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Abstract. This work studies the effect of a transverse electric field on the resistance of bismuth thin films.
The existence of an electric field effect in bismuth thin films on mica and polyimide has been experimentally
confirmed. The study obtained experimental dependences of resistance on the transverse electric field strength
for bismuth films of various thicknesses on mica and polyimide. It also revealed changes associated with
a decrease in the thickness of the film and the material of the used substrate. A qualitative interpretation
of the observed effect was given based on the analysis of changes in the mobility of free charge carriers in films
depending on the direction of the electric field, as well as the thickness of the film and the substrate material.

Keywords: bismuth, thin films, resistance, transverse electric field effect

Introduction

The effect of the transverse electric field in semiconductors has been thoroughly studied. It is a power-
ful tool for changing the electronic properties of the near-surface layers of a semiconductor. This effect
currently underlies the technology of the silicon microelectronics metal-dielectric semiconductor.

The use of the electric field effect (EFE) to change the electronic properties of semimetals, bismuth
and its antimony alloys, is a matter of interest. EFE can lead to new effects given the peculiarities
of the energy spectrum of charge carriers in semimetals.

EFE in semimetals has not been studied to date. There are several papers on the study of EFE in bis-
muth films (Butenko et al. 1997; 1999; 2000), but the information contained in them does not provide
a holistic picture of how this effect manifests itself in semi-metals. All of the above factors prompted
us to study EFE in films of semimetals. We have conducted a study of EFE in films of the bismuth-anti-
mony system up to 12 at. % Sb on a mica substrate. The results were presented in (Grabov et al. 2023).
A significant change in the field dependence of the resistance on the film composition was found. An in-
crease in the antimony concentration leads to a change in the sign of the effect to the opposite. A sig-
nificant dependence of the effect on the film thickness was found. We explained these changes
by the changing mobility ratio of free charge carriers.
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To confirm the proposed explanation of the EFE change, we conducted a study of the effect of crystal-
lite sizes on EFE in films of semimetals.

Experiment

The research was carried out on films of pure bismuth. The films were obtained by vacuum thermal
spraying in a vacuum of 10~ Torr. Muscovite mica with a thickness of 20-40 microns and polyimide
with a thickness of 30 microns were used as the substrate. The film was sprayed onto the substrate
at a temperature of 120°C, followed by annealing at a temperature of 250°C. The annealing time was
30 min. (Grabov et al. 2023). Films with a thickness of 50-500 nm were studied. The film deposition
modes used ensure the production of large-block films on a mica substrate (the block sizes are much
larger than the film thickness). The crystallographic orientation of the film crystal is such that the plane
(111) of the crystal is parallel to the plane of the film (Grabov et al. 2017). Bismuth films on polyimide
have significantly smaller block sizes, and the (111) plane can have a misorientation of up to 10°rela-
tive to the substrate plane. The effect of the transverse electric field on film resistance was studied
on a capacitor structure in which the substrate was a dielectric. A bismuth film was applied to one
side of the substrate, and a metal field electrode was applied to the other (Fig. 1). The bismuth film
had contact pads for passing current and measuring the voltage drop. The field electrode covered only
the active part of the bismuth film. The geometric dimensions of the active part of the film were 1 mm
in width and 0.5 mm in length.

Contact pads

Insulator

Fig. 1. Diagram of the samples under study

The measurements were carried out using direct current of the film and alternating voltage
at the field electrode, which made it possible to directly measure the change in film resistance from
the potential at the field electrode. This method improved the repeatability and accuracy of the results
obtained. The measurements were carried out in the frequency range of 50—200 Hz. The polarity
of the control field was determined by the polarity of the field electrode, i. e. a positive polarity meant
that the film under study was negatively charged. The measurements were taken at temperatures
of 77 K and 300 K.

Experimental results

The results of the study into the effect of the transverse electric field on the resistance of Bi films
of various thicknesses on mica at 77 K are shown in Fig. 2.

As can be seen from the figure above, the dependence of the resistance on the transverse field
changes significantly with the thickness of the film. In films of large thickness (500 nm, 250 nm), it has
a nonlinear character, both with positive and negative polarity at the field electrode. In films of this
composition, with a positive potential at the field electrode, a monotonous rise in film resistance is ob-
served with increasing field strength. The relative magnitude of the change increases with decreasing
film thickness. With a negative polarity at the field electrode, the resistance of films with a thickness
of 50 nm and 100 nm goes down.

In films of higher thickness, resistance decreases first and then increases. The position of the minimum
resistance of the film shifts to a region of greater negative field strength as film thickness decreases. For
the 250 nm film, the minimum is thus reached at 75 MV/m, and for the 50 nm film, the minimum is just
beginning, and there is no increase in resistance within the achievable control field strength.
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Fig. 2. Relative change in the resistance of Bi films of various thicknesses
on mica depending on the electric field strength at T = 77 K

A rise in temperature leads to a decrease in the relative change in film resistance. For comparison,
Fig. 2 also shows dependence for a 900 nm thick bismuth film at a temperature of 300 K. Although
the magnitude of the change in resistance is less than at 77 K, the nature of dependence is similar
to the dependence at 77 K.

Fig. 3 shows the study findings relating to the effect of EFE on the resistance of bismuth films on polyi-
mide. The figure presents a significant change in the dependence of resistance on the strength of the trans-
verse electric field. Films of all the studied thicknesses on polyimide have similar dependences with
a minimum near the electric field strength equal to zero. However, it should be noted that the position
of the minimum dependence varies with thickness. In the films with a thickness of 500 nm and 250 nm,
it is located at negative values of the control field, and in the 50-nm film, in the region of a small positive
field. For the film with a thickness of 100 nm, it practically coincides with a field strength of zero.
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Fig. 3. Relative change in the resistance of Bi films of various thicknesses on polyimide
depending on the electric field strength at T = 77 K
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Our studies have shown that reducing the size of blocks in bismuth films significantly changes the ef-
fect of the transverse electric field on the resistance of the films.

Discussion

As we have already noted, the effect of the transverse electric field in semiconductors and semimetals
is significantly different. In semiconductors, the concentration of intrinsic charge carriers is several
orders of magnitude lower than in semimetals, and the conductivity is determined mainly by impurity
charge carriers, while the mobility of charge carriers is weakly dependent on or independent of their
concentration.

In semimetals, the concentration of intrinsic charge carriers is high, so in bismuth, even at 4.2 K,
the concentration of free charge carriers is 3-10*1/m?. The introduction of donor or acceptor impurities
up to a certain point only changes the ratio between the concentrations of electrons and holes in the semi-
metal. In addition, an increase in the concentration of charge carriers is accompanied by a decrease
in their mobility. This is clearly seen in the dependence of the resistivity of bismuth single crystals
on the degree of doping with donor and acceptor impurities. Fig. 4, for example, shows the dependence
of the resistivity of a single crystal of bismuth doped with tin on the degree of alloying.
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Fig. 4. Dependence of the resistivity of a single crystal of bismuth doped with tin
on the difference in the concentrations of holes and electrons. T = 80 K

An increase in hole concentration during tin alloying leads to a rise in the resistivity of the bismuth
single crystal. The effect of a transverse electric field on bismuth films is similar to the effect of doping
these films with donor and acceptor impurities.

The second feature of the transverse electric field in semimetals is the small thickness of the shielding
in these substances, which is a consequence of the high concentration of free charge carriers compared
with semiconductors. In bismuth at 4.2 K, for example, calculation gives a screening thickness of about
9 nm. In semiconductors with weak doping, this value can reach tens of micrometers. However, given
that the dependence is exponential, it can be assumed that the changing concentration in the ‘tails’
of the exponent changes film resistance.

The third factor contributing to the effect of the transverse electric field on the resistance of thin films
of semimetals is the classical dimensional effect. The peculiarity of the anisotropy of the properties
of charge carriers in bismuth and bismuth-antimony alloys leads to the fact that the dimensional effect
on the film thickness and block sizes can change the ratio of the contributions of electrons and holes
to kinetic effects. This can lead to a change in the manifestation of the effect in films of different thick-
nesses. This mechanism is reviewed in detail using the example of the Hall and Seebeck effects in (Ko-
marov et al. 2019).

One should also take into account that the bismuth film on the substrate is strongly deformed. This
deformation leads to a change in the concentration of free charge carriers. At 77 K, the concentration of free
charge carriers in a bismuth film on mica is about 0.75 concentrations in a single crystal and 2.9 concentra-
tions in a single crystal in a polyimide film. This also leads to an additional change in carrier mobility. This
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is most evident in differential kinetic effects, such as the Hall effect. For example, Fig. 5 shows the tem-
perature dependences of the Hall coefficient of bismuth films with a thickness of 800 nm with a different
ratio of film thickness (L) and crystallite size (D).
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Fig. 5. Temperature dependence of the Hall coefficient of bismuth films with a thickness
of 800 nm on mica with a different ratio of block size and film thickness

The above facts can elucidate the observed experimental dependencies. When a positive potential
is applied to the field electrode, the film becomes negatively charged, which increases the concentration
of electrons and reduces the concentration of holes. Considering that in a bismuth film with a large block
size the mobility of holes is higher than that of electrons, such an elevated concentration of electrons
leads to a higher resistance of the film. A change in the polarity on the control electrode induces the en-
richment of the film with holes and a decrease in the number of electrons. At the initial stage, this leads
to a reduced film resistance. With a rise in the excess concentration of the holes, the film resistance goes
up due to a decrease in their mobility (Grabov et al. 2023)

Conclusion

Our study experimentally confirmed the existence of EFE in bismuth thin films. The dependence
of the EFE value on the film thickness was obtained: as the film thickness decreases, the effect increases.
A significant influence of the substrate material on the magnitude and nature of the EFE dependence
was found, and a qualitative interpretation of the observed effect and its changes was given.

Due to the small magnitude of the effect, it can serve as an additional tool for the study of electronic
and hole subsystems in bismuth thin films.
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Abstract. This study examines differences in the microstructure of spherulitic PZT films, in which low-angle
non-crystalline and crystalline branching is realized during the perovskite phase crystallization, using
scanning electron microscopy. It is assumed that the circular-step and radial boundaries observed in the films
are formed due to the disclination mechanism, while their absence is the result of the sequential formation
of single edge dislocations.

Keywords: spherulites, thin PZT films, mechanical stresses, mechanisms of crystal lattice tilting

Introduction

Research into the crystallization processes of thin polycrystalline films of lead zirconate titanate
(Pb(Zr,Ti)O, or PZT) showed that the perovskite phase takes the form of nucleation and growth of in-
dividual islands (spherulites) with their subsequent merging and formation of a block structure. The ima-
ges obtained by scanning electron microscopy (SEM) and the optical method revealed three types
of islands observed, characterized by a) a concentric microstructure (Kwok, Desu 1994; Pronin 2017;
Pronin et al. 1997) b) a radial-radiant microstructure (Carim et al. 1991; Preston, Haertling 1992; Spie-
rings et al. 1993), and c) a microstructure with orientational correlation of crystalline grains in the plane
of the film, distinguished by patterns of intersecting lines and nodes resulting from electron channeling
(Alkoy et al. 2007; Staritsyn et al. 2024).

