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STRUCTURAL, ELECTRICAL, AND THERMOELECTRICAL
PROPERTIES OF (Bi;_,Sb;)2Ses ALLOYS PREPARED
BY A CONVENTIONAL MELTING TECHNIQUE
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Polycrystalline solid solutions of (Bi1—;Sb;)2Ses (x = 0, 0.025, 0.050, 0.075, 0.100) were prepared using a facile
method based on the conventional melting technique followed by annealing process. X-ray analysis and Raman
spectroscopical measurements revealed formation of BizSes in single phase. The electrical and thermoelectric
properties have been studied on the bulk samples in the temperature range 100-420 K. The electrical conduc-
tivity measurements show that the activation energy and room-temperature electrical conductivity dependences
on the Sb content respectively exhibit minimum and maximum values at x = 0.05. The thermoelectric power
exhibited a maximum value near the room temperature suggesting promising materials for room-temperature

applications. The highest power factor value was found to be 13.53 yW - K2 .cm™

x = 0.05 compound.
DOI: 10.7868,/S0044451013010191

1. INTRODUCTION

Thermoelectric materials have attracted the efforts
of many research groups worldwide due to the wide
applications ranging from a green power source to pho-
ton sensing devices. These materials can transform the
temperature gradient to electric power or vice versa ac-
cording to the Seebeck effect or the Peltier effect. They
are regarded as sources of green power, where they use
all kinds of energy such as waste heat, solar energy,
radiant heat, etc. Furthermore, thermoelectric materi-
als are reliable energy converters and have no environ-
mentally harmful fluids, noise or vibrations, because
there are no mechanical moving parts. Devices based
on this technology can be manufactured in very small
sizes, which enable application to localized areas with
precise temperature control [1,2]. Among all thermo-
electric materials, narrow-band layered semiconducting
solid solutions with AYBY! of the tetradymite structure
(where A is Bi or Sb and B is Se or Te) find various
applications in the field of thermoelectric devices [3],
which makes them interesting for both theoretical and
applied investigations [4-8].
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The efficiency of a thermoelectric power material
can be evaluated by its power factor. Because it is
expressed as P = S?0, where S is the Seebeck coeffi-
cient and o is the electrical conductivity, it is a carrier-
concentration-dependent factor [9,10]. Intensive stud-
ies have been performed on the effect of doping on the
bismuth selenide material. Because it is a narrow-gap
semiconductor, its doping with certain impurities re-
sults not only in controlling the free carrier concentra-
tion but also in the appearance of a range of strong
unusual properties that are not characteristic for the
undoped material itself [11-16]. For example, doping
BisSes by some IITA elements such as In or Tl increases
the power factor by as much as 25 % [11-13]. Further-
more, according to Ref. [14], a crossover of the Seebeck
coefficient sign occurs for BixSez material by incorpo-
ration of Pb at a high level.

This paper presents a facile method for preparing
Sh-doped BiySes alloys. A study on the effect of the
Sb content on structural, electrical, and thermoelectric
properties has been carried out with the aim to find
the optimum doping level that gives the highest power
factor. The preparation method based on the conven-
tional melting method offers the advantages of a sim-
ple, inexpensive and successful technique for prepar-
ing polycrystalline materials with single phase. The
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prepared samples were investigated by X-ray diffrac-
tion (XRD), Raman spectroscopy, scanning electron
microscopy (SEM), and energy dispersive X-ray spec-
troscopy analyses (EDXA) in order to identify the mi-
crostructure, surface morphology, and stoischiometry.

2. EXPERIMENTAL

The polycrystalline alloys under investigation were
prepared from high-purity (99.99 %) powder elements
from Aldrich. The alloys were formed by melting the
mixture of the pure elements at 1000 °C in a silica tube
sealed under vacuum (10~° Torr). The melting dura-
tion was 24 h with frequent agitation to ensure the
complete homogeneous mixing. The melted mixtures
were then cooled by furnace cooling at room tempera-
ture. After that, the silica tubes were broken and each
ingot was grounded thoroughly for 1 h to obtain fine
particles. The powder of each composition was pressed
under 5 ton/cm? to shape it into a pellet and finally
polished to be optically flat. The pellets were annealed
at 150°C for 4 h. The internal microstructure of the
(Bi;_»Sh;)2Ses (0 < z < 0.10) system was character-
ized by XRD (Brucker Axs-D8 Advance diffractometer
with CuK, radiation at A\ = 1.5406 A) and SEM (FEI
NOVA NANOSEM-200 with the acceleration voltage
equal to 15 kV) combined with an energy dispersive
X-ray (EDX) spectrometer.

