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The composition dependences of thermoelectric (TE) properties of (Bi,_,Sb,),Te; solid
solutions (0 < x < 1) produced by cold pressing and subsequent annealing were investi-
gated at room temperature. Samples were prepared from cast polycrystals, obtained by the
cooling of melt down to room temperature in evacuated quartz ampoules and subsequent
annealing. It was established that cast samples exhibited p-type conductivity in the entire
composition range, and an increase in the Sb,Te; content led to the growth of electrical
conductivity and drop of the Seebeck coefficient. The change of the conductivity type from
positive to negative in the composition range x = 0 — 0.6 took place after cold pressing
and composition dependencies of the properties became more complex. The maximum
figure of merit value (£, = (3.1 % 0.4)-1078 K1) that was achieved in cold-pressed an-
nealed samples at x = 0.8 was comparable to the values of Z for single crystals of undoped
(Bi,_,Sb,),Te; solid solutions and for polycrystalline samples produced by other methods.
It follows from the data obtained that the proposed method of preparing the samples of
(Bi,_,Sb,),Te; solid solutions by cold pressing and subsequent annealing may appear to be
useful in thermoelectric devices.

Keywords: (Bi,_,Sb,),Te; solid solutions, cold pressing, annealing, Seebeck coefficient,
electrical conductivity, thermal conductivity, figure of merit.

TIpu KOMHATHOM TeMIlepaType MCCIeL0BaHLl 3aBUCUMOCTY TEPMODJEKTPUUECKUX CBOMCTE
OT cocTaBa TEBepALIX pacTBopos (Bi;  Sb,),Te; (0 < x < 1), mogBepPrHYTHIX XOJOJZHOMY IIpec-
COBAHNIO W TIOCIEAYIONEMY OTHUTYy. OOpasibl TOTOBUJIMN U3 JUTLIX MOJUKPHUCTAJJIOB, IIOJY-
YeHHLIX IYTeM OXJAaMAeHMNs paciiaBa [0 KOMHATHON TeMIIepaTyphl B BaKYYMUPOBAHHEIX
KBapIeBLIX aMIIyJaX M MOCAeIYIOIEro OTKUTA. ¥ CTAHOBJIEHO, YTO JUTHIE O0pPasibl MMeJH
p-THII IPOBOJKMMOCTH BO BCEM HMHTepBaje KOHIIEHTPAIWil, a yBeanueHue comep:xanusa SbyTe,
OPUBOAUIO K POCTY 3JEKTPOIIPOBOIHOCTH U CHIMKEHHIO Koa(hdurnuenra 3eebexa. Ilocae xo-
JIOMHOTO IIPECCOBAHUA HAOMIONANIACh CMeHa THUMA IIPOBOIMMOCTH C ALIPOYHOTO HA 9JEKTPOH-
HbIiI B mHTepBaJse cocrasoB x = 0 — 0,6, a KOHIEHTPAIMOHHbLIE 3aBUCUMOCTH CBOMCTB IIPU-
obperanu Gosee CIOMKHBIN xapakTep. MakcuMalbHOEe 3HAUEHNE TEPMO3JIEKTPUUYECKON L00pOT-
woctu (Z,,.= (3.140.4)103 K1) B XONOZHOLPECCOBAHHBIX OTOMIKEHHBIX 06pasLax
Habaioganoch BOausu cocraBa ¥ = 0.8 ¥ paBHMMO 110 BeIWUNHE ¢ M3BECTHLIMU W3 JUTEPATy-
PHl MAKCUMAJILHBIMHA 3HAUCHUAMN Z A5 MOHOKPUCTAJIOB U TOPAUENPecCOBAaHHLIX 00pasiioB
HeJeTHPOBAHHBIX TBepAHIX pactsopos (Bi,_,Sb,),Te;. s momyueHHBIX TaHHBIX CJIELyeT, UTO
IpPeJJI0KeHHbI MeToJ, IPUrOTOBIeHHMA 00pasioB TBepALIX pacTBopos (Bi,_ ,Sb,),Te; myrem
XOJIONHOTO IIPECCOBAHUSA € MOCHEAYIOUINM OTKUTOM MOJKET OKa3aThCHd OJE3HBIM [JIA IIPUMe-
HEHUS B TEPMOSIECKTPUUECKHUX YCTPOHUCTBAX.
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TepMoeJeKTPUYHI BJIACTUBOCTI XOJOTHONMPECOBAHUX 3Pas3KiB HamiBIPOBITHUKOBHX
tTeepaux posuyunis (Bi,_,Sb,),Te,. K.B.Mapmunosa, O.I.Pozavosa.

