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COMPENSATING EFFECT
OF TERBIUM IMPURITY ON THE CONDUCTIVITY
OF Tb,Sn;_,Se SOLID SOLUTIONS

The interactions in the SnSe—TbSe system are investigated, and the solubility region of TbSe
in SnSe is determined from the results of a complex physicochemical analysis. The dependence
of the electrical conductivity and the concentration of current carriers of Tz Sni—5Se crystals
on the composition and temperature is analyzed.
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1. Introduction

The active development of the electronic technol-
ogy requires the creation and study of new semi-
conductor materials with improved properties com-
pared with traditional semiconductors. Such mate-
rials include the rare-earth semiconductors, whose
properties are associated with the uniqueness of the
electronic structure. The peculiarity of the electronic
structure of rare-earth elements is the filling of the
4 f-shell with an unfilled d shell [1, 2].

The electron configuration of rare-earth metal
(REM) ions is based on the xenon structure
1522522p%3523p3d104524p%4d105525p% and, above it,
electrons on a partially filled 4 f-shell and two or three
external electrons (6s% or 5d6s%). The 4f-shells are
rather compact and well shielded by closed 5s5p-shells
which are located close to them, so the direct overlap
of the electrons of neighboring ions is negligible. The
outermost 6s6p5d-electrons form a conduction band,
leaving rare-earths in a solid trivalent. The proper-
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ties of this band determine their electrical and optical
properties and transport phenomena.

Tin monoselenide is one of the chalcogenide layered
semiconductors of the ATVBV! group, whose unique
properties, in particular, the high chemical stability,
high absorption coefficient, as well as the value of the
band gap of 1-1.5 eV (covers the visible and near
infrared region) and stable p-type conductivity with
the development of photovoltaics, attract more and
more attention [3-5]. Doping them with impurities
that create quasilocal levels expands the possibilities
of their practical application. The electronic configu-
ration, chemical activity, atomic and ionic radii, and
REM make them most suitable as a ligator for tin
monoselenide.

The introduction of REM into tin monoselenide
leads to the formation of a number of physical fea-
tures associated with the nature of the defect forma-
tion and with the interaction of defects. Therefore,
the study of the interaction between SnSe and TbhSe
chalcogenides, as well as a comprehensive study of
charge transfer processes in the formed solid solu-
tions, is of scientific and practical interest for the cre-

225



J.I. Huseynov, Kh.A. Hasanov, T.A. Jafarov et al.

8 Oe+004)

€ Oe+004)

4 Oe+004

2 Oe+004)

0 Oe+000)

.

Intensty (cpy)

0 50 El
-

Tehos bl 0T

283

33

>
-

o858 83

10 0 30 40 0 60
2.0 (dog)

Fig. 1. X-ray diffraction pattern for TbzSn;_;Se with =z =
= 0.0025. Samples of SnSe and SnO are shown below

ation of some electrical energy converters and various
thermistors resistant to radiation, pressure, and hu-
midity. Below, we will present the results of studies
of the dependence of the electrical conductivity and
the Hall coefficient on the temperature, as well as the
dependence of these parameters on the concentration
of terbium in the Th,Sn;_,Se solid solution.

2. Experimental Technique

The initial components, namely, tin of “B4-000”
brand, selenium of “OC417-4” brand, and chemically
pure terbium (99.98%), were used for the synthesis
of alloys of the SnSe—TbSe system. The synthesis was
carried out in an evacuated quartz ampoule at a pres-
sure of 0.1333 Pa by the method of direct melt of the
components in two stages. Samples of the solid solu-
tion of (SnSe);_,—(TbSe), with the composition of
x; = 0.0025; x5 = 0.005; x3 = 0.02; x4 = 0.03,
and x5 = 0.04 were synthesized. At the initial stage,
the ampoule together with the substance was heated
up to the melting point of selenium at a rate of 4-5
degree/minute and held at this temperature for 3—4
hours. Then the temperature was gradually increased
up to 950-1000 °C depending on the composition and
held for 8-9 hours.

