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ABSTRACT

The investigation of the structure and thermoelectric properties of nanostructured solid solutions (Bi, Sb),Te; p-type has
been carried out. The samples were obtained by grinding of original compositions in a planetary ball mill and by spark
plasma sintering (SPS). Initial powder has an average particle size of 10 - 12 nm according to transmission electron
microscopy, and the size of the coherent scattering region (CSR) obtained by X-ray line broadening. During sintering at
T, =250°C - 400°C, the grain size and CSR increased, which was associated with the processes of recrystallization. The
maximum of size distribution of CSR shifts to larger sizes when 7} increases so that no broadening of X-ray lines at 7, =
400°C can take place. At higher T, the emergence of new nanograins is observed. The formation of nanograins is condi-
tioned by reducing of quantity of the intrinsic point defects produced in the grinding of the source materials. The study
of the electrical conductivity and the Hall effect in a single crystal allows to estimate the mean free path of the holes-L
in the single crystal BijsSb; sTe; which at room temperature is 2 - 5 nm (it is much smaller than the dimensions of CSR
in the samples). The method for evaluation of L in polycrystalline samples is proposed. At room temperature, L is close
to the mean free path in single crystals. Scattering parameter holes in SPS samples obtained from the temperature de-
pendence of the Seebeck coefficient are within the measurement error equal to the parameter of the scattering of holes
in a single crystal. The figure of merit Z7 of SPS samples as a function of composition and sintering temperature has
been investigated. Maximum Z7, equal to 1.05 at room temperature, is obtained for the composition Big4Sb; ¢Tes at T, =
500°C and a pressure of 50 MPa. The causes of an apparent increase in thermoelectric efficiency are discussed.

Keywords: Solid Solutions (Bi, Sb),Te; P-Type; Nanostructure; Spark Plasma Sintering; Conductivity; Hall Effect;
Hole Free Path; Seebeck Coefficient; Thermal Conductivity; Figure of Merit

1. Introduction Various aspects of the current state of work on the
bulk nanostructured materials and their development
prospects are contained in [3-6]. In most investigations,
the nanostructured material is obtained by grinding in a
planetary ball mill with the subsequent consolidation of
nanopowders by hot pressing [4]. In some cases melt
spinning is used [7,8], and then compacting is performed
by spark plasma sintering method [8].

This work is largely devoted to experimental works on
nanostructural material on the basis of (Bi, Sb),Tes held

The last years have been characterized by the emergence
of a large number of investigations of nanostructured
thermoelectric materials, primarily on the basis of solid
solutions (Bi, Sb),Te;. Despite the lack of notable prac-
tical results received to date, the interest to work in this
direction is not waning, because it indicates the way on
which it is possible to get the long-awaited increase in
thermoelectric efficiency Z7T for various thermoelectric
devices. The results received to date are values of ZT =

1.4[1]to ZT = 1.8 [2]. in Russia [?— 1.6]. All of.them began arqund the same time
and used similar techniques as those in papers [1,2,17].
"Corresponding author. To create bulk nanocrystalline thermoelectric materials
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by mechanical activation process in a planetary ball mill
with subsequent hot pressing was previously suggested in
[13] for creating percolate structures based on fullerenes.
The results obtained in subsequent research are partially
shown in [14-16].

In the present work compacting bulk nanostructured
materials on the basis of solid solutions (Bi, Sb),Te; are
obtained by the spark plasma sintering method (SPS),
which has a number of advantages over the traditional
method of hot pressing [18]. All of the above mentioned
works often do not contain information relating to ob-
taining samples, so the comparison of the properties pre-
sented in different works is somewhat difficult. In this
paper an attempt of a systematic comparison of the
structural and thermoelectric properties of nanostructured
thermoelectric materials with their composition and the
regime of obtaining them is made.

