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Abstract
Laser-induced backside wet etching using water solution of plasmon precursor (AgNO3) as an absorbing medium provides
effective structuring of such a complex material as sapphire. At the same time, this process is accompanied by the formation of
silver nanoparticles and a significant modification of a surface layer of sapphire. Hybrid plasmon structures are formed on the
surface of sapphire. In this paper, the structure and phase composition of surface layer formed during the transformation of the
materials in the process of etching have been studied using electron microscopy methods, electron diffraction, and EDX analysis;
possibilities of creating of new plasmon nanostructures have been analyzed.
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Introduction

Significant progress in the creation of new functional mate-
rials was achieved in experiments on the interaction of laser
radiation with the materials. This is determined mainly by the
use of ultrashort pulse lasers and high-intensity radiation
sources. Many works are dedicated to obtaining and modifi-
cation of various nanoparticles (see, e.g., [1–5]). Experiments
on laser ablation allowed establishing that femtosecond laser
exposure induces phase transformations on the sample surface
that change the medium structure [6, 7]. At the same time,
such experiments are usually carried out using unique devices
and require serious resources.

In 1999, during studies of laser microstructuring, a method
of indirect impact of laser radiation on the materials was pro-
posed [8, 9]. In this process, high-intensity laser radiation
focuses on the back surface of a transparent dielectric, which
is located in a cell filled with highly absorbing liquid. A series
of processes occur in the field of focus, on the sample/liquid
interface: nonlinear absorption; absorption on defects;

photochemical, thermal, and hydrodynamic processes; the for-
mation of a supercritical fluids; cavitation; melting; evapora-
tion; etc. [10–12]. These processes lead to the formation of a
substantially localized area with extremely high temperature
and pressure on a liquid/solid interface, and the accompanying
strong pressure gradients at the same time contribute to the
removal of the matter from the treatment area.

The developed version of this technology was called laser-
induced backside wet etching (LIBWE) [13]. This technology
requires highly absorbent organic liquids or solutions as an
absorbent medium. Subsequently, it has been proposed to
use inorganic fluids, metals, both liquid and solid, solid-state
absorbers, laser plasma, and artificially formed absorbent
layers as absorbent media.

This paper examines the results of this approach, where a
solution of plasmon precursor is used to create an absorbent
medium. The implementable version of thermoplasmonic
LIBWE (TP-LIBWE) [14, 15] provides etching of such
difficult-to-process material as sapphire (as well as other
promising optical materials such as glass, quartz, diamond).
At the same time, the process provides, in comparison with
other LIBWE technologies, record etching speeds reaching
several microns per pulse at energy densities ≤ 12 J/cm2 [15].

During this process, various phase transformations occur in
the surface layer of sapphire; there is also significant modifi-
cation of the materials, which is usually achieved only with
femtosecond laser impacts (see, e.g., [6]). In addition, as a
result of interaction with plasmon precursor, a silver nanolayer

* M. Yu. Tsvetkov
mtsvet52@mail.ru

1 Federal Scientific Research Centre “Crystallography and Photonics”,
Russian Academy of Sciences, Moscow 119333, Russia

2 Bauman Moscow State Technical University, Moscow 105005,
Russia

https://doi.org/10.1007/s11468-019-01091-9
Plasmonics (2020) 15:599–608

Published online: 27 November 2019/

http://crossmark.crossref.org/dialog/?doi=10.1007/s11468-019-01091-9&domain=pdf
http://orcid.org/0000-0002-9610-3439
mailto:mtsvet52@mail.ru


is formed, which allows considering the obtained structures in
the context of the perspective of potential plasmonic applica-
tions. In this paper, the structure and phase composition of the
obtained plasmon nanostructures have been studied using op-
tical, scanning electron (SEM), transmission electron micros-
copy (TEM), as well as high-resolution electron microscopy
(HREM), energy-dispersive X-ray spectroscopy (EDXmicro-
analysis), and EDX-mapping. Changes of the substance and
possible use of the obtained materials are discussed.

