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The purpose of the present work was to find out how the method of sample preparation
influences the character of the manifestation of the percolation transition. We obtained
the room temperature dependences of electrical conductivity, the Seebeck coefficient, and
the TE power factor on the composition of (Bi,_,Sb,),Te; solid solutions (x = 1-0.93) for
samples pressing and subjected to long-term aging and ones prepared by other methods.
The percolation effects were observed for all samples irrespective of the preparation
technique, although the concentration region and the character of their manifestation
differed from what we observed earlier for rapidly cooled cast alloys. In addition, in the
aged samples, one more peak at x ~ 0.965 was detected and attributed to the processes of
self-organization in the solid solution occurring after reaching the percolation threshold.

Keywords: (Bi,_,Sb,),Te; solid solutions; composition, aging, pressing, electrical con-
ductivity, Seebeck coefficient, thermoelectric power factor, percolation, phase transition,
self-organization.

Bniue merony mpuUroTryBaHHA 3Pa3KiB HAa IIPOAB IEPKOIALIWHHUX SBHIN Y TEPMOEJIEKT-
PHYHHX BJIACTHBOCTAX TEepaux pozuumnis (Bi, ,Sb,),Te; B miamasoni x = 0.93-1.00. O.I.Po-
eavoea, K.B.Mapmunoea, O.M.Hauerxina, B.€.Mapuenwk

Mera poboru — 3’gcyBaTu, SAK CHOOCI60 IPUTOTYBaHHA 3pasKiB BIJINBaEe Ha XapaxTep
IPOABY MEPKOAAIINiHOrO Hepexoxy. OmepiKaHo B3aJ€KHOCTL eJeKTPOIPOBiZHOCTi, KO-
edinienra 3eebera Ta TE moryxxmocti Bix cknaxy cmnasie (Bi,_,Sb,),Te; (x = 1-0,98) micna
BUKOPUCTAHHA PISHUX INBUAKOCTEIN OXOJOIMKEHHS 3pasKiB Imicas BHCOKOTeMIIEPATYPHOTO
Bifimany, TpUBaJOTO (IPOTATOM b5 POKiB) crapinua nmpu KimMHaATHIN TeMmepaTypi Ta mpecyBaH-
Ha. BeraHoBneHo, 110 mepKoJAIiNHI edeKTH clocTepiraroThed OIS BCiX BUKOPHMCTAHUX Me-
TOZIB NIPUTOTYBaHHSA 3pPasKiB, Xoua KOHIIEHTpAIIifiHUH iHTepBaa iX HPOABY [ZeIllo 3MiIeHUH
y 6ix s86inbinenus Bmicry Bi y mopiBHsHHI i3 mBuaKo oxosomKenumMu ciiaBamu. Kpim Toro,
y sicTapeHUX 3pasKax CIloCTepiraeThcs Ille ofHa KOHIIEHTpallifiHa aHoMalis npu 6inniromy
BMicTi Bi, HagBHicTH K0l MU IIOB’A3yeMO 31 IIpollecaMy caMoOOpTaHisallii TBepZOro pPo3uuHy,
110 BiZOyBarOTLCA IiCJA JOCATHEHHA IOPOTY IEPKOIAITii.
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1. Introduction

The thermoelectric (TE) method of direct
energy conversion (heat — electricity or
electricity — heat) attracts increasing at-
tention of researchers and practitioners due
to a number of advantages it has over tradi-
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tional methods of generating energy and
cooling. This determines the need to develop
high-efficiency materials for TE converters.
The efficiency and therefore the quality of a
TE material is characterized by the quality
index of TE: Z = S26/A (S is the Seebeck
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coefficient, ¢ is the electrical conductivity,
and A is the thermal conductivity) [1-3].
One of the well-known and traditional meth-
ods for increasing Z is the so-called "solid
solution method”, and the most promising
TE materials are solid solutions. This neces-
sitates a detailed study of the dependences
of the properties of solid solutions on the
concentration of the introduced component.
On the one hand, such studies should be
conducted in a wide range of concentra-
tions, since a significant decrease in A is
usually observed when a large amount of
the second component is introduced. On the
other hand, when using doping for optimiz-
ing the TE properties of a compound or
solid solution, it is important to carry out a
detailed investigation in a narrow range of
compositions.

