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Percolation effects in semiconductor (Bi, Sb ),Te,
solid solutions at small Bi concentration

E.I.Rogacheva, K.V.Martynova,
O.N.Nashchekina, Yu.V.Men’shov

National technical university “Kharkiv polytechnic institute”,
2 Kyrpychov St., 61002 Kharkiv, Ukraine

Received May 5,2023

Polycrystalline samples of semiconductor (Bi, ,Sb,),Te, solid solutions in the range of composi-
tions x = 1 — 0.93 were synthesized. The dependences of microhardness, electrical conductivity,
the Hall coefficient, the Seebeck coefficient, concentration and mobility of charge carriers on
the solid solution composition x were obtained at room temperature. It was established that in
these dependences, concentration anomalies are observed in the same range of compositions
(x = 0.995 — 0.98) for different properties, which indicates the presence of a phase transition.
It is assumed that this phase transition has a percolation nature and indicates that at a certain
concentration of the impurity component (Bi) a continuous chain of interacting impurity atoms
that permeates the crystal (an infinite cluster) is formed, and then the interaction becomes col-
lective. These results are another confirmation of our earlier stated assumption that this phe-
nomenon is universal for all solid solutions, and its existence should be taken into account when
developing and interpreting the properties of materials.
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Ilepxonaniiini edexrn y HanisnposinHuKoBUX TBepaux posuuHax (Bi, Sb ),Te, mpu
manux kouneurpaniax Bi. O.1. Poeawosa, K. B.Mapmunosa, O.M. Hawexina, FO.B.Mervuios

Burorosseni moikpucrasivHi 3pasky HaIMIBIPOBIIHUKOBUX TBepaux posuuHis (Bi, ,Sb),Te,
B 1HTepBal ckiaams x = 1.00 — 0.93. OnmepsxaHo 3aIeKHOCTI MIKPOTBEPIOCTI, €JIEKTPOIIPOBII-
HoCT1, koedirienTa XoJwia, koedirmienra 3eebexa, KOHIIEHTPAIIT Ta pyXJIUBOCTI HOCIIB 3apsiLy Bl
CRJIQJIY X TBEPJOI0 PO3UYMHY IIPHU KIMHATHIN TeMmeparypi. BeraHoBiieHo, 110 HA IUX 3aJIEKHOCTIX
CIIOCTEPIraloThCA KOHIIEHTPAIINHI aHOMAJIII B OJHOMY 1 TOMY %K JIJIS PI3HUX BJIACTHBOCTEH 1HTEp-
Bauti ckiramie: x = 0.995 — 0.98, 1110 cBIIUUTD IIPO HASIBHICTE (DA30BOT0 Irepexoy. Buciosieno mpu-
MyIIEeHHs, 110 116 (a30BUH Mepexi] Mae TePKOJISIIIHHY IIPUPO/IY 1 CBITYNUTH IIPO CTBOPEHHS IIPH
MEeBHIA KOHIIEHTPAIIl JOMIIIKOBOro KommoHeHTa (Bi) GearmepepBHOro JaHITIOMKKA B3aeMOJIIOUNX
JOMIIIKOBUX ATOMIB, II[0 IIPOHM3y€e KPUCTAJ (HECKIHUYEHHOIr0 KJIacTepa), IIICJIA YOoro B3aeMOJIid
HabyBae KOJIEKTUBHOIO xapakrepy. Lli pesysibraru € 1me 0JHUM ITiITBEePIMKEeHHIM BUCIOBJIEHOTO
HAMU paHillle MMPUIYIIeHHs PO YHIBEPCAJIbHUN XapakTep I[bOT0 SBUINA, TPUTAMAHHOTO BCIM
TBEPIUM PO3YMHAM, HASIBHICTD SIKOTO CJILJT BPAXOBYBATH IIpU PO3po0Irl 1 iHTepIipeTalrii BJIacTUBO-
creil MmaTepiaJis.

1. Introduction

© 2023 — STC “Institute for Single Crystals”

One of the main methods for controlling
properties of semiconductor materials is the
introduction of additional components into
them. That is why most of the materials used
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in practice are solid solutions with a certain
concentration of a new component introduced
into the original crystal. If the amount of this
component does not exceed (1-2)%, then we
talk about doping.
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The main task of thermoelectric (TE) mate-
rials science is to find methods for increasing
the figure of merit of materials Z = S%0/A (S is
the Seebeck coefficient, o is the electrical con-
ductivity, A 1s the thermal conductivity), which
largely determines the efficiency of a TE gen-
erator or cooling device [1-3]. The traditional
method for solving this problem consists in the
formation of an isovalent solid solution to re-
duce the lattice thermal conductivity and its
subsequent doping to obtain the required type
of conductivity and the optimal concentration
of charge carriers. It defines the need to know
the region of existence of a solid solution and
the dependences of properties on the concentra-
tion of the introduced components.