Experiment and Diagnostics

Laser Experiment and Materials

The concept of laser experiment and the corresponding setup
is described in the works [16, 17] dedicated to the various
modes of optical glass etching.

Sapphire substrates in base orientation with a diameter of
50.8 mm and a thickness of ~ 0.45 mm were polished on both
sides for optical investigations. The substrates were obtained
from sapphire monocrystals grown through the Kiropoulos-
Musatov method [18]. Samples were irradiated with a solid-
state diode-pumped laser TECH-527 Basic (Laser compact,
Russia) with the wavelength λ = 527 nm, duration of the laser
pulse τ = 5 ns, and maximum pulse energy E = 250 μJ. The
etched plate was installed as a front wall of a demountable cell
filled with working liquid—saturated 5-molar silver nitrate
(AgNO3) water solution, laser-induced decomposition of
which provides highly absorbing silver nanoparticles
(npAg), and a thermoplasmonic effect in the system.

Experiments on laser plasmon microstructuring of sapphire
samples were conducted at a pulse frequency of 1 kHz and
laser radiation energies up to 25 μJ per pulse. The sample was
irradiated with focused (the back plane of the plate in the area
of laser beam waist) and unfocused beams (beam waist was
shifted into absorbing liquid at distances up to 20 μm). This
allowed forming areas with the following parameters in the
area of focus on the interface between the sample and absor-
bent liquid: the diameter of laser beam waist from 3.4 to
9.6 μm (at 1/e level) and depth of focus from ~ 30 to ~ 300
μm. When the focus shifted, the diameter of the beam in the
etching area increased up to 20μm. The energy density for the
discussed conditions reached Φ ≈ 30 J/cm2. Channels were
formed at a laser beam scanning rate from 8 to 140 μm/s.

Structures, Sample Preparation, and Electron
Microscopy Techniques

The geometry, shape, and structural state of the sample surface
were studied using optical, scanning electron, and transmis-
sion electron microscopy. Optical microscopic images of laser
structures at different densities of the energy of laser pulses

were obtained using an optical microscope HRM-300
(Huvitz, Korea) with 3D imaging of surface topography (see
[15]). SEM images were obtained in a FEI Scios microscope
at accelerating voltage U = 2 kV in the secondary electron
mode using the Everhart-Thornley detector.

Figure 1 presents SEM images of a sapphire plate with
channels obtained through LIBWE structuring. Channels of
different depths from 12 μm to 220 μm are clearly visible in
Fig. 1a.

This work contains more detailed studies of the oblique
channel and its surroundings, where several types of formed
nanostructures were registered. The channel is characterized
by oblique walls and has a depth of 6.5 μm and a horizontal
width of 4.7 μm in the middle of depth; its enlarged image is
shown in Fig. 1b.

The structure of the sapphire surface in the channel was
investigated with transmission electron microscopy, high-
resolution electron microscopy, scanning transmission elec-
tron microscopy with high-angle annular dark field detector
(HAADF STEM), electron diffraction, energy-dispersive X-
ray analysis, and EDX-mapping in a FEI Tecnai Osiris micro-
scope with an accelerating voltage of 200 kV. EDX analysis
and elemental mapping were performed in a special SuperX
EDS system with four silicon detectors. The system is de-
signed for rapid obtaining (for several minutes) large area
maps of chemical element distribution. Electron microscopy
images were processed and analyzed using Digital
Micrograph, Esprit, TIA, and JEMS software (see, e.g., [19]).

The cross section of this channel made with a focused ion
beam (FIB) in a FEI Scios double beam system has been
investigated using TEM methods. To prepare the cross-
section sample, two technological layers were applied; they
are visible in Fig. 2: a layer of copper deposited on the surface
of sapphire plate in order to drain the charge from the noncon-
ductive sample during SEM studies and a layer of platinum
locally applied in order to protect the channel surface from ion
etching during the FIB preparation of a lamella for TEM stud-
ies. These technological layers are clearly visible in the chan-
nel cavity in Fig. 2.