The resonance of Raman spectra at the excitation
wavelength 532 nm was obtained using a Thermo Sci-
entific DXR Smart Raman and Bruker FT RFS 100/s
spectrometer. The electrical and thermoelectric mea-
surements have been carried out using specially made
sample holders. The dc electrical conductivity was
measured by the four-probe method. For the thermo-
electric power measurement, the sample was inserted
between two parallel and highly polished copper elec-
trodes. The ambient temperature and temperature
gradient in the thermoelectric measurements were mea-
sured using standard copper—constantan thermocou-
ples. The voltages and currents were measured us-
ing Keithly sensitive digital multimeters. All measure-
ments were performed in the temperature range 100—
420 K in a 10 3-mmHg vacuum.

3. RESULTS AND DISCUSSION

The XRD patterns of (Bij—,Sh;)2Ses (x = 0-0.10)
compounds are shown in Fig. 1. The data imply that
the preparation method is appropriate for obtaining a
single-phase structure where all peaks can be indexed
to the pure hexagonal phase of BixSes, with the unit
cell parameters a = 4.13960 A and ¢ = 28.63600 A
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(space group: R — 3m) [17]. The polycrystalline na-
ture of the samples is clearly observed from the sharp-
ness of the structural peaks. Notably, no indications of
peaks corresponding to other Bi-Se compounds were
detected. Also, the diffractograms of the Sh-doped
samples do not exhibit any diffraction peaks of the
ternary compounds of Bi,Sb,Se. This may be at-
tributed to the substitution of Bi ions by Sb ions and
the resultant SbhSe system crystallization into the same
kind of structure. Furthermore, the ternary compound
formation requires low cooling rate, high synthetic pres-
sure, and high dopant concentration [18], which are not
realized in this work.

The crystallite size D was calculated using the well-
known Scherrer equation [19]

K\

- Bcosh’ (1)

where A is the wavelength of the X-rays, /8 is the full
width at half maximum of the peak, # is the Bragg an-
gle, and K is the shape factor. The calculated values
were in the range 63.1-104 nm.

The morphology of the prepared samples was in-
vestigated using the SEM. The micrographs depicted
in Fig. 2 reveal that the grain size is variable and ob-
viously decreases with antimony addition to reach the
near-submicron scale. The final product composition
was further investigated by the EDX (see the inset in
Fig. 2). Noteworthy, analyzing different grains of each
sample indicates that they are indeed of the same chem-
ical composition, which implies good homogeneity of
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Fig.2. SEM micrographs for (Bii—;Sb,)2Ses samples
with (¢) z = 0 and (b) z = 0.10. The insets show
EDX analysis results

the prepared samples. The data tabulated in the Ta-
ble suggest that all the (Bij_;Sbh,)2Ses3 compositions
possess superstoichiometry for the Bi element, which
is normal for the BixSe3 compounds and attributed to
evaporation of the Se content during the melting pro-
cess [20]. The superstoichiometry of Bi element signif-
icantly affects the conduction of the compositions, as
has been discussed above.

To obtain a deeper insight into the internal struc-
ture of the prepared solid solutions, Raman spec-
troscopy analyses were carried out. We note that no
significant differences were observed between the Ra-
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Fig.3. Raman spectra for z = 0 and z = 0.1 sam-
ples

man spectra of all the Biy_,Sb,Se samples under study.
Consequently, only the Raman spectra corresponding
tox = 0 and z = 0.1 samples are presented as examples
in Fig. 3. Tt is well known that BisSes has a centrosym-
metric rhombohedral structure that has a unit cell with
one Se atom located in the 3a Wyckoff position and the
remaining Bi(2) and Se(2) atoms occupying 6¢ Wyckoff
sites. Hence, BiySes has ten zone-center modes at the
I' point of the Brillouin zone, which are expressed in
terms of irreducible representation as [21]

Tyo = 241, + 34y + 2B, + 3E,.

The g modes are Raman active, whereas the u modes
are infrared active. The FE; modes correspond to
atomic vibrations in the plane of the layers, while
the A;, modes correspond to vibrations along the
¢ axis perpendicular to the layers [22,23]. There-
fore, bulk crystalline BiySes commonly exhibits four
modes [23,24]: Egl, A%g, E;, and A%g, which respec-
tively appear around 40, 61, 102, and 134 cm~'. For
our samples, formation of BiySes crystals is proved
through appearance of three Raman-active modes at
61, 102, and 134 cm~'. The E, mode expected to be
close to 40 ecm~! has not been observed (see Fig. 3),
and it was also not seen in previously reported re-
sults [23, 24].