Direct optical observations of the circular structure crystallization of perovskite islands revealed its
nonlinear nature in time: rapid growth of the islands was replaced by slow or ‘shelf” growth, which was
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Microstructure features of spherulitic lead zirconate titanate thin films

then again replaced by rapid growth (Pronin 2017). The second thing discovered was a two-stage process
of perovskite phase crystallization. The growth of the spherulite, characterized by low density with
a porous structure, was observed at the first stage, and a denser modification of the perovskite phase
was formed as a result of recrystallization at the second (Krupanidhi 1992; Pronin et al. 2010).

Circular-step growth in the form of concentric boundaries of the dense perovskite phase appeared
most clearly (Pronin et al. 2010). It was suggested that such circular boundaries are boundaries of dis-
turbances in the crystal structure, and their appearance is apparently associated with a significant dif-
ference in the densities of the low-temperature pyrochlore and perovskite phases, which, according
to X-ray structural analysis, was ~ 8% (Pronin et al. 1997). This has as a consequence the emergence
of strong lateral mechanical stresses acting on the perovskite island from the low-temperature pyro-
chlore matrix. Film thickness shrinkage, which can reach 3—-5% of the film thickness (Staritsyn et al.
2023), leads to significant relaxation of mechanical stresses. Nevertheless, estimates of residual strain
calculated from the lattice rotation of electron backscatter diffraction data show that the strain can reach
~ 0.75%, and the magnitude of tensile stresses is ~ 0.9 GPa (Pronin et al. 2024). Since the above-described
circular-step, radial-radiant, and axially uniformly deformed microstructures are inherent in many
spherulitic formations of organic and inorganic materials that differ in composition and crystal structure
(Da et al. 2024; Lutjes et al. 2021; Musterman et al. 2022; Savytskii et al. 2016; Shtukenberg et al. 2012;
Woo, Lugito 2016), questions arise about how these microstructures are combined with each other and
what their growth mechanisms are. To address these issues, we studied such microstructures in thin-film
PZT spherulites using scanning electron microscopy.

Objects and methods of research

The objects of the study were thin PZT films with a composition corresponding to the region
of the morphotropic phase boundary with the elemental ratio Zr/Ti = 54/46. The films were deposited
by RF magnetron deposition on ‘cold’” platinized silicon or sitall ST-50 substrates and then subjected
to high-temperature annealing at 530-580 °C to obtain either island perovskite films or single-phase
block films (Staritsyn et al. 2023; 2024). The microstructure of the films was studied by scanning electron
microscopy (Lira3 Tescan and EVO-40 Zeiss). The phase state was determined by the method of X-ray
phase analysis 0-20 (Rigaku Ultima IV) and by the optical method (Nikon Eclipse LV150).

Results and discussion

Fig. 1 shows SEM images of the spherulitic island of PZT films formed on a silicon substrate, ob-
tained in different modes. The image in Fig. 1a was taken in the backscattered electron mode (BSE
mode), which points to the presence of circular boundaries and, therefore, circular-step growth
of islands. These boundaries are clearly visible with normal incidence of the probing beam and detec-
tion of backscattered electrons, which indicates a vertical arrangement relative to the plane of the film.
The same island is presented in Fig. 1b as a GROD map (grain reference orientation deviation), which
is an interpretation of electron backscatter diffraction data and reflects the distribution of misorienta-
tion angles in the island relative to the average orientation of the growth axis, which, as a rule,
falls on the center of the spherulite. The presence of a radial-radiant structure suggests an axially
non-uniform rotation of the growth axis (or crystal lattice) in the island. Thus, the use of various modes
of electron scanning of PZT thin films revealed the structural dualism of the growth of spherulitic
islands.

Fig. 2 shows a change in the rotation angle of the lattice (¢) along the selected radial directions.
The density of points (step) during measurements was 25 nm. It is evident that although the integral
dependence ¢(r) has a character close to linear, the dependence is a sequence of relatively sharp jumps
in the value of ¢, followed by a ‘shelf’ or even a small rotation of the lattice in the opposite direction. This
alternation has a fairly regular character, which manifests itself primarily in areas close to the center
of the island, with a periodicity of about 0.6—0.8 pm. Comparison of the periodicity of jumps on the ¢(r)
dependence and boundaries associated with circular-step growth suggests that the region of boundaries
(crystalline disturbances) corresponds to jumps on the ¢(r) dependence, and the shelves correspond
to the regions between these boundaries. The integral rate (gradient) of rotation of the growth axis
in the observed island was 0.5-0.6 deg/pum.
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Fig. 1. SEM image (a) and GROD map (b) of the spherulitic island of a PZT film formed on a silicon substrate
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Fig. 2. Change in the rotation angle of the lattice (¢) along the radial
directions 1 (a) and 2 (b) highlighted in Fig. 1
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Fig. 3 shows SEM images of a perovskite island in a PZT film deposited on a sitall substrate, rep-
resenting a pattern of electron channeling. It was previously noted that BSD patterns of electron
channeling are a consequence of low-angle crystalline branching of the islands under study, the crys-
tallization of which occurs under the conditions of the orientational correlation of perovskite grains
in the plane of the film (Da et al. 2024). The GROD map indicates an axially uniform rotation angle
of the crystal lattice in contrast to the island deposited on a silicon substrate, which is characterized
by an axially non-uniform rotation (Fig. 1). The images of lines and nodes reflect the real planes and
nodes of the deformed crystal lattice and are caused by its bending (rotation) (Staritsyn et al. 2024).
In addition, the BSD picture of the island indicates the absence of circular-step growth. This is con-
firmed by the dependence ¢(r) shown in Fig. 4, indicating a smooth, jump-free rotation of the lattice.
At the same time, the rate of lattice rotation itself is more than two times higher than in an island with
a radial-radiant microstructure (Staritsyn et al. 2024), which shows that the mechanisms of lattice
rotation in such spherulites are different.

Fig. 3. SEM image (a) and GROD mabp (b) of the spherulitic island
of a PZT film formed on a sitall substrate
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Fig. 4. Changes in the rotation angle of the lattice (¢) along the diametrical
direction highlighted in Fig. 3

The study of the microstructure of single-phase block thin films showed that the circular-step struc-
ture is most clearly manifested in them (Fig. 5). The distances between individual boundaries with
an increasing block size are in the same range — at the level of 0.7-0.8 pm, as in individual islands.
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Fig. 5. SEM image of the microstructure of a single-phase block PZT film
obtained in the backscattered electron mode

To explain the observed microstructural features of the growth of radial-rayed spherulitic islands and
single-phase block films, one should bear in mind that the observed circular and radial boundaries are
formed in the course of high-temperature annealing during crystallization of the perovskite phase. Their
appearance is caused by the action of tensile mechanical stresses in the plane of the thin film. In this case,
radial boundaries are formed as a result of non-crystalline low-angle branching (Da et al. 2024; Shtuken-
berg et al. 2012), and the formation of circular boundaries is caused, in all likelihood, by the accumulation
of elastic deformation, reaching the plastic limit, and the appearance of plastic deformation, leading
to both a lattice rotation and relaxation of tensile mechanical stresses. Judging by the nature of the rota-
tion, plastic deformation is realized through the disclination mechanism, accompanied by the appearance
of an array of edge dislocations (Savytskii et al. 2016), when the rotation of the crystal lattice occurs
abruptly at a sufficiently large angle — in our case, at a value of about 0.7—1.0 degrees (Fig. 6a).

-

a)

Fig. 6. Schematic representation of the disclination model (a) and lattice bending
with the formation of individual edge dislocations (b)

A different mechanism is apparently realized for axially uniform lattice rotation, for which the forma-
tion of individual edge dislocations distributed over the area and volume of the thin film is sufficient
(Fig. 6b). The formation of edge dislocations requires significantly less energy than the formation
of a plastic dislocation, as a result of which the rotation of the crystal lattice can occur quite smoothly,
as evidenced by the dependence ¢(r) in Fig. 4.
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Conclusion

The experimental data obtained by the scanning electron microscopy study of spherulitic islands
characterized by a radial-radiant structure with an axially non-uniform angle of rotation of the lattice
and islands characterized by an axially uniform rotation, as well as the results of previous studies and
an analysis of the available literature, allowed us to draw the following conclusions.

1. Circular-step and radial boundaries are observed in thin-film PZT spherulites, in which the for-
mation of the microstructure is determined by the process of low-angle non-crystalline branching.
The presence of boundaries leads to a partial relaxation of lateral mechanical stresses that arise during
the crystallization of amorphous films previously deposited on the substrate and a decrease in the rate
of rotation of the crystal lattice. It is assumed that in such films, lattice rotation is realized through
the disclination mechanism.

2. The growth of islands in axially uniformly deformed thin films occurs through low-angle crystalline
branching, the microstructure of which is distinguished by the absence of both circular-step and radial
boundaries. It is assumed that lattice rotation in such islands occurs through the formation of single edge
dislocations.
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Abstract. This paper investigates the action of organic dye molecules placed on the surface of semiconductors
on the manifestation of the photovoltaic effect in silicon samples with different types of conductivity. Spectral
sensitization is observed in the dye absorption band of the photo-EMF for monocrystal samples with n-type
conductivity, and a desensitizing effect of the dye is found in samples with p-type conductivity. In addition,
the kinetics of the photovoltaic effect in the region of dye absorption in semiconductors with different types
of conductivity is different: in n-type silicon, a monotonic increase of the photo-EMF is observed, while
in p-type silicon, the photo-EMF first increases and then decreases. In powder samples, effective sensitization
of DC photoconductivity is observed for both n-type and p-type semiconductors. The difference of contributions
of electrons and holes generated during nonradiative inductive-resonant energy transfer from a dye
to a semiconductor to different types of photoelectric effect is discussed.

Keywords: silicon with different types of conductivity, silicon with an adsorbed dye, spectral sensitization,
photo-EMEF, DC photoconductivity, dye sensitization of photovoltaic effects

Introduction

Spectral sensitization by dyes with an absorption band in the visible and near-infrared spectral region
is widely used to increase the sensitivity of photophysical and photochemical processes in various solids
(AgHal, ZnO, TiO, and others) (Akimov et al 1980; Goryaev 2015; 2016; 2018; 2019; Goryaev, Pimenov
1975; 1980; James 1977). The application of organic dyes provides effective control of the photosensiti-
vity spectrum and increases the sensitivity of classical silver halide photographic materials (James 1977).
Photoelectrochemical cells based on titanium dioxide particles with sensitizing dyes are proposed
as an alternative to silicon solar cells (Gratzel 2003). The efficiency of using organic dyes is primarily
determined by the high extinction coefficient in the absorption band. One of the significant deficiencies
of silicon solar cells is the relatively low extinction coefficient of this semiconductor in the region of in-
direct transitions; therefore, converters of light energy into electrical energy manufactured on its basis
must have a sufficiently large thickness (Alferov et al 2004). Effective dye sensitization of DC photocon-
ductivity was found in powdered silicon (Goryaev 2015; 2016) and in monolithic silicon (Goryaev 2018;
2019). In this paper, the photovoltaic effect in silicon samples with different types of conductivity and
the influence of organic dyes on its surface on its spectra and kinetics are investigated.
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Results and discussion

The investigations were carried out on samples with electron conductivity, doped with phosphorus
at a concentration of 10" cm™, and with hole conductivity, doped with boron at a concentration
of 10" cm™. Photo-EMF spectra on flat monocrystalline samples with an area of about 1 cm? and
a thickness of 360—450 um were measured using the capacitor method (Akimov 1966) at modulated
illumination. The block schematic diagram of this measuring complex is shown in Fig. 1.

