Varian).

3. Results of the experiment

In the implementation of the TP-LIBWE process, craters and
channels were formed on the sapphire plate surface, both
when the beam was focused on the interface between the sam-
ple and absorbing liquid and when the focus was shifted rela-
tive to the interface into the liquid medium. The characteris-
tics of the thus formed structures were investigated as func-
tion of the laser energy density, number of irradiation pulses,
and/or scan rate. The dependence of the crater etching depth
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Figure 2. Dependence of the crater etching depth per pulse on the en-
ergy density of laser radiation.

on the laser energy density under irradiation by a sequence of
200 pulses was used to determine the TP-LIBWE sapphire
threshold @y, which in our case amounted to ~ 1.5 J cm™
(Fig. 2).

It was found that, as the density of laser radiation energy
is varied, there occur significant changes in morphology and
surface etching rate, which makes it possible to distinguish
two processing regimes similar to the regimes of sapphire
ablation by ultrashort pulses, namely ‘gentle’ (@ < 7 J cm™)
and ‘strong’ [27] regimes.

3.1. Etching near the threshold and formation of
laser-induced periodic ring surface structures

Quite an interesting picture was observed when channels were
formed in sapphire plates in the case of minimal excess of the

structuring threshold. Figures 3a and 3b present the AFM
images of the channels with a width of ~ 6 um, obtained as a
result of scanning a Gaussian laser beam with 10 passes.
Initially, with a minimum threshold excess, removal of the
impaired surface layer of the substance occurs [28]. In our
case, the depth of such a layer reaches 15 nm. Further on, as
the energy density increases, gradual formation of the laser-
induced periodic surface structures (LIPSS’s) starts in the
central part of the channel.

In our case, the LIPSS’s have a concentric structure. They
are formed at laser radiation intensities lying in a fairly nar-
row range of energy densities (1.5-2 J cm™). The LIPSS
period is 0.4—0.7 um which is close enough to the incident
laser radiation wavelength; in this case, the heterogeneity of
the structure and the sample surface can be manifested in the
process of their formation. Similar periodic structures were
obtained in the formation of craters in sapphire as a result of
sample irradiation with both focused and defocused laser
beams (Fig. 3c).

‘Classical’ LIPSS’s (see, for example, review [29] and ref-
erences therein) which are usually obtained under irradiation
by short (pico- and femtosecond) laser pulses are oriented
perpendicular or parallel to the polarisation direction of laser
radiation. They emerge under the action of laser pulses of
various durations and in different materials. In particular,
similar structures were formed in fused quartz under irradia-
tion with pulses of 600 fs duration in the LIBWE geometry [30].

At the same time, in a number of works, concentric LIPSS’s
or, as they are also called, laser-induced periodic annular sur-
face structures (LIPASS’s), were observed (see, for example,
[31-35]), similar to those obtained by us. We assume that the
formation of such structures is most likely affected by laser
radiation interference arising from the interaction of radiation
with matter [33] (see Section 4.2) in combination with possible
processes of mass transfer and self-organisation in a thin mol-
ten surface layer at the interface between the sapphire and
absorbing medium [31] (see Section 4.3).
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Figure 3. (a,b) AFM images and corresponding microstructure profiles on sapphire, obtained with the laser energy density increase and (c) 3D

AFM image of the crater.
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3.2. ‘Gentle’ and ‘strong’ etching regimes using nanosecond
laser radiation

The etching geometry is determined by the parameters of ini-
tial beam and focusing optics [26,36]; in particular, the
focused beam diameter satisfies the relation

v= (5 )5)
T /A\D)

while the waist length appears as
8A\/F

b=(%)5):
where A is the laser radiation wavelength, F is the lens focal
length, and D is the initial size of the laser beam.

At the initial stage, craters and channels with the geome-
try determined by the Gaussian profile of the laser beam are
formed in the area of ‘gentle’ etching (Fig. 4). The etching
rates in this area constitute several tens of nanometers per
pulse. When the threshold turns out somewhat exceeded, the
diameter d, of the formed crater (channel) only slightly
exceeds the diameter w of the focused beam. As the energy
density and/or the number of laser pulses increase, the crater

(channel) depth gradually increases with a simultaneous mod-
erate (up to 1.5 times) increase in diameter.
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Figure 4. 3D images of (a) the crater and (b) channel in the ‘gentle’
etching area, obtained using AFM and optical microscope, respectively.

In transition to the ‘strong’ etching area (@ = 7J cm™), an
increase in @ is accompanied by a rapid increase in the etch-
ing depth per pulse, which reaches and even exceeds ~ 1 um per
pulse. In this case, smooth craters and channels up to 200 um in
depth, with a fairly large (over 10) aspect ratio, are formed.