According to the ideal solid solution model
which assumes a random distribution of non-
interacting with each other atoms of the intro-
duced component and the additivity of the ther-
modynamic characteristics, the properties of
solid solution should change monotonically and
continuously with changing composition [4].
In an ideal solid solution, the configurational
entropy S increases and the Gibbs free energy
decreases, which corresponds to the spontane-
ity of the mixing process. In a more rigorous
model of regular solid solution, the distribution
of atoms is also considered random, the S value
coincides with that for an ideal solid solution,
the interaction energy between atoms does not
depend on the composition and cannot affect
their distribution. While ideal solutions can be
described by their thermodynamic functions
through the properties of the components, and
regular solutions can be described using the
interaction energy, then real solutions require
experimentally determined values of excess
thermodynamic functions or so-called activity
coefficients. But none of these approximations
indicated the possibility of percolation phenom-
ena [5,6] in a solid solution, which could affect
the character of the composition dependences
of properties.

However, the authors of a large number of
works have observed in a number of solid so-
lutions based on IV-VI, V VI, compounds, and
other solid solutions, clearly expressed concen-
tration anomalies of properties in the region of
low impurity atoms (IAs) concentrations (see,
for example, [7-10]) and suggested the univer-
sality of the observed phenomenon which has a
percolation nature [11-13] and inherent in any
solid solution. To confirm this assumption and
establish general patterns regarding the criti-
cal concentration (percolation threshold), the
nature of the manifestation of the percolation
effect depending on the chemical nature of the
components, temperature, sample preparation
technology, etc., it is necessary to expand both
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the range of objects and the range of properties
under study.

The objects of study in this work are the
(Bi, Sb ),Te, solid solutions formed between the
Bi,Te, and Sb,Te, compounds, which crystallize
like the initial components in a rhombohedral
structure of the tetradymite type and are cur-
rently among the most efficient TE materials
used in the creation of devices for TE cooling at
temperatures near room temperature [1-3,14].
Studies of the TE properties of the Sb-Bi-Te
system along the Bi,Te, — Sb,Te, section were
carried out by many authors (see, for example,
[14-21]). However, in almost all works, the
samples were made with a large concentration
step. As far as we know, only in [22] the de-
pendences of TE properties on the composition
were studied with a small step in concentra-
tion in (Bi, Sb,),Te, solid solutions near Bi,Te,
(x =0 - 0.07) at room temperature and for all
properties, these dependences showed peaks in
the composition range x = 0.01 — 0.015. These
concentration anomalies were attributed by the
authors of [22] to the formation of percolation
channels through Sb atoms at a critical concen-
tration corresponding to the percolation thresh-
old x, [5,6]. It could be expected that a similar
situation would also be observed in this system
for Sb,Te,-based solid solutions, which, however,
required experimental verification and was the
subject of research in the present work.

It should be added that when using mate-
rials in TE devices, certain requirements are
imposed not only on TE, but also on other prop-
erties that determine their possibility of practi-
cal use, including mechanical properties. One
of the informative mechanical characteristics
1s microhardness H, which characterizes the
strength during the penetration of an indenter
[23] and is related to other mechanical charac-
teristics by certain relationships. Therefore, it
was also of interest to study the dependence of
H on the composition in the (Bi, Sb,),Te, solid
solution.

The purpose of this work is to obtain the de-
pendences of H, galvanomagnetic and TE pro-
perties of (Bi, ,Sb ),Te, on the composition in
the range x = 0.93 — 1.0, corresponding to a low
content of Bi, to identify the percolation transi-
tion and its effect on the properties.

As a result of the studies, it was found that
in the (Bi, Sb ),Te, system in a narrow concen-
tration range x = 0.995 — 0.98, all dependenc-
es show clearly pronounced anomalies, which
most likely correspond to the percolation tran-
sition from an impurity discontinuum to an im-
purity continuum.
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2. Experimental

Polycrystalline samples of (Bi, Sb ),Te,
(x = 1.0 — 0.93) were obtained from high-pu-
rity elements (99.999% of the main component)
by their fusion in evacuated to 10 Pa quartz
ampoules at temperature (1020 + 10) K for 5
hours using vibrational mixing, subsequent
cooling to a temperature of (650 + 10) K, when
the alloys passed into the solid state, holding
at this temperature for 300 hours, after which
the ampoules with samples were cooled in air.
All 20 samples of different compositions were
prepared simultaneously, in one technological
cycle, which ensured the identity of the condi-
tions for their preparation.