Experimental Results

Processes on Sapphire Surface

Figure 2 shows a HAADF STEM image of the channel cross
section and its elemental map. The HAADF STEM image
describes the relief that is formed on channel walls after ex-
posure to laser radiation. Inner walls of the sapphire channel
that are outlined in blue on the elemental maps possess clearly
visible heterogeneous relief. They are more clearly expressed
on the left wall, which was slanted toward the laser beam,
while the right wall hung over the groove (Fig. 1b). The
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presence of the relief can be explained by the fact that the
channel was formed in the “strong” etching (ablation) mode
(see [15]). The HAADF STEM image shows a darker layer
along the entire channel surface. The layer repeats the hetero-
geneous relief of the channel walls. It is almost continuous and
has a thickness of up to 170 nm. At the same time, its thick-
ness is greater on the left side of the channel and clearly thin-
ner on the right overhanging side. The channel cavity, its cen-
tral part, is filled not only with platinum and copper but also
with spraying products formed during manufacturing and
thinning of the lamella with a focused ion beam. An enlarged
HAAADF STEM image of the surface area is shown in Fig.
3a. The thickness of the dark layer in this region reaches 170
nm. A thin discontinuous layer of silver is observed on the
surface of the dark layer (sapphire) (Fig. 2b, c, 3).

Changing of element concentrations in the sapphire—dark
layer—silver area is shown in Fig. 3b. Normalized concentra-
tion profiles obtained along the vertical yellow line drawn in
Fig. 3a are virtually unchanged in the sapphire area. This fact
indicates that no other elements have been found in the dark
layer except of Al and O. In this regard, taking into account z-
contrast STEM image formation, one can assume that the dark
contrast is caused only by the presence of the less dense amor-
phous layer.

A more detailed interface structure in the dark layer area
has been studied by TEM methods. Figure 4 shows an image
of the sapphire—silver interface area, where this layer looks
light gray due to the peculiarity of contrast formation in the
bright field (BF) TEM mode. It is marked as “am-Al2O3.” A
selected area electron diffraction (SAED) pattern (Fig. 4b)

Fig. 2 General view of the
channel with an amorphous layer
and silver nanoparticles: HAADF
STEM image (a) and
corresponding elemental maps
(b–e)

Fig. 1 SEM images of sapphire with channels obtained using LIBWE: (a) general view of the plate with channels; (b) magnified image of the oblique
channel (marked in Fig. 1a with a black arrow)
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clearly shows single crystalline sapphire reflections (the layer
is marked as “cr-Al2O3”) with the [1–10] zone axis. Some
reflections in the SAED pattern correspond to the interplanar
distances of silver with the fcc unit cell. The silver layer is
darker by contrast in the BF TEM image. HREM images of
the am-Al2O3 layer have proved that it has no crystalline
structure, i.e., it is amorphous.

A study of the behavior of the amorphous layer under the
electron beam has shown that it is unstable and crystallizes
with the formation of the same phase as cr-Al2O3 substrate.
Figure 5 illustrates the crystallization process of the amor-
phous layer under the electron beam, which occurs in a few
seconds. Fourier diffractograms in Fig. 5a were taken from the
cr-Al2O3 layer and in Fig. 5b—from newly appeared crystals;
they are identical to the electron diffraction pattern from crys-
talline sapphire shown in Fig. 3b. Comparison of Fig. 5a and
5b clearly shows that the amorphous am-Al2O3 layer has be-
come much thinner due to the newly grown crystals of the
sapphire substrate. Thus, in this case, growth of sapphire crys-
tals under the electron beam occurred from the sapphire—
amorphous layer interface and was heterogeneous. Black ar-
rows in Fig. 5b mark the boundaries of newly grown oriented
crystals. Figure 6 shows that growth of sapphire crystals under
the electron beam in the amorphous layer can start also in the

volume of the layer itself, i.e., be homogeneous, with the
formation of randomly oriented small crystals.

