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Interactions in the SnS–PrS alloy system have been studied. On the basis of the results of
complex physicochemical analysis, the interval of PrS solubility in SnS is determined. The mi-
crorelief of the surface of Pr𝑥Sn1−𝑥S single crystals is analyzed using a scanning probe micro-
scope operating in the atomic-force regime. The electrical conductivity and the Hall coefficient
are researched in a broad temperature interval of 80–800 K. The charge-transfer processes in
the objects concerned are analyzed.
K e yw o r d s: solid solutions, chalcogenides, electrical conductivity, donor, Hall coefficient,
valence band, light and heavy holes.

1. Introduction

Semiconductor compounds of the AIVBVI type and
alloys obtained on their basis are considered to be
promising materials for applications in various do-
mains of electronics, or they are already used in in-
frared radiation sources and detectors, thermoelec-
tric elements, solar batteries, storage elements, and
others. The fundamental characteristics of those com-
pounds – such as a narrow energy gap, a high dielec-
tric permittivity, rather a high radiation resistance,
and the prevalence of ionic bonds – make the scope of
their application even broader [1]. Doping them with
impurities that create quasilocal levels also expands
the capabilities of their practical application. The
corresponding researches are of special importance in
fundamental physics as well.

Substances obtained taking advantage of rare-earth
metals are widely used for the fabrication of elec-
tric energy converters and thermoresistors resistant
to radiation, pressure, and moisture. If the 4𝑓 level
in the electron structure of rare-earth metals is filled
incompletely, the easy transition 4𝑓 − 5𝑑 − 6𝑠 takes
place. As a result, the creation of the varying valency
by means of mobile electrons at the 4𝑓 level of those
atoms makes the materials obtained with the partici-
pation of rare-earth metals to be interesting research
objects. From this viewpoint, a capability to produce
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new promising materials with required physical prop-
erties on the basis of alloys and compounds including
rare-earth metals makes their research especially chal-
lenging [2, 3].

2. Formulation of the Problem.
Objective of Research

Lead chalcogenides (PbX) of the AIVBVI type and
solid solutions obtained on their basis with the partic-
ipation of rare-earth metals are used as materials for
the 𝑝 branch of thermoelectric refrigerators, whereas
germanium sulfide (GeS) single crystals with a lay-
ered crystal structure are used for holographic inscrip-
tions, in electronic memory units, solar batteries, and
so forth [4, 5]. A systematic study of the application
potential of various inorganic compounds in photo-
electric solar converters showed that many sulfides are
characterized by an optical energy gap width that is
acceptable for photovoltaic devices [6]. For instance,
tin sulfide has the forbidden gap width for direct tran-
sitions 𝐸𝑑

𝐺 ≈ 1.3 eV [7], which is close to the optimum
theoretical estimate for the effective conversion of so-
lar energy into electric one using unijunction solar
cells [8]. By applying SnS as an absorbing layer in
photo-electric solar converters, an efficiency of up to
24% can be achieved theoretically [9], which is compa-
rable with the results achieved nowadays with silicon-
based and other elements. Among the advantages of
SnS, we should also note a low cost of components
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required for the preparation of this compound. This
fact is associated with a wide spread of tin and sulfur
in the Nature, as well as with the non-toxic character
of those materials.

The intermediate binary compound SnS with a for-
bidden gap of 0.95 eV demonstrates both thermoelec-
tric and optical properties. Being characterized by a
complicated ion-covalent chemical bonds, it crystal-
lizes into a deformed structure of the NaCl type. One
of the main features of SnS is the presence of a certain
kind of defects. There are vacancies in both sublat-
tices, and their mutual influence results in the forma-
tion of antistructural defects. A high concentration
of those defects of about 1017 cm−3 gives rise to the
appearance of the 𝑝-conductivity in SnS [9, 10].

The introduction of rare-earth metals into tin
monosulfide results in the appearance of a number
of physical peculiarities associated with the origin
of the defect formation and with the defect inter-
action. Therefore, the research of the interaction be-
tween the SnS and PrS chalcogenides, as well as a
comprehensive analysis of charge transport processes
in their solid solutions, comprises a scientific and
practical interest.

3. Experimental Technique

In this work, using the methods of differential ther-
mal (DTA), microstructural (MSA), and X-ray phase
(XPA) analyses, and by measuring the microhardness
and density of the SnS–PrS system, the interaction
in it is studied, and a part of the state diagram from
the SnS side is plotted. In the quasibinary Sn–Pr–S
cross-section, in order to determine the interval of the
PrS solubility in SnS in (SnS)1−𝑥(PrS)𝑥 compounds,
the components were weighed with PrS contents of
0.5, 1, 1.5, 2, 2.5, 3, 3.5, and 4 mol% in accordance
with stoichiometry. The alloys were synthesized in a
specially selected regime: after 150-h hardening at a
temperature of 500 K, the specimens were gradually
cooled down to room temperature.

