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Abstract—BigsSbs + 0.01 at % Pb materials have been synthesized and their electrical conductivity &, ther-
moelectric power 0., Hall coefficient Ry, and thermal conductivity y have been measured as functions of tem-
perature and magnetic field. Additional doping with up to 0.1 at % tellurium donor has been shown to com-
pensate for the Pb acceptor effect, leading to an increase in electron concentration in the samples. As a result,
¢ and o approach those of BigsSb;s free of Pb impurities. Heat treatment partially eliminates structural
defects, leading to an increase in carrier mobility and lattice thermal conductivity.
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INTRODUCTION

Wide use of thermoelectric energy converters is
limited by the relatively low thermoelectric figure of
merit of the materials suitable for this application. Sin-
gle crystals based on solid solutions in the Bi—Sb sys-
tem offer record high thermoelectric and magneto-
thermoelectric figures of merit at low temperatures,
which makes them promising thermoelectric materi-
als. However, they have low mechanical strength,
associated with the layered nature of their crystal
structure, which limits their potential application field
[1—4]. One effective way to improve their mechanical
strength, while maintaining sufficiently good thermo-
electric performance, is extrusion [5—10]. The
method offers a high production rate and opens up
wide possibilities for shaping legs of thermoelectric
generators [11—14].

Thermoelectric efficiency of thermoelectric mate-
rials is determined by the parameter Z = o’ /y, where
o is electrical conductivity, o is thermoelectric power,
and % is thermal conductivity. There are not many
ways of maximizing the thermoelectric figure of merit.
Without methods for suppressing the phonon contri-
bution to thermal conductivity, which are well known
[15], most thermoelectrics have already been put into
practice, so in recent years optimization has reduced
to varying carrier concentration in available materials
[16]. To obtain a thermoelectric material with required
parameters, it should be doped with various impurities
so as to optimize carrier concentration and carrier
scattering processes.

Donor and acceptor doping of BigSb;, alloys
allows carrier concentration to be tuned over a wide
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range [1, 5]. Small tellurium additions raise the elec-
trical conductivity of the material and, according to
calculations, are expected to increase the thermoelec-
tric figure of merit of the BiggSb, alloys, despite some
decrease in the magnitude of their thermoelectric
power. It has been shown that Z increases only at a
doping level below 0.001 at % Te [5]. Further increase
in tellurium dopant concentration leads to a decrease
in Z, which is the result of the sharp drop in carrier
mobility with increasing dopant concentration
(increasing carrier concentration). Underrating of this
circumstance underlies many theoretical predictions
of an increase in Z in calculations of transport coeffi-
cients at constant carrier mobility [17—19].

It is reasonable to assume that transport coeffi-
cients can be optimized as well by codoping of
extruded Big;Sb;s samples with acceptor and donor
impurities (combined doping).

As shown earlier [9, 20], extruded and annealed
BigsSb,s samples having a grain size of ~630 um and
doped with Pb acceptor (0.01 at %) have a rather low
77-K electrical conductivity (¢ = 1462 S/cm) and
switch from #n- to p-type in a magnetic field. For this
reason, this material was chosen to study the effect of
codoping with acceptor (Pb) and donor (Te) impurities
on the magnetothermoelectric properties of samples.

The purpose of this work was to study the effect of
combined doping with acceptor (Pb) and donor (Te)
impurities on the magnetothermoelectric properties of
Big;Sb5 crystals with a grain size of ~630 um at tem-
peratures from ~77 to 300 K in magnetic fields (H) of
up to ~74 x 10* A/m.
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Table 1. Effect of tellurium dopant concentration on the electrical conductivity (), thermoelectric power (o), Hall coef-
ficient (Ry), thermal conductivity ()), carrier mobility (1), and carrier concentration (n) of the extruded BigsSb;5 + 0.01 at

