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Abstract—Chalcogenide vitreous semiconductors (ChVSs) are of both fundamental and applied interest as
materials in which reversible structural transformations within the amorphous phase and phase transitions to
the crystalline state can be effectively implemented and various microstructures and nanostructures can be
obtained as a result of external effects. One of the most promising methods for such ChVS modifications is
the pulsed-laser-irradiation technique, which is a noncontact technology of local impact and makes it possi-
ble to change the structural, optical, and electrical properties of samples in a wide range. This includes meth-
ods based on the precision formation of a surface microrelief and nanorelief, and high contrast in the con-
ductivity and refractive index between the crystalline and amorphous phases. This work reviews key publica-
tions on the structural modification of thin films from the most widely studied binary and ternary ChVS
compounds (As2S3, As2Se3, Ge2Sb2Te5, etc.) to show the use of irradiated samples as metasurfaces for pho-
tonic applications and promising phase-change data storage.
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INTRODUCTION
The modern world cannot be imagined without a

huge number of electronic devices, such as computers,
mobile devices, the Internet of things, and other
devices. The functioning of the vast majority of them
is based on semiconductors. The modern semicon-
ductor industry is based mainly on the use of silicon
technology and III–V compounds. At the same time,
there are other classes of functional semiconductor

materials, among which, chalcogenide semiconduc-
tors (compounds based on sulfur, selenium, and tellu-
rium) occupy a special place. These materials are of
interest since they have exhibited the vast majority of
semiconductor effects significant for the development
of science.

In 1833, Faraday for the first time observed an
increase in conductivity with temperature increase
(a typical semiconductor dependence) on silver sul-
fide [1]. Forty years later, Smith discovered the phe-
nomenon of photoconductivity while working with
selenium [2] and Brown discovered the rectification
effect at the contact between metal and lead sulfide
[3]. The photovoltaic effect was also observed in sele-
nium for the first time [4].

Studies of chalcogenide semiconductors contin-
ued; special interest in them flared up with renewed
vigor in 1955 after the discovery of the semiconductor
properties of chalcogenide glasses with complex com-
position by Goryunova and Kolomiets [5]. As empha-
sized by Mott in his Nobel lecture [6], this discovery
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changed the existing paradigm about the nature of the
band gap in noncrystalline semiconductors. Before
the Kolomiets–Goryunova discovery, the band gap
was believed to be generated exclusively due to the
long-range order existing in crystals.

The next significant impetus for research into vit-
reous (amorphous) semiconductors was provided by
the studies of Kolomiets and Lebedev: in 1963, they
discovered the switching effect in chalcogenide glasses
with a sawtooth voltage applied to them [7]. A few
years later, Ovshinskii showed that thin films of amor-
phous chalcogenides after switching were character-
ized by transformation of the local structure and the
low-resistance state was maintained even after voltage
removal; i.e., a memory effect is observed [8]. These
effects found application in rewritable optical disks
(from CDs and DVDs to Blu-Ray disks) and in the lat-
est implementation of nonvolatile 3D-XPoint mem-
ory, produced jointly by Intel and Micron under the
Optane brand [9, 10]. It should be noted that both the
memory elements themselves and selectors were made
of amorphous chalcogenides in Optane solid-state
memory [11].

Among other studies over recent years, one should
note a great interest in a class of materials such as
topological insulators. The vast majority of topologi-
cal insulators are produced based on binary chalco-
genides (Sb2Te3, Bi2Te3, and Bi2Se3) [12, 13], as well as
CdTe–HgTe structures. The publication [14] in 2007
is generally considered the first study that experimen-
tally demonstrated the properties of a topological
insulator in CdTe–HgTe structures. In this regard, it
should be noted that the existence of two-dimensional
edge states protected by symmetry with respect to time
reversal (i.e., topological states) was theoretically pre-
dicted 20 years earlier by a team of Soviet physicists
Pankratov, Pakhomov, and Volkov [15].

Chalcogenide compounds are also typical repre-
sentatives of the currently actively studied class of two-
dimensional semiconductors. These primarily include
transition-metal dichalcogenides [16], as well such a
material as InSe, which has a record carrier mobility
[17]. Taking into account the diversity of electrophys-
ical and optical effects and application possibilities,
the history of chalcogenide semiconductors is far from
being limited by these events.