;ﬁ:ﬁw‘i}‘ SD || NA]_{. ER |

LM

Fig. 1. Block schematic diagram of the laboratory complex for measuring photo-EMF spectra by the capacitor
method. S — light source, LM — light modulator, M — monochromator, CC — capacitor cell, E — sample,
SD — synchronous detector, NA — narrow-band amplifier, ER — curve-tracer Enregistreur

DC photoconductivity was studied in powdered samples of silicon with a microcrystal size of several
microns, obtained by grinding the original single-crystal samples. It was measured in special surface-
type cells in order to study the electrophysical properties of powder semiconductors, in which a sample
in the form of a tablet is pressed by constant pressure (about 10 kg/cm?) to a quartz plate. Platinum
electrodes were applied to a quartz plate in the form of a raster so that the distance between the elec-
trodes was 0.1 mm with an effective electrode length of 80 mm. The ethanol solution of the required dye
of a certain concentration was used for placing the dye molecules on the surface of a semiconductor.
The effect of the dye on the photoelectric properties
of samples was studied after the adsorption of the dye and AUWE, reLun.
the non-stimulated evaporation of the solvent at room 2 |-
temperature. To assess the efficiency of the internal pho-
toelectric effect in different spectral regions, the photo-EMF
signals U | and the DC photocurrents I | were normalized
to the same number of light quanta E faﬁing on the sample.
The results, illustrated in Fig. 2, show that the dye applied 1|
on the surface of the semiconductors at different concen-
trations significantly influences the spectra of the capaci-
tor photo-EMF of monocrystal silicon samples with dif-
ferent types of conductivity in the absorption band
of the dye.

When rhodamine 6G is placed on the surface of a semi-
conductor with electronic conductivity, the photo-EMF
initially increases with growth dye concentration (Fig. 2a,
curves 1 and 2), and spectral sensitization of the photo-
electric effect occurs. The maximum value of the recorded 1|
signal in the dye absorption band increases almost twofold.
The resulting sensitized photoelectric effect is determined E
by the different contribution of charge carriers generated
due to energy transfer from the dye. In silicon, when light |
is absorbed in a given region, both additional electrons  4qq 500
and holes appear when electrons transfer between the va-
lence band and the conduction band. The studied samples  Fig. 2. Photo-EMF spectra of a silicon sample
were homogeneous. They did not contain heterojunctions, without dye (1) and samples dyed with
and no conditions for the implementation of the valve rhodamine 6G at dye molecule concentrations
component of the photo-EMF were created. Therefore, of 40 nm™ (2), 70 nm* (3) and 110 nm* (4);

. o a — n-type semiconductor, b — p-type
the observed capacitor photo-EMF has a diffusion nature semiconductor

|
600 A,
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and is caused by the diffusion of generated charge carriers in the semiconductor due to the gradient
of their concentration during light absorption (Dember effect) (Akimov 1966; Bonch-Bruevich, Kalash-
nikov 1977). The Dember EMF is determined by the relationship:

kT 1, —H, O
AT, O
e /’ln+ll’lp 0-2

U

ph

where u and y are the mobilities of electrons and holes, while o, and g, are the conductivities at the front
and back surfaces of the sample. The magnitude of the EMF will be determined by the difference
in the mobilities of electrons and holes. In silicon, the mobility of holes is several times lower than that
of electrons (Bonch-Bruevich, Kalashnikov 1977); therefore, the main contribution to the change
in photo-EMF is made by electrons generated during the transfer of energy from the dye.

In n-type silicon without dye, the photo-EMF is caused by electrons; therefore, when the dye is ap-
plied at small concentrations, an increase in the EMF is also observed due to additional electrons ap-
pearing as a result of the transfer of photoexcitation energy from the dye to the semiconductor (Fig. 2a,
curves 1 and 2). Further, with an increase in the amount of the applied dye, the value of the photo-EMF
decreases (Fig. 2a, curves 3 and 4) since part of the energy hitting the sample does not reach the semi-
conductor due to an increase in the thickness of the dye film on the surface of this semiconductor, and
a filter effect is observed in the absorption band of the dye (Goryaev 1980; 2015; 2019).

It should be noted that the filter effect manifests itself primarily in the short-wave region of the dye
absorption band (Fig. 2a, curve 3). This is due to the fact that, according to the theory, the efficiency
of inductive-resonant nonradiative energy transfer depends on the overlap integral of the luminescence
spectrum of the donor and the absorption spectrum of the energy acceptor (Ermolaev et al 1996):

K= CI In(v)e,(v)v'dv,

where I is the quantum spectral density of the donor luminescence radiation, ¢ (v) is the molar decimal
absorption coefficient of the energy acceptor, 7 is the refractive index of the medium, v is the wave number
and Cis a constant. The overlap integral strongly depends on the wave number, which is confirmed by the more
noticeable luminescence quenching of dyes in the long-wavelength region of the spectrum during the trans-
fer of energy to the solid (Goryaev, Akimov 1979). Therefore, the spectra of the sensitized photoelectric
effect are shifted relative to the absorption spectra of the dye, and with an increase in the dye concentration,
the filter effect is first noticeable in the short-wave region of the absorption band; in addition, sensitization
of the photo-EMF is observed in the long-wave region (Fig. 2a, curve 3) and it is only with a further increase
in the dye concentration that merely the filter effect is observed. (Fig. 2a, curve 4).

The magnitude of the photo-EMF of p-type monocrystal silicon samples decreases monotonically
from the beginning in the absorption band of the dye if its concentration on the surface of the semicon-
ductor increases (Fig. 2b, curves 1-3). As already noted, the photo-EMF, due to the carriers of the charge
generated when the transfer of photoexcitation energy occurs from the dye to the semiconductor is ul-
timately determined by additional electrons. The polarity of this component is opposite to the photo-EMF
caused by the majority charge carriers of p-type silicon, i. e. holes. All this, together with the filter effect
described above, leads to a desensitizing effect of the dye on the photovoltaic effect in p-type silicon
(Goryaev 2024a; 2024b).

The different influence of the dye on the photovoltaic effect in silicon with different types of con-
ductivity is confirmed by kinetic investigations (Goryaev 2025). Fig. 3 shows kinetic curves
of the photo-EMF of n-type (a) and p-type (b) silicon samples upon excitation by light in the absorp-
tion band of the dye.

When the dye is applied to the surface of silicon, an increase in the photo-EMF value is observed at low
concentrations since the main contribution to the change in EMF is made by the electrons generated
during the transfer of energy from the dye and it coincides with polarity of the photo-EMF in the original
n-type silicon (Fig. 3a, curves 1 and 2). An increase in the dye concentration is further accompanied
by a decrease in the signal (curve 3), associated with a filter effect in the absorption band of the dye.

The photo-EMF of silicon samples with hole conductivity in the steady state decreases in the absorp-
tion band of the dye as its concentration on the surface of the semiconductor increases (Fig. 3b, curves 1-3).
This is due to the fact that the additional photo-EMF during the transfer of photoexcitation energy from
the dye is determined by electrons and its polarity is opposite to the photo-EMF caused by the main
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carriers of p-type silicon, which leads to a desensitizing effect
of the dye: the photoelectric effect almost completely disap-
pears (curve 3). It should be noted that the kinetic curve
of the photovoltaic effect is non-monotonic at a relatively high
concentration of the dye (Fig. 3b, curve 3). This behavior may
be explained by the fact that the generation of additional car-
riers due to the transfer of photoexcitation energy from the dye
molecule to the semiconductor begins later than carriers ap-
pear after direct absorption of light during interband transition
in silicon.

The investigation of DC photoconductivity revealed spec-
tral sensitization of powdered silicon samples with both
electron and hole conductivity (Fig. 4).

The photoconductivity of n-type semiconductors without
dye (Fig. 4a, curve 1) is slightly higher than photoconductivity
of p-type samples (Fig. 4b, curve 1), and the photoelectric
effect, when a dye is applied, is almost two orders of magnitude
higher than the photoconductivity of the original samples
(Fig. 4, curves 2). This is due to the fact that both electrons
and holes generated when the transfer of photoexcitation
energy occurs from the dye to the semiconductor lead to an in-
crease in photoconductivity, and the high efficiency of sensi-
tization is due to the fact that the specific surface area of pow-
dered silicon is several orders of magnitude larger than
the specific surface area of monocrystal samples.

Conclusion

The adsorption of an organic dye on the surface of silicon
monocrystals provides a sensitizing effect in the dye absorp-
tion band on the photovoltaic Dember effect in samples with
n-type conductivity and a desensitizing effect in p-type
samples. In silicon powder samples, efficient sensitization
of DC photoconductivity is observed for semiconductors with
both n-type and p-type conductivity. Spectral sensitization
with dyes can be used to increase the efficiency of silicon
systems for converting light energy into electrical energy, and
the identified sensitizing and desensitizing actions of the dye
on the photovoltaic effect in silicon with different types of con-
ductivity must be taken into account when complex systems
with heterojunctions are created for such semiconductor
devices.
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Abstract. The tetrahedral symmetry of the local environment of germanium atoms in amorphous Ge,Sb, Te_
films has been demonstrated by Mossbauer spectroscopy in a ?Ge isotope. We conclude that there
is a significant difference in the immediate environment and, consequently, in the electronic structures
of Ge atoms in crystalline and amorphous Ge,Sb, Te, films. X-ray amorphous Ge,Sb, Te_ films with a thickness
of 20 um were obtained by magnetron sputtering of synthesized polycrystalline samples at direct current
in a nitrogen atmosphere onto aluminum foil substrates. The films were then annealed in the temperature
range of 150—200 °C to obtain polycrystalline samples. The composition of the films was controlled by X-ray
fluorescence analysis.

Keywords: Mossbauer spectroscopy, Ge,Sb, Te,, local environment of Ge, magnetron sputtering, X-ray
fluorescence analysis

Introduction

Phase transition materials based on Ge,Sb,Te, chalcogenide alloys (GST) are widely used for data
storage and encoding. To develop new materials that meet the requirements of high density and minia-
turization of storage devices, one should understand the details of their microstructure and related
distortions in both crystalline and amorphous states. Based on the X-ray absorption fine structure
spectroscopy (EXAFS) study, it was believed that the amorphization of the GST alloy under laser radia-
tion is accompanied by a jump of the germanium atom from octahedral positions occupied in the crys-
tal to tetrahedral positions, and in both phases the Ge and Sb atoms are bound only to Te atoms (Kolo-
bov et al. 2004). Using the same method, amorphous GST obtained by sputtering revealed a significant
proportion of Ge—Ge bonds in addition to the usual Ge—Te bonds (Baker et al. 2006). Based on the results
of modeling from the first principles of amorphous GST obtained by quenching from the liquid phase,
Caravati S. and Bernasconi M. found out that one third of the Ge atoms in its structure are in a tetrahedral
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environment, while the remaining Ge, Sb, and Te atoms have a defective octahedral environment,
reminiscent of the environment of these atoms in crystalline GST (Caravati, Bernasconi 2007). Liu X.
et al. demonstrated the coexistence of octahedral and tetrahedral coordinated germanium cations
in the structure of crystalline GST using high-resolution transmission electron microscopy and X-ray
diffraction, with the proportion of tetrahedral Ge to the total amount of Ge ranging from 0.32 to 0.37
for different samples (Liu et al. 2011). Using the principles of molecular dynamics within the framework
of density functional theory, A. Bouzid et al. established that in the structure of glassy GST, Ge atoms
are located in a tetrahedral grid, although a considerable proportion of Ge atoms are also found in defec-
tive octahedra, with tetrahedra clearly predominating (Bouzid et al. 2017). Finally, in J. Stellhorn et al,,
anomalous X-ray scattering revealed that approximately half of the Ge atoms in the amorphous GST
phase have an octahedral environment similar to that in a crystal, while the remaining part of the Ge
atoms with tetrahedral symmetry acts as an energy barrier between the phases, ensuring a long lifetime
of amorphous GST (Stellhorn et al. 2020).