For the determination of melting temperatures in
the obtained specimens and the identification of phase
transitions in them, the differential thermal analysis
(DTA) was carried out on a Perkin Elmer Simultane-
ous Thermal Analalyzer, STA 6000 (USA). Nitrogen
was used as a working gas with a supply rate of
20 ml/s. For the DTA, the examined powder speci-
men was put into a quartz ampoule. Then air was

pumped out from the ampoule down to a pressure of
10−3 Pa. After the sealing, the ampoule was placed in
a furnace. The studied specimen was heated at a rate
of 5 ∘C/min up to its melting. Simultaneously, the
melting and cooling curves were plotted in a temper-
ature interval from room temperature to 900 ∘C. The
required temperatures were determined from the
plots according to the obtained effects.

The phase compositions of the synthesized SnS
compound and (SnS)1−𝑥(PrS)𝑥 alloys were deter-
mined with the help of microstructural analysis. The
researches were carried out on a metallographic mi-
croscope MIM-7 at a 200x magnification.

The X-ray diffraction analysis of the alloys of
synthesized Pr𝑥Sn1−𝑥S system was performed on
a D8 Advance Bruker X-ray diffractometer in the
(40 kV, 40 mA) regime, using CuK𝛼 radiation (𝜆 =
= 1.5406 Å), and in a TTK 450 K temperature cham-
ber. Diffraction reflections were observed at the dis-
placement angle 2𝜃 within an interval of 0–80∘. They
were indexed by the TOPAS software. The crystal-
lographic parameters were specified using the EVA
software.

The surface relief of Pr𝑥Sn1−𝑥S single crystals
characterized by a layered structure was studied by
means of a scanning probe microscope operating in
the atomic force regime. For obtaining an image, the
specimen surface was scanned following a special pro-
cedure. When scanning, the probe first moved over
the specimen along a definite line. In this case, the
magnitude of the signal at the executive element,
which was proportional to a surface relief, was reg-
istered in a computer memory. Afterward, the probe
was returned back to the starting point, passed to the
next scanning line, and the process was repeated.

The specific conductance and the Hall coefficient
were measured following the standard compensation
method in dc electric and electromagnetic fields [11]
in a temperature interval of 80–800 K. The experi-
mental errors amounted to 4.2%.

4. Experimental Results

The microimages of those (SnS)1−𝑥(PrS)𝑥 specimens,
in which the PrS content was not higher than 3 mol%,
clearly demonstrated their homogeneity, which did
not differ from that of the SnS microstructure. A sec-
ond, minor phase was observed, although in a small
amount, on the microsections of specimens with PrS
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contents of 3.5 and 4 mol%. The study of the micro-
hardness dependence on the compound density, which
was performed using the radiographic and pycnomet-
ric methods, showed that the interval of the PrS sol-
ubility in SnS at room temperature is restricted by
3 mol% from above.

Except for the thermal effect corresponding to
the melting, no other thermal effects were observed
on thermograms obtained for the Pr𝑥Sn1−𝑥S sys-
tem. The heating-cooling curves demonstrated sharp
peaks corresponding to the melting and solidifi-
cation. Figure 1 exhibits a heating curve for the
Pr0.02Sn0.98S specimen. It allows us to assert that
congruently melting alloys were formed in the course
of this synthesis. In the binary SnS compound, a par-
tial substitution of Sn atoms by Pr ones promotes a
decrease of the melting temperature, which testifies
that rare-earth metals play the role of softeners in
those crystals.

The registered Debye powder patterns and diffrac-
tion patterns were identical. The indexing of X-ray
patterns showed that, within the solubility interval,
the examined SnS-based alloys crystallized in the or-
thorhombic system. In the solubility interval of the
binary SnS compound, since Sn atoms were partially
substituted by the atoms of rare-earth metals with a
larger radius, the intensity of reflexes decreased, and
the parameters of orthorhombic unit cells in the lat-
tice increased additively. In this interval, the lattice
parameters grew linearly, and there were no devia-
tions from the Vegard law.

In the X-ray patterns obtained for an interval of 0–
3 mol%, no shifts of diffraction lines were observed.
Only the variation of their intensity took place, which
testified to the formation of an SnS-based solid so-
lutions. The observed growth of lattice parameters,
a good agreement of the partial substitution of Sn
atoms by Pr ones with a larger radius, and the ful-
fillment of the Vegard law allow us to say about the
formation of substitutional solid solutions on the ba-
sis of SnS.