When the "solid solution method™ is ap-
plied, it is conventionally assumed that the
properties of a solid solution change mono-
tonically and continuously with composition
as in an ideal solid solution. However, the
results of some studies contradict these sim-
plified assumptions. In a number of our
works, we observed concentration-dependent
anomalies of properties in the region of low
impurity content (see, e.g., [4-6]). We re-
lated them to the percolation phenomena [7,
8] in a solid solution and assumed that such
phenomena take place in any solid solution.
The situation becomes more complicated
when the interaction is not between pure
elements (e.g., Bi and Sb) but between
chemical compounds, which is common in
TE materials science. In this case, the asso-
ciated solid solutions can be formed with a
high probability, in which clusters (associ-
ates) rather than individual impurity atoms
should be considered as structural compo-
nents. The chemical composition of such
clusters corresponds most likely to the com-
position of the introduced compound (espe-
cially, if a stable congruently melting com-
pound is introduced) [9, 10].

It should also be noted that TE convert-
ers often use polycrystalline, in particular,
pressed materials. Although single-crystal-
line samples usually have higher maximum
Z values than polycrystalline ones, single
crystals are rarely used in the mass produc-
tion of TE legs due to the high cost and low
mechanical strength of these materials. For
a large-scale production of legs from TE
alloys, powder metallurgy methods are
used. Therefore, the study of the properties
of pressed materials is of particular
interest.
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An important characteristic of any de-
vice is the service life, i.e. the time during
which the device remains functional. The
service life of a TE device is very high com-
pared to other power generators or cooling
devices due to its solid construction; how-
ever, it largely depends on the properties of
the TE material. Therefore, one of the key
characteristics of a TE material is its serv-
ice life in devices.

Among the best materials that are used
to produce TE refrigerators are those based
on  V,Vl3 semiconductors, including
(Bis_,Sby),Tes solid solutions of BiyTez and
Sb,Te; compounds. Basic information about
the structure and electronic properties of
these compounds and their solid solutions is
given in [1-3, 11]. In [12], the results of
our study of the properties of cast and cold-
pressed samples of (Bis_,Sb,),Tes solid solu-
tions in the entire concentration range (x =
0-1) showed that in pressed samples near
the composition x = 0.8, high values of Z
are achieved, comparable to those reported
for single-crystalline and hot-pressed sam-
ples. In cast samples of the same solid solu-
tions, in the range x = 0-0.07, we found
concentration-dependent anomalies of me-
chanical, galvanomagnetic and TE proper-
ties and attributed them to percolation ef-
fects in solid solutions [13, 14]. We ob-
served similar non-monotonic dependences
of the properties on composition in the
range x = 0.93-1.0 (at a low Bi content) in
cast alloys (Bis_Sb,),Te; annealed at high
temperature and then rapidly cooled to
room temperature, and explained this phe-
nomenon by the manifestation of the perco-
lation transition (PT) [15]. The question
arises about the stability of the percolation
phenomenon and influence of different fac-
tors on the character of its manifestation.

The purpose of this work was to study
the influence of the sample preparation
method (casting or pressing), heat treat-
ment, and long-term aging on the manifes-
tation of percolation effects in
(Bis_,Sb,),Tes solid solutions in the concen-
tration range x = 0.93-1.0.