% Pb samples at ~77 K
2E ST 2E ST
= |2 | 5| &2 |58 = |e|58|&]|2 &
> |z | ¥ |8 | < |z > |z | ¥ |8 | < |z
Sample . = = o g = - = = o g =
o 3 =) Oh — o 3 =) Oh —
g X = X g X = X
= = = = = =
before heat treatment after heat treatment
1 2393 | —173 |—14.83 2.9 35488 04 5387 | —178 | =253 3.02 [136291 0.25
2 1273 —40 —0.69 3.08 878 9.1 1462 | —89.6 | —4.33 | 3.04 6331 1.4
3 1591 | —148 -74 3.05 11773 0.8 2020 | —171 —11.1 3.03 22422 0.56
4 2750 | —127 —6.71 3.05 18453 0.9 1604 | —154 | —10.6 2.39 17002 0.58
5 11823 44.1 | —0.69 4.42 8158 9.1 13752 | —=30.3 —-0.72 5 9901 0.7
6 10823 | —45.3 | —0.45 4.92 4870 13.9 17026 | —56.7 | —0.69 5.3 11748 9.1
7 17506 -7.9 | —-0.23 5.6 4026 27.2 15600 -3.3 —0.1 5.7 1560 | 62.5

(1) Undoped sample, (2) BigsSbys + 0.01 at % Pb, (3) BigsSbys + 0.01 at % Pb + 0.0001 at % Te, (4) BigsSbys + 0.01 at % Pb + 0.0005 at % Te,

(5) BigsSbys + 0.01 at % Pb + 0.005 at % Te, (6) BigsSbys + 0.01 at % Pb + 0.01 at % Te, (7) BigsSb;s + 0.01 at % Pb + 0.1 at % Te.

EXPERIMENTAL

BigsSb,s was synthesized via direct melting of the
starting components. An appropriate mixture of the
starting materials was placed in a silica ampule
preetched in a chromic/sulfuric acid mixture and
rinsed with distilled water. The ampule was then
pumped down to a residual pressure of ~10~3 Pa and
sealed off under vacuum. The starting materials used
were Vi-000 bismuth and Su-0000 antimony. As dop-
ants, we used T-sCh tellurium (distilled or twice sub-
limed) and Pb-000 lead. The dopants and constituent
components were weighed with an accuracy of
10.0001 g. The Pb and Te dopants were added during
synthesis. Samples with low tellurium concentrations
were prepared by melting appropriate amounts of
BigsSb;s containing 0.1 at % Te and BigsSb;s doped
with 0.01 at % Pb.

Synthesis was carried out at a temperature of ~673 K
for 2 h. To properly homogenize the alloy, the furnace
containing the ampule was constantly rocked. Next,
the material was cooled to room temperature (by
immersing the ampule in water).

The synthesized material was comminuted by
grinding in a porcelain mortar and sieved to the size
range <0.630 mm using a specially designed sieve.

Big;Sb;s powders with a particle size of ~630 um
were pressed at room temperature and a pressure of
~350 MPa into compacts ~30 mm in diameter, conve-
nient for extrusion. Extrusion was performed on an
MS-1000 hydraulic press from a 30-mm to 6-mm
diameter using purpose-designed accessories. The
extrusion process parameters (temperature, pressure,
ram speed, and others) were chosen so that the bars
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were formed under superplasticity conditions, without
macro- or microdefects.

Samples for our measurements, in the form of a
parallelepiped 3 X 5 X 12 mm in dimensions, were cut
from the extruded rods by spark erosion using an
A.207M machine. The cutting-induced surface dam-
age layer was removed by electrochemical etching in a
KOH + C,H,04 + H,O0 solution [21]. The extruded
samples were annealed at ~503 K for 2 h in silica
ampules pumped down to a pressure of ~10~3 Pa.