Analysing the value of the etching depth per pulse at a
fixed focus in the ‘strong’ etching regime, several areas can be
identified. Those areas are schematically shown in Fig. 5 (the
dependence presented was obtained at the origin of the energy
density region of ‘strong’ etching at @ ~ 7.2 J cm 2 and w ~ 7 um).
It should be noted that particular values of the etching depth
may vary greatly depending on the energy density of laser
radiation and beam parameters.

111

Etching depth/nm pulse™

1 1
500 1000 1500 N
Figure 5. Typical dependence of the etching depth per pulse on the
number of pulses N at an immobile focus for the ‘strong’ etching re-
gime. The inset shows the mutual position of the laser beam waist and
the formed channel.

At the initial stage of etching (region I), an incubation
period is observed, associated with the formation of AgNP
from a precursor and the appearance of an absorbing layer
(see Section 4.1). At this stage, with exposure to several tens
of pulses, absorbing nanoparticles emerge. There is virtually
no etching in this case.

As the medium absorption (region II) grows, the etching
rate reaches a level determined by the energy density of laser
radiation (see Fig. 2). The Gaussian distribution of the laser
radiation intensity at the beam centre provides a ‘strong’ etch-
ing regime, and closer to the periphery (crater walls) — a ‘gen-
tler’ regime, which enables the formation of a smooth surface
of the crater’s side walls.

At large depths of craters (channels) in region III, a
decrease in the etching rate is observed due to the fact that the
laser beam waist is shifted from the region of the most intense
etching (note that in this work we used the regimes without
scanning the beam in depth). This changes the etching geom-
etry, and the walls of craters (channels) become almost verti-
cal (Figs 6a and 6b), which is caused by the beam expansion
in the etching region; the beam profile becomes smoother,
while the intensity decreases [37]. Eventually, the laser energy
density in the etching area drops below the threshold, and the
etching process gradually terminates.

Preliminary experiments using a telecentric F-Theta lens
(Ronar-Smith, Singapore) with a focal length of 110 mm have
shown that the dependence of the etching depth on the num-
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Figure 6. (a) SEM and (b) optical microscope images of channels
formed in the ‘strong’ regime and (c) 3D image of the channel formed
by scanning the laser beam in the cross section.

ber of pulses for a smoother and longer beam caustic is virtu-
ally linear.

For the formation of craters with diameters up to (2—3)d,,
etching regimes under defocused laser beam conditions were
used. To obtain wider channels, the laser beam passed along
them several times with a slight offset in the perpendicular
direction (Fig. 6¢).

With a significant increase in the energy density, photo-
mechanical processes [38] start to play an important role,
causing the formation of cracks and splits, which ultimately
leads to the formation of structures of inadequate quality and
their destruction.

4. Discussion

When focused laser radiation is incident on the rear surface of
a sample placed in contact with a highly absorbing liquid, a
substantially localised region with extremely high tempera-
tures and pressures is formed (see Fig. 1) [9,19], which is
accompanied by numerous physico-chemical processes resu-
Iting in laser-induced etching of the sample material. With the

appropriate choice of the laser beam trajectories (here we
confine ourselves to the method of direct laser writing) and
careful selection of the process parameters, it is possible to
perform microstructuring of the sample surface in accordance
with the specified design.

The physics and chemistry of LIBWE is determined by
thermodynamics of the processes of laser radiation interac-
tion with media, passing through various phase states, and
are largely similar to the ablation of nanoparticles in liquid
[39,40].

The main stages of TP-LIBWE include the laser radiation
absorption by a solution of a plasmonic precursor, photo-
thermal processes of the formation of a highly localised
medium with plasmonic nanoparticles, ultrafast heating of
the solution and dielectric to extremely high temperatures, the
substance transition to a supercritical state, laser-induced
release of the sample material with the formation of micro-
structures on its surface. Removal of the sample material is
accompanied by the hydrodynamic processes in which the
substance is removed from the etching zone and gradually
cools down; as a result, nanoparticles and clusters of them are
formed, remaining in the bulk of liquid and on the surface of
the material being processed.

4.1. Formation of a plasmonic medium

When an aqueous solution of silver nitrate interacts with
intense laser radiation, the mechanism of reducing the precur-
sor to silver nanoparticles is triggered. Laser radiation initi-
ates the formation of active intermediates in the solution,
which leads to the formation of silver atoms Ag [41,42] with a
gradual transition from individual atoms to silver nanoparti-
cles [43,44].

At the laser irradiation onset, an ‘incubation’ period is
observed, when the process of laser-induced etching does not
virtually occur and active reducing of silver nanoparticles
from the precursor takes place. Next, a peak of plasmonic
absorption is formed with a maximum near A ~ 430 nm and a
wide long-wavelength wing (see Fig. 5c in work [17]), which
indicates the appearance of spherical and quasi-spherical sil-
ver nanoparticles with average diameters of ~ 50 nm in the
working fluid and a significant spread in size [45].