In this review, we focus on the property of amor-
phous chalcogenides (also called chalcogenide vitre-
ous semiconductors (ChVSs)), such as the ability to
reversibly change their structure and properties,
including nanostructuring and microstructuring,
under external effects, in particular, light effects. Let
us consider the prospects for creating photonic and
phase-memory devices based on thin films of these
materials.
NANOB
1. PHOTOINDUCED EFFECTS IN ChVSs

A photoinduced change in the properties of ChVSs
was first demonstrated in [18], where it was shown that
the irradiation of As2S3 films with light led to a revers-
ible change in their transmittance, so-called reversible
photodarkening. The photodarkening is accompanied
by a change in film thickness [19, 20], which can be
used for the production of lenses and diffraction grat-
ings. The photodarkening-induced change in the rate
of ChVS dissolution in different etchants makes them
promising materials for use as photoresists [21]; in
addition, the use of synchrotron radiation makes it
possible to form structures about 30 nm in size in
ChVSs [22]. X-ray scattering experiments showed that
all these processes were determined by reversible
changes in the short-range order of ChVSs [23].

In the case of linearly polarized light, photoin-
duced anisotropy is oriented to ChVSs; it can be reori-
ented or erased by further irradiation with orthogo-
nally polarized or unpolarized light, respectively [24].
Irradiation with polarized radiation leads to anisotro-
pic mass transfer of the film substance [25].

It is important to note the process of reversible
crystallization–amorphization. Thus, an As50Se50 film
thermally crystallized into the realgar structure returns
to the amorphous state as a result of further illumina-
tion [26].

A particular place among ChVSs, which exhibit
reversible phase transitions (“amorphous phase–crys-
talline phase–amorphous phase”) and are called
phase-change materials (PCMs), is occupied by tellu-
rium-based alloys. As noted above, these materials
have found wide application in optical and electrical
memory cells [27].

Most photoinduced effects obey the law of reci-
procity (when the resulting effect is proportional to the
radiation dose, i.e., the product of the intensity of light
exposure to its time). Of particular interest are pro-
cesses under the effect of ultrashort (femtosecond)
laser pulses when intense electronic excitation exceeds
thermal processes with respect to the rate and effi-
ciency of structural transformations [28–32].

Phase transitions between two states and associated
structural transformations are responsible for the pos-
sibility of data recording and rewriting in ChVSs. The
compactness and speed of information encoding by
focused laser radiation make it promising to use thin
films based on PCMs, primarily the Ge2Sb2Te5 com-
pound (GST225) with a high contrast of the refractive
index between the crystalline and amorphous phases
[33], as data carriers, which have competitive advan-
tages over existing f lash and DRAM memory technol-
ogies [34]. In addition, structured thin ChVS films are
of undoubted interest for photonics as metasurfaces
[35–37] and waveguide structures [38, 39], which are
transparent in the telecommunication range. In these
cases, structuring can consist not only in laser-
IOTECHNOLOGY REPORTS  Vol. 18  No. 6  2023



STRUCTURAL TRANSFORMATIONS AND FORMATION 831
induced phase transitions (which, in particular, lead to
nanocrystallization of the material), but also result
from so-called direct laser recording of a micron and
submicron relief on the irradiated surface. Therefore,
the interest of researchers in the field of the laser
structuring of ChVSs is determined both by the possi-
bility of controlling the phase state of the material,
including its reversible processes, and by technologies
for a direct change of the surface morphology by irra-
diation with laser pulses with certain energy and time
parameters along predefined trajectories of the beam
relative to the sample.

Therefore, further progress in the creation of
devices and systems based on ChVSs for applications
should be determined by the extent to which research-
ers will understand the fundamental nature of crystal-
lization and reamorphization in these materials, as
well as the pattern of relief modification under laser
irradiation or other external (thermal and electrical)
effects and, accordingly, the ways to control these pro-
cesses.

2. CRYSTALLIZATION AND NUCLEATION 
IN ChVSs AND PHASE-CHANGE MATERIALS

The crystallization of PCMs such as ChVSs is
described based mainly on three approaches: the clas-
sical crystallization model, the Johnson—Mehl—
Avrami—Kolmogorov (JMAK) theory, and the non-
isothermal crystallization model. Let us consider the
features of these approaches.

The crystallization of liquids or deposition of crys-
tals from solutions are described using a model based
on the consideration of the process of nucleation and
the associated process of crystal growth. The approach
was proposed by Tammann about 100 years ago [40–
42] and has undergone numerous experimental tests at
different facilities over time. Despite the somewhat
simplified model representations, the approach is
quite applicable to real systems. The essence of the
approach is that the crystallization process can be
described as the sum of two processes, namely, as
steady-state nucleation (this is the number of crystalline
centers capable of growth, which are formed per unit
volume per unit time in supercooled melt as a result of
thermal fluctuations) and as crystal growth, the mech-
anisms of which can be different. For instance, the stan-
dard model assumes that all positions are equivalent on
the nucleus surface and each of them can serve as a site
for further crystal growth. Models of the growth of two-
dimensional nuclei are also considered; these models
are based on the addition of a particle (molecule), e.g.,
to the face of a screw dislocation.