2. Preparation of Samples

Nanostructured samples were received from nanopowder
of previously synthesized material of desired com-
position. For synthesis Bi (99.999), Sb (99.999), Te
(99.999) were used. The synthesis was made by direct
alloying the components in sealed quartz ampoules previ-
ously evacuated. The ingots were subjected to milling in
protective atmosphere in the high-energy planetary ball
mill AGO-2U-type (Russia) or Retsch PM400. Parallel to
ingot milling powder source material was made by
mechanochemical synthesis of original components. In
using these methods no differences in the size and com-
position of nanoparticles, or thermoelectric prperties of
bulk material were detected. SPS was made in the
installation SPS-511S. Nanopowder billet previously
received by cold pressing was placed in a graphite press
mold. All nanopowder operations were performed in the
glove box in protective atmosphere to control the
moisture and O,. O, concentration was maintained at a
level below 10 ppm to prevent oxidation of the nano-
powder. The disc shaped samples sintered in the graphite
press mold had a thickness from 3 up to 10 mm and
diameter of 20 mm. Sintering was conducted at tem-
peratures from 250°C to 550°C under pressure from 30 to
70 MPa for 5 min. Samples of the desired size, de-
pending on the method of measuring the properties were
cut out from the discs by electro-erosive cutting machine
ART-151 (Russia).

3. Structural Investigation

Structural researches of powders and sintered material
were carried out by the X-ray method on diffractometer
Bruker D8 with the use of CuKa of radiation. Mor-
phology of the surface of a fracture of the sintered
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samples in secondary electrons was watched through the
scanning electron microscope (SEM) of JSM-6480LV of
JEOL firm. The research of the samples structure by a
method of transmission electronic microscopy was
carried out in electron microscope of JEM 2100 with
high resolution of JEOL firm, the microscope can work
both in a diffraction mode, and an image mode. The
resolution of the microscope is at point 2.3 A and in
spectral line-1.4 A (direct increase to 1.5 million times).
The determination of the elemental composition in the
local regions of the sample was determined by energy
dispersive spectrometry method, the consoles INCA
DRY COOL Company OXFORD Instruments being
used. The properties of bulk nanostructured material are
to a large extent dependent on those of the source pow-
ders. Powder particles were found to be single-phase and
to have the composition of the source material. The av-
erage particle size determined according to transmission
electron microscopy was 10 - 12 nm, which corresponds
to the size of coherent scattering regions (CSR) defined
by X-ray line broadening.

The powder is agglomerated. The agglomerate size
depending on the milling conditions varies from 0.2 um
to several um. The bright-field image of several powder
agglomerates is shown in Figure 1(a). Figure 1(b) shows
the diffraction pattern of the relevant area.

The broadened rings in the electron diffraction pattern
indicate the finely dispersed structure of the agglomerates.
Individual particles that make up the agglomerates are
clearly visible on the dark-field image obtained in the

Figure 1. Bright-field (a) and dark-field (c) image of several
powder agglomerates. Diffraction pattern corresponding to
the agglomerate area (b), high resolution image of a single
agglomer ate particle in a transmission electron microscope

(d).
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reflexes, which can be seen on the ring diffraction pattern
(Figure 1(c)). Figure 1(d) shows a high-resolution image
of single agglomerate particle of ~12 nm size.

Saving the nanocrystalline state in compact samples is
a major problem associated with the negative impact of
recrystallization processes that lead to the enlargement of
the grains. The microstructure of the samples sintered at
high temperature is usually judged by the morphology of
the fracture surface when observed in a scanning electron
microscope. Figure 2 shows SEM images of the fracture
surface for the samples obtained by SPS at different sin-
tering temperatures 7, from 250°C to 400°C. At T, =
350°C and T, = 400°C the grains grow to the size of a
few micrometers and acquire crystal faces, which indi-
cates actively proceeding process of recrystallization.
The samples annealed at lower temperatures have a
highly dispersed structure, the fragments of the fracture
surface are not faceted.
CSR was used as the main characteristic of the struc- ture
at the nanoscale size in the our papers (e.g. [14,19]).
When the grain size is up to several tens of nanometers
the CSR size coincides with the grains size, revealed in
the image of the fracture surface of compact samples in a
scanning electron microscope (as, for example, it was
noted above for the nanopowder). CSR are part of the
internal structure for larger grains. CSR dimensions are
defined by grain fragmentation caused by different
mechanisms related to various types of structural defects.
The curves of the size distribution of CSR obtained by
X-ray diffraction for samples at Biy4Sb;¢Te; are in Fig-
ure 3 for T, = 250°C (1), T, = 300°C (2), T, = 450°C (3),
T, = 500°C (4). The values along the y axis are the relative