As the size of nanoparticles increases, the plasmonic abs-
orption peak shifts to the long-wavelength region. In this
case, the first ‘seed’ pulses of incident laser radiation form the
centres of additional ‘plasmon’ absorption; the process devel-
ops in an avalanche-like manner and after while comes to a
stationary regime. Thus, a region with high concentration of
‘plasmon’ nanoparticles is formed at the interface with the
sample surface being processed. Thus, a significant amount of
nanoparticles is deposited on the surface of the processed sap-
phire plate and in the pores of the formed microstructures.

To remove the nanoparticles after the process termina-
tion, we used nitric acid mixed with water in a ratio of 1:3. To
ensure the access of this mixture to pores with a large aspect
ratio, processing in an ultrasonic bath was employed, after
which the samples were washed in deionized water.

4.2. LIBWE mechanisms

Laser radiation is almost completely absorbed in a thin layer
of the medium containing ‘plasmon’ nanoparticles at the
interface with the sapphire surface. Such a highly localised
heat source with a large energy release at the solid—liquid
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interface initiates thermal, thermochemical and hydrody-
namic processes that are similar to the processes accompany-
ing the ablation of the sample material in a liquid medium
[39,40].

Mechanisms similar to the case of hydrocarbon LIBWE
are implemented, when the decomposition of an organic lig-
uid results in the formation of a carbon layer that strongly
absorbs laser radiation and provides etching rates from units
to hundreds of nanometers per pulse [9,46—48]. The advan-
tage of TP-LIBWE is that the laser radiation wavelength falls
into the plasmon resonance band of nanoparticles and an
absorbing medium is formed, providing the etching rates that
are at least an order of magnitude larger under the same
experimental conditions.

Of interest are the mechanisms leading to the formation of
LIPASS’s in the above-threshold regime. Like any other
material, sapphire has certain defects that serve as sources of
heat generation and spherical scattering waves [49]. In the for-
mation of channels, similar ‘seeds’ arise in the central part of
the channel, i.e., in the region where the energy density of
laser radiation attains its maximum. As the energy density @
increases, the number of those ‘seeds’ gradually increases (see
Figs 3a and 3b), and the process of laser-induced substance
etching with the formation of craters starts [24,39]. Point
‘sources’ of scattering are replaced by the scattering surfaces
of craters. In this case, the crater geometry determines the
concentric pattern of laser radiation interference. A variant of
such a pattern formation for the case of femtosecond laser
ablation is considered in [33].

4.3. Thermodynamics of etching processes

Exact description of the TP-LIBWE mechanisms is rather
complicated. In this case, numerous physical processes, the
nature and efficiency of which depend on the laser radiation
parameters, may simultaneously occur at different points of
the laser spot. As an analogy, we may consider laser ablation
processes in a liquid medium [39,40]. As a rule, methods of
thermodynamics [50,51] and molecular dynamics [52] are
used to describe these processes.

In general case, laser radiation absorption results in the
formation of hot carriers (electrons or electron—hole pairs),
which, as a result of phonon emission, heat initial cold ions to
the equilibrium state for 10712—107!! s [38]. This time scale is
essential since it establishes an interface between the predom-
inantly thermal and predominantly non-thermal ways of laser
radiation interaction with matter, separating the ranges of
‘long’ and ‘short’ pulses [38]. In the case of nanosecond pulses,
the equilibrium between electrons and phonons prevails at the
heating stage termination, and phase changes can be consid-
ered as a thermal process that includes quasi-equilibrium ther-
modynamic states. In this case, temporal parameters of the
process of plasmon laser-induced etching are determined by
the interaction of the region with a high concentration of
‘plasmon’ nanoparticles as a whole with media — the surface
of the processed dielectric.

The literature discusses three types of thermal processes
that can lead to the separation of substance at a solid—liquid
interface under similar conditions: normal evaporation, nor-
mal boiling and ‘explosive boiling’ [39, 53]. In this case, nor-
mal boiling occurs in the case of long (hundreds of microsec-
onds or more) laser pulses and is unable to develop in the
nanosecond range of durations [53].

At moderate radiation intensities, the mechanism of nor-
mal evaporation is realised [54], at which atoms and mole-
cules are removed from the solid body surface. Thus, in the
case of pulsed laser heating, as opposed to slow heating, this
regime can be maintained at sufficiently high temperatures
and pressures (superheat regime) [53,55]. We assume that in
our case it corresponds to the ‘gentle’ etching regime.