In the general case, the driving force of the crystal-
lization process is determined by the difference
between the free energies of the melt and crystal,
which is generated in the supercooling region of the
liquid phase, i.e., at temperatures below the melting
NANOBIOTECHNOLOGY REPORTS  Vol. 18  No. 6 
point; the second feature of the process is that crystal-
lization begins after a certain time delay. This classical
approach to the phenomenon of crystallization is quite
well described by mathematical expressions, experi-
mentally confirmed for different systems, and
described in many monographs and articles, e.g., in
[43, 44].

Numerous studies have shown that the maximum
crystallization rate under conditions of homogeneous
steady-state nucleation in inorganic glass-forming sys-
tems (including ChVSs) is achieved under conditions
of moderate melt supercooling, since the nucleation
rate under strong supercooling conditions is low due to
the high viscosity of the melt, while this indicator is
insignificant at low supercooling as a result of the great
value of the free energy of nucleation [45, 46]. We note
that the description of real crystallization processes,
e.g., under the effect of laser radiation, should take
into account that this process occurs with a time delay,
i.e., it is nonsteady state, at least in the initial time
period. Therefore, the kinetic factor is an important
parameter during the study of the pulsed-laser crystal-
lization of thin-film noncrystalline semiconductors. It
is also necessary to take into account that, in the gen-
eral case, homogeneous nucleation may be addition-
ally “superimposed” with heterogeneous nucleation,
which, in turn, is determined by the presence of inter-
faces between the corresponding phases, foreign
inclusions, and other inhomogeneities in the material.
Therefore, it can be stated that the maximum rate of
crystallization will be observed under the condition of
maximum overlap of the curves characterizing the
rates of nucleation and crystal growth.

An approach called the JMAK theory is often used
to describe the isothermal crystallization of ChVSs
and PCM materials; this approach makes it possible to
calculate the volume percent of the crystalline fraction
without knowing certain nuances associated with the
nucleation rate and crystal growth in the amorphous
matrix [47–49].

The JMAK equation has a relatively simple analyt-
ical form

(1)

where t is time, n is the Avrami coefficient, and k is the
effective constant of the rate of the crystallization pro-
cess. Accordingly, if we experimentally measure the
percent of the crystalline fraction  at different time
intervals, the slope of the straight line in the coordi-
nate system ln[–ln(1 – x)] = f(ln(t)) will give the value
of the Avrami coefficient and the intersection with the
coordinate axis will give the value of the rate constant.
Theoretically, the Avrami coefficient n included in
Eq. (1) makes it possible to estimate the size of the
growing crystals in a number of cases: the number of
spherical crystals grows at n = 3, while f lat structures
are formed at n = 2. The effective rate constant k inte-
grally takes into account both the nucleation rate and

( ) = − −1 exp[ ],nx t kt
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crystal growth rate and its temperature dependence
obeys the classical Arrhenius law, according to which
the activation energy value corresponds to the crystal-
lization activation energy (Ea), without dividing the
process into nucleation and particle growth, and the
pre-exponential factor, or frequency factor ( ), is a for-
mal value without a clear physical meaning, somehow
characterizing the crystallization of a certain phase.
Therefore, parameters n, , and Ea can effectively char-
acterize the crystallization process within the JMAK
formalism during the performance of a simple experi-
ment on isothermal annealing of the test material.

Numerous studies of ChVSs and PCM materials
using the JMAK model [50–53] have shown that the
above key characteristics describing crystallization can
vary in a fairly wide range even for formally the same
chemical composition. For instance, the crystalliza-
tion activation energy can vary from 0.81 to 3 eV for the
most studied PCM GST225 material, although most
of the published values range from 2.2 to 2.6 eV [54]. A
similar situation is observed with the Avrami coeffi-
cient: its spread is 2.5 to 5.8; the frequency factor has
an even greater range: from 1017 to 1086 s–1. These strik-
ing differences are obviously determined by the fact
that the JMAK model is built on a number of assump-
tions that are not implemented in ChVSs to the required
extent; specifically, the process of nucleation is uniform
throughout the volume and steady state; the rate of
crystal growth does not depend on the size of the
nucleus and is controlled by its surface. Such assump-
tions do not work in many cases, in particular, under
conditions of nonsteady-state and nonisothermal pro-
cesses, which are most important for PCMs during the
operation of real devices, such as memory cells. We note
that attempts were made to improve the JMAK model,
taking into account nonuniform nucleation, anisotro-
pic crystal growth, nonisothermal heating, etc. [55, 56].