For the complex physicochemical analysis and elec-
trophysical studies, the synthesized samples were an-
nealed for 100-140 hours depending on the compo-
sition: the annealing time was increased with the
content of terbium. The homogenizing annealing of
the obtained single-phase samples was carried out in
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a medium of spectrally pure argon at 800 K. Single
crystals were grown by the Bridgman method.

The structure, phase, and elemental composition
of the obtained ingots and the state of the surface
along the plane of the natural layers of the studied
samples were determined by conducting complex X-
ray diffraction, radiographic, thermographic, X-ray
spectroscopy, and microscopic analyses.

DTA was performed on a Perkin Elmer STA 6000
(USA) in order to determine the thermal effects of the
obtained samples and the phase transitions. Nitrogen
with a feed rate of 20 ml/s was used as the working
gas; the sample was heated up to the melting at a
heating rate of 5 °C/min.

X-ray diffraction analysis was performed on an
X-ray diffractometer Miniflex by “Rigaku Corpora-
tion” on 30 kV mode, 10 mA, radiation CuK, (A =
= 1.5406 A). Diffraction reflections were observed at
a step of 0.01° and a displacement angle of 26 in the
range of 0—80°. A Japanese-made scanning electron
microscope of JEOL JSM6610-LV brand was used for
the study of a morphology and a microcomposition
of the sample surface.

After the annealing, samples 2 x 4 X 18 mm® in size
were cut out from the ingots of crystals in an electro-
spark installation. The electrical conductivity and the
Hall coefficient were measured at a constant current
and a constant magnetic field of an electromagnet
[6]. The thermal electromotive force was measured
by a stationary method according to the method de-
scribed in [7]. The measurements were carried out in
the temperature range of 80350 K. The experimen-
tal error did not exceed 4.2%.

3

3. Results and Discussion

Besides the thermal effect corresponding to the melt-
ing, no other thermal effects are observed on the
thermograms of the Th,Sn;_,Se alloy system. In the
SnSe binary compound, the partial replacement of
Sn atoms by Tb atoms helps to reduce the melting
temperature. The results of complex physicochemi-
cal analysis show that the system of Tb,Sn;_,Se
alloys, as well as the main substance SnSe, crystal-
lizes in the orthorhombic system with the space group
D% — P.,., (Fig. 1). With an increase in the percent-
age of TbSe in the composition, a slight increase in
the unit cell parameters of the crystal lattice, density,
and microhardness is observed, and the heat effects

ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 3



Compensating Effect of Terbium Impurity

shift to relatively lower temperatures. In all compo-
sitions, the density calculated on the basis of radio-
graphic data is higher than the density determined
by the pycnometric method. This shows that the ob-
tained system of alloys is rich in defects consisting of
vacancies of structural elements.

Figure 2, a shows a two-dimensional image ob-
tained as a result of an increase in the surface area
of 5 x 10% x 5 x 10% with respect to homogeneous
Tb,Sn;_,Se single crystals using an atomic force mi-
croscope. In Fig. 2, b, a volumetric image of a part
with a relatively uniform surface relief of the same sin-
gle crystal is given. As it can be seen from the figure,
the Tb,Sn;_,Se single crystal surface is sufficiently
uniform and even.

Despite the fact that SnSe single crystals are lay-
ered crystals, some roughness is observed on the nat-
ural cleavage surface. A histogram analysis of the im-
ages obtained by an atomic force microscope shows
that the natural uniformity of the surface of the SnSe
single crystal varies within 25 nm. The observation
of a certain roughness in the near-boundary layer is
most likely due to the presence of weak van der Waals
forces between the layers; when the bonding forces are
destroyed, not individual atoms, but clusters of atoms
remain on the surface of the crystal [§].

The surface roughness also increases with the num-
ber of REM in the Tb,Sn;_,Se single crystal. In
the SnSe binary compound, the partial replacement
of Sn atoms by the rare-earth metal atoms with a
greater radius leads to an increase in the weak van der
Waals bond between the layers. Therefore, with an in-
crease in the amount of Tb in the composition of the
Tb,Sn;_,Se alloy system, the layer-by-layer rejection
becomes more complex, and the roughness of the nat-
ural surface increases. The Fourier spectrum obtained
by atomic force microscopy also shows this. Surface
particles located mainly at the center of the image of
the spectrum have approximately the same size.