To examine electrical properties and conduction
mechanisms, the dc electrical conductivity o was mea-
sured as a function of the ambient temperature T in
the temperature range 100-420 K. The o-T plots il-
lustrated in Fig. 4 suggest that the conduction mecha-
nism in the lower temperature range of measurements
(T < T,) is predominantly governed by the carrier scat-
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Table. Bi, Sb, and Se contents determined using an EDX analysis and values of T},, Es1, and Es2 for (Bii—;Sbh;)2Ses
(z = 0-0.1) samples

Composition Bi, at. % Sh, at. % Se, at. % T, K By, eV Ey, eV
r=0 42.20 — 57.80 300 0.02210 0.15463
r =0.025 41.56 0.98 57.46 300 0.00654 0.02464
x = 0.050 40.90 2.09 57.01 230 0.01090 0.02050
x = 0.075 38.91 3.69 57.40 230 0.01201 0.05455
x = 0.100 37.78 4.60 57.62 220 0.00740 0.01653
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Fig.4. Temperature dependences of the electrical con-
ductivity for (Bi1—,Sb.)2Ses (v = 0-0.1) samples. In- Fig.5. The plots of Ino versus 1000/T for

set is the Sh content dependence of the transition tem-
perature T,

tering processes [25-28]. It is worth noting that the
temperature T, depends on the composition itself, as
can be seen in the inset in Fig. 4. Above T, (in the
higher temperature region), where the number of ther-
mally excited carriers begins to overwhelm the number
of carriers due to ionized impurities, the intrinsic con-
duction begins to dominate [29]. The temperature de-
pendence of the electrical conductivity in the intrinsic
region matches well with the relation

).

where o is the pre-exponential factor representing the
temperature-independent conductivity, AFE is the en-
ergy gap for the electrical conduction, and kp is the
Boltzmann constant. The plots of Ino versus 1000/T
for (Bij_,Sb;)2Ses samples in the semiconducting be-
havior range (T > T,) are shown in Fig. 5. The linear
behavior of the plots confirms the thermally activated

AE

EnT (2)

0 = 0g exp (—
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Fig.6. Variation of the activation energy AFE and

room-temperature electrical conductivity o30p with the
antimony content for (Bii—,Sb,)2Ses samples
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conduction. The AFE values were determined and rep-
resented as functions of the doping content in Fig. 6.
As we can see, AF decreases with increasing the doping
content, exhibiting a minimum at x = 0.05 and then
increases to have a maximum with the highest dop-
ing level. In the same figure, we can observe that the
room-temperature electrical conductivity ozgo depen-
dence on the antimony content behaves oppositely: it
increases to a maximum at = 0.05 and then decreases
dramatically. The behavior of o399 with the Sb content
increase can be explained by invoking the ordering ef-
fect in the solid solution structure and the influence of
bismuth superstoichiometry and the Sb content on the
character and concentration of lattice point defects in
the (Bij_;Sb,)2Ses crystal lattice. The superstoichio-
metric bismuth content in the undoped BisSes crystals
gives rise to the n-type electrical conduction behavior
due to the presence of positively charged vacancies in
the selenium sublattice [30]. The excess of Bi in the
crystal also results in formation of antisite defects (hav-
ing negative charge) in the lattice due to replacing the
selenium atoms in their lattice sites by bismuth atoms.
It is reported in Ref. [20] that at a low Sb content, the
free-electron concentration increases due to the occur-
rence of the uncharged substitution defects of antimony
atoms in bismuth sites, which suppress the concentra-
tion of the antisite defects. But the decrease in the
electron concentration in the region of a higher anti-
mony content is due to the associated decrease in the
concentration of the Se vacancies in the Se sublattice.

To calculate the power factor and thus check the fea-
sibility of our compositions as thermopower materials,
it is essential to carry out thermoelectric power mea-
surements. The temperature dependence of the See-
beck coefficient S was measured in the same tempera-
ture range of the electrical conductivity measurements
in order to obtain the optimum temperature that gives
the higher power factor. Asshown in Fig 7, in the entire
temperature range considered, the value S is negative,
exhibiting the domination of the conducting behavior
of n-type semiconductors. The most characteristic for
the bismuth selenide-based compounds is the n-type
[31], but the p-type is also reported [16,31,32]. The
modulus of S was found to increase as the temperature
increases, reaching a maximum at a certain tempera-
ture T,,,. Beyond this temperature, S decreases contin-
uously with increasing the temperature. This temper-
ature dependence of S confirms the transition to the
intrinsic conduction discussed above, where the slope
changes from positive to negative [33]. The largest
modulus of the Seebeck coefficient was observed for the
undoped sample, where S has the value 0.280 mV /K