As applied to amorphous thin films and ChVS and
PCM films and their crystallization under the influ-
ence of pulsed-laser radiation, including a femtosec-
ond laser, the classical approach gives a fairly good
agreement with the experiment in some cases. For
instance, the work [57] described the process of crys-
tallization of an amorphous GST225 film under the
effect of a single laser pulse, (τ = 185 fs, λ = 1030 nm)
within the solution of a system of equations describing
the temperature dependences of the time of crystallite
nucleation and the rate of nucleation and growth of
crystallites. This made it possible to construct so-
called TTT diagrams (time-temperature-transforma-
tion diagrams) and determine the critical rate of crys-
tallization, when the minimum detectable limit of the
crystalline phase, equal to 10–8 of the volume fraction,
and the cooling rate required for complete crystalliza-
tion of the amorphous matrix are generated. In the
described approach, the laser pulse is considered as a
point source of heat for the film, which made it possi-
ble to accurately describe the distribution of the crys-

v

v

NANOB
talline phase in the amorphous matrix at different pulse
energy levels; the distribution calculated in this case was
well consistent with the experiment. An important
assumption in this approach to the crystallization pro-
cess is the consideration of kinetic processes; namely, it
is assumed that crystallization should have a shorter
characteristic time than that of thermal diffusion. In
other words, crystallization should end before the heat
reaches the substrate. Otherwise, a single pulse is insuf-
ficient to crystallize the GST225 film.

An important factor during the phase transition of
PCMs is consideration of the pattern of the external
effect, i.e., the answer to the question whether the
source of the external effect serves solely as a source of
heat or its electromagnetic nature should be also taken
into account (here, the matter concerns only an elec-
tric field or a light wave). In [58, 59], a crystallization
model is proposed for amorphous GST225 films
under the effect of a strong electric field. The model
was based on the earlier ideas of S. Ovshinskii that,
firstly, nucleation in ChVSs depends on the electric
field, which leads to a decrease in the activation energy
of nucleation when the field is applied; secondly,
under conditions of strong fields corresponding to
switching (actually phase transition), crystalline
nuclei are generated in the form of filaments or elon-
gated threads and the amorphous high-resistivity
phase can be shunted. This model showed that the
crystalline phase could grow at the end of the filament
at a significant rate as a result of the concentration of
the electric field and a significant decrease in the
energy barrier to nucleation in this region. It is inter-
esting that the model is also applicable for weakly
absorbing laser exposure (i.e., exposure excluding
material heating), since the electric field of the laser
promotes the growth of crystals along the direction of
the polarization vector of the electric field.

3. ChVS METASURFACES

Since a significant amount of studies of ChVSs is
devoted to thin microstructured and nanostructured
films based on ChVSs, we can distinguish the use of
such systems as metamaterials and metasurfaces.

Metamaterials, which have attracted keen interest
from researchers over the past few decades (although
they became known much earlier), are usually a com-
posite with properties determined by an artificially cre-
ated periodic structure with electromagnetic properties
that are not observed in nature. For instance, well-
known photonic crystals exhibit a periodic change in the
refractive index in spatial directions, with a period com-
parable to the wavelength of light. Without going into
details of the physics of metamaterials, we can recom-
mend the latest reviews on this topic [60–62].

Metasurfaces are a two-dimensional counterpart to
metamaterials; they are well suited for controlling light,
since they tend to have lower losses than bulk metama-
IOTECHNOLOGY REPORTS  Vol. 18  No. 6  2023
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Fig. 1. Experimental (a) and theoretical (b) angle-resolved reflection spectra for a GST225 thin-film surface grating in the amor-
phous phase on a quartz substrate. The term air–air Rayleigh anomaly refers to the diffraction of a plane wave into the surround-
ing medium (air). The term air–SiO2 Rayleigh anomaly means the diffraction of a plane wave from air into the quartz substrate.
The same terminology is used for Wood’s anomaly [63]. 
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terials and their production is generally simpler (they
are sometimes termed as metafilms). Metasurfaces ran-
domly change the front and phase of light incident on
them. Typically, lenses are used to change the light
front. Their use makes it possible to control the light
front; however, this control most often takes up a large
amount of space and, accordingly, weighs a lot. There-
fore, the replacement of lenses by metasurfaces is a
technically attractive idea, and an almost unlimited
number of devices can be created based on metasur-
faces. The dimensions of all currently existing optical
systems (filters, detectors, and irradiators) can be sig-
nificantly reduced through the use of metasurfaces.

Tunable (reconfigurable) metasurfaces formed using
ChVSs as a functional material have new prospects for
development and further commercialization. We note
that such nanostructures are also interesting from the
point of view of fundamental physics. For instance, the
work [63] shows that quasi-waveguide modes can be
NANOBIOTECHNOLOGY REPORTS  Vol. 18  No. 6 
effectively excited in surface gratings based on the
GST225 chalcogenide semiconductor, which, in turn,
leads to the appearance of narrow resonances (Rayleigh
and Wood anomalies) in the optical response of the
structures at certain values of frequencies and wave vec-
tors. The experimental dependences of the observed
peaks in the angle-resolved reflectance spectra,
obtained by spectral Fourier microscopy are well consis-
tent with the theoretical calculations (Fig. 1).