The observed growth of the lattice parameters,
good agreement of the partial replacement of Sn
atoms by Tbh atoms of a larger radius, and the obser-
vance of Vegard’s law suggest the formation of sub-
stitution solid solutions based on SnSe. The study of
the dependence of the microstructure, microhardness,
and density of the composition detected by the X-ray
and pycnometric methods shows that the region of
dissolution of ThSe in SnSe at room temperature is
limited to 4 mol%.
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Fig. 2. AFM image of the Tbh;Snj_,Se single crystal surface:
two-dimensional (a) and volume (b)
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Fig. 3. Dependence of the electroconductivity and concentra-
tion of current carriers of Thz;Sn;_;Se crystals on the compo-
sition

Figure 3 shows the dependence of the specific elec-
troconductivity and the concentration of current car-
riers on the amount of terbium contained in the
Tb,Sn;_,Se alloy. At low concentrations, the spe-
cific electroconductivity decreases, as the amount of
Tb in the system of Tb,Sn;_,Se alloys increases,
whereas an increase in conductivity at = > 0.02
is observed. The value of the thermal electromotive
force coefficient decreases with increasing the ter-
bium concentration and changes its sign from p to
n-type at x > 0.001 and then stabilizes, by passing
through a maximum in absolute value in solid solu-
tions Th,Sn;_,Se.

At concentrations of Tb 0 < x < 0.01, the filling of
tin vacancies and a change in chalcogenic antistruc-
tural defects lead to a decrease in the concentration
of charge carriers and in the specific electroconductiv-
ity. It can be said that, with a subsequent increase in
the amount of ThSe, no antistructural defects are cre-
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F1ig. 4. Dependence of the electroconductivity of Th;Snj_,Se
crystals on the temperature: 0.25 (1); 0.5 (2); 2 (3); 3 (4);
4 mol% (5)
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Fig. 5. Dependence of the Hall coefficient of Th,;Sn;_,Se on

the temperature: 0.25 (1); 0.5 (2); 2 (3); 3 (4); 4.0 mol% (5)

Dependence of activation
energies (eV) on the composition

. Electrical conductivity Hall coefficient
Ingredients,
mol%

Ea1 Ea2 Ea1 Ea2
0.25 0.026 0.130 0.025 0.128
0.5 0.024 0.125 0.023 0.124
2.0 0.022 0.123 0.022 0.122
3.0 0.022 0.122 0.021 0.120
4.0 0.020 0.121 0.021 0.120

ated. We assume that a partial increase in the specific
electrical conductivity is associated with the appear-
ance of the second kind of charge carriers, as a result
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of the action of donor Tb atoms. However, since tin
with chalcogen is bivalent in SnSe, its partial substi-
tution by trivalent terbium appears to result in the
appearance of shallow donor levels due to the par-
ticipation of a tin vacancy. The indicated features of
the experimental data indicate the occurrence of the
self-compensation in Tbh,Sn;_,Se.

The agreement of the experiment with the the-
ory can be attained, if it is assumed that the dop-
ing with the Tb impurity is compensated not only
by vacancies, but also by the formation of com-
plexes. The self-compensation model, which accounts
for the possibility of the formation of complexes of a
terbium impurity ion — a tin vacancy, describes the
self-compensation in the Th,Sn;_,Se alloy.

The doping of semiconductor materials leads to the
occurring of impurity levels in the energy spectrum of
charge carriers. An important parameter characteriz-
ing the impurity center is the activation energy FE,
(the energy necessary to tear the electron from the
center). In accordance with the value of E,, impurity
levels can be divided into shallow and deep. For shal-
low impurity centers, the ionization energy is much
less than the band gap width (E, <« Eg ). Some
impurities create deep impurity levels in semicon-
ductors located far from the boundaries of energy
bands. Atoms of transition metals (as well as REM),
which have unfilled spaces on the internal electron
shells, give deep local levels in almost all known semi-
conductor materials.