TEM studies of the silver layer structure have shown that
silver nanoparticles are mainly localized on the upper surface
of the amorphous layer or in its top area (Fig. 3a). The size of
particles varies in a wide range—from 1-2 to 60 nm. The
SAED pattern (Fig. 4b) demonstrates rings corresponding to
polycrystalline silver. Weak reflections of polycrystalline cop-
per are also seen in the microdiffraction pattern due to the
presence of the abovementioned deposited technological
layer.

Hybrid Plasmon Structures

Several clusters of silver nanoparticles were found on walls at
the entrance of the oblique channel. Figure 7 presents a
HAADF STEM image and elemental maps in this area. A
study of the distribution of chemical elements in the cluster
under a higher magnification in the electron microscope (Fig.
8) has illustrated that silver nanoparticles are placed in the
aluminum-oxygen matrix and are therefore tightly fixed on
the surface of the channel. The size of the largest silver parti-
cles in this cluster reaches 60 nm.

Fig. 3 HAADF STEM image (a) and concentration profiles of chemical element distribution measured along the vertical yellow line (b). am-Al2O3 is a
layer of amorphized sapphire, cr-Al2O3 is a layer of crystalline sapphire, and ion-Pt is a technological layer of Pt and Cu

Fig. 4 TEM image of the
interface sapphire, silver (a), and
corresponding SAED pattern (b).
Black numbers indicate
reflections corresponding to the
crystalline sapphire substrate; red
circles mark rings corresponding
to planes (111), (200), and (220)
of silver with fcc lattice
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A more detailed analysis of the structural state was carried
out using TEM methods. Figure 9 presents BF and dark field
(DF) TEM images and the corresponding microdiffraction
pattern of this cluster. According to these images, the nano-
particles demonstrate an arbitrary shape. The particle size
varies mainly in the range of 23.2 ± 11.55 nm. The ring elec-
tron diffraction pattern is typical for fine-grained polycrystal-
line materials (Fig. 9c). It is evident that the location of rings is
typical for metals with the fcc unit cell. The set of interplanar
distances dhkl corresponds to silver. The first ring (correspond-
ing interplanar distance d = 3.03 A), as well as individual
reflections that are not located on the main rings of the
SAED pattern and are indicated by arrows, refers to com-
pounds such as AgNOx (x = 2–3) according to electron dif-
fraction pattern calculations.

Images of individual particles of different sizes from the
studied cluster obtained by HREM are presented in Figs. 10
and 11. As can be seen from TEM and HREM images, there
are characteristic stripes in many nanocrystals, which indicate
the presence of twins, i.e., formed nanoparticles are character-
ized by a high concentration of defects. At the same time, it
can be observedmultiple twinning in the images of such nano-
particles [20–22], which allows them to have different exter-
nal shape (habitus) and structure. Figure 10a shows an image
of such kind of particle. Filtered HREM images and the
Fourier diffractograms taken from various areas have shown
that it is Ag particle with the fcc lattice, the cell parameters of
which are no different from the ones for bulkmaterials; its size
reaches 25 nm. Straight white lines on the enlarged filtered
area (Fig. 10b) indicate projections of twinning planes.
Inverse Fourier transform makes it possible to clearly observe
twins in the nanoparticle’s structure. As usual for crystals with
the fcc lattice, they are located in {111} crystallographic
planes.

One can see from the HREM image in Fig. 11a that the
aluminum-oxygen matrix enveloping silver particles is amor-
phous. The formed cluster appears as a drop of sapphire that
captured silver nanoparticles during cooling process. The
Fourier analysis of HREM images of particles has revealed
interplanar distances d = 2.28 Å, 2.17 Å, and 2.03 Å. These
distances are shown in particle images in Fig. 11b. The first
two of the values significantly differ from those for silver (d =
2.359 Å; 2.044 Å). Given the accuracy of TEM measure-
ments, these distances can be attributed to both the AgNO3

phase and δ-Al2O3 phase.