The results of our complex physical and chemical
researches show that Pr𝑥Sn1−𝑥S alloys, similarly to
the basic SnS substance, crystallize in orthorhombic
systems. With increase in the PrS content, a weak
growth of the unit cell parameters, density, and mi-
crohardness is observed, and the heat effects become
shifted toward lower temperatures. For all contents,
the density calculated from the X-ray diffraction data

Fig. 1. Heating thermogram for Pr0.02Sn0.98S specimen

is higher than the density determined using the pyc-
nometric method. This fact means that the obtained
system of alloys is rich in defects consisting of the
vacancies of structural elements.

Figure 2, 𝑎 exhibits a two-dimensional image of a
5 × 5-𝜇m2 surface region of a rather homogeneous
Pr𝑥Sn1−𝑥S single crystal. The image was obtained
with the help of an atomic force microscope. Figu-
re 2, 𝑏 demonstrates a three-dimensional image of a
surface section of the same single crystal with a rather
homogeneous surface relief. As one can see, the sur-
face of the Pr𝑥Sn1−𝑥S single crystal is quite homoge-
neous and smooth.

Despite that the SnS single crystals are layered,
some roughnesses of the natural cleavage surface can
be observed. The histogram analysis of the obtained
atomic force microscopy images demonstrates that
the natural homogeneity of the SnS single crystal sur-
face changes within the limits of 25 nm. The observa-
tion of some roughnesses in the near-surface layer is
most likely associated with the presence of weak van
der Waals forces between the layers: when the bind-
ing forces are destroyed, atomic groups rather than
separate atoms remain on the crystal surface [12].

With increase in the rare-earth metal content in
the Pr𝑥Sn1−𝑥S single crystals, their surface roughness
also grows. In the binary SnS compound, the partial
substitution of Sn atoms by rare-earth metal ones
with a larger radius results in the enhancement of
weak Van der Waals bonds between the layers. There-
fore, as the content of Pr in the system of Pr𝑥Sn1−𝑥S
alloys increases, the layer-by-layer rejection becomes
more complicated, and the roughness of the natu-
ral surface grows. The Fourier spectrum obtained us-
ing the atomic force microscopy method also con-
firms this. The surface particles located mainly at the
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Fig. 2. Two- (𝑎) and three-dimensional (𝑏) AFM images of the Pr𝑥Sn1−𝑥S single crystal
surface

Fig. 3. Temperature dependences of the specific conductance
of Pr𝑥Sn1−𝑥S crystals with 𝑥 = 0 (1 ), 0.005 (2 ), 0.01 (3 ), and
0.02 (4 )

Fig. 4. Temperature dependences of the Hall coefficient of
Pr𝑥Sn1−𝑥S crystals with 𝑥 = 0 (1 ), 0.005 (2 ), 0.01 (3 ), and
0.02 (4 )

center of the spectrum image possess approximately
identical dimensions.

With the growth of the Pr content in Pr𝑥Sn1−𝑥S
alloys, the specific conductance first decreases and, at
𝑥 > 0.01, increases. At the Pr contents 0 ≤ 𝑥 ≤ 0.01,
the occupation of tin vacancies and the change of
chalcogenic anti-structural defects result in a reduc-
tion of both the charge carrier concentration and the
specific conductance. One might say that the further
growth of the PrS content does not result in the
creation of antistructural defects. It is very probable
that the growth of the specific conductance is par-
tially associated with the appearance of charge carri-
ers of the second kind owing to the action of donor
Pr atoms.

In Fig. 3, the temperature dependences of the spe-
cific conductance of single crystals grown up from
the system of Pr𝑥Sn1−𝑥S alloys are shown. As one
can see, the specific conductance in the examined
crystals has a character inherent in classical semicon-
ductors, if the temperature is varied in an interval
of 80–800 K. At low temperatures, the conductivity
weakly depends on the temperature. At temperatures
𝑇 < 300 K, the conductivity, being an extrinsic one,
is formed as a result of the transition of thermally
excited charge carriers from a level localized near the
Fermi level onto a delocalized level in the conduction
band. With the growth of the Pr content in the alloy,
the activation energy of charge carriers decreases.

As the temperature grows from 300 to 500 K, the
specific conductance decreases in all researched spec-
imens. In the interval called the impurity depletion
region, due to the ionization of all impurities, the
concentration of majority charge carriers can be said
to remain constant, and their conductivity mainly
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changes owing to the variation (reduction) of the
charge carrier mobility with the temperature.