2. Experimental

All 20 polycrystalline (Bis_,Sb,),Tes sam-
ples with different compositions in the
range x = 1.0-0.93 were synthesized and
subjected to heat treatment in one techno-
logical cycle ensure their complete identity.
The samples were obtained by fusing high-
purity elements (99.999 % of the main com-
ponent) in evacuated to 1073 Pa quartz am-
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poules at (1020£10) K for 5 hours using vi-
brational mixing, subsequent cooling down
to the temperature of (650+£10) K, at which
the alloys solidified, and holding at this
temperature for 300 hours.

After that, the ampoules with samples
were cooled in air; the dependences of me-
chanical, electrophysical, galvanomagnetic
and TE properties on the composition were
measured and the results obtained are de-
scribed in detail in [15]. Let’s denote this
method of sample preparation as T1.

A part of each sample was crushed to
obtain powder with a dispersion of ~
200 um, which was then subjected to cold
pressing at room temperature (load 7 t/cm?2,
holding time under pressure is 1 min). The
pressed samples were cylinder-shaped with a
diameter d =15 mm and a height ks =
5 mm. After that, the obtained pressed
samples were annealed in evacuated to 10~
8 Pa glass ampoules at 690 K for 300 h and
then cooled down to room temperature in
the switched off furnace at a rate of ~
20 K/hour. We designated this method of
preparing samples as T2.

The remaining parts of each sample,
after being quenched in air, were placed in
bags to prevent the direct contact with air
and aged at room temperature for 5 years
(method T3).

The following method of the sample
treatment T4 we used to observe the perco-
lation effects. After the long-term aging
(T3), the electrical conductivity ¢ of some
samples was measured in the temperature
range 77-300 K; the samples were placed in
liquid nitrogen, then slowly heated to room
temperature and after that ¢ was measured
to see the possible effect of exposing the
samples to low temperatures. The methods
for determining chemical composition, mi-
crostructure, crystal structure, microhard-
ness and measuring electrical conductivity
o and the Seebeck coefficient S were de-
scribed in our previous works [12-15].

3. Results and discussion

Figs. 1, a—d show the dependences of
electrical conductivity ¢ on composition of
the (Bis_,Sb,),Te; solid solutions in the
range x = 1.0-0.98 for different methods of
samples preparation and treatment (T1-T4).

It can be seen (Fig. 1, a) that in the T1
mode [15], the introduction of the first por-
tions of Bi (up to x = 0.995) leads to a
sharp decrease in G, a sharp increase in ¢ at
x = 0.9925 and the subsequent decrease. As
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a result, in the o(x) dependence, a narrow
sharp peak is observed, which we attribute
to the existence of the percolation transi-
tion [15].

In Fig. 1, b, the o(x) dependence for the
pressed samples prepared by the T2 method
is shown. First, ¢ decreases, then at x =
0.99, it starts increasing. It grows up to the
concentration x ~ 0.985 and then decreases.
The corresponding maximum in the o&(x)
curve indicates the presence of a phase
transition. This maximum is not as sharp as
that for the sample cooled in air (T1). Be-
sides, there is an inflection in the o(x) de-
pendence near x = 0.97, moreover, the be-
havior of the 6(x) curve after the maximum
differs qualitatively from the behavior of
the dependence o(x) for the samples pre-
pared by T1. One can also see that the val-
ues of ¢ are lower after pressing.

The o(x) curve for the samples aged for
5 years at room temperature (T3) shows two
distinct maxima near x = 0.985 and x =
0.965 (Fig. 1, ¢). The position of the second
maximum is close to the position of the
inflection in the o(x) curve for the pressed
samples annealed at 690 K and then slowly
cooled to room temperature (T2).

As noted above, in the T4 treatment
mode, before measuring ¢ at room tempera-
ture, the samples aged according T3 were
placed into liquid nitrogen and then slowly
heated from 77 K to 300 K. As the meas-
urements were not carried out for all sam-
ples, it was impossible to plot a detailed
o(x) dependences as for the aged samples,
which were not cooled and heated before
measuring 6. Despite that, the c(x) curves
for the samples treated in the T4 mode have
the main features of similar dependences
for other methods of sample preparation,
namely, the presence of a phase transition,
which we interpret as a percolation type
phase transition.