The electrical and thermal parameters of the sam-
ples were measured as described previously [22], along
their length, that is, in the extrusion direction. We
studied the extruded samples before and after anneal-
ing. We measured their electrical conductivity (),
thermoelectric power (o), Hall coefficient (Ry), and
thermal conductivity ) in the range ~77—300 K in
magnetic fields (H) of up to ~74 x 10* A/m. The
results are presented in Figs. 1—4 and Table 1.

RESULTS AND DISCUSSION

The low-temperature portion of the 6(7) curve for
the extruded undoped BigsSb s samples points to an
increase in carrier concentration (#) with temperature.
The high-temperature 6(7) behavior is determined
largely by the temperature dependence of carrier
mobility [6].

As shown earlier using temperature-dependent ¢
and o data [23], Pb-doped Bi, 35Sb, ;s samples contain
two types of donor levels: shallow (0.01 eV) and deep
(0.04 eV). The electrical properties of the undoped
samples are determined largely by the shallow donor
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Fig. 1. Temperature dependences of the (a, b) electrical conductivity, (c, d) thermoelectric power, and (e, f) Hall coefficient for
the extruded BigsSb,5 samples (a, c, €) before and (c, d, f) after heat treatment; curves /—7 correspond to the samples in Table 1.
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Fig. 2. Temperature dependences of thermal conductivity
(x) for the extruded BigsSby5 samples (a) before and
(b) after heat treatment; the same designations as in Fig. 1.

levels, and the Pb dopant compensates them. In the
samples containing 0.01 at % Pb, the shallow levels are
fully compensated, so ¢ drops to a minimum. With
increasing temperature, the ionization of the deep
donor levels in this sample increases and, as a conse-
quence, its ¢ rises with temperature, approaching the
o of the undoped sample in the range from 200 to
300 K. Increasing the Pb concentration leads to com-
pensation of the deep donor levels and produces new
shallow acceptor levels. As a result, the samples con-
taining 0.05 at % Pb and more have p-type conductiv-
ity at a temperature of ~77 K [9, 20].

Both before and after heat treatment, the total ther-
mal conductivity y of the extruded BigsSb;s + 0.01 at
% Pb samples at ~77 K is a nonmonotonic function of
tellurium content. With increasing tellurium concen-
tration, the thermal conductivity of the codoped sam-
ples increases.

The total thermal conductivity of the samples at
~77 K is contributed by the lattice (y;) and electron
(X.) components:
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Fig. 3. Thermal conductivity () vs. electrical conductivity
(o) at ~77 K for the extruded BigsSb;5 samples: (I, 2)
codoped samples before and after annealing, respectively;
(3) annealed samples doped with 0.0001, 0.0005, 0.001,
0.01, and 0.1 at % Te; (4) annealed samples doped with
0.001, 0.005, 0.01, 0.05, 0.075, and 0.1 at % Pb.

X=Xt Xe = X+ LoT, (1)

where L = A(k/e)? is the Lorenz number (here k is
Boltzmann’s constant and e is the electron charge). A
was evaluated from the dependence of A on thermo-
electric power [24].

As shown earlier [25], the electrical conductivity of
extruded BigsSb,s samples with a low concentration of
electrically active impurities (V) changes by several
times, whereas their lattice thermal conductivity
remains almost constant. Then, we have

X(N)=%+% (N) =3 +Lo(N)T. (2)

Extrapolating the plot of )y against ¢ to 6 = 0, we
can find the lattice thermal conductivity of the sam-
ples (Fig. 3).

The addition of Pb and Te electrically active impu-
rities to the extruded BigsSb s samples can change L as
well. However, calculations show that this change is
insignificant (~10%) compared to the change in G (by
a factor of ~3.7). This leads us to conclude that the
variation in the total thermal conductivity of the
codoped BigsSbs solid solutions is dominated by the
electron thermal conductivity ..

In addition, the electrical and thermal conductivi-
ties of the Big;Sb,s samples were measured as functions
of magnetic field and the 6(H) and x(H) data were
used to determine Y%;. The %, values obtained from
measurements in a magnetic field and those calculated
from the % (o) data agree well.