On the whole, metasurfaces based on films of
phase-change memory materials, such as GST225, are
promising for optical modulation [35], in particular,
for controlling the beam shape and the direction of
propagation of the light beam [64], as well as for con-
trolling the absorption of optical systems; the 7 : 1
optical contrast is reached during the phase transition
from the amorphous to the completely crystalline
phase [36]. Such metasurfaces are of interest for polar-
ization conversion [37]; in addition, they can be used
 2023
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Fig. 2. Schematic representation of a metasurface (a) and
kinetics of its heating when electrical pulses are applied to
the heater for complete crystallization (b) and amorphiza-
tion (c) of the GST225 layer. Solid lines indicate the enve-
lopes of the electrical signal supplied to the microheater
and the dotted lines show heating kinetics [68]. 
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to create diffractive optical elements of rewritable
holograms (so-called computer-generated holograms
(CGHs)) [65] and potentially energy-independent
color displays, in which the GeTe-type ChVS crystal-
line phase coated with periodically placed aluminum
circles selectively absorbs RGB light, depending on
the circle diameter, and, accordingly, generates pixels
of different colors, and the amorphous phase sup-
pressing the resonant absorption of light exhibits
pseudo-white reflectivity [66]. The change in the
degree of crystallinity in a metafilm based on GST225
using a pulsed laser [67] showed the possibility of cre-
ating tunable narrow-band filters in the mid-IR wave-
length range of 3–5 μm.

Until recently, the main problems in the develop-
ment and commercialization of these metasurfaces
were the process of initiating a change in the phase
state and, consequently, the creation of reconfigurable
metasurfaces, as well as a high level of optical losses in
these metasurfaces. Phase transformations in the
functional material of metasurfaces are initiated using
two main approaches, laser radiation or passing elec-
tric current through a PCM, which, accordingly,
requires the use of a large laser system or many addi-
tional technological processes providing the local
heating of nanoscale areas of the metasurface.

An example of solution to this problem is the pos-
sibility of using an approach proposed in [68], where
an external microheater controlled by electrical pulses
with various shapes and durations was used to switch
metasurface elements based on GST225 (Fig. 2).

The problem of optical losses can be solved by
changing the composition of functional PCMs to
achieve maximum transparency of the amorphous
state while maintaining sufficient optical contrast in
the wavelength range required for operation of the
device under development. For example, binary Sb2S3
and Sb2Se3 ChVSs, which have a high transparency in
the telecommunication range of about 1550 nm and a
refractive index well consistent with the components
of silicon photonics, are promising from this point of
view [69]. However, changes in the refractive index are
significantly lower during the phase transition for
these binary compositions than for GST, which,
accordingly, requires a larger (by about 3 times) optical
path to obtain the same phase shift at the same mate-
rial thickness.

4. LASER-INDUCED PERIODIC SURFACE 
STRUCTURES AND ARTIFICIAL 

ANISOTROPY IN THIN ChVS FILMS

Irradiation with ultrashort laser pulses with a dura-
tion of no more than a few units of picoseconds causes
not only relatively quick photoinduced phase transi-
tions in thin ChVS films, but also (under certain con-
ditions) the formation of surface gratings with periods
that are close to the wavelength of the structuring laser
NANOB
pulses [70, 71] or even several times smaller than their
wavelength [72, 73].

As a rule, the formation of such laser-induced peri-
odic surface structures (LIPSSs) is determined by the
excitation of surface plasmon polaritons by femtosec-
ond laser pulses [71, 73]. A surface electromagnetic
wave photoinduced in this way can interfere with the
incident radiation and lead to the appearance of a
resulting standing wave, which induces both the peri-
odic modulation of phase transitions in the surface
layer and (if the ablation threshold is exceeded) the
formation of a periodic relief on the micron and sub-
micron scales. In this case, the irradiated surface
IOTECHNOLOGY REPORTS  Vol. 18  No. 6  2023
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Fig. 3. Scanning electron microscope (SEM) microphoto-
graph (130 nm thick) of a GST225 film on a thermally oxi-
dized silicon substrate irradiated with 750 laser pulses
(135 fs, 1250 nm, 0.1 J/cm2). The light horizontal band
corresponds to the reamorphized region along the path of
the irradiating laser beam with a Gaussian profile in its
central part. The direction of the electric-field strength is
indicated by an arrow [71]. 

10 �m
should not be necessarily a metal for the generation of
plasmon polaritons: the sufficient concentration of
free charge carriers during the process of LIPSS for-
mation is provided by the generation of free charge
carriers in the field of high-power femtosecond laser
pulses [74].