Fig. 2 shows the dependences of the See-
beck coefficient (Fig. 2, a—c) and TE power
factor P = S2.¢ (Fig. 2, d—f) on composition
of the (Bi;_,Sby),Tes solid solutions in the
region x = 1.0-0.93 for different modes of
samples preparation (T1-T3). The S(x) de-
pendences exhibit concentration anomalies
in the same concentration ranges as on the
o(x) curves, which we associate with the
manifestation of the percolation transition.
However, for the pressed samples, we did
not observe such a sharp change in S in the
region of the percolation transition as in
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Fig. 1. Room-temperature dependences of electrical conductivity ¢ on composition x for the
(Biy_,Sb,),Te; solid solution samples subjected to different methods of treatment: a) cooling in air
after annealing at 650 K for 300 h (T1); b) cold-pressing with subsequent annealing at 690 K for
300 h and slow cooling down to room temperature in the switched off furnace (T2); c) long-term
aging for b years (T3) at room temperature; d) subjecting the aged samples to cooling down to 77 K
and subsequent heating up to 300 K (during measurements).

the case of electrical conductivity: while ¢
increases noticeably, S remains almost con-
stant.

In addition, for the pressed samples, we
were unable to discern any inflections near
x = 0.965 in the o(x) dependences. How-
ever, for the cast samples "aged”™ at room
temperature for 5 years, both the o(x) and
S(x) dependences exhibited two distinct ex-
trema (a maximum for ¢ and a minima for
S) near x = 0.985 and x = 0.96.

Comparative analysis of the TE power
factor P dependences on composition in the
range x = 0.93-1.0 for the samples pre-
pared by different methods shows that the
dependences are non-monotonic, due to the
non-monotonic character of the concentra-
tion dependences of S and o. However, P
changes in a rather narrow range of values,
and the maximum values do not exceed
17.107% W/m-K2.
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Thus, the analysis of the experimental
results shows that for all applied methods
of sample preparation and treatment, a
phase transition is observed; we attribute it
to the reaching of the percolation threshold
and the formation of the so-called infinite
cluster. In other words, this abrupt change
in 6 and S at a certain composition is not a
result of some specific phenomena caused by
the sample preparation method, for exam-
ple, a martensitic-type phase transition.
Also, the change in the properties does not
indicate a nonequilibrium phase transition,
since it is observed even in the samples kept
at room temperature for 5 years.

The shift in the percolation threshold to-
wards a lower Bi concentration for samples
prepared in the T1 mode can presumably be
explained as follows. Rapid cooling after
high-temperature annealing leads to strong
lattice instability associated with the ap-
pearance of quenching-induced defects
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Fig. 2. Room-temperature dependences of the Seebeck coefficient S (a, b, ¢) and TE power factor
P=82%26 (d, e, f) on composition x for the (Biy_,Sb,),Te; solid solution samples processed in
different modes: a, d) cooling in air after annealing at 650 K for 8300 h (T1); b, e) cold-pressing
with subsequent annealing at 690 K for 8300 h and slow cooling down to room temperature in the
switched off furnace (T2); ¢, f) long-term aging for b years (T8) at room temperature.

which are nonequilibrium at room tempera-
ture. These defects explain the observed in-
crease in the hole concentration upon the
introduction of the first portions of the im-
purity component (Bi) [15]. As a result, the
percolation transition occurs against the
background of an increased concentration of
holes, and this in turn determines the ob-
served shift of the percolation threshold to-
wards lower values of x. The existence of
nonequilibrium states and relaxation phe-
nomena leading to a more distinct manifes-
tation of the existing phase transition is
similar to the crystallization of a super-
cooled liquid or the heating of an amor-
phous phase capable of crystallizing. The
lattice instability also leads to an increase
in ¢ in the region x > 0.98, which is incon-
sistent with the commonly observed depend-
ence in this system.