Figure 2. SEM images of the fracture surface in secondary
electrons for the samples obtained by the SPS method at Tg
= 250°C (a); Ts = 300°C (b); Ts = 350°C (c) and T = 400°C
(d).
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volume of CSR in various sizes f,, _J where V),
v

is CSR volume with size d, and V is the total volume
of CSR. The accepted method of measurement can relia-
bly determine the size of CSR only if d < 300 nm.
Therefore the distribution curves shown in Figure 3 are
limited by this value. In the studied sintering temperature
range CSR have maximum volume fraction in CSR size
—from 50 to 200 nm.

Figure 3 also shows that the volume fraction of CSR
with d > 150 increases when 7, is increased from 250
to 300°C. Simultaneously, the maximum in the distribu-
tion of CSR shifts to higher value of d. At T, =400°C
CSR size increased to such values that broadening of
X-ray diffraction peaks is no longer observed. However,
at higher 7, the volume fraction of CSR for d > 150 nm
decreases and the distribution of CSR in size moves to
smaller values of CSR. As a result the values of CSR at
T, = 500°C are significantly lower than that at 7, =
250°C.

In [20] the distribution of the number of nanograins in
the nanostructured sample Bi,sSb; sTes is given. In order
to proceed to the distribution of CSR on their quan-

. N, .
tity fi, =Wd where N, —the number of CSR size d,

and N-the total number of CSR, it is necessary to divide
the volume distribution into the volume of these regions,
which is proportional to &°. Thus obtained distribution of
CSR number is shown in Figure 4.

The construction of Figure 4 was carried out on a
logarithmic scale, because then the curves are symmetric
with respect to the distribution maximum. The maximum
number of CSR corresponds to the range of sizes from 20
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Figure 3. The relationship between the volume fraction and
the size of CSR in samples Big,Sh,gT€s, Sintered at tem-
peratures of 250°C, 300°C, 450°C and 500°C.
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Figure 4. The relationship between the number of CSR and
their size in the samples BigsSbh1¢T €3, Sintered at tempera-
tures of 250°C, 300°C, 450°C and 500°C.

to 75 nm, the maximum on the distribution curves shifted
to significantly smaller CSR compared to the maximum
volume fraction. The displacement depends on the slope
of f,, in the region before the maximum. When the
slope is less, the displacement is greater. The symmetry
of the curves in the logarithmic scale indicates that they
can be satisfactorily described by a log-normal distribu-
tion in which the probability density of the number of
CSR with the size of d is given by:

| _(ind-Inay’

— 247
o(d) T ; Q)

where a and s are parameters of the distribution. For a
log-normal distribution «a is the median, i.e. the number
of grains with a size larger than a equals the number of
grains with a size smaller than a. For the most interesting,
in view of their nanostructure, samples obtained at 450°C
and 500°C, the median value is 36 and 46 nm respec-
tively. However, the total volume for the size of CSR,
less than the median does not exceed a few percent. Re-
calculation of the number distribution of grain sizes [20]
into their volume fraction shows that the volume fraction
of nanograins with sizes less than 100 nm is very small
and does not exceed 2% to 4%. Besides, our attention
was drawn to a shift to the small size and, simultaneously,
the broadening of the distribution f,, at the sintering
temperature 7, = 450°C versus T, = 300°C. This is cer-
tainly due to the grinding process of CSR and appearing
of a large number of CSR of small size.