The existing contradictions in the interpretation of the experimental results indicate the need to use
experimental methods that are more sensitive to minor changes in the electronic structure of atoms
during the phase transition from an amorphous to a crystalline state. Mossbauer spectroscopy (MS)
on isotopes '*Te, 1?!Sb, and '?Sn proved to be an effective tool for detecting changes in the local environ-
ment of atoms and their electronic structure during amorphization of the Ge,Sb, Te, compound (Marchen-
ko et al. 2023). In particular, the Mdssbauer study on the '**Sn impurity probe led us to a conclusion that
the symmetry of the local environment of germanium atoms changed during the crystal-amorphous
transition in the Ge,Sb, Te, alloy. However, this conclusion was based on assumptions about the isovalent
substitution of germanium atoms with tin atoms in crystalline and amorphous films.

That is why it seemed advisable to study the local structure of the germanium atom layer in amorphous
Ge,Sb,Te, alloy films using MS on ">Ge atoms. However, it should be noted that despite the fundamen-
tally great possibilities of MS based on the "?Ge isotope for studies of this kind, publications on this
isotope are scarce due to the problems associated with the difficulties of registering various valence states
of germanium in one experimental spectrum.

Pfeiffer and Kovacs performed the first calibration of the isomeric shift of the ?Ge spectra using
a Ge:”?As source and a *Ge monocrystalline absorber (Pfeiffer, Kovacs 1981). Later, Pfeiffer et al.
observed the Mossbauer effect for ?Ge nuclei introduced into the lattice sites of Si and Ge single
crystals during laser irradiation (Pfeiffer et al. 1983), concluding that the isomeric shift of the Si:"*As
spectrum relative to the Ge:”?As spectrum is so large that it casts doubt on their own calibration
of the 7*Ge isomeric shift performed in (Pfeiffer, Kovacs 1981). In this regard, A. Svane calculated
the electron densities on Ge nuclei in the nodes of Ge and Si crystals (Svane 1988) and, using
experimental isomeric shifts from (Pfeiffer et al. 1983), obtained the calibration coefficient
a = 0.74 mm s a? for the isomeric transition of 13.3 keV to "°Ge, where a is the Bohr radius. This
result gives hope of a record sensitivity of the position of the 7?Ge spectral line to small changes
in the electronic structure.

However, when calculating the « coefficient in (Svane 1988), the value of the Si:”?As isomeric shift rela-
tive to Ge:”>As was assumed to be IS = -685 um/s, although in (Pfeiffer et al. 1983) the value of the opposite
sign is given. This created an additional motive for our investigation of the local structure of the near ger-
manium atoms in amorphous Ge,Sb, Te, alloy films. When discussing our results, we will use both IS signs.

Experimental technique

The compound Ge,Sb, Te, was synthesized from elementary substances in quartz ampoules evacua-
ted to 10° mmHg at 1050 °C. The synthesis used the isotope ”?Ge with an e enrichment of 70%. X-ray
amorphous Ge,Sb, Te, films with a thickness of 20 um were obtained by magnetron sputtering of syn-
thesized polycrystalline samples at direct current in a nitrogen atmosphere onto aluminum foil substrates.
The films were then annealed in the temperature range of 150—200 °C to obtain polycrystalline samples.
The composition of the films was controlled by X-ray fluorescence analysis.

The radioactive isotope "*As for the preparation of the Mossbauer source was obtained by the reaction
"*Ge(p, 2n)As. The Mossbauer sources Ge:”*As were prepared on the basis of a Ge monocrystalline film
("As diffusion in a hydrogen stream at 800 °C for 20 hours). The Mdssbauer spectra were measured with
a CM 4201 TerLab spectrometer.
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Experimental results and their discussion

The Mossbauer spectra of amorphous and polycrystalline Ge,Sb, Te, films are shown in Fig. 1.
We can see that the experiment made it possible to register only the spectrum of an amorphous ab-
sorber with an isomeric shift of —95(15) um/s relative to the Ge:”®As source in the selected Doppler
velocity range.
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Fig. 1. Mdssbauer "*Ge spectra of amorphous (a) and polycrystalline (b) Ge,Sb,Te, films
at 295 K with a Ge:”As source

Thus, the expected advantage of the high sensitivity of MS on the Ge”® isotope to changes in the elec-
tronic structure translated into experimental difficulties. However, the fact that only the spectrum
of an amorphous absorber is recorded with the Ge:”*As source indicates the proximity of the electronic
structures of ?Ge atoms in monocrystalline germanium (the atoms have a tetrahedral chemical bond
system) and in the amorphous Ge,Sb, Te, alloy. This confirms the conclusion based on the MS data
on '“Sn impurity atoms about the stabilization of germanium atoms in the amorphous Ge,Sb, Te, alloy
in tetrahedral coordination (Marchenko et al. 2023). It also indirectly confirms the conclusion (Marchen-
ko et al. 2023) that there is a significant difference in the immediate environment and, consequently,
the electronic structures of Ge atoms in crystalline and amorphous Ge,Sb, Te, films.

An attempt was made to establish correlations between the isomeric shifts of both Mdssbauer isotopes
to assess the possible position of the *Ge spectrum in the crystal film and to jointly interpret the MS
results for the ?Ge and '“Sn isotopes. Calculations of the electron densities on the nuclei of Ge and Sn
impurities in the same matrices, which show a linear correlation between these values, are a prerequisite
for their search (Svane 1988).

In Fig. 2, these data are plotted on the axes isomeric shift “Ge (relative to crystalline Ge) IS — iso-
meric shift "Sn (relative to a-Sn) IS _in silicon, germanium and copper matrices. Experimental data for
3Ge are taken from (Pfeiffer, Kovacs 1981; Pfeiffer et al. 1983) and for *Sn from (Regel, Seregin 1984).
In this case, the values of the ?Ge isomeric shift in Si are plotted with both signs, as discussed above.
They can be approximated by two linear functions:

IS, (um/s) = 2309 x IS, (mm/s) + 43.3 (1)
IS, (um/s) = -2583 x IS, (mm/s) — 152.4 2)

The dotted line corresponds to the ratio (2) and the isomeric shift of *Ge in Si IS = ~685 pm/s, while
the solid line represents the ratio (1) and the isomeric shift of ?Ge in SiIS_ = +685 pum/s.
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Fig. 2. Relations between isomeric shifts of the Mossbauer spectra of '*Sn IS, atoms (circles)
and ”Ge IS__ (squares) in monocrystalline silicon (1, 2), copper (3), germanium (5), and in an amorphous
Ge,Sb, Te, film (4). Experimental data for Ge are taken from (Pfeiffer, Kovacs 1981; Pfeiffer et al. 1983)
and for "Sn from (Regel, Seregin 1984). The dotted line corresponds to the ratio (2) and the isomeric
shift of ?Ge in Si IS = 685 pm/s, while the solid line represents the ratio (1) and the isomeric shift
of ?Gein Si IS, = +685 um/s

Thus, the choice of one of the ratios (1) or (2) is of no fundamental importance for estimating the range
of assumed positions of the ?Ge spectrum to the Ge,Sb, Te, crystal film. However, it may be important
in determining the nuclear characteristics of ?Ge. In particular, Svane assumed the 7?Ge isomeric shift
in Si to be —685 um/s, which corresponds to the ratio (2), and obtained a relative change in the charge
radius upon transition to the level of 13.3 keV AR/R = 1.7 x 10°. If we use the value of the isomeric shift
of Ge in Si equal to +685 pum/s, then it leads to the ratio (1), which definitely indicates that the value
of AR/R for ”*Ge should be considered equal to —1.9 x 103,

Conclusions

Using Mossbauer spectroscopy on the Ge isotope, we demonstrated the tetrahedral symmetry
of the local environment of germanium atoms in amorphous Ge,Sb, Te, films, concluding that there
is a significant difference both in the local symmetry of the nearest environment of germanium atoms
and in their electronic structure in crystalline and amorphous Ge,Sb, Te, films.

The possibility of one of two relationships between the isomeric shifts of the Mdssbauer spectra
of ?Ge and ""*Sn atoms in silicon, germanium, and copper has been established. Both ratios give the same
absolute value of the isomeric shift of the Méssbauer 7Ge spectrum in an IS__ polycrystalline film
but at the same time lead to either its positive or negative sign. If we take IS__to be negative, then
the relative change in the "?Ge charge radius upon transition to the 13.3 keV level turns out to be equal
to AR/R = 1.7 x 103. If we use a positive IS, value, then the value of AR/R turns out to be equal

to-1.9 x 107,

Conflict of Interest

The authors declare that there is no conflict of interest, either existing or potential.

Author Contributions

A. V. Marchenko and P. P. Seregin formulated the research problem. V. A. Doronin synthesized
the samples. Yu. A. Petrushin organized the measurement and processing of the experimental spectra.
All authors contributed equally to the work by discussing the results and collaborating on writing
the article.