38a KiMHaTHOI TeMImepaTypu AOCTILMKEHO 3AJIEKHOCTI TEPMOEJTEeKTPUUHMX BJIACTUBOCTEH
Bin ckiany Teepaux posumHiB (Bi,_,Sb,),Te; (0 < x < 1), miaganux XoJOAHOMY IpPeCyBaHHIO
i3 mactymHuM Bignmasom. 3pasKy BUIOTOBJEHO i3 JIMTUX IOJIKPHCTANIIB, AKi OTPUMAaHO 0XO-
JIOMKEHHSIM PO3ILIaBy A0 KiMHATHOI TeMIlepaTypd y BaKyyMOBAHUX KBAPIOBHX aMIryJjax i
HacTynmHuM Bigmasom. BeraHoBieHO, 110 JUTI 8pasKW MaJd p-TUIL IPOBIAHOCTLI B ychoMYy
inrepBani cknaxip, a sGinpmmenna Bmicry Sb,Te; IPUBBOAMTL KO 3POCTAHHA eJEKTPOIPOBiA-
HocTi 1 sHmxeHHsa Koedimieura 3eeberka. Ilicaa xosomHoro mpecyBaHHSA cHocTepiraaacs
sMiHa THHO mpoBizHocTi i3 mipKoBOro Ha eNeKTPOHHHI B imTepsBaai ckaaxie x =0 - 0.6, a
KOHIIeHTpAIliliHI 3ajesKHOCTi BlacTuBOoCcTEell HaOyBaJlu CKJIATHINIOrO xapakTepy. MakcuMmab-
He 3HAYeHHS TepMoeJeKTpuduHOoi gobpormocti (Z,,, = (3.140.4)-10°3 K1) y xouoguonpeco-
BaHUX BifllaJeHUx spaskax cmocrepiramocs npu x = 0,8, spiBHAHMM i3 Bigomumu 3 gitepa-
TYypU 3HAYEHHAMHN Z [Jsd MOHOKPHCTAJNIB i rapAvenpecoBaHUX IIOJiKPUCTANIB HeJleroBaHUX
TBepAux posumuis (Bi,_,Sb,),Te;. Is orpumaEnmx aHWX BUILIHBAE, IO BaIPOINOHOBAHUM
MeTOJ, BUTOTOBJIEHHS 3paskie TBepamx posumuie (Bi,_ Sb,),Te; xomoguum mpecyeamuam is
HACTYIIHUM BiAIajoM MOMKe OYTM KOPHUCHUM JJs 3aCTOCYBAHHS y TE€PMOEIEKTPUUYHUX IIPHU-

CTPOAX.

1. Introduction

Nowadays, thermoelectric (TE) cooling
devices, whose operation is based on the
Peltier effect — one of the TE effects [1-3]
are widely applied. The efficiency of a TE
converter largely depends on the value of
TE figure of merit Z of a material used,
which is defined as Z = S26/A, where S is
the Seebeck coefficient, ¢ is the electrical

conductivity and A is the thermal conductiv-
ity of the material. Therefore, the develop-
ment of new materials with high Z values is
an important practical task. "Solid solution
method”, first proposed by A.F.Ioffe is one
of the common methods of increasing Z. It
is based on the fact that during a solid
solution formation, the atoms of introduced
second component dissipate phonons more
effectively than electrons leading to an in-
crease of /A ratio which in turn leads to an
increase in Z [1-3].

Semiconductor V,VI; compounds (Bi,Tes,
Sb,Tes, and BiySes) and their solid solu-
tions belong to the best TE materials for
cooling devices. The highest Z values (Z >
3-1073 K1) were achieved near room tem-
perature in (Bi,_,Sb,),Te; solid solutions at
x ~0.75 [1-83]. Although properties of
(Biy_Sby),Tes solid solutions were studied
in a number of works, only the composition
range near x = 0.75 was studied in detail. A
considerable amount of works were devoted
to the study of single crystal samples [4-9].
It was found that undoped single crystals
(Biy_,Sb,),Te; had hole conductivity at room
temperature throughout the whole range of
compositions, and an increase in x led to a
monotonic decrease in S and an increase in
6 [4-6], while the thermal conductivity de-

Functional materials, 25, 1, 2018

pendence on the composition was a curve
with a minimum at x = 0.5 [5, 6, 8, 9]. The
maximum figure of merit for undoped sin-
gle crystals was Z = 2.75-10 3 K1 at x ~ 0.4
[5, 6, 10]. Optimal doping (for example, by
adding tellurium) makes it possible to achieve
higher values of Z (up to 8.51073 K1) in
single crystals (Bi;_,Sb,),Te; with composi-
tions of approximately x ~ 0.75 [4, 11-13].