The theory of LIPSS formation began to be actively
developed in the early 1980s by the group of Professor
Sipe [75], as well as by Emel’yanov et al. [76, 77] and
other scientists. It was shown that the period and ori-
entation (perpendicular or parallel to the polarization
of the structuring laser pulses) of appearing structures
depended on the values of the complex dielectric con-
stants of the environment and the surface layer during
irradiation. In turn, according to the Drude theory,
the latter value directly depends on the value of the
laser-pulse energy f luence absorbed by the surface,
which was reflected in [71, 78], where it is shown that
the energy characteristics of incident laser pulses are
correlated with the period and the orientation of
appearing LIPSSs through the concentration of free-
charge carriers and the value of the complex dielectric
constant of the surface layer during irradiation.

Despite the advances achieved through the devel-
opment of femtosecond-laser technology in the for-
mation of LIPSSs on different surfaces of metals,
semiconductors, and dielectrics, the interest of scien-
tists in such structures has been stimulated by chal-
lenges of finding ways to miniaturize memory ele-
ments in the last decade. In particular, the classical
recording of information by a focused beam of light is
spatially limited by the diffraction limit, λ/2n, where λ
is the light wavelength and n is the refractive index of
the medium carrying the information. The decrease in
the λ value and work with UV radiation involve signif-
icant difficulties in information encoding and decod-
ing and makes these related technologies much more
expensive than technologies used in the variant with
visible or near-infrared radiation. At the same time,
the creation of regions with periodic modulation of the
relief on wavelength and subwavelength scales using
laser radiation makes it possible to increase the volume
of information encoded in one memory cell (voxel)
without reducing the wavelength of the structuring
radiation as a result of artificial anisotropy [79–81],
which is determined by mechanical stresses in the
selected direction or by periodic modulation of the
dielectric constant [82]. In this way, the direction of
the anisotropy axis and value of birefringence and
dichroism, which is determined by the polarization
and energy f luence of the structuring laser pulses,
respectively, currently make it possible to encode up to
8 bits of information (instead of 1 bit) in a voxel of
fixed volume without reducing the wavelength [83].

However, the above-listed works describe experi-
ments either with thin films of amorphous silicon, in
which LIPSSs and regions appear in the nanocrystal-
line phase after irradiation, or with sodium borosili-
NANOBIOTECHNOLOGY REPORTS  Vol. 18  No. 6 
cate and quartz glasses. In the former case, the practi-
cal use of these materials as a basis for information car-
riers is significantly limited by the relatively low
contrast of optical properties of amorphous and crys-
talline silicon; in the latter case, it is highly limited by
the impossibility of rewriting information. The use of
ChVSs makes it possible to largely avoid these limita-
tions and simultaneously allow the formation of aniso-
tropic regions with LIPSSs, which has been demon-
strated in studies with thin films of GST225 over the
past 5 years.

Thus, the change in the type of substrates on which
thin films are applied [71, 84] and regulation of the
energy, number, and wavelength of laser pulses [72,
85] make it possible to control the LIPSS morphol-
ogy: gratings can be oriented parallel or perpendicular
to the polarization and their period is approximately
equal to or several times lower than the wavelength of
incident radiation λ. The typical image of LIPSSs on
a thin GST225 film is shown in Fig. 3.

It is important to note that the appropriate param-
eters of pulse irradiation in the transparency region of
GST225 with λ from 800 to 2000 nm make it possible
to produce LIPSSs with clearly defined subwavelength
periods Λ obeying the law Λ = λ/2n [72], where the
values of the refractive index are n ≈ 4 in the given
spectral range for amorphous GST225 [33], and pro-
vide periodic modulation on the nanoscale.

At the same time, reversible “amorphous–crystal-
line” GST225 phase transitions and the formation of
different types of LIPSSs by varying the energy inside
the laser beam, polarization, and wavelength of laser
pulses make it possible to carry out rewriting of the
surface gratings and information encoded in these
gratings [71, 72] (Fig. 3).
 2023



836 ZABOTNOV et al.

Fig. 4. Reflection spectra of a 200-nm-thick GST225 film
on a thermally oxidized silicon substrate irradiated with
240 laser pulses (135 fs, 1250 nm, 0.2 J/cm2). The direction
of polarization of light incident at an angle of 13° to the
normal line is compared with the scanning direction of the
surface-modifying laser beam. The orientation of the
LIPSS is orthogonal to the scanning direction [87]. 
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The periodic alternation of regions in the amor-
phous and crystalline phases inside the formed
LIPSSs [72, 85, 86] (so-called phase-change gratings)
determine a clearly defined the form anisotropy [82]
in the studied structures based on GST225 and, con-
sequently, the anisotropy of their optical and electrical
properties. An attempt at a comprehensive analysis of
this topic was carried out in [87]. The measured
reflection spectra in the near-IR range show that the
values of the reflection coefficients can differ by up to
4%, depending on the polarization of the incident
light in the presence of LIPSSs in the irradiated film
(Fig. 4), and the behavior of these spectral depen-
dences is in good agreement with the simulation results
within the generalized Bruggeman model for LIPSS-
simulating nanocomposite laminar media [88, 89].