142 https://www.doi.org/10.33910/2687-153X-2025-6-3-139-143



https://www.doi.org/10.33910/2687-153X-2025-6-3-139-143

A. V. Marchenko, Yu. A. Petrushin, P. P. Seregin, V. A. Doronin

References

Baker, D. A., Paesler, M. A., Lucovsky, G. et al. (2006) Application of bond constraint theory to the switchable
optical memory material GeZSbZTes. Physical Review Letters, 96, article 255501. https://doi.org/10.1103/
PhysRevLett.96.255501 (In English)

Bouzid, A., Ori, G., Boero, M. (2017) Atomic-scale structure of the glassy GeZSbZTe5 phase change material:
A quantitative assessment via first-principles molecular dynamics. Physical Review B, 96, article 224204. https://
doi.org/10.1103/PhysRevB.96.224204 (In English)

Caravati, S., Bernasconi, M. (2007) Coexistence of tetrahedral- and octahedral-like sites in amorphous phase change
materials. Applied Physics Letters, 91, article 171906. https://doi.org/10.1063/1.2801626 (In English)

Kolobov, A., Fons, P.,, Tominaga, J. et al. (2004) Understanding the phase-change mechanism of rewritable optical
media. Nature Materials, 3 (10), 703—708. http://dx.doi.org/10.1038/nmat1215 (In English)

Liu, X. Q, Li, X. B., Zhang, L. et al. (2011) New structural picture of the Ge2Sb,Te_ phase-change alloy. Physical
Review Letters, 106, article 025501. https://doi.org/10.1103/PhysRevLett.106.025501 (In English)

Marchenko, A. V., Terukov, E. I, Nasredinov, F. S. et al. (2023) Local structure of amorphous (GeTe)x(Sb, Te,) films.
Technical Physics, 68 (1), S88—-S95. https://doi.org/10.1134/S1063784223090104 (In English)

Pfeiffer, L., Kovacs, T. (1981) Calibration of the isomer shift and measurement of AR/R for the 13-keV Mossbauer
transition of ?Ge. Physical Review B, 23, 5725-5728. https://doi.org/10.1103/PhysRevB.23.5725 (In English)
Pfeiffer, L., Kovacs, T., Celler, G. K. (1983) Mossbauer effect of ?Ge in laser-processed Si and Ge crystals. Physical

Review B, 27, 4018—4026. https://doi.org/10.1103/PhysRevB.27.4018 (In English)

Regel, A. R., Seregin, P. P. (1984) Méssbauer studies of impurity atoms in semiconductors. Soviet Physics.
Semiconductors, 18, 723-740. (In English)

Stellhorn, J. R., Hosokawa, S., Kohara, S. (2020) Local- and intermediate-range structures on ordinary and exotic
phase-change materials by anomalous X-ray scattering. Analytical Sciences, 36 (1), 5-9. http://dx.doi.org/10.2116/
analsci.19SARO02 (In English)

Svane, A. (1988) Electronic structures and isomer shifts of Ge, Sn and Sb impurities in elemental semiconductors.
Journal of Physics C: Solid State Physics, 21 (31), article 5369. https://doi.org/10.1088/0022-3719/21/31/008
(In English)

Physics of Complex Systems, 2025, vol. 6, no. 3 143


https://doi.org/10.1103/PhysRevLett.96.255501
https://doi.org/10.1103/PhysRevLett.96.255501
https://doi.org/10.1103/PhysRevB.96.224204
https://doi.org/10.1103/PhysRevB.96.224204
https://doi.org/10.1063/1.2801626
https://www.elibrary.ru/contents.asp?id=33306129
https://www.elibrary.ru/contents.asp?id=33306129&selid=13470336
http://dx.doi.org/10.1038/nmat1215
https://doi.org/10.1103/PhysRevLett.106.025501
https://www.scopus.com/authid/detail.uri?authorId=22934714100
https://doi.org/10.1103/PhysRevB.23.5725
https://doi.org/10.1103/PhysRevB.27.4018
http://dx.doi.org/10.2116/analsci.19SAR02
http://dx.doi.org/10.2116/analsci.19SAR02
https://doi.org/10.1088/0022-3719/21/31/008

Physics of Complex Systems, 2025, vol. 6, no. 3
WWW.physcomsys.ru

Physics of Semiconductors.
'.) Checkjoruibdates | Solid state physics
UDC 538.9 EDN RBTYMA

https://www.doi.org/10.33910/2687-153X-2025-6-3-144-149

Composition, structure and properties of PbSb, Te, crystals
grown by the Chokhralsky method”

S. A. Nemov', V. D. Andreeva? A. Yu. Aliabev *!

! Saint Petersburg Electrotechnical University named after V. I. Ulyanov (Lenin),
5F Professora Popova Str., Saint Petersburg 197022, Russia
2 Peter the Great Saint-Petersburg State Polytechnical University,
29 B Politekhnicheskaya Str., Saint Petersburg 195251, Russia

Authors

Sergei A. Nemov, ORCID: 0000-0001-7673-6899, e-mail: nemov_s@mail.ru
Valentina D. Andreeva, e-mail: avd2007@bk.ru

Aleksei Yu. Aliabev, e-mail: alyabjev_au@mail.ru

For citation: Nemoyv, S. A., Andreeva, V. D., Aliabev, A. Yu. (2025) Composition, structure and properties
of PbSb, Te, crystals grown by the Chokhralsky method. Physics of Complex Systems, 6 (3), 144—149.
https://www.doi.org/10.33910/2687-153X-2025-6-3-144-149 EDN RBTYMA

Received 25 June 2025; reviewed 16 July 2025; accepted 18 July 2025.
Funding: the study did not receive any external funding.

Copyright: © S. A. Nemov, V. D. Andreeva, A. Yu. Aliabev (2025). Published by Herzen State Pedagogical University
of Russia. Open access under CC BY License 4.0.

Abstract. This paper presents the results of X-ray diffraction and electrophysical studies of PbSb,Te,
crystals grown by the Chokhralsky method. The phase composition and crystal structure of ingots,
including those doped with a donor admixture of copper, are discussed from the qualitative and quantitative
perspectives. The samples are a periodic structure. They are multiphase, with PbSb,Te, and Sb,Te,
as dominant phases. The presence of intrinsic electrically active point defects causes a high concentration
of holes p = 3.2 x 10 cm™. The temperature dependences of the kinetic coefficients indicate a complex
structure of the valence band. Impurity atoms occupy vacancies in the metal sublattice during alloying
and form chemical compounds with Sb and Te atoms.

Keywords: semiconductor, PbSb, Te,, thermoelectricity, topology insulator, tetradymites, doping, kinetic
coefficients, nanocomposites, X-Ray diffraction analysis, temperature dependences of the Hall coefficient,
valence band structure

Introduction

The research and development of materials exhibiting unique electronic properties is the most
intensively developing field of solid-state physics. The integration of such materials into high-tech
industries is the key to creating a new generation of devices with improved performance compared
to existing ones.

A group of narrow-bandgap semiconductors with band gap inversion, so-called three-dimensional
topological insulators (TI), is one of new electronics materials. These materials are characterized
by the properties of an insulator (or semiconductor) in bulk, along with gapless states on the surface,
which ensure the flow of spin-polarized current across the surface without energy loss. The use of un-
usual properties of the TI surface is promising in spintronic, magnetoelectric devices and for the quan-
tum computing (Jayan Rakesh 2022; Wang et al. 2016).
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Among the currently discovered materials with TI properties, binary layered compounds Bi, Te,, Bi,Se,
and Sb,Te, are the most studied, both experimentally (Chen et al. 2009) and theoretically (Aguilera
et al. 2013). A promising area of search for new materials with the ability to control their electronic
structure are triple and quadruple compounds based on chalcogenides. Triple-layered tetradymite-like
compounds PbSb, Te, from the quasi-binary A"BY'-AYB"' system (A" — Ge, Sn, Pb; AV — Bi, Sb; B —
Te, Se) are of particular interest. In such compounds, which have a layered structure formed by septuple
layers, protected surface states can be localized in both surface and subsurface blocks (Hattori et al.
2023).

In addition, PbSb, Te, could be used as a potential material for thermoelectric energy conversion. This
material is the result of synthesis based on two main components of low- and medium-temperature
thermoelectrics respectively, lead telluride PbTe and antimony telluride Sb, Te,. For effective utilization
of such compound as a topological insulator and for thermoelectric energy conversion, a detailed study
of the features of its electronic structure and current carrier scattering mechanisms is needed.

Modern theoretical calculations of the energy spectrum of ideal crystals are also important for as-
sessing the potential use of these materials.

Papers studying the electronic structure of TI using first principles theoretical methods are most
widely presented in literature (Menshchikova et al. 2013). Electronic structure is usually calculated using
the formalism of density functional theory by the pseudopotential method and the full-potential method
of linearized coupled plane waves. A generalized gradient approximation describes the exchange-corre-
lation energy, taking into account scalar-relativistic corrections. The spin-orbit interaction is considered
by the method of the second variation.

However, theoretical calculations do not take into account the characteristics of the grown tetradymite-
like crystals. The high concentration of point defects, including vacancies along with the structural and
phase complexity of massive samples obtained by the Czochralski peritectic reaction method, has a sig-
nificant impact on the actual location of the Fermi level. It is also known that the gaps between septuple
layers can serve as natural ‘containers’ for the accumulation of impurities during synthesis, which leads
to fluctuations in their geometric dimensions. The magnitude of the fluctuation depends on the type
of impurity and on the presence of conglomerates of impurity atoms in the gap. That is why the elec-
tronic structure of real PbSb,Te, crystals cannot be understood without an experimental study of their
structure and electrophysical properties.

Objects of research

The paucity of investigations into our material can be explained by the technological difficulties
of obtaining it. The synthesis of crystals occurs through the peritectic reaction PbSb, Te, 2 PbTe + Sb, Te,
and is complicated by the need to maintain an equilibrium in a narrow temperature range. The first small
samples of layered composite material were grown using the vertical Bridgman method by the team
of L. E. Shelimova at the A. A. Baykov Institute of Metallurgy of the Russian Academy of Sciences (She-
limova et al. 2004). The Chokhralsky method with continuous feeding of the synthesized crystal made
it possible to obtain samples of a larger size and higher perfection in the direction of the trigonal axis (3).
Cylindrical crystals with a diameter of 20 to 30 mm and a length of about 50-100 mm were grown
in the direction of growth. Sufficiently large ingots were cut into samples up to 4x4x20 mm in size and
oriented, respectively, in the cleavage plane and along the direction of the inversion-rotary axis 3.
Cu-doped samples with (PbTe+Sb,Te,) ,...Cu, .-and (PbTe+Sb,Te,) . Cu, stoichiometry were also
grown and later investigated.

Experimental results and their discussion

The obtained compounds were initially examined by the X-ray diffraction of the single crystal planes
using an automatic diffractometer DRON-UM (CuKa-radiation). Finally, the PbSb,Te, ingots have
rhombohedral symmetry with an inversely rotated axis 3. However, a hexagonal unit cell containing
three rhombohedra is more convenient to study (Fig. 1). It has the following parameters: a = 0.4350 nm
and c¢ = 4.1712 nm. The PbSb,Te, compound has a 21-layer lattice and contains three seven-layer
TeSbTePbTeSbTe packages, ordered in the direction of the hexagonal axis c¢ (Shelimova et al. 2008),
which is in good correlation with the results of numerical calculations of ideal crystals.
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Fig. 1. The crystal structure of PbSb,Te, in the form of a rhombohedral unit cell (left)
and a hexagonal cell (right)

Further X-ray diffraction studies using a Bruker D8 Advance diffractometer in the Bragg—Brentano
geometry (Cu-Ka radiation with a nickel filter) revealed the complex structure of the material and the ex-
istence of two phases: the basic PbSb, Te, (70-80%) and Sb, Te, (up to 20-30%) with rhombohedral sym-
metry, the spatial group R3m and the parameters of a hexagonal lattice about a = 0.426 nm, ¢ = 3.045 nm.
(Fig. 2). Also observed is the PbTe phase, mainly oriented perpendicular to the 3 axis, as well as traces
of phases containing Sb and Te atoms.

Thus, the ingots are a periodic structure consisting of septuple and quintuple layers of PbSb, Te, and
Sb,Te, compounds oriented along the trigonal axis 3.
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Fig. 2. Radiograph of the PbSb2Te4 ingot. Reflexes with the * sign and without * belong to the Sb, Te,
and PbSb, Te, phases respectively
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Two main phases have very similar values of the unit cell parameter a in the cleavage plane. Sum-
marizing the experimental data and the data available in literature, we can note that despite the poly-
phasicity of the PbSb, Te, ingots grown by the Chokhralsky method, they are characterized by a rhom-
bohedral symmetry.