For a more complete picture of the structure of the
samples, sintered at different 7., the study was con-
ducted by transmission electron microscopy. Even at
T, =250 °C the grains are the size on the order more than
the starting powder particles and continue to grow with
increasing the sintering temperature to 7, = 400°C. The
samples sintered at temperatures from 7, = 250°C to T =
350°C show a significant difference in grain size, which
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practically disappears at the sintering temperature 7, =
400°C. All this is the result of recrystallization, which is
consistent with the increase of CSR, but which are still
smaller than the size of the grains. At temperatures of 7
=250°C - 300°C the fragmentation of some grains occurs
due to dislocations. At T, = 350°C in the material struc-
ture there appear nanoparticles (Figures 5 (a) and (b)) the
amount of which does not increase with increasing tem-
perature. According to energy-dispersive X-ray spec-
troscopy analysis the composition of the nanoparticles
does not differ from that of the surrounding grains. That
is why it is possible to suggest that these nanoparticles
are inherited from the original powder. In some grains,
twinning occurs (Figure 5(c)). With increasing 7, the
quantity of grain junctions approaching the equilibrium
angle of 120 degrees (Figure 5(d)) grows. According to
transmission electron microscopy the samples sintered at
T, = 400°C have a more perfect internal structure of the
grains, which is consistent with the sharp increase in the
size of the CSR.

At T, = 450°C, the images of transmission electron
microscopy are changed dramatically. A large amount of
nanosized grains, located both inside and on the grain
boundaries (Figure 6(a)) appear. The total volume of new
nanograins is not great. The distribution curve of volume
fraction of CSR in sizes (Figure 3) shows an increase in
the relative fraction of CSR with d < 100 nm and a de-
crease in the fraction of CSR with the size of d > 200

Figure 5. Bright-field images of the structure of the ther-
moelectric material Big4SbyTes, oObtained by SPS method
at sintering temperatures Tg = 250°C - 400°C: (a) Nanopar-
ticlesin the grains of the sample (Ts = 250°C - 350°C); (b) A
high-resolution nanoparticles on the boundary between two
grains, (c) A grain with a twin crystals; (d) The junction of
threegrains (Ts=400°C).
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Figure 6. Bright-field images of the structure of the ther-
moelectric material Big,Sb;gTe;, obtained by SPS method
at 450°C: (a) Nanoparticles in the sample grains; (b) The
high-resolution image of nanoparticles in the volume of the
grain; (c) The high-resolution image of nanoparticles at the
junction of three grains; (d) The comparison of the compo-
sition of the solid solution in the nanoparticle and the sur-
rounding grain, defined by local energy-dispersive X-ray
Spectr oscopy.

nm. The decrease of CSR occurs at very low micro strains.
with confidence that the emergence of nanograins is due
to secondary recrystallization. Thus, the grain growth in
the recrystallization process imposes itself on the secon-
dary recrystallization process, which actively takes place
at temperatures above Ty = 450°C.

At 500°C, the amount of new nanoparticles increases
Figure 6(b) shows the images of nanoscale grains at high
resolution in the volume and on the border with large
grains (Figure 6(c)). The results of energy dispersive
X-ray spectroscopy (Figure 6(d)) indicate that the com-
position of nanosized grains is not different from that of
the sample as a whole. So it is possible to conclude sub-
stantially, they increase in size and have a good faceting
(Figure 7). So the grains of different size are observed in
the volume of the “old” grains: a newly originated nu-
cleus and the grains which had time to grow up at a later
stage of recrystallization. In some cases, the newly
grown small grains occupy the entire volume of the “old”
grain. In the structure of sintered at 500°C samples there
appear pores. The formation and subsequent growth of
nanograins during secondary recrystallization lead to the
fragmentation of the “old” grain and result in the reduc-
tion of the CSR size.