The anisotropy of the conductivity of GST225
films that were considered in the same work is much
more pronounced and can reach 5 orders of magni-
tude for measurements in the temperature range of
200–400 K at a direct current applied in two mutually
orthogonal directions in the sample plane. This signif-
icant contrast is explained by the periodic alternation
of GST225 regions in the form of parallel lines in the
crystalline and amorphous phases, when the conduc-
tivity proves to be maximum with current applied
along the lines as a result of the effective transfer of
charge carriers through crystalline channels and the
amorphous regions act as barriers in the orthogonal
direction.

As a result, along with reversible phase transitions,
the existence of LIPSSs in GST225 films irradiated
with femtosecond laser pulses opens up new horizons
for the use of these structures with artificial optical
NANOB
and electrophysical anisotropy as rewritable memory
elements sensitive to the polarization of incident light
and current applied in the film plane.

Such LIPSSs, when produced with high quality
using femtosecond laser pulses, also demonstrate the
properties of the diffraction grating. Thus, the work
[90] experimentally demonstrated the possibility of
recording two-dimensional structures (with linear
dimensions of 1 mm in length and about 50 μm in
width) on amorphous GST225 films during irradia-
tion with femtosecond pulses; they consisted of 50
parallel high-quality alternating amorphous ridges
and crystalline cavities. The period of such structures
corresponded to the irradiation wavelength and the
relief height was only 8 nm, which suggests the forma-
tion of an almost two-dimensional structure. This
type of region was actually a two-phase binary peri-
odic structure, which can be used as a diffraction grat-
ing. The study experimentally demonstrated the for-
mation of a diffraction pattern upon the reflection of
light and determined the efficiency of diffraction
orders for the TM and TE modes, when incident
waves are charcterized by an electric-field-strength
vector lying in the plane of light incidence and ortho-
gonally to it, respectively. It was concluded that the
relative intensity of diffraction orders could be used to
determine the topography of the formed LIPSSs and
that this approach allowed for direct optical control of
the laser writing process in situ.

Various types of surface structures can also be
formed in arsenic sulfide (As2S3) films: surface one-
dimensional gratings, ring-shaped concentric struc-
tures, and nanopillars [73] (Fig. 5). The formation of a
certain type of structures and their period and orienta-
tion are determined by the number and energy density
of laser pulses acting on the material.

Based on the results of the analysis of reflection
from the irradiated surface using the “pump–probe”
method, the following scenario for the evolution of the
appearing structures was proposed in [73]. During
irradiation by several pulses, the interference of
excited plasmon polaritons with incident radiation
leads to the formation of surface gratings with a period
close to the wavelength of the structuring radiation
(800 nm) and an orientation perpendicular to its
polarization (Fig. 5a). An increase in the number of
pulses (starting from 10) leads to additional redistribu-
tion of the electromagnetic field of incident radiation
on the formed relief, thereby additionally leading to
the formation of LIPSSs oriented along the polariza-
tion with a period of about 200 nm (Fig. 5b) and nano-
pillars (Fig. 5c). A further increase in the number of
pulses to 50 also leads to the formation of concentric
rings with a period of about 700 nm, which result from
incident radiation reflected from the surface of the
formed crater (Fig. 5d).
IOTECHNOLOGY REPORTS  Vol. 18  No. 6  2023
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Fig. 6. SEM images of an As2Se3 film with a thickness of
840 nm on a substrate with a conductive sublayer
(Cr/SiO2/Si), irradiated with 200 (a), 800 (b), and 1200 (c)
laser pulses. The direction of the electric-field strength is
indicated by an arrow. 

(а) 10 �m

(b)

(c)

Fig. 5. SEM images of an As2S3 film irradiated with 2 (a),
10 (b), 20 (c), and 50 (d) laser pulses with a wavelength of
800 nm and an energy of 6.2 mJ/cm2. The direction of the
electric-field strength is indicated by an arrow [73]. 
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We recently obtained similar LIPSSs in thin films
of arsenic selenide (As2Se3) as a result of their struc-
turing by radiation at the second optical harmonic fre-
quency from a Satsuma femtosecond laser (Amplitude
Systems) (515 nm, 300 fs, 0.1 μJ). Irradiation with
200–800 laser pulses leads to the formation of LIPSSs
with a period of about 180 nm, which are oriented par-
allel to the polarization of the structuring radiation
(Figs. 6a and 6b). The increase in the number of pulses
in the center of the crater involves the formation of
additional orthogonal gratings with an average period
of 460 nm (Fig. 6c).