Information about the electronic spectrum of the studied samples and the structure of the valence
band was obtained from the measurements of kinetic coefficients — electrical conductivity, Hall, Seebeck
coefficients and the transverse Nernst—Ettingshausen effect — in two crystallographic directions: paral-
lel and perpendicular to the hexagonal c axis. The kinetic coefficient tensors have a significant anisotropy
corresponding to the rhombohedral symmetry of the ingots. Both components of the thermopower
tensor are positive, so holes are the main current carriers. Their concentration was estimated from
the Hall coefficient from the larger component, as is usually made for compounds 4} B} :

p= (eR)il 9

As already noted, tetradymite-like materials contain a large number of point defects. The process
of the defect formation in PbSb, Te, has been poorly studied, but it is clear that vacancy defects prevailing
in chalcogenides are positive charged acceptor levels and create holes in the valence band. Measured
low values of the components of the Hall tensor (R, ,, = 0,02 cm™/K) of PbSb, Te, crystals indicate a high
concentration of holes in these compounds. The material has a p-type conductivity and a hole concen-
tration of 3.2 x 10 cm™. In chalcogenide materials, vacancies in the metal sublattice in materials with
hole conductivity play an important role, providing, respectively, the maximum concentration of current
carriers in p-PbTe at the level of 1 x 10" cm™ and in Sb,Te, at the level of 1 x 10** cm™ (Lu et al. 2012).

The values of four kinetic coefficients in cubic crystals are sufficient (Kaidanov et al. 1972) to deter-
mine the quadratic (parabolic) energy spectrum, including the effective mass of the density of states and
the effective scattering cross section. A joint study of the temperature dependences of kinetic coefficients
in the temperature range from 77 to 450 K makes an assessment of the efficiency of the mass density
of states m* and Fermi level ¢, at low temperature (T ~ 120K):

(2]t (5-2)
b4 T k, Ro )’

[3p j2/3 h2
r= 52 ’ w0
87 2m
where p — holes concentration, /# = h/2mr — Planck’s constant, kK, — Boltzmann’s constant and e —
the electron charge module. These formulas are valid for the quadratic law of variance in the case
of quantum statistics.

The effective mass m* ~ 0.5m (where m is the mass of a free electron) and ¢, = 0.15eV at room tem-
perature. At the same time, as temperatures increase, both components of electrical conductivity
(in the cleavage plane and along the trigonal axis 3) decrease monotonically, i. e. show behavior charac-
teristic of metals.

An essential feature of the carrier transfer phenomena is the observed increase in both Hall coefficients
with temperature, which indicates the complex structure of the valence band and the involvement
of holes with different effective masses in the transfer phenomena. In the two-band model, it is traditional-
ly assumed that the growth of the Hall coefficients is associated with the pumping of holes from the main
extremum to an additional one located near the Fermi level (Askerov 1994) (Fig. 3).

The calculated values of the charge carrier concentration in PbSb, Te, are not optimal for thermoelec-
tric applications.

The addition of impurities to the initial mixture makes it possible to significantly modify the structure
and properties of the resulting crystals. Given the high concentration of vacancy defects, it is interesting
to study the samples of the compound PbSb,Te,, doped with a donor impurity, which is Cu.

We examined a series of Cu-doped samples as the formalism of the density functional theory using
the pseudopotential method as well as the full-potential method of linearized coupled plane waves are
rather limited in terms of calculating the defects of real crystals and the distribution of alloying impuri-
ties. The contribution of impurity atoms and defects in a real crystal can be considered by a change
in the equilibrium carrier concentration.
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E

Fig. 3. PbSb, Te, zone structure model. p is the chemical potential, AEv is the energy gap
between the unequal extremes of the valence band

The introduction of copper leads to a slight increase in the lattice parameter c. The obtained value
of ¢ = 4.1733 nm for the doped compound slightly exceeds the value of ¢ = 4.1712 nm for the undoped
PbSb,Te,. The addition of a copper impurity initially leads to an almost twofold increase in both com-
ponents of the Hall tensor, which indicates a twofold decrease in the concentration of holes compared
with an undoped crystal. However, a more significant decrease in the concentration of the main carriers
was not achieved even with a twice increase in the proportion of the alloying additive in the initial mix-
ture (PbTe+Sb,Te,) ,,,.Cu, .- This effect can be explained if we assume the presence of several mecha-
nisms for the incorporation of alloying additive atoms into the structure of the initial crystals. At the first
stage, small amounts of copper atoms fill the vacancies. Filling such vacancies, in addition to reducing
carrier concentration, should reduce phonon scattering and increase their mobility. With a further in-
crease in the proportion of Cu atoms, these atoms presumably begin to settle in the interlayers between
the septuple and quintuple layers, forming new copper-rich phases. Such inclusions should effectively
scatter phonons along the hexagonal axis, reducing the lattice thermal conductivity.

When a donor copper impurity is introduced in a larger amount (PbTe+Sb,Te,) ,,,Cu, ,, in addition
to the main phases, the following components presumably could be identified in the samples: CuTe
(ortho-rhombohedral lattice, a = 0.346 nm, ¢ = 0.699 nm); CuSSb (ortho-rhombohedral lattice, a = 0.550 nm,
¢ = 0.435 nm); CulOSb3 (hexagonal lattice, a = 0.992 nm, ¢ = 0.432 nm); Cu,Te, (hexagonal lattice,
a=0.832 nm, c = 0.726 nm) and szTe (hexagonal lattice a = 0.418 nm, ¢ = 1.747 nm).

To confirm the phase structure of the samples, additional measurements, such as Raman spectra, are
needed and are currently underway.

According to the small size of Cu atoms (R, = 0.116 nm) and the types of crystal lattices of the pro-
posed minor phases, it can be assumed that, at least partially, these phases could be embedded in the Van
der Waals gaps between the layers of the main phases.

The anisotropy of the Nernst—Ettingshausen coefficient observed when measuring the kinetic coef-
ficients of the doped samples, viewed in a sign change during the transition from a component in which
the carrier flow occurs exclusively in the cleavage plane to components in which the trajectory of the car-
rier flow intersects the cleavage plane, indicates a significant difference in the contributions of the domi-
nant scattering mechanisms in different crystallographic directions. We can talk about the predominance
of acoustic hole scattering in the cleavage plane and the significant influence of impurity scattering
along the trigonal axis, which confirms the assumption of impurity localization between the septuple
and quintuple layers of the main phases.

Conclusions

Our study of a series of samples of PbSb, Te, crystals grown by the Chokhralsky method discovered
that ingots are periodic structures oriented along a trigonal axis which are multiphase with dominant
phases PbSb, Te, and Sb, Te,.

The experiments on the doping of PbSb, Te, crystals have shown that small amounts of Cu atoms are
likely to occupy vacancies in the metal sublattice. As the amount of copper in the initial mixture in-
creases, impurity atoms presumably enter into a chemical bond with Sb and Te atoms.
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The charge transfer phenomena were also investigated. Based on the measurements of four kinetic
coefficients in the temperature range of 77-450 K, the parameters of the band spectrum of current car-
riers were estimated. The growth of the Hall coefficient indicates the involvement of several types of holes
in the transfer phenomena.
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Abstract. This work derives electronic Hamiltonian matrix elements in diabatic representation using
an asymptotic approach. Off-diagonal matrix elements which couple different covalent excited states of a LiH
quasi-molecule with an ionic molecular state are calculated. Electronic wave functions of different lithium
states are determined by both the Discrete Variable Representation (DVR) and pseudopotential methods.
Electronic wave functions of a hydrogen negative ion are obtained by the complex rotation method.

Keywords: inelastic processes, nonadiabatic transitions, pseudopotential, electronic Hamiltonian, hydrogen
negative ion

Introduction

There is a wide variety of methods for calculating the electronic structure of a quasi-molecule. Both
adiabatic and diabatic representations can be used. In adiabatic representation, eigenfunctions of the elec-

H v
L +Li|l//,fd> and so on.

tronic Hamiltonian l//}’d are used to determine the eigenvalues of the electronic Hamiltonian <(//j’7d

R '//Zd> , <l//}ld

In diabatic representation, the basis of diabatic functions l//f’ is used to determine the diagonal and off-

diagonal matrix elements of the electronic Hamiltonian <l//;.ﬁ |ﬁ] l//:i>. The aforementioned quantities
are used in the studies of nuclear dynamics of colliding systems in terms of the Born—-Oppenheimer
approach. The choice of electronic basis functions (adiabatic or diabatic) defines the system of coupled
channel differential equations for nuclear wave functions.

This paper proposes a method based on the asymptotic approach for calculating the electronic Hamil-
tonian matrix elements in diabatic representation for collisions of atoms and positive ions of different
chemical elements with atoms and negative ions of hydrogen. The main focus of this work is calculating
the off-diagonal matrix element of the electronic Hamiltonian that corresponds to the interaction

as well as non-adiabatic coupling matrix elements l//;‘d
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of ionic and covalent configurations. Molecular wave functions of the covalent states are constructed
using the one-electron wave functions computed on Discrete Variable Representation (DVR) basis func-
tions with the pseudopotential method. Hydrogen negative ion wave function calculated using the com-
plex rotation method (Yarevsky 2016) is used as the ionic state wave function.

Theory

The asymptotic approach was proposed for studying inelastic processes in (Belyaev 2013). The electron
structure of a quasimolecule formed in collisions of atoms and ions of various elements with atoms and
ions of hydrogen is modeled by constructing the electronic Hamiltonian matrix in diabatic representa-
tion. An important step is the calculation of the off-diagonal matrix elements which define interactions
between different states of the quasimolecule. In terms of the asymptotic approach, only the ion-covalent
couplings are taken into account, and for determining the off-diagonal matrix elements charge exchange
formula (Olson et al. 1971) is used. This paper proposes calculating the matrix elements of ion-covalent
interaction by use of asymptotic expressions for covalent state wave functions of the quasimolecule and
negative hydrogen ion wave function calculated using the complex rotation method.

To model the electronic structure of a LiH quasimolecule using the asymptotic approach, we con-
sider several covalent states Li(1s’n’L) + H(1s2S) and one ionic state Li*(1s*'S) + H (1s*'S), including
only '2* molecular states. The electronic hamiltonian for this system reads

~ h? h? Ze? Ze?

1 2

2m, 2m, Amtegriy  AmEQTL;
Ze? Ze? Ze? Ze?

+ +
4‘T[€0T2H 4‘7T€0T2Ll' 4‘7T€0R 4‘7T€0T12 ’

where electron coordinates 7, and 7, are measured from the center of the nuclear mass, R is internuclear
distance, r Piigr Toggr Trypo Ty AT€ the distances from the first or second electron to the hydrogen or lithium
core, and r,, is the distance between two electrons.