Under the above-threshold conditions, in a rather narrow
range of incident laser energy densities (1.5-2 J cm™), we
observed the formation of periodic structures (LIPASS’s) on
the sapphire surface. It is worth noting that during the forma-
tion of such structures, along with the interference of light
waves (see Section 4.2), possible is the influence of mass trans-
fer and self-organisation processes arising on the surface of
the processed material within a thin layer at the interface
between the material boundary and absorbing medium under
the action of interfering laser radiation (see, as example,
[56,57]). The estimates given in these works show that ther-
mocapillary flows may occur within the molten surface layer
under the action of periodically distributed laser energy, which
leads to the molten material redistribution on the surface
under processing. These processes cause the formation of cha-
racteristic periodic LIPASS patterns (period of structures is
A ~ 1) which becomes ‘frozen’ at the end of the process of
nanosecond laser irradiation.

With an increase in the energy density of laser radiation
(in our case, at @ = 7 J cm™) due to laser radiation absorp-
tion by ‘plasmonic’ nanoparticles, their heating, and subse-
quent heat transfer to the surrounding medium, the micro-
volume of the absorbing liquid and near-surface area of the
sample is rapidly heated, which is accompanied by the forma-
tion of supercritical water (critical parameters for water are
T.=647.1 K, P, = 22.1 MPa) [58,59], melting, boiling, and
evaporation of the sample material. The substance is abruptly
transferred to the near- and supercritical states (for sapphire,
T, = 5335 K [60]). A transition from normal evaporation to
‘explosive boiling’ or, in other words, a ‘phase explosion’
occurs [39,61].

From our point of view, these processes correspond to
the ‘strong’ etching regime. In this case, the laser-exposed
medium is transferred to the state of supercritical fluid; tem-
peratures may reach several thousand kelvins, while pres-
sures may attain several gigapascals [62]. It should be noted
here that supercritical water can play a significant role in the
process of laser etching. It is known that, unlike ‘ordinary’
water, it is highly reactive [63,64], and the time of energy
exchange between the medium components can be signifi-
cantly reduced [65].

The study of these and related processes (for example, the
thickness of the absorbing layer of plasmon nanoparticles)
requires both estimating the temperature and pressure of the
medium under extreme conditions, and performing measure-
ments with high temporal resolution directly in the course of
experiment using, for example, the methods of shadow high-
speed imaging [66], as we plan for the future.

Due to the presence of large temperature and pressure
gradients in the laser impact region, the substance in the plasma
state starts to expand. On the time scales of 107'°-1077 s, a
‘plasma plume’ is formed, which contributes to the substance
removal from the etching zone [39]. At the laser pulse termi-
nation, the pressure and temperature of the medium fall, and
hydrodynamic processes (formation and collapse of bubbles,
shock waves) become predominantly influent, which lead to
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the sample material removal from the etching zone. The
nanoparticles and nanoclusters nucleate and form [39].

5. Prospects of the method

The developed approach provides a possibility of forming
various functional microstructures for numerous applica-
tions. As an example, Fig. 7 shows a matrix manufactured to
form the prototypes of structured bio-substrates.

OF
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Figure 7. 3D image of a 1 X 1 mm grid of channels formed on a sap-
phire plate (the inset shows a profile example).

The LIBWE method enables the formation of reproduc-
ible structures with variable parameters and a roughness on
the scale of few microns, which corresponds to the structures
affecting the functional activity of cells [67]. The structures
formed on artificial sapphire will have significant advantages,
and primarily stability stipulated by the possibility of multiple
appliance and washing, good affinity to cells and high optical
transparency. The development of 3D substrates for cell cul-
tivation and analysis of their proliferation, differentiation,
and the formation of intercellular contacts will in the future
allow the creation of models of various tissues in the Lab-on-
a-Chip system [68].

The development of 2D structures requires careful selec-
tion of focusing conditions and the use in laser drawing of
many laser beam passes with various speeds and scanning
geometries [28, 69]. This offers a possibility of forming struc-
tures with different geometries and surface quality (waviness,
roughness), which will allow, as example, investigation on the
adhesion of cellular structures in solving certain biomedical
problems (formation of microchips). For this purpose, it is
assumed to use various regimes of forming microstructures in
the shape of channels, channel systems and/or platforms.

Thus, the present work has demonstrated the possibilities
of using the thermoplasmonic LIBWE method for microstruc-
turing of such a promising, but at the same time solid and diffi-
cult-to-process optical material as sapphire. Various regimes of
sapphire etching have been revealed: the regime of gentle etch-
ing with rates up to several tens of nanometers per pulse, ensur-
ing the formation of structures with a small aspect ratio, but
high surface quality, and the ‘strong regime’ with significantly
higher etching rates (microns per pulse), providing the forma-
tion of channels with a high aspect ratio and structures. A tech-
nology has been developed for manufacturing several basic

structures, on the basis of which the possibilities for various
applications of this technology are considered.
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