However, the use of (Bi;_,Sb,),Te; in the
single crystal state is complicated because
of the fragility of the samples, and also
because of the complexity of the crystal
growing process. This stimulates the use of
polycrystalline materials. It should also be
taken into account that in polycrystals the
thermal conductivity can decrease in com-
parison with single crystals due to the scat-
tering of phonons on the grain boundaries,
which can lead to an increase in Z.

There are various methods for obtaining
polycrystals, such as: cooling an ampoule
with a melt at a certain rate to room tem-
perature to obtain cast samples, pressing,
pulse discharge and spark plasma powder
sintering, extrusion, and others [2]. Al-
though a number of studies have been de-
voted to the study of the TE properties of
cast samples (Bi;,_,Sb,),Tes [7, 14-20], they
were mainly carried out on the samples
within the (x = 0.7-0.8) composition range
that corresponds to the maximum TE effi-
ciency [7, 14-19]. Only in [20] were cast
polycrystals obtained throughout the whole
range of compositions by quenching the
melt in the air and subsequent annealing at
various temperatures, and then their phase
composition and structure were studied.
Based on these data, the phase diagram of
the BiyTe;—SbyTe; system was constructed,
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Fig. 1. Dependences of (a) — Seebeck coefficient S and (b) — electrical conductivity ¢ on the

composition of (Bi,_,Sb,),Te; solid solution: I — this work (cast samples); 2 — single crystals [1],

3 — single crystals [5].

but the TE properties were not studied in
this work [20]. To date, there are no studies
on the TE properties of cast samples of un-
doped (Bi,_,Sb,),Tes solid solutions over the
whole range of compositions (0 < x < 1), al-
though such studies were carried out for
single crystals [1, 4-8].

As for the pressed samples, most often
they are produced by hot pressing at tem-
peratures of 450 — 550 K [6, 11, 21-25]. A
characteristic feature of hot-pressed sam-
ples (Bi,_,Sb,),Tes [5, 7, 26], as well as of
pulse discharge sintered samples [26], is a
change in the conductivity type near x = 0.6.
The samples exhibit electronic conductivity
at concentrations lower than 0.6, and for
larger x the hole conductivity takes place
[6, 26]. Adding ~ 2.5 at. % excess Te into
the single-crystal samples leads to the simi-
lar effect [4]. The change in the Seebeck
coefficient sign in the region of inversion is
accompanied by the appearance of a mini-
mum in the o(x) dependence [6, 26]. To
date, the reasons for the conductivity type
inversion in pressed samples with a change
of composition are not fully established.
There were suggestions of a donor effect of
oxidation [6] or mechanical deformation
[27] that takes place during the producing
of powders, possible evaporation of tellu-
rium during heat treatment [28], and oth-
ers. The following values of Z were re-
ported: Z = 8.07-3.17-1073 K71 [6, 11, 21]
for hot-pressed samples, and Z = 2.85-
3.0:103 K1 for pulse discharge sintered
samples [22, 29] near x = 0.75. Along with

56

hot pressing, the method of cold pressing
followed by annealing can be used for TE
purposes. This method was previously used
to prepare samples only in the composition
range near x = 0.75 [30—36], where values
of Z~3..1073 K1 were reported. There is
no information available on the nature of
the TE properties dependences on composi-
tion in the entire range of existence of
(Bi;_Sby,),Tes solid solutions. Thus, the
high values of Z observed for cold-pressed
annealed samples for individual composi-
tions draw attention to the study of the TE
properties of samples prepared by this
method over a wide range of compositions
(0 <x<1).

The purpose of this work is to investi-
gate the dependences of TE properties (the
Seebeck coefficient, electrical conductivity,
thermal conductivity) of cold-pressed an-
nealed samples of (Bi;_,Sb,),Te; solid solu-
tions on the composition over the entire
concentration range (0 < x < 1).