Discussion and Perspective

When using hydrocarbon liquids as an absorbent medium, the
advantages of LIBWE technology were clearly revealed [13,

Fig. 5 Crystallization of the
amorphous layer under the
electron beam on the interface
silver-sapphire: a BF TEM image
of the interface sapphire/
amorphous layer and the
corresponding Fourier
diffractogram at the beginning (a)
and at the end of observation (b).
Black arrows indicate the border
of newly grown oriented crystals

Fig. 6 Crystallization of the amorphous layer under the electron beam on
the interface silver-sapphire: a BF TEM image of the amorphous layer
with the formation of randomly oriented sapphire crystals. White arrows
indicate the upper and lower boundaries of the layer
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23, 24]. In this case, exposure to laser radiation causes the
decomposition of the organic medium with the formation of
a highly absorbing layer of carbon. The confinement mode is
implemented, when laser radiation is almost completely
absorbed in the highly localized area between the sample
and the carbon layer. Such a mode contributes to the “en-
hancement” of processes that occur when laser radiation inter-
acts with the materials and allows to create conditions close to
those realized in the case of femtosecond pulses.

Further progress in this direction can be achieved applying
thermoplasmonic LIBWE (see diagram in Fig. 12a). The in-
tensive laser irradiation of silver nitrate water solution triggers

a mechanism of precursor reduction to silver nanoparticles.
Laser radiation initiates the formation of active intermediates
in the solution, which leads to the formation of Ag0 silver
atoms [25, 26] with a gradual transition from individual atoms
to nanoparticles and clusters of silver [27, 28]. At the same
time, the first “seed” pulses of laser radiation form centers of
additional “plasmonic” absorption; the process develops ava-
lanche-like. In the interface of the treated sample surface, an
area with a high concentration of plasmon nanoparticles with a
maximum plasmonic absorption near λ ≈ 430 nm and a wide
long wavelength wing (see Fig. 5c in work [14]) is formed.
This indicates the appearance of spherical and quasi-spherical

Fig. 7 HAADF STEM image of the Ag nanoparticle cluster at the channel entrance (a), elemental maps (b, c), and the corresponding EDX spectrum (d)

Fig. 8 HAADF STEM image (a)
and elemental maps of the Ag
nanoparticles formed on the
channel wall (b-f)
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silver nanoparticles with significant spread in size in the work-
ing fluid [29]. Such “plasmon cloud” provides extremely high
absorption of laser radiation on the sapphire surface.

The achieved temperatures and pressures (temperatures can
reach several thousand of Kelvins and pressures can be several
gigapascals [1]) provide superfast heating of the solution and
dielectric to extremely high temperatures and the transition of
the substance into the supercritical state. In a time range of
10-10 - 10-7 s, “plasma plume” is formed that facilitates a
removal of the materials out of the etching area [3]. After
the laser pulse, the pressure and temperature of the medium
begin to decrease, the processes of nucleation and formation
of nanoparticles and nanoclusters occur in the precursor solu-
tion, and a significantly modified layer is formed on the sap-
phire surface (see Fig. 12b).

The structure of the core-shell nanoparticles, obtained
through laser ablation, was discussed in the articles [30–32].
However, unlike the nano-objects obtained in this work, in
[30], Ag nanoparticles are covered with several nanometer-
thick Al2O3 shells. The morphology and size of the particles
directly affect their plasmon resonance optical properties [33,

34]. The control of optical properties of silver nanoparticles by
varying of technological parameters and subsequent of ther-
mal treatment makes them highly promising for the develop-
ment of optical microscopy and biological research [33].