Figure 4 shows the temperature dependence of the
specific electrical conductivity of single crystals grown
from the system of Tb,Sn;_,Se alloys. As is seen
from the figure, the specific electrical conductivity
in the temperature range 80-350 K for the studied
crystals is inherent to classical semiconductors. At
low temperatures, there is a weak dependence of the
electrical conductivity on the temperature. At tem-
peratures 7' < 180 K, the electrical conductivity
can be considered the impurity conductivity resulting
from the transfer of charge carriers under the ther-
mal excitation from a level localized near the Fermi
one to a delocalized level located in the conduction
band. With an increase in the amount of Tb in the
composition, a decrease in the activation energy of
charge carriers is observed.

Starting from a temperature of 200 K, the conduc-
tivity increases sharply, since the electrons of the va-
lence band, which absorb the energy equal or greater
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than the activation energy of deep impurities, pass
into the conduction band and participate in the elec-
trical conductivity. The activation energy of impu-
rity centers was determined based on the tendency of
the dependence Igo = f (%) to the low-temperature
and high-temperature regions, the results of which
are shown in Table. As can be seen from the ta-
ble in the low-temperature and high-temperature re-
gions, the activation energy of charge carriers at im-
purity levels is E,; ~ 0.02 eV and E,5 ~ 0.12 €V,
respectively.

By a partial replacement of Sn atoms by Tb atoms
in the SnSe crystal lattice with an increase in the
number of REEs, there is a slight tendency to a de-
crease in the band gap. The cause for this is the el-
ementary growth of lattice parameters due to the
partial replacement of Sn atoms with an ionic ra-
dius of 0.67 A with lanthanide atoms of even larger
radii (=1 A) [9]. With an increase in the terbium
impurity concentration in Tb,Sn;_,Se single crys-
tals, the deformed state increases, and, as a re-
sult, the conductivity and mobility of charge carriers
decrease.

Figure 5 shows the temperature dependences of the
Hall coefficient of the system of Th,Sn;_,Se alloys
in the coordinates lg (RT3/ 2) oo%, which makes it
possible to determine the band parameters. The re-
sults are presented in Table. According to the anal-
ysis of the dependence of the Hall coefficient on the
temperature for single crystals (SnSe);_,(TbSe), in
the region of impurity conductivity starting from the
boiling point of nitrogen to a temperature of 240 K,
remaining unchanged, we can say that it does not
depend on the temperature. With a subsequent in-
crease in the temperature (250-350 K), the Hall co-
efficient increases. This anomaly is explained by the
presence of traps in the band gap for electrons or by
the formation of additional acceptors with increasing
the temperature [6].

In the presence of light and heavy holes, due to
the weak dependence, the ratio of the hole mobili-
ties of the main and additional extrema of the va-
lence band, the temperature dependence ofthe Hall
coefficient is determined by the distribution of charge
carriers in the valence subbands. As the temperature
increases, an increasing number of holes goes into sub-
bands, and the effective concentration of holes par-
ticipating in the conductivity decreases. Due to the
weak mobility of holes in the second valence band,
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their fraction in the Hall effect is weak, due to the
passage of holes into the second band, the effective
concentration decreases, and the Hall coefficient in-
creases. With increasing the temperature in the field
of intrinsic conductivity, the Hall coefficient decreases
sharply. This type of dependence is found in the ba-
sic SnSe compound, as well as in its structural coun-
terparts. The cause for this is the complex nature of
the band structure of these compounds, the state of
the valence band of the two lower zones, and it is
explained by the existence of light and heavy holes,
respectively.

As can be seen from Figs. 4 and 5, the nature
of a change in the dependence of the specific elec-
troconductivity and the Hall coefficient on the tem-
perature is the same for all the studied crystals. It
should be noted that the value of the width of
the forbidden zone determined from the tempera-
ture dependence of the Hall coefficient coincides well
with the value determined from data on the specific
electroconductivity.

4. Conclusion

The dissolution of ThSe in SnSe at room temperature
is limited to 4 mol%. In the system of Th,Sn;_,Se al-
loys at terbium concentrations x<0.01, the filling of
tin vacancies and a change in chalcogenic antistruc-
tural defects lead to a decrease in the electrical con-
ductivity, charge carrier concentration, activation en-
ergy, and band gap. The temperature dependence of
the Hall coefficient is well explained on the basis of a
two-band model.
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