The o and Ry of the BigsSb;s samples doped with
0.01 at % Pb and annealed in zero magnetic field do
not change sign with temperature. At ~77 K, increas-
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Fig. 4. (a, b) Electrical conductivity, (c, d) thermoelectric power, (e, f) Hall coefficient, and (g, h) thermal conductivity as func-
tions of magnetic field at ~77 K for the extruded BigsSb;5 samples (a, c, e, g) before and (c, d, f, h) after annealing; curves /—7

correspond to the samples in Table 1.
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ing the magnetic field strength changes the sign of o
and Ry from negative to positive (Figs. 4d, 4f, curves 2,
respectively). The magnetic-field-induced type inver-
sion in the Big;Sb,s samples doped with 0.01 at % Pb
can be accounted for by the fact that electrons and
holes differ in mobility (i, > W;,).

Annealing increases the 77-K Hall coefficient of all
the BigsSb,s(Pb,Te) samples (except BigsSb,s + 0.01 at %
Pb + 0.1 at % Te) and the 77-K o of the samples con-
taining up to 0.0005 at % Te. At Te concentrations
above 0.0005 at %, the thermoelectric power
decreases.

Because of the decrease in carrier mobility, the
magnetic field has a weaker effect on the electrical
parameters of the annealed and unannealed samples at
high temperatures (~300 K).

During extrusion, plastic deformation produces
not only texture of the samples but also structural
defects [26]. The defects act as carrier scattering cen-
ters, reducing carrier mobility. Concurrently, the for-
mation of electrically active centers at defects leads to
an increase in carrier concentration. Heat treatment
partially eliminates structural defects. The insignifi-
cant effect of annealing on the o of the undoped sam-
ples, in combination with considerable changes in G,
indicates that heat treatment influences predomi-
nantly carrier mobility, that is, it reduces the concen-
tration of carrier scattering centers (Fig. 1, Table 1).
These changes are especially obvious at low tempera-
tures (~77 K), where extrinsic conduction and elec-
tron scattering by defects play a key role. In the
annealed samples, the density of structural defects is
low, and at low temperatures scattering by acoustic
phonons prevails. Because of this, an applied mag-
netic field causes a large increase in the low-tempera-
ture o of the undoped samples, and the magnetic field
has a much stronger effect on the electrical parameters
of the annealed samples in comparison with the unan-
nealed samples.

The heat treatment-induced increase in Ry; at ~77 K
seems to be mainly due to changes in the parameter A4,
which characterizes the scattering mechanism in the
relation Ry = A/en, where e is the electron charge and
n is carrier concentration.

Because of the difference in mobility between elec-
trons and holes in Big;Sb;s, an applied magnetic field
has different effects on the electrical conductivity of n-
and p-type samples. Heat treatment always increases
the magnetoresistance of the n-type samples.

CONCLUSIONS

Extruded BigsSb,s samples containing 0.01 at %
lead acceptor and additionally doped with 0.1 at % tel-
lurium donor have been prepared and their electrical
conductivity ¢, thermoelectric power o, Hall coeffi-
cient Ry, and thermal conductivity y have been inves-
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tigated in the range ~77—300 K in magnetic fields (H)
up to ~74 X 10* A/m. We have calculated carrier con-
centration n, carrier mobility |, electron thermal con-
ductivity y., and lattice thermal conductivity 7, in the
samples.

Compensating for the Pb acceptor effect, tellurium
impurities lead to an increase in electron concentra-
tion in the samples. As a result, ¢ and a approach
those of BigsSb s free of Pb impurities.

Carrier mobility (and hence electrical parameters
and electronic thermal conductivity) and lattice ther-
mal conductivity in the samples are significantly
influenced by structural defects, which can be elimi-
nated by heat treatment. As the temperature is raised,
phonon scattering by structural defects and impurity
centers becomes weaker.
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