Determination of the chemical composition
of the obtained samples by X-ray fluorescence
and electron probe analysis showed that the
deviation from the specified composition for
all elements did not exceed Ax = 0.0002. H was
measured using PMT-3 device with a diamond
pyramid. The choice of the load on the indenter
(P) was carried out by plotting the dependenc-
es H(P) for each sample and determining the
P=P_value, after which H ceased to depend on
P and became an objective characteristic of the
strength properties. It was found that with P
increasing, H decreases, that is, there is a so-
called “scale effect” and P, = 0.49 N. The value
of H for each sample was obtained as the mean
value when measuring 30 prints, and the sta-
tistical processing of the experimental results
showed that the relative root-mean-square
fluctuation of H did not exceed 2—-3%. Measure-
ment of galvanomagnetic and TE properties
was carried out on samples in the form of paral-
lelepipeds, cut from the obtained cast samples.
The determination of ¢ and the Hall coefficient
R, with an accuracy of not less than + 5% was
carried out using the Van der Pauw method at
a magnetic field induction B=1 T. The Seebeck
coefficient S was measured by the compensa-
tion method with respect to Cu electrodes with
an error of £ 3%. In accordance with R, and
S measurements, all obtained samples had
p-type conductivity. The Hall concentration of
charge carriers (holes) p,, was calculated by the
formula p, = r/(e-R,), assuming that the Hall
factor is r = 1, and the Hall mobility y,, was de-
termined as p,, = R, c. The value of TE power
factor P was estimated by the formula P = S?%.
All measurements were carried out at room
temperature.

3. Results

In Fig. 1, a, the H(x) dependence for
(Bi, ,Sb,),Te, solid solutions in the concentration
range x = 1.0 — 0.93 is shown. When the first
portions of Bi,Te, are introduced into Sb,Te,
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(x =1.0) up to x =0.995, a sharp (by a factor of
~1.7) increase in H is observed, however, with
a further increase in the Bi content (decrease in
x), H sharply drops to x = 0.9875, after which it
remains unchanged.

The dependences o(x), R (x), j,(x), and S(x)
also have a clearly pronounced nonmonotonic
character (Fig. 1, b-e). The values of 0, R, 1,
and S (c = 1865 Om"em', R, = 0.05 em/K, =
100 ecm?/(V s) and S = 91uV/K) obtained for the
stoichiometric Sb,Te, are in good agreement
with the data of other authors for cast polycrys-
talline samples of Sb,Te,. With the introduc-
tion of the first portions of Bi,Te, into Sb,Te, in
the range x = 1.0 — 0.995, o, R, and u; sharply
decrease, then in the range x = 0.995 + 0.9925
their rapid growth and subsequent decrease in
the range x = 0.9925-0.98 are observed, after
which ¢ and y,; increase monotonically up to x =
0.93, while the R, value (and, accordingly, the
hole concentration) remain almost unchanged.
Thus, the dependences o(x), R, (x), and p,(x)
show maxima (especially sharp for ¢ and )
near x = 0.9975 and two minima near x = 0.995
and x = 0.9825. In the S(x) dependence, one
can see a clearly pronounced minimum near
x = 0.995, as well as on the dependences o(x),
R, (x) and p,(x).

Based on the values of R, under the as-
sumption of one type of charge carriers, the
Hall concentration of holes p, was calculated.
The dependence p,(x) is shown in the inset to
Fig. 1, c. With the introduction of the first por-
tions of Bi,Te,in the range x = 1 — 0.995, the p,
value increases sharply from p, =1 10* cm™ o
py = 3.5 10® cm?, then it also sharply drops to
almost the original value, after which it again
slightly increases, remaining starting from x =
0.98, almost unchanged.

It can be seen from Fig. 1, f that the pres-
ence of concentration anomalies in the depen-
dences o(x) and S(x) leads to a decrease in the
TE power factor P = S?0 upon the introduction
of Bi,Te, into Sb,Te, down to x ~ 0.98. Even with
a subsequent increase in P up to x = 0.93, the
value of P reaches only the value inherent in
Sb,Te,.