Above 500 K, the specific conductance drastically
grows. The electrons in the valence band, when ab-
sorbing the energy equal to or higher than the for-
bidden gap width, transit into the conduction band
and participate in the formation of conductivity. On
the basis of the slope of the dependence lg 𝜎 = 𝑓

(︀
103

𝑇

)︀
in the high-temperature interval, the temperature de-
pendence of the energy gap width was determined.

If Sn atoms in the SnS crystal lattice are partially
substituted by Pr ones, the weak tendency to a re-
duction of the energy gap width, as the fraction of Pr
atoms grows, is observed. This is a result of the ordi-
nary growth of lattice parameters, because Sn atoms
with an ionic radius of 0.67 Å are substituted by lan-
thanide atoms with larger radii (about 1 Å) [16].

The analysis of the temperature dependences of
the Hall coefficient for SnS and (SnS)1−𝑥(PrS)𝑥 sin-
gle crystals demonstrates that, within the tempera-
ture interval from the nitrogen temperature to 300 K,
i.e. in the extrinsic conductivity region, this param-
eter remains invariable (Fig. 4). At higher tempera-
tures (300–360 K), the Hall coefficient increases. This
anomaly is explained by the presence of traps for
electrons in the forbidden band or by the genera-
tion of additional acceptors with the temperature
growth [14]. As the temperature increases in the in-
trinsic conductivity interval, the Hall coefficient dras-
tically decreases. A dependence of this type was re-
vealed for the basic SnS compound and its structural
analogs. This phenomenon is a result of a complicated
character of band structures in those compounds: the
valence band consists of two subbands for light and
heavy holes, respectively.

In the case of heavy holes, the Hall coefficient is as
follows [15]:

𝑅 =
𝐴

𝑒𝑐

𝑝1𝜇
2
1 + 𝑝2𝜇

2
2

(𝑝1𝜇1 + 𝑝2𝜇2)
2 = 𝑅0

1 + 𝑝2

𝑝1
𝑏′

2(︁
1 + 𝑝2

𝑝1
𝑏′
)︁2 ,

where 𝑝1 and 𝑝2 are the concentrations of light and
heavy holes, respectively; 𝑏′ = 𝜇1

𝜇2
is the ratio be-

tween their charges; and 𝑅0 = 𝐴
𝑒𝑐𝑝1

is the Hall coef-
ficient at low temperatures. Since 𝑏′ weakly depends
on the temperature, the temperature dependence of
the Hall coefficient is governed by the distributions
of charge carriers in the valence subbands. Owing to

the low mobility of holes in the second valence band,
their contribution to the Hall effect is small. Due to
the transition of holes into the second band, their
effective concentration decreases, and the Hall coeffi-
cient grows.

As one can see from Figs. 3 and 4, the specific con-
ductance of Pr𝑥Sn1−𝑥S single crystals and the tem-
perature behavior of Hall coefficient are identical for
all studied crystals. The growth of the Pr content in
Pr𝑥Sn1−𝑥S gives rise to an increase of the Hall coef-
ficient or, in other words, to a decrease of the charge
carrier concentration. A stable value of the Hall coef-
ficient in a temperature interval of 100–300 K allows
those substances to be applied as materials of high
quality. Note that the energy gap width determined
from the temperature dependence of the Hall coeffi-
cient agrees well with the value determined from the
specific conductance.

5. Conclusions

The upper limit of the interval of the solubility of
PrS in SnS equals 3 mol %. For the Pr contents
0 ≤ 𝑥 ≤ 0.01, the occupation of tin vacancies and
the change of chalcogenic antistructural defects re-
sult in a reduction of the specific conductance, charge
carrier concentration, activation energy, and energy
gap width. The temperature dependence of the Hall
coefficient is explained well in the framework of the
two-band model.
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ПРОЦЕСИ ПЕРЕНЕСЕННЯ ЗАРЯДУ
В СИСТЕМI СПЛАВIВ (SnS)1−𝑥(PrS)𝑥

Р е з ю м е

Дослiджено взаємодiї в системi SnS–PrS, i за результатами
комплексного фiзико-хiмiчного аналiзу визначена область
розчинностi PrS у SnS. За допомогою скануючого зондово-
го мiкроскопа в атомно-силовому режимi вивчено мiкроре-
льєф поверхнi монокристалiв Pr𝑥Sn1−𝑥S, дослiдженi еле-
ктропровiднiсть 𝜎 i коефiцiєнт Холла 𝑅 в широкому iнтер-
валi температур 80–800 К, проаналiзованi процеси переносу
заряду.
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