Aluminum oxide (Al2O3) can exist in several polymorphic
forms: out of which, the most thermodynamically stable one
under the standard conditions is α-Al2O3 (corundum) [35]. At
the same time, with external influence (temperature, pressure),
aluminum oxide can turn into other crystalline, for example,
γ-Al2O3, or amorphous phases [6, 36]. In our case,
thermoplasmonic LIBWE leads to the formation of an amor-
phous aluminum-oxygen matrix with embedded silver nano-
particles on the sapphire surface. Such polymorphic transi-
tions are of significant interest in terms of studying the struc-
ture of the materials.

The development of laser technology allowed to discover
that ultrashort laser pulses enable the transition of sapphire
into amorphous phase, which can be easily treated by conven-
tional liquid etching. A number of works report a similar two-
stage process [37–39]. When using nanosecond pulses, laser
radiation is absorbed by hot carriers (electrons) that heat

Fig. 9 BF (a) and DF (b) TEM images of silver particles and the corresponding SAED pattern (c)

Fig. 10 HREM images of a large Ag particle: (a) general view; (b) enlarged filtered HREM image of the particle area highlighted by a white rectangle.
White lines indicate twinning {111} planes; (inset) Fourier diffractogram taken from the particle area, the [110] zone axis
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initially cold ions with reaching equilibrium time in the range
of τE ~ 10-12-10-11 s [40]. After the heating process, a balance
is established between electrons and phonons, and phase
changes can be considered as a thermal process with quasi-
equilibrium thermodynamic states involving the entire vol-
ume of the materials. In the process of thermoplasmonic
LIBWE, achieved temperatures and pressures provide ex-
tremely high etching speeds [15].

The developed technological process can be very interest-
ing in terms of creating a component base for different areas of
plasmonics. The silver nanolayer formed during this process
can be used for manufacturing of the analogs of channel [41]
and/or chain [42] plasmonic waveguides, as well as for the
structures for plasmonic microfluidics [43]. In addition, such
plasmonic structures can become a basis for the creation of
different types of plasmonic sensors [44], e.g., SERS sensors.

Conclusion

In this work, microstructuring of such high-demand material
as sapphire was carried out using thermoplasmonic laser-
induced backside wet etching (TP-LIBWE). Electron micros-
copy and EDX mapping methods were used for studying the
channels and hybrid plasmonic structures formed on the sap-
phire surface as a result of laser thermoplasmonic impact.

It was established that under the influence of laser radia-
tion, plasmonic precursor (AgNO3) is reduced to silver nano-
particles, which provide huge absorption of laser radiation.
Due to this, a substantially localized area with extremely high
temperatures and pressures providing sapphire ablation was
formed in the absorbing solution—sample interface. It was
shown that in this case, significant phase changes of the sub-
stance occurred: the amorphous phase with embedded silver

Fig. 12 Diagram for the
implementation of
thermoplasmonic LIBWE (a) and
the resulting formation of
nanomaterials (b) 1 sapphire
plate; 2 plasmonic precursor; 3
“plasmonic absorbent cloud;” 4
plasma plume; 5 spreading shock
waves, flying bubbles, and
nanoparticles; 6 amorphous
modified sapphire layer; 7
nanoparticles

Fig. 11 HREM images of the Ag nanoparticle in the amorphous matrix (a) and particles of different sizes with interplanar distances that are different
from d for silver (b)
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nanoparticles was formed on the surface of the crystalline
sapphire. The thickness of the surface amorphous sapphire
layer was up to 170 nm. Its crystallization was activated by
an electron beam in a transmission electron microscope. The
thickness of the layer with silver nanoparticles reached 50 nm;
the size of nanoparticles varied in the range of 2-60 nm. The
nanoparticles were located both in the amorphous layer and on
its surface. It was established that the presence of twins was a
characteristic feature of the nanoparticles observed. The struc-
tural changes initialized by TP-LIBWE, and possible applica-
tions of the formed structures were discussed.
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