4. Discussion

Thus, the character of the dependences of
mechanical, galvanomagnetic and TE proper-
ties on the composition of (Bi, Sb,),Te, solid so-
lutions between Sb,Te, and Bi,Te, semiconduc-
tor compounds indicates qualitative changes
in the lattice and electronic subsystems of the
crystal with increasing Bi,Te, concentration
and the presence of a phase transformation.
Meanwhile, the (Bi, Sb ),Te,solid solutions are
formed between isovalent and isomorphic con-
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Figure 1 Dependencies of microhardness H (a), electrical conductivity o (b), the Hall coefficient R (c)
(insert: the Hall charge carrier concentration p,), the Hall charge carrier mobility ., (d), the Seebeck coef-
ficient S (e), power factor P= S* o (f) on composition x of the (Bi, Sb ),Te, solid solutions

gruently melting Bi,Te, and Sb,Te, compounds
by cation Sb—Bi substitution. One might ex-
pect that the dependences of various properties
on the composition are smooth curves, which is
consistent with the data of a number of works
[14-21]. However, as noted above, in these
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works, a small number of alloys of various com-

positions with a large step in concentration

were studied. Therefore, the complex nature of

the concentration dependences of the proper-

ties observed in the present work in the range
= 1.0 — 0.93 needs to be explained.
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When implementing the Sb — Bi substitution
scheme, Bi,Te, introduced into the Sb,Te, crystal
lattice should be an electrically neutral additive
that does not change the hole concentration.
Meanwhile, it can be seen that the introduction
of the first portions of Bi,Te, leads to a sharp in-
crease in p;; (~3.5 times), and, accordingly, to the
sharp change in the galvanomagnetic (R, x,,)
and TE (S) coefficients (Fig. 1, b-e). To explain
this fact, it should be taken into account that
the Sb,Te, and Bi,Te, compounds of stoichiomet-
ric composition already contain p-type charge
carriers and the corresponding defects of the
crystal lattice, which are formed in accordance
with the features of the Bi—Te and Sb—Te equi-
librium phase diagrams [24].The main type of
equilibrium defects that determine the p-type
conductivity in Sb,Te, and Bi,Te, are Sb,, and
Bi,, antisite defects [24-28].

The introduction of a Bi impurity into Sb,Te,
by cationic substitution can lead to a change in
the conditions of thermodynamic equilibrium
and cause a change in the equilibrium concen-
tration of Sb._ defects or lead to the formation of
some another p-type defects. A sharp increase
in p, when the first “foreign” Bi atoms appear
in the crystal lattice, accompanied by a decrease
in R, 0, i, and S, means that in the indicated x
range the conditions of thermodynamic equilib-
rium change and new defects of p-type appear.
However, with a further increase in the concen-
tration of Bi atoms, the number of these defects
is greatly reduced, p,, decreases, R, o, u,, and
S increase, and, starting from x ~ 0.98, the
substitution scheme approaches the isovalent
scheme, at which the concentration of charge
carriers does not change.

Thus, in the studied concentration range
(x = 1.0 — 0.93), three subregions can be dis-
tinguished: x = 1.0 — 0.995, x = 0.995 — 0.98,
and x = 0.98 — 0.93. The first subregion cor-
responds to a dilute solid solution, when the
number of IAs randomly distributed over the
crystal is small and they do not interact with
each other. An increase in the concentration of
p-type charge carriers, even though the cation-
ic substitution of Sb—Bi is i1sovalent, indicates
a change in the conditions of thermodynamic
equilibrium in Sb,Te, upon the introduction of
the first portions of IAs. In the second subre-
gion, the presence of peaks in H(x), o(x), R, (x),
S(x), p,(x) and ., (x) dependences indicates the
presence of a concentration phase transition.
In the third subregion, the properties change
monotonically, and p, does not change with
composition, which is consistent with isovalent
substitution.

A qualitative change in the nature of the
dependence of properties on composition with
a change in the concentration of IAs in the sec-
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ond subregion can be justified from a thermo-
dynamic point of view by writing an expression
for the change in free energy F in the simplest
case without taking into account changes in
external conditions (temperature, pressure,
volume, etc.) and state of material (single or
polycrystal, bulk sample or film, etc.):

AF =AU - TAS, 1)

where AF, AU, and AS are the free energy,
internal energy, and configurational entropy
changes, accordingly, and 7T is the absolute
temperature. At a low IAs concentration, when
the interaction of IAs with each other can be ne-
glected, an increase in the number of structural
defects 1s stimulated by a sharp increase in the
configurational entropy, which is not compen-
sated by a simultaneous increase in the crystal
internal energy. However, as the concentration
of TAs increases, the situation changes and the
further formation of new noninteracting defects
will no longer be thermodynamically favorable,
and this will lead to a change in the nature of
the concentration dependences of properties.