The driving force of the formation of small grains at
the secondary recrystallization may be accounted for by

Copyright © 2013 SciRes.
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Figure 7. Bright-field images (a), (b) of the structure of
Big4ShyeTes, sintered at a temperature of 500°C.

reducing both of energy in the grains boundaries and
bulk energy of the grains. Solid solutions of bismuth an-
timony telluride in their physical properties are strongly
anisotropic materials. They are characterized by a strong
anisotropy of crystal growth in different directions [22].
The grain boundaries energy is also highly dependent on
the orientation of the boundary. In recrystallization the
grains grow preferentially in the direction of the greatest
rate of growth, and thus formed boundaries between the
grains have a random orientation which does not corre-
spond to the borders with minimum energy. Therefore at
some temperatures ‘“new” grains of the same composition
can be generated, their boundaries have a lower energy
than that of the “old” grain boundaries. Consequently,
despite the fact that the total length of the border in-
creases, their total energy can be reduced.

Another possibility is to reduce the energy associated
with intrinsic defects. In the absence of dislocations the
latter can be intrinsic point defects (IPD) arising in the
process of samples preparation. In this case, we can as-
sume that the emerging new grains have a lower concen-
tration of IPD compared to that of the “old” grain. The
high concentration of IPD in the bulk material may be
caused by their appearance in the source powder particles
as a result of grinding in a high-energy ball milling. In this
case, for the implementation of recrystallization process
an inhomogeneous density distribution of IPD in nano-
scale level is required. The emergence of such local in-
homogeneity in the SPS samples can have various tech-
nological reasons related to both the process of milling
and the peculiarities of their sintering. The reduction of
the grains volume concentration of IPD occurs in the
process of secondary recrystallization. As this process is
caused by atom diffusion, the secondary recrystallization
is active at high sintering temperatures in the conditions of
the increased mobility of IPD. Excess of IPD can both go
to the grain boundaries and form clusters in the bulk of the
grains. The pores in the structure of the samples sintered at
T, = 450°C - 500°C observed in the electron microscope
indicate that the IPD have vacancy nature.

The formation of donor defects in materials obtained by
extrusion of the thermoelectric material BigsSb; sTes is
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well known [22]. The value of the thermoelectric power in
such materials is much larger than in crystalline materials
of the same composition. Electrical data presented below
in the section “Thermoelectric Properties”, indicate
similar processes for SPS. In the SPS samples sintered at
temperatures 7, = 250°C - 350°C, the Seebeck coefficient
is larger and conductivity is less than the corresponding
values in single crystal samples of the same composition.
At elevated SPS temperatures there appears a simultane-
ous increase in the electrical conductivity and a decrease
of the Seebeck coefficient, which shows an increase in the
concentration of holes. Therefore, we can assume that the
secondary recrystallization causes reduction of IPD donor
type in grain volume.

The combination of these results suggests that the main
type of defects in the bulk grains are donating IPD va-
cancy type, which are likely to be not isolated, but pre-
sented in the form of nanoscale associations. Perhaps
these associations are centers of origin of new nanograins.
It is possible to assume a scheme for the formation of IPD.
Rhombohedral lattice Bi,Te; consists of layers Te(1)-Bi-
Te(2)-Bi-Te(1) perpendicular to the threefold axis [21].
The formation of vacancies V7" can easily take place in
any mechanical treatment because of the weak van der
Waals bonds between the layers of Te(1)-Te(1). Formed
in the process free Te atoms can be located between the
same layers because of a large distance between them.
These vacancies can be filled with Bi atoms due to the
small difference in electronegativity between Bi and Te.
As a result there appear anti-site defects Bip,, which is
accompanied by the formation of vacancies ¥, in
cationic sublattice. In [23] the following scheme of in-
teraction between vacancies and anti-site defects Bir, is
suggested:

Wy +3V +Biy, =V, +Biy +4V +6e, ()
where e—an electron charge. As a result in the p-type
material carrier concentration in the cold-pressed billet
reduces and after subsequent sintering it increases due to
annealing of the donor defects.

4. Determination of the Mean Free Path of
theHolesin a Single Crystal BigsSbisTes

The most common considerations tell us that the scatter-
ing of charge carriers at the grain boundaries will sig-
nificantly affect the kinetic effects only when the grain
size is comparable to the mean free path of the charge
carrier. Therefore the determination of the mean free path
in the polycrystalline material plays a main role in un-
derstanding how large nanostructures (grains, CSR)
should be to influence the properties of polycrystalline
materials.