2. Experimental

Cast samples of (Bi;_,Sb,),Te; (0 < x < 1)
were prepared by fusion of elements (Bi, Sb,
Te) of high purity (99.999 %) by the tech-
nique described in [387]. The synthesis and
heat treatment of all 11 samples with dif-
ferent compositions were carried out simul-
taneously in the same furnace, that guaran-
teed the identity of the conditions for their
production. To obtain the pressed samples,
cast ingots were grounded in an agate mor-
tar and sieved to obtain powders with a

Functional materials, 25, 1, 2018
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Fig. 2. Dependences of (a) — Seebeck coefficient S and (b) — electrical conductivity ¢ on the
composition of (Bi,_ Sb,),Te; solid solution: I — this work (cold pressed samples); 2 — hot pressed
samples [6]; 3 — pulse discharge sintered samples [26].

dispersion of ~ 200 pm. Tablet-shaped
pressed samples with a d = 15 mm diameter
and A =5 mm height were produced at
room temperature at a load of 69 MPa and
one minute holding time under the press.
Then the cold-pressed tablets were annealed
in evacuated ampoules of heat-resistant
glass for 300 h at a temperature of T,,, =
650 K, and then cooled to room tempera-
ture with the rate of switched off furnace.
Microstructural analysis by optical micro-
scope showed no inclusions of a second
phase. Measurement of the Seebeck coeffi-
cient was carried by a compensation method
in relation to copper electrodes, and ¢ was
measured using the Van der Pau method.
The errors of S and 6 measurements were
3 % and 5 %, respectively. The conductivity
type was determined by the sign of Seebeck
coefficient. The thermal conductivity of the
samples was measured by the dynamic A-calo-
rimeter method in the monotonic heating
regime using the IT-A-400 experimental fa-
cility with 5 % error. The homogeneity de-
gree of the cast and pressed samples was
controlled by measuring S and ¢ at differ-
ent points of surfaces. The variation in val-
ues was within the error limits of the meth-
ods. All measurements were carried out at
room temperature (T = 293 K).

3. Results and discussion

Fig. 1 shows the dependences of S and ©
on the composition of (Bi;,_Sb,),Te; solid
solutions for cast polyecrystals, together
with literature data for single crystals

Functional materials, 25, 1, 2018

[1, 5]. All cast samples had p-type conduc-
tivity, similar to the initial compounds.

One can see a general trend of decrease
in S with increasing x for single crystals as
well as for cast samples (Fig. la). In both
cases, a bend was observed near x = 0.7,
weakly expressed for the single crystals,
but rather pronounced for the cast samples.
In the cast samples, S decreases up to x ~ 0.3,
then it does not actually change until x ~ 0.8,
and after that decreases rapidly again. As a
result, within x = 0-0.6 range of composi-
tions, S is lower for the cast samples than
for the single crystals with the same x, and
in the interval x = 0.7—-1, the values of S
obtained in the present study for the cast
samples coincide with the literature data
for single crystals.

From Fig. 1b, it can be seen that the
decrease in S is accompanied by a monoto-
nous growth in electrical conductivity with
increasing x in the entire range of
(Biy_,Sb,)o,Te; compositions, but close to x = 0.8
a sharp change in the slope of almost linear
dependence is observed for the cast samples,
whereas this change is hardly noticeable for
the single crystals. As a result, the values
of o are lower than the literature data for
single crystals samples [1, 5], except for the
values for the initial compounds. The
smaller values of ¢ for the cast samples in

comparison with the o values for the single
crystals can be explained by the scattering
of charge carriers by grain boundaries.

Fig. 2 presents the S(x) and o(x) depend-
ences for the cold-pressed annealed
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Fig. 3. Dependences of thermoelectric power factor P = S26 on the composition of (Bi;,_,Sb,),Te,
solid solution: 1 — this work (cast samples), 2 — single crystals [5]; 3 — this work (cold pressed
samples), 4 — hot pressed samples [6], 5 — pulse discharge sintered samples [26].

(Biy_,Sb,),Te; samples, and also, for com-
parison, the data for hot-pressed and pulse
discharge sintered samples reported in [6,
26]. First of all, a surprisingly good agree-
ment should be noted between the obtained
data and literature data [6, 26]. Figure 2a
shows that in the interval x = 0-0.6 the
Seebeck coefficient has constant negative
values (S ~ -150 uvV/K), which means that
the conductivity type of the material
changes as compared to the cast samples. In
the vicinity of x = 0.6, the n — p inversion
occurs, the Seebeck coefficient becomes
positive, reaching a maximum value of S =
240 uwv/K at x =0.7, and then decreases.
The o(x) dependence has a minimum at x ~ 0.65,
which is the composition corresponding to
the inversion of the conductivity sign (Fig. 2b).