S, mV/K
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Fig. 7. Temperature dependences of the Seebeck coef-
ficient for (Bij—,Sb.)2Ses3 (z = 0-0.1) samples. Inset

is the Sb-content dependence of the room-temperature
Seebeck coefficient S300
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Fig.8. Seebeck coefficient versus 1000/T for

(Bi1—+Sb.)2Ses (x = 0-0.1) samples

at T'= 300 K. The inset in Fig. 7 clarifies a minimum
value of the Seebeck coefficient for the z = 0.025 sam-
ple. However, at high doping levels (x = 0.05-0.10), no
significant change of the S value can be observed.

For all samples, the temperature dependence of the
Seebeck coefficient fits well with the following equation
in the entire temperature range below and above the
transition temperature:

kB Es
5= +kn (kBT

e

+ A> : (3)

the activation energy F; represents the thermopower
activation energy and A is a dimensionless parameter
related to the carrier scattering mechanisms or assumed
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to be a measure of the kinetic energy transported by
carriers. As can be seen in Fig. 8, the plots of S ver-
sus 1000/T consist of two linear segments. In the low-
temperature region, the temperature dependence of S
exhibits a smooth trend that reverses the smooth de-
crease in the charge carrier mobility with increasing
temperature [34]. By contrast, above T,,, S changes
rapidly with temperature, which may be attributed to
the effective contribution of the p-type defect creation
at high temperatures [35]. This behavior implies that
the conduction is not of a pure n-type but is of a mixed
type and the positive-charge carriers (holes) make a sig-
nificant contribution. The transition temperature T,
and the thermopower activation energies Eg and Fjgo
respectively corresponding to the temperature ranges
below and above Ty, for all samples are tabulated in the
Table. The difference that could be observed between
T, and T}, at transition temperatures for the same sam-
ple can be attributed to the difference in the electri-
cal conductivity and thermoelectric power sensitivity
to the defects included in the sample. The values of
the thermopower and electrical conductivity activation
energies Fs and AFE, are comparable. This demon-
strates the absense of temperature-activated mobility
and confirms the gap band conduction mechanism of
charge transport in the high-temperature range, where
Eys = AFE is the energy associated with carrier gener-
ation only. The small value of the thermopower acti-
vation energy F; in the low-temperature range is ev-
idence of the domination of the temperature-activated
mobility mechanism of conduction [36, 37] and matches
well with the electrical conductivity results mentioned
above.

The power factor P of a material is a good indica-
tor of the performance of this material as a thermoelec-
tric device. The higher the power factor of a material,
the more useful it is as a thermoelectric material. In-
creasing the power factor value required large electrical
conductivity and high thermoelectric power. Figure 9
shows the function P(T') for the (Bi;_,Sb;)2Ses system
with different Sb content. The behavior of the power
factor variation with temperature shows that except
for the sample with the highest doping level (z = 0.1),
in which an increasing trend is observed over the whole
temperature range of measurement, the power factor of
all other samples increases with increasing the temper-
ature to a maximum and then decreases. Much higher
values of the power factor over the whole temperature
range of measurements can be observed for the z = 0.05
compound in comparison with the other compounds.
The highest power factor value for this compound was
recorded at 240 K, equal to 13.53 yW-K~2-cm~!. We
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Fig.9. Temperature dependences of the power factor
for (Bii—«Shz)2Ses (z = 0-0.1) samples

can therefore conclude that this antimony doping level
is the optimum to achieve the highest thermopower per-
formance of the compositions under study.

4. CONCLUSION

Polycrystalline alloys of (Bij—,Sb;)2Ses (with o =
= 0-0.1) were prepared successfully using the conven-
tional melting technique. Independently of the Sb con-
tent, all the compositions have a monophase structure
of BisSes. Sb doping significantly suppresses the grain
growth of the prepared alloys. The temperature de-
pendence of the electrical conductivity and the See-
beck coefficient are governed by carrier scattering in
the lower temperature range, followed by a transition to
the intrinsic semiconductor behavior at certain temper-
atures. The calculations demonstrate that the lowest
activation energy and the highest room-temperature
electrical conductivity values are demonstrated by the
x = 0.05 composition. Moreover, among all the studied
compositions, it exhibits the highest power factor over
the whole temperature range of measurements with a
value equal to 13.53 pyW - K2 -cm ™! at 240 K.
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