The asymptotlc molecular wave function |LASM, ) for covalent '3+ (A = 0, S = 0, M, = 0) molecular
states of LiH is constructed using one-electron atomic wave functions using the expressmn from (Niki-
tin, Umanskii 1984) and reads:

Li oo H (2! '
|L000) = A C_mﬂ;m Prio (M1, (0) - @102, ("), (2)
Mg1,Ms2
where 4 is an antisymmetrization operator, C’™  denotes Clebsch—Gordan coefficients, and

Jy 1y ]y 1y
¢, (r)Xsm (0) is the wave function of an electron centered on the hydrogen or lithium core (a being H
or Li). The antisymmetric wave function if the ionic state is expressed as follows:

1
|0000) = — vy~ (11 , T2 ,€0S O13) <X11(0'1)X1 _1(0'2) — X1 _1(0'1))(11(0'2)> ) (3)
V2 22 272 272 22

where ¥, — (r,,,» Tor cosB,,) is the wave function of two electrons in the negative hydrogen ion, 6, being
the angle between 7, and 7},

Using these molecular wave functions, the off-diagonal matrix element of the electronic Hamilto-
nian (1) can be expressed via coordinate one-electron atomic functions and the function of the hydrogen

negative ion:

(L000|H,|0000) =

eZ
2,/2(1+ [ < 47T€oR>S

2
|1/JH (r1n »72m ,COS @12)> (4)

((‘Pwo (7'2H)<Pnlo (rlLl) 7'2L

|1/JH (14 »T2m COS @12)> )]

41e,

<<P100 (rlH)<PnlO (7”2L1)| Tzu

where s and S are overlap integrals:
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S ={Pno (71Li)|‘P100(72H)> = (P10 (qu)k/’wo(?w))'
S = (P100 Tor) o TrLi) 1Wu- iy » Top €08 O13)) =
(P100 (FlH)¢nlo (Fo1) [Yy-(rig » 1o ,€OS O13)).

To find the actual values of the off-diagonal matrix element (4), one needs to calculate several similar
6-dimensional integrals. In the present work we perform integration over the coordinates of two elec-
trons, measured from the hydrogen core as follows:

(‘P100(72H)‘Pn10 (7'1Li)| — Y- (11 , 2y ,€OS O13)) =
2T 2T

e

0
) 7'12H sin HlHdrlHdngd¢1Hr22H Sin O, drypd0,pde,y

O\ﬁ

f P100 (FZH)(pnlO (771Li)’~/)H“ (r1p T2 ,€0S O13) ) (5)
0

T1Li

In order to use the wave function of the hydrogen negative ion, we define cosf,, from the scalar product
of o and s the distance r,,is defined via - and R.

These equations make it possible to calculate the off-diagonal matrix element of the electronic Hamil-
tonian in diabatic representation for a particular internuclear distance R. In order to study non-adiaba-
tic nuclear dynamics — for example, using the multichannel Landau—Zener model — one needs to know

both diagonal and off-diagonal matrix elements for a range of internuclear distances.

Results

In this work we consider the following excited states of Li(2s, 2p, 3s, 3p, 4s, 4p) for molecular wave
functions of the covalent states Li(1s’nl ?L) + H(1s 2S) defined by Eq. (2). The wave function of one
electron centered on the lithium core is calculated by expanding it over the basis of DVR functions
with the use of a pseudopotential. The dependence of the pseudopotential on r is calculated using
the tabulated wave function of a 2s-electron in a Li atom from (Clementi, Roetti 1974). The wave
function of two electrons in the hydrogen negative ion is calculated by the complex rotation method
(Yarevsky 2016).

Fig. 1 shows the probability density of two electrons as a function of two distances from the nucleus
to both electrons (7, and 7)) for a fixed angle between these radius vectors. The upper panel depicts
the case of equal distances (r, = r,) for two geometries of the particles: the angle between electron ra-
dius vectors equals 0 and 1. The electron correlation is clearly seen. The lower panel demonstrates
the dependence of the electronic probability density on the distance from the nucleus to one electron
while the distance to another electron is fixed. We can see that the maximum of the density corresponds
to the case when both electrons are close to the nucleus (both distances are around 1-3 a. u.) and the two-
electron wave function can be represented as a product of two equivalent single-electronic wave func-
tions. When one of the electrons moves away, the electronic configuration changes and the two-elec-
tronic wave function becomes a product of two non-equivalent single-electronic wave functions.

Finally, the off-diagonal matrix elements of the electronic Hamiltonian are calculated using Eq. (4).
The comparison of the calculated data with the values from quantum chemical calculations (Croft et al.
1999) and given by a semi-empirical formula for one electron charge transfer (Olson et al. 1971) is pre-
sented in Fig. 2.

The graphs demonstrate the general agreement of the off-diagonal Hamiltonian matrix elements
calculated in the present work with the results of the previous calculations for a LiH molecule (Croft
et al. 1999) as well as the semi-empirical estimates (Olson et al. 1971). These dependences have
the exponential form that agrees with the asymptotic theory. The difference of the data calculated
in the present work from the results of quantum chemical calculations can be related to the fact that
the pseudopotential is obtained using the wave function of the 2s-electron. It is worth noting that for
calculations of the wave functions for higher excited states of the Li atom, the larger basis of DVR
functions should be used, which can also lead to deviations of the obtained results from the quantum
chemical data.
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Fig. 1. The probability density of two electrons in a negative hydrogen ion
calculated by the complex rotation method
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Fig. 2. The off-diagonal matrix element for LiH calculated in this work (dotted line with squares), by a semi-
empirical formula (dash-dotted line) and in quantum chemical calculations (solid line) for 2s (upper panel), 2p
(second from the top panel), 3s (second from the bottom panel), and 3p (bottom panel) electron in a Li atom
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Conclusion

The off-diagonal electronic Hamiltonian matrix elements are calculated using the accurate wave
function of the two electrons in the hydrogen negativeion and the wave functions of the six excited states
of the lithium atom, calculated by means of the DVR basis functions and the pseudopotential taken from
the accurate ab initio Hartree—Fock calculations. The calculated matrix elements can be used for accurate
nuclear dynamics studies determining the non-adiabatic transition probabilities and inelastic cross sec-
tions in the lithium-hydrogen collisions, by means of the wave packet method (Yakovlev, Belyaev 2024),
the reprojection method (Belyaev 2022), and probability currents method (Stepanov, Belyaev 2024).
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Summaries in Russian / VIHpopmayus o crmambax Ha pyCCKOM S3biKe

Ousuka KOHACHCHUPOBAHHOTO COCTOAHUA

BAVAHME ITOITEPEYHOT O SAEKTPMYECKOI'O ITOAA HA COITPOTUBAEHUE TOHKIX
ITAEHOK Bi HA ITOAAOJXXKE 113 CAIOABI 1 TIOANTAMUAA

Baapnmup AaexceeBuu Komapos, Baapumup MuHosuy [pa6os, Beponnka ButaabeBna IIpocroBa

AnHoTanms. PaboTa ocBsiljeHa NCCAEAOBAHMIO BAVISTHYS IIONIEPEYHOTO SAEKTPUYECKOTO MOASI Ha CO-
IPOTUBAEHME TOHKMX ITAEHOK BUCMYTa. B paboTe sKCIepyMeHTAaABHO TIOATBEP)KAEHO CYLleCTBOBaHME
s¢dexTa SAEKTPUIECKOTO MOASI B TOHKMX ITAEHKAX BUCMYTA Ha CAIOAE U MTOAMamMuAe. [ToAydeHbl sKC-
NEepYMEHTaAbHbIE 3aBUCUMOCTY COTMIPOTUMBAEHMS OT HANPSHKEHHOCTH IOMEPEYHOTO IAEKTPUIECKOTO
IIOASI AASI TIAEHOK BUICMYTA Pa3AMYHOM TOALIIVIHBI HA CAIOA€ U TIOAMaMMAE. BpIsIBA€HBI M3MeHeHMs], TPo-
VICXOASIIIIVIE TIPY YMEHbLIEHUY TOALMHBI IA€HKM U MaTepuaAa MCIIOAb30BAaHHOM MOAAOXKKY. AaHa Ka-
4YeCTBEHHasl MHTepIpeTaLys HabAAaeMoro s ¢dekra Ha OCHOBE aHAAM3A M3MEHEHUS MTOABVDKHOCTYI
CBOOOAHBIX HOCHUTEAEN 3apsiAQ B MMAEHKAX B 3aBUCUMMOCTH OT HAIPaBAEHUS SAEKTPUYECKOTO TOAS,
a TAaK>K€ TOALIVMHBI TAEHKM Y MaTepyaAa IMOAAOXKKMU.

KAroueBbIe CAOBa: BUCMYT, TOHKIE IIA€HKY, COIIPOTUBAEHME, 3P PeKT MonepevuHoro 3AeKTpuIecKo-
IO MOAS

Aasa gutupoBanusi: Komarov, V. A., Grabov, V. M,, Prostova, V. V. (2025) Effect of a transverse
electric field on the resistance of Bi thin films on a mica and polyimide substrate. Physics of Complex
Systems, 6 (3), 121-126. https://www.doi.org/10.33910/2687-153X-2025-6-3-121-126 EDN AJAUNX

OCOBEHHOCTIN MUKPOCTPYKTYPbI COEPOAUTOBBIX TOHKNX ITAEHOK
IHVUPKOHATA TUTAHATA CBHLIA

Baapumup Ilerposuy IponuH, Apremuit Hukoaaesny Kpyureapunikuit, Muxana Baapnmuposuy
CrapunpiH, Cranucaas Bukroposuu Cenkesud, EBrenuit IOpbreBuu Kanteaos, Mrops IleTpoBuu
ITponuH, BaapucaaB AuppeeBry ToMKOBUA

AnHOoTanusA. MeTopaMM pacTpOBOM SA€KTPOHHON MUKPOCKOIIMU MCCAEAOBAAVICh OTAUYMS MUKPO-
CTPYKTYpHBI chepoanToBbiX MAeHOK LITC, B KOTOpOJT peaAn3yeTcsi MaAOYTAOBO€E HEKPUCTAAAUYECKOE
Yl KpMCTAAAMYECKOE BETBAEHIE B ITpoliecce KpucTaaAu3daLuu ¢pasbl mepockuta. [Ipeprnosaraercs, 4to
HaOAIOAQeMble B MTAEHKAX LIMPKYASIPHO-CTYIIEHYaTble ¥ paAVaAbHbIe IPaHULBI POPMUPYIOTCS 32 CYET
MeXaHM3Ma AMCKAMHALIMY, B TO BpeMsI KaK /X OTCYTCTBHE SIBASIETCSI pe3yABTaTOM II0CAEAOBAaTEAbHOTO
00pa30BaHMsI OAMHOYHBIX KPAeBBIX AVCAOKALIMIL.