Fig. 3 shows the composition depend-
ences of TE power factor P (P = S20) of the
cast and cold pressed annealed samples (the
present study), single crystals [5], hot
pressed [6] and pulse discharge sintered [26]
samples of (Bi;_Sb,),Te; solid solutions.
According to Fig. 3, the P(x) dependences
for single crystals [5] and cast samples (the
present study) have a similar character, but
the values of P in the cast samples are
lower than in the single crystal samples. It
can also be seen that cold pressing followed
by annealing leads to an increase in P com-
pared to the cast samples. The maximum
value of TE power factor (P,,, =
371074 W/(m'K2)) is observed at x = 0.8
for p-type samples.
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Fig. 4. Dependences of thermal conductivity
A on the composition of (Bi,_Sb,),Te; solid
solution: I — this work (cold pressed sam-
ples), 2 — single crystals [5]; 3 — hot
pressed samples [6], 4 — pulse discharge sin-
tered samples [26].

A similar P(x) dependence and practi-
cally the same maximum values of P were
observed by the authors of [6, 26] in hot-
pressed polycrystals and pulse discharge
sintered samples.

Fig. 4 shows the dependence of the ther-
mal conductivity of cold-pressed annealed
samples on the composition in comparison
with the literature data for single crystals
[56] and also samples prepared by hot press-
ing [6] and pulse discharge sintering [26].

Functional materials, 25, 1, 2018
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All A(x) dependences are curves with a mini-
mum at x = 0.6-0.7. A significant decrease
in A in the pressed samples in relation to
single crystals is due to scattering of pho-
nons by grain boundaries. It can be seen
that the observed values of A are close to
the data for polyerystals [6, 26].

On the basis of the obtained data, the
figure of merit of the cold-pressed annealed
(Biy_xSby),Tes samples was calculated. Fig. 5
shows the Z(x) dependence in comparison
with the literature data. It can be seen that
the values of Z decrease with increasing x
for the pressed samples in the n-type com-
position range (x = 0-0.6), while for p-type
samples (x = 0.7-1) there is a maximum of
Z at x = 0.8. The same character of depend-
ence was observed for hot pressed [6, 11,
21], extruded [238], and pulse discharge sin-
tered [26] samples. The obtained values of Z
(Z = 3.11073 K71 at x = 0.8) are compara-
ble to the maximum values of Z for other
manufacturing methods (Z = 38103 K1
[23], Z =3.1-1073 K71 [6, 11, 21)).

Thus, it follows from the data obtained
in this work, that using cold pressing of
cast polycrystals powders and subsequent
annealing of compacted powders for manu-
facturing the samples of (Bi,_,Sb,),Tes solid
solutions, makes it possible to achieve the
values of TE figure of merit, comparable to
Z values obtained in single crystals, hot-
pressed, pulse discharge sintered samples
and for other manufacturing methods.

4. Conclusions

The dependences of TE properties of cast
and cold-pressed annealed samples on the
(Bij_Sby),Tes solid solution composition
were studied at room temperature and com-
pared with the available literature data for
single crystals, hot-pressed samples, and
samples obtained by other methods.

It is shown that in the p-type cast sam-
ples, an increase in the Sb,Te; content in
the solid solution results in an increase in
electrical conductivity of the material and a
decrease in the Seebeck coefficient, with in-
flections in the S(x) and o(x) dependences
near x = 0.8, weakly expressed for single
crystals. The obtained values of the TE
power factor P are ~ 2.5-3.5 times lower
than those reported in the literature for sin-
gle crystals.

Cold pressing with subsequent annealing
leads to a change in the conductivity type
from hole to electronic one in the x = 0-0.6
concentration range. The Z(x) dependence has
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Fig. 5. Dependences of thermoelectric figure-
of-merit Z = S26/A on the composition of
(Bi,_,Sb,),Te; solid solution: I — this work
(cold pressed annealed samples), 2 — pulse
discharge sintered samples [26], 3 — hot
pressed samples [6], 4 — single crystals [5].

a maximum at x =0.8 (Z,,,, = 3.110°3 K~
1), The obtained values of Z exceed those
known from the literature for undoped sin-
gle crystals and are comparable to the val-
ues of Z for samples prepared by the hot
pressing and other methods. This shows
that the preparation of samples of
(Biy_Sb,),Tes solid solutions by cold press-
ing with subsequent annealing can be used
in certain cases for the manufacturing of
materials for TE devices.
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