After slow cooling of the pressed samples
(T2), the percolation transition manifests it-
self through a clearly pronounced, but
rather wide maximum in the o(x) depend-
ence and a sharp change in the character of
the S(x) dependence (a distinct increase in S
is followed by its practical constancy in the
composition range x = 0.995-0.97). At the
same time, ¢ decreases with increasing Bi
concentration (decreasing x) in the region x
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> 0.98; this corresponds to the dependence
usually observed for this system in an equi-
librium state, which indicates that the sys-
tem has reached an equilibrium state. The
inflection in the o(x) dependence near x =
0.97 indicates the possibility of some phase
transformations in the solid state.

The long-term aging of the samples for
5 years (T3) led to the appearance of two
clearly visible extrema both on the c(x) and
S(x) dependences. We attribute one of them
to the percolation transition, and the other
to the phase transformation in the solid
state that becomes possible only after reach-
ing the percolation threshold when the in-
teraction of impurity atoms in the solid so-
lution becomes cooperative. It can also be
suggested that the second peak is associated
with another percolation transition, when a
transition to an associated solid solution oc-
curs, i.e. a continuous chain of interactions
is formed not between individual Bi impu-
rity atoms, but between Bi,Te; associates.
The appearance of such a continuous chain
of interactions between associates can
stimulate the processes of both short- and
long-range ordering with a high probability.

From the analysis of the data obtained
for the samples prepared and treated in the
T4 mode, it can be assumed that due to a
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sharp decrease in the temperature of the
samples immersed in liquid nitrogen, the
crystal is oversaturated with defects; their
concentration exceeds the equilibrium one,
the redistribution of the defects is not com-
pleted, and ordered configurations corre-
sponding to low temperatures are not
formed. During subsequent heating to room
temperature, on the one hand, the transi-
tion to the equilibrium state takes place,
the diffusion rate increases and the system
approaches the equilibrium. On the other
hand, phase transitions can take place.

For the pressed samples in the range x =
0.985-0.93, TE power factor P practically
does not change with composition, reaching
the value P = (17-18)10"¢% W/m-K2. How-
ever, after aging, the maximum value of P
is observed only for x = 0.97; it sharply de-
creases to P = 10-107% m-K2 with the devia-
tion from this composition. Thus, self-or-
ganization processes in solid solutions,
whose manifestation becomes pronounced
only after long aging, should be taken into
account when interpreting and predicting
the properties of TE solid solutions.

In conclusion, we would like to note that
the results obtained in this work are impor-
tant from the point of view of doping indi-
vidual compounds or solid solutions to ob-
tain optimal charge carrier concentrations.
Usually, no more than 1-2 % of impurity is
introduced through doping, and this is the
concentration range in which percolation ef-
fects manifest themselves. So, their pres-
ence should always be foreseen and taken
into account.

4. Conclusions

The room-temperature dependences of
electrical conductivity, the Seebeck coeffi-
cient, and TE power factor on the composi-
tion of (Bi;,_,Sby),Te; (x = 1-0.93) alloys
were measured for samples processed in dif-
ferent modes: hardening from high tempera-
tures, heating from low temperatures,
pressing, and long-term aging.

It has been established that percolation
effects are observed for all sample prepara-
tion modes. The position of the peak corre-
sponding to the percolation phase transition
(x ~ 0.985) does not depend on the treat-
ment mode, except for the case when the
sample is rapidly cooled from a high tem-
perature (T = 650 K) to room temperature,
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then the peak position shifts to x = 0.995.
The shape, width, and height of the peak
change with changing in the sample prepa-
ration mode.

For the long-term aged samples, an addi-
tional concentration-dependent anomaly is
observed in the o(x) and S(x) curves at a Bi
concentration higher than the percolation
threshold. We attribute its presence to the
processes of self-organization in the solid
solution after reaching the percolation
threshold.
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