KaroueBbie caoBa: chepoantsl, ToHKMe naeHKu LITC, MmexaHnyeckue HanpspKeHMs, MEXaHU3MbI
IIOBOPOTA KPMCTAAAMUECKON peLIeTKN

Aast nutupoBanus: Pronin, V. P, Krushelnitckii, A. N., Staritsyn, M. V., Senkevich, S. V., Kap-
telov, E. Yu,, Pronin, L. P,, Tomkovid, V. A. (2025) Microstructure features of spherulitic lead zirconate
titanate thin films. Physics of Complex Systems, 6 (3), 127-133. https://www.doi.org/10.33910/2687-
153X-2025-6-3-127-133 EDN ESOLRP

Dusuka MMOAYIIPOBOAHUKOB

CIIEKTPblI 1 KMHETUNKA CEHCUBUNAMN3NPOBAHHOIO KPACUMTEAEM
OOTOBOABTANMYECKOI'O D®PEKTA B KPEMHUN

Muxaua Aaexcanpposud [opsies, Aaekcanpp IlaBaosru CmupHOB

AnHoTanusA. VlccaepA0OBaHO BAMSIHME HAaXOAALIMXCS HA MIOBEPXHOCTY MOAYIIPOBOAHMKOB MOAEKYA
OPraHMYeCcKOro KpacuTeAs Ha IIposiBAeHNe GOTOBOAbTaNUECKOro addeKxra B 00pasLiax KpeMHMUS C pas-
AVIMHBIMM TUIIaMM NpoBoauMocTU. HabalopaeTcs cnekTpasbHas ceHcnbuamnsanusa ¢poro-dAC B mo-
AOCe TIOTAOLIEHMS KPAaCUTEAS] AASI MOHOKPUCTAAAMYECKUX 00Pa3LioB C IPOBOAVMMOCTBIO 1-TUIIA U Ae-
ceHCMOMAM3aLMA B 00pasiiax ¢ MPOBOAMMOCTbBIO p-TuMa. Takke MMEITCS CyLIeCTBEHHbIe Pa3ANINUs
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B KMHeTHKe (HOTOBOABTANYECKOTro 3¢ dekTa B 00AaCTU MOTAOI[EHNS] KDACUTEAS B IIOAYIIPOBOAHMKAX
C Pa3AMYHBIM TUIIOM ITPOBOAVMOCTI: B KDEMHUY 1-TUIAa HAOAIOAQETCSI MOHOTOHHBIN pocT poTo-DAC,
a B KpeMHuu p-tuna ¢oto-dAC cHayaAa pacTeT, a 3aTeM IPOUCXOAUT ee apeHue. B mopoukoodpasHbIx
obpasijax HabAAaeTcs abdexTrBHAS ceHCUOMAM3aLA GOTOMPOBOAUMOCTH HA TOCTOSTHHOM TOKE KaK
AASI TIOAYTIPOBOAHMKOB N-TUIIA, TAK K AASI TOAYTIPOBOAHUKOB p-Tuna. O0Cy)KAQeTCs pa3AMYHBIN BKAAA
reHepUPOBAHHBIX IIPU O€3bI3AYIaTEABHOM UHAYKTUBHO-PE30HAHCHOM [IEPEHOCE SHEPTUM OT KPACUTEASI
IIOAYIIPOBOAHUKY SA€KTPOHOB 1 ABIPOK B pa3Hble BUABI GoTOdddeKTa.

KAroueBbie cAOBa: KpeMHMIT C pa3AMYHBIM TUIIOM IIPOBOAMMOCTH, KPEMHUI C aACOPOMPOBAHHBIM
KpacuTeaeM, CrieKTpaAbHas ceHcnbuansanusi, ¢oto-IAC, GoTonpoBOAMMOCTD Ha MOCTOSIHHOM TOKE,
ceHcubMAn3auus GOTOBOABTANYECKOTO 3 deKTa KpaCUTEASIMU

Aast putupoBanusi: Goryaev, M. A., Smirnov, A. P. (2025) Spectra and kinetics of dye-sensitized
photovoltaic effect in silicon. Physics of Complex Systems, 6 (3), 134—138. https://www.doi.org/10.33910/2687-
153X-2025-6-3-134-138 EDN GAMNET

AHAAV3 AOKAABHOW CTPYKTYPBI BAVDKHETO OKPY)KEHVS ATOMOB TEPMAHUA
B XAABKOTEHMAHDBIX CITAABAX GE,SB,TE, CITIOMOIIIbIO METOAA MECCBAY3POBCKOI
CIIEKTPOCKOITNI

Aaaa BaaentnHoBHa Mapuenko, IOpuit Aaexcanpposuu Ilerpymus, ITaBea ITaBaoBuy Ceperun,
BstuecaaB ArekcaHAPOBUY AOPOHUH

AHHOTammsA. MeToAOM Mecc6ayapOBCKOI CIIEKTPOCKOIMY Ha U30ToIe *Ge IMPOAEMOHCTPYPOBaHa
TeTpasppuyecKas CUMMeTPVs AOKAAbHOTO OKPY>KeHMsl aTOMOB repManus B amopHbIx naenkax Ge,Sb, Te,.
CaeAaH BBIBOA O CYIIeCTBEHHOI pas3HulLie B OAMIKaMILeM OKPY>KeHUH U, CAEAOBATEABHO, B SAEKTPOHHBIX
CTPYKTypax aToMOB Ge B KpUCTaAAMYECKUX M aMopdHbIx naeHkax Ge,Sb, Te,. PentrenoamopdHbie naeH-
xu Ge,Sb, Te, ToAnHO 20 UM OBIAM MOAYYEHBI METOAOM MAarHEeTPOHHOTO PACIIBIACHMS CUHTe3MPOBAHHBIX
MOAMKPUCTAAAMYECKMX 00Pa3Li0B Ha TIOCTOSIHHOM TOKe B aTMOC]epe a30Ta Ha MOAAOXKKM 13 aAIOMUHMe-
BOI1 GOABIY. 3aTeM AEHKY OT>KUTAAY B MHTepBaAe Temueparyp 150-200°C AAsI TOAYYEHVSI TIOAVIKPUCTAA-
Anyeckrx o6pasoB. CoCTaB MAEHOK KOHTPOAMPOBAACS METOAOM PEHTIeHO(AyOpeCLieHTHOTO aHAAM3A.

KaroueBbie caoBa: meccbayspoBckas crnektpockonus, Ge,Sb, Te,, AcokaabHOe okpyxenue Ge, mar-
HETPOHHOE PaCIbIA€HVE, PEHTTeHOPAYOPECLIEHTHBIN aHAAW3

Aas putupoBanusi: Marchenko, A. V,, Petrushin, Yu. A., Seregin, P. ., Doronin, V. A. (2025)
Analysis of the local structure of the nearest environment of germanium atoms in chalcogenide alloys
Ge,Sb, Te, using the Mossbauer spectroscopy method. Physics of Complex Systems, 6 (3), 139-143. https://
www.doi.org/10.33910/2687-153X-2025-6-3-139-143 EDN SANBNC

COCTAB, CTPYKTYPA I OCOBEHHOCTU CBOVICTB KPMICTAAAOB PbSb,Te,,
BbIPAITEHHBIX METOAOM YOXPAABCKOTO

Ceprent Aaekcauppouy Hemos, BaaentnHa AmutpueBHa AHppeeBa, Aaekceit FOpbeBuy AasiObeB

AnHoTanums. B AaHHOI paboTe IpMBEAEHBI U TPOAHAAN3MPOBAHBI PE3YABTATHI PEHTTEHOCTPYKTYP-
HBIX ¥ QpU3UIECKUX MCCAeAOBaHMIT KpucTaaAoB PbSb Te,, BripamenHpix meropom Joxpaabckoro.
Ha xauyecTBEHHOM 1 KOAMYECTBEHHOM YPOBHE 0OCY>KAQIOTCSI 0COOEHHOCTU (a30BOro CoOCTaBa U Kpu-
CTAaAAMYECKOI CTPYKTYPBI CAUTKOB, B TOM YMCA€ AETVIPOBAHHBIX AOHOPHOI ITpKUMechio MeAu. OOpasiibl
IIPEACTABASIIOT COOO0J IIEPUOANYECKYIO CTPYKTYPY, SABASIOTCS MHOTO(asHbIMU, AOMUHMpYIOLeE (asbl
PbSb,Te, u Sb,Te,. Haanune coO6CTBeHHBIX TOYEUHbBIX IAGKTPUIECKM AKTUBHBIX AePEKTOB 00yCAABAK-
BaeT BBICOKYIO KOHLIEHTPALMIO ABIPOK P = 3.2 x 10?° cm. TemmepaTypHble 3aBUCYMOCTY KMHETUYECKIX
K03} (PULIMEHTOB CBUAETEABCTBYIOT B IIOAb3Y CAO’KHOTO CTPOEHMSI BAAEHTHOM 30HBI. ATOMBI IIPUMECU
IIpY AETMPOBAaHMY 3aHMMAIOT BAKAHCUY B METAAANYECKO TOAPELIEeTKe 1 00Pa3yI0T XMMUYECKIE COEAN-
HeHMs1 ¢ aromamu Sb u Te.

KaroueBbie caoBa: oAynpoBopHNK, PbSb, Te,, TepM02AeKTpUuECTBO, TOMOAOTMYECKUIT U3OAATOP,
TETPAAVIMUTBDI, AETYPOBaHNe, KUHETUYeCKIe KO3 DULMEHTbI, HHHOKOMITIO3UTbI, PEHTT€HOCTPYKTYPHBII
aHaAM3, TeMIIepaTypHble 3aBUCUMOCTY KoadduiieHTa X0AAQ, CTPYKTYpa BAAEHTHON 30HBI

Aas nutupoBanusi: Nemov, S. A., Andreeva, V. D., Aliabev, A. Yu. (2025) Composition, structure
and properties of PbSb, Te, crystals grown by the Chokhralsky method. Physics of Complex Systems, 6 (3),
144-149. https://www.doi.org/10.33910/2687-153X-2025-6-3-144-149 EDN RBTYMA
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Teopernueckas ¢pusnka

INIPUMEHEHUVE METOAA IICEBAOIIOTEHLINAAA AAA PACHETOB MATPNYHbBIX
SAEMEHTOB HEAAVIABATUYECKOI CBA3U

Cseraana AHatoabeBHa SIkoBAeBa, BceBoaop AaekceeBny Baxpyues, Vabs Ipuropbesny CrenaHos,
Anppen Koncrantunosuu beasieB

AnHoTtanus. B paboTte npuBepeHbI BBIPOKEHUS AASI PACU€TOB MAaTPUYHBIX 9AEMEHTOB 9AEKTPOHHO-
ro raMMABTOHMAHA B AMa0ATNYECKOM MPEACTABAEHUM B PaMKaX aCUMIITOTUYECKOTO IoAXoAa. ITpoBe-
AEHBI pacyeTbl HEAMArOHAABHBIX MAaTPUYHBIX SAEMEHTOB, CBSI3bIBAIOIUX Pa3AMYHbIE BO30Y>KAEHHbBIE
KOBAA€HTHBIE COCTOSIHMS KBa3MMOA€EKYADBI LiH ¢ MOHHBIM MOAEKYASIpPHBIM COCTOsIHMEM. AAsI olipeae-
AeHMsT QYHKUMIT SAEKTPOHA B PA3AMYHBIX COCTOSIHMSIX AUTUSA VICIIOAB3YIOTCSI PYHKLIMM AMICKPETHOTO
MpEeACTaBAEHMSI IEPEMEHHON U METOA IICEBAOTIOTEHLIMAAQ, a AASI BOAHOBOI QYHKLMY OTPULIATEABHOTO
MOHAa BOAOPOAQ VICIIOAb30BaHbI Pe3YAbTAThI IPUMEHEHVSI METOAQ KOMITAEKCHBIX BpalljeHUI.

KAroueBble cAOBa: HeyIpyrue MpoLecchl, HeapnabaTnyecKye epexoAbl, ICEBAOIIOTEHLMAA, DAEK-
TPOHHBII TOTEHLIMAA, OTPULIATEABHBIN IOH BOAOPOAQ
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