The simultaneous existence of several types of
LIPSSs in the same crater is most likely determined by
the inhomogeneous intensity distribution along the
profile of the Gaussian laser beam used for irradiation.
Different intensities lead to an uneven spatial distribu-
tion of the concentration of photoinduced charge car-
riers in the surface region, which, in turn, determines
the variation in the values of the complex dielectric
constant and conditions for the excitation of surface-
plasmon polaritons, which are responsible for the for-
mation of the subwavelength surface relief [71, 74, 78].

We note that the above-listed structures simultane-
ously coexist within the ablation crater; i.e., so-called
hierarchical structures are formed, which significantly
expands the possibilities of designing metasurfaces
based on thin As2S3 films.

In addition to the classical plasmon-polariton
mechanism of LIPSS formation, it is also technologi-
NANOBIOTECHNOLOGY REPORTS  Vol. 18  No. 6 
cally possible to implement other approaches to sig-
nificantly reduce their periods. Thus, the work [91]
describes experiments to reduce the period of the
formed LIPSSs in As2S3 films by 2 times via rotation of
the sample by 90° at the second stage of its irradiation
in the raster scanning mode with a laser beam, which,
according to calculations, leads to resonant localiza-
tion of the electromagnetic field along the ridges of the
grating formed as a result of the first scanning and to
 2023
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Fig. 7. Atomic force microscopy-based microphotographs (a, c) and profilograms (b, d) of the surface of an As2S3 film irradiated
with 10 femtosecond laser pulses (100 fs, 800 nm) with energies of 0.1 (a, b) and 0.4 mJ (c, d) [92]. 
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the accompanying ablation of the material from these
regions.

A similar effect of ablation from the ridge of the
As2S3 surface grating was observed in [92], but without
changing the scanning strategy with femtosecond laser
pulses (Figs. 7a and 7b).

The formation of nanocavities with an average
diameter of 300 nm, periodically placed in the formed
gratings, was also recorded (Figs. 7c and 7d). The for-
mation of such nanocavities in ChVSs is presumably
due to microexplosions and the relatively low thermal
conductivity of As2S3, which causes increased heating
of the material in certain areas corresponding to the
maxima of the electromagnetic-field distribution
during irradiation.

As a result, our analysis of all types of appearing
hierarchical structures suggests that, during the for-
mation of LIPSSs, it is sometimes necessary to take
into account not only the model of plasmon-polariton
excitation, but also the effects of local heating on
nanoscales under the action of laser pulses.

Despite significant advances in the formation of
LIPSSs in ChVSs such as GST225, As2S3, and As2Se3,
it still cannot be said that the diversity of these struc-
tures is inherent in a wider range of ChVSs due to lack
NANOB
of works confirming this assumption to date. This is
partly due to differences in the absorption spectra,
thermal conductivity, and whole electronic subsys-
tems in different ChVSs. Technologically, this means
that the production of LIPSSs with the necessary
quality for use in applications requires the selection of
an individual set of parameters (wavelength, energy
density, and number of structuring laser pulses), as
well as scanning strategies and laser-beam focusing
conditions, for each specific material. Nevertheless,
the progress in the development of laser technology
and related nanostructuring technologies gives hope
for new results on the formation of LIPSSs for a wider
range of ChVSs in the near future.

CONCLUSIONS

The above-presented review shows the possibility
of transforming the local structure of ChVSs as a result
of external optical, electrical, or thermal effects. These
structural transformations can be reversible; they can
be expressed both by the amorphous phase and by
crystallization, which is described using mainly three
approaches: the classical crystallization model, JMAK
theory, and nonisothermal crystallization model.
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In practice, effects of switching, memory, pho-
todarkening, and photoinduced anisotropy can be
observed as a result of the structural modification of
ChVSs. The use of modern technologies for the
microstructuring and nanostructuring of thin ChVS
films makes it possible to create different types of
metasurfaces and reconfigurable photonic elements,
which can be used as optical modulators, polarization
converters, diffractive optical elements, and IR light
filters.

Of particular interest are structural transformations
under the action of femtosecond laser pulses, when
intense electronic excitation exceeds thermal pro-
cesses in terms of the rate and efficiency of structural
transformations. This makes it possible to carry out
rapid structural transformations, in particular, data
recording and rewriting. At the same time, it is possi-
ble to form surface gratings with wavelength and sub-
wavelength periods based on the photoinduced gener-
ation of surface plasmon polaritons, which determine
the periodic modulation of the relief and/or phase.
Such structures have optical and electrophysical
anisotropy, which is manifested in sensitivity to the
polarization of incident radiation and the direction of
the applied current, which makes it possible to signifi-
cantly increase the density of information encoded by
femtosecond-laser irradiation in phase-change ChVS
films.
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