One of the models that can predict the pres-
ence of a phase transition during the transition
from dilute to concentrated solid solutions, the
critical concentration value, and the nature
of the concentration dependence of proper-
ties during such a transition is the percolation
model [5,6]. Using the basic ideas of the perco-
lation theory, we can talk about the formation
at a certain concentration of Bi atoms (“perco-
lation threshold”) of an “infinite cluster” pen-
etrating the entire crystal, that is, about the
realization of a percolation phase transition.
In this case, the properties of a crystal change
qualitatively.

Until the percolation threshold is reached,
the properties change as in a dilute solid solu-
tion. The elastic deformation fields generated
by individual IAs practically do not overlap,
and each IA makes an additive contribution
to the value of H, and the dependence of H on
the composition is close to linear [29-31]. The
main reason for hardening is the elastic inter-
action of dislocations with dissolved IAs, which
block the movement of dislocations, leading to
a decrease 1n their mobility and, accordingly, to
hardening.

A sharp increase in p, value of the Sb,Te,
in the region x = 1 - 0.995 shows that the con-
ditions of thermodynamic equilibrium change,
which leads to an increase in the equilibrium
concentration of antisite defects in Sb,Te,. With
the introduction of IAs, the mobility of charge
carriers u,; decreases due to their scattering on
IAs, and as a result, the values of o decrease.
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A sharp drop in H in the second subregion
indicates a change in the character of disloca-
tion movement, the increase in their mobility
and cannot be explained within the framework
of theories of solid solution strengthening. In a
number of our works, the effect of H decreas-
ing, ¢ and p; increasing in the region of low
impurity content was observed and explained
within the framework of the percolation theory
[11-13]. These phenomena were attributed to
the collective interaction of the deformation
fields of IAs, when their concentration reaches
the percolation threshold x, corresponding to
the formation of an “infinite cluster”.

Reaching the percolation threshold stimu-
lates self-organization processes in the sub-
system of defects (short-range or long-range
ordering), which, in the presence of certain
conditions, can lead to the formation of ordered
structures. The probability of the Coulomb in-
teraction between the introduced oppositely
charged Sb*®* and Te*? ions increases, which
stimulates the process of chemical interaction
with the formation of electrically neutral Bi,Te,
complexes. When such complexes form, Bi,Te,,
rather than individual Bi and Te atoms, can be
considered as a substitution component. In this
case the Sb,Te, - Bi,Te, section of the Sh-Bi-Te
ternary system can be considered as a quasi-
binary section, which is not true in the case of
a dilute solid solution. Based on this, one can
conclude that in the case of a solid solution
between two stable compounds, in the region
of low concentrations of the introduced compo-
nent, the solid solutions are, strictly speaking,
not quasi-binary. Taking it into account and
using the concepts of percolation theory, we can
say that the percolation threshold can be con-
sidered as a conditional boundary in the transi-
tion to “true quasi-binary behavior”.

5. Conclusions

1. The dependences of mechanical, galva-
nomagnetic and thermoelectric properties on
composition of the polycrystalline (Bi, Sb ),Te,
solid solutions in the range of x = 1 — 0.93 were
obtained at room temperature.

2. In the composition dependences of mi-
crohardness, electrical conductivity, the Hall
and Seebeck coefficients, charge carrier mobil-
ity, and thermoelectric power factor, the anom-
alies are observed in the range x = 0.995 — 0.98,
which indicates the presence of a phase transi-
tion. It is assumed that this phase transition
has a percolation nature.

3. The obtained results are another confir-
mation of our earlier stated idea that the exis-
tence of the critical phenomena accompanying
a percolation type phase transition in the range
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of small concentration of the introduced compo-
nent is characteristic of all solid solutions.

4. It is suggested that in the case of sec-
tions of a ternary system passing through two
stable chemical compounds in the Gibbs con-
centration triangle, the percolation threshold
can approximately correspond to the composi-
tions at which the “true quasi-binary behavior”
of the alloys starts.

5. The concentration-dependent anoma-
lies of properties associated with the presence
of a percolation-type transition should be taken
into account when developing new materials
and optimizing the properties of materials by
doping.
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