In anisotropic crystals the relationship between the
electric current density j and the electric field £ and a
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weak magnetic field A is given by [21]
Ji =0y B+ 0y B H, 3)

where o, —components of the conductivity tensor of
the second rank, o, —third-rank tensor, repeated indi-
ces being summed. For lattice symmetry of solid solu-
tions Bi,Te;-Sb,Tes tensors o, and oy, have only two
independent components. If we choose the coordinate
axes so that zy plane coincides with one of the three
planes of the crystal symmetry, the direction of x-axis
coincides with the twofold axis direction, and the direc-
tion of z axis coincides with the direction of the threefold
axis [24], then tensor o, is diagonal and it is only
components in the plane perpendicular to the threefold
axis o0,, =0,,, and in the direction parallel to the three-
fold axis o;; that are non-zero. Tensor o,, has non-
zero components:

012350531 = 70153, 031,013 = ~023,,03), = O3

Expressions for the components of these tensors can
be found in [21], the transition from the notation [24] to
the notation of [21] being carried out by the index
changes 1>2.

The definition of the independent tensor components
o, and 0, requires two independent measurements for
dlfferent orientations of the current directions and electric
field. However, the approximation of isotropic scattering
and knowledge of the parameters of the band structure
allows us to use only one measurement. Within six-el-
lipsoidal model [25] the components of the electrical
conductivity can be expressed as

=i =13;

2 =2
L:l(L_i_cos 6+sm 6} @)
my, 2\ m, m, m,

I [sin2 6  cos’ (9]

—= +

My, m, m;
where e—the charge of the electron, u,—mobility for
the particular direction ii, n—the concentration of charge
carriers m,,m,,m, —effective masses , corresponding to
the three axes of the ellipsoid of constant energy, m,;—
the effective masses of conduction for the particular di-
rection 77, @—the angle of rotation of the ellipsoid in the
reflection plane about the axis y, 7=7,¢(&)—relaxation

time, <T(€)> —averaged over the energy relaxation time.
Averaging function @(&) is the following

T—‘—%(g‘?) (e)e de
(¢>°(]I aafo ]3 o

&)
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where f; (&) is the Fermi function.
Components 123 and 231 of tensor o, are

6

where c—light speed.
The connection between o0,,,,0,;,, and the concen-
tration of charge carriers is given by

Ons _ __ 4B,
>~ Pz = >
o, enc Rl
Oxu1 _ _ 4By,
=P = >
0,05 enc

where p,,, and p,,;, -corresponding Hall coefficients,
A —the Hall factor, B,,; and B,; -anisotropy factors.

2
By = 2, | B s By :l ﬂ"'—mnmﬁ - (®
m, m 2\ m; mym,
The Hall factor is expressed in the usual way
(e
A =—< ( )>2 ) )
<72 (e)>
The concentration of charge carriers is
"= (2mdk0T)3/2 T _ I, (€)
KF 1%/ A o€

Je”ds, (10)

where m, —the effective mass of density of states,
Equations (4)-(10) allow, for

known model parameters [25], to calculate all the tensor
components o, and o, , the data on the electrical
conductivity and the Hall coefficient measured for one
direction being used.

Effective masses used in the calculations are shown in
Table 1.

The data in Table 1 show that it is possible to consider,
with sufficient accuracy, the anisotropy factors B,,,,B,;,
to be equal to 0.8.

The mean free path for momentum in the direction ii—

my =6 (mm,m, )1/3 .

Table 1. The band parameters used in the calculation of the
transport properties of the solid solution of antimony and
bismuth telluride.

Band parameters Bi4sSbyssTes [26] BisSb; sTes [24]

mi/mo 0.05 0.089
malmg 0.17 1.52
ms/myg 0.24 0.172
6(grade) 33 442
mam, 0.43 0.968
mii/me 0.079 0.139
mas/m, 0.214 0.302

Bixs 0.67 0.99

Basi 0.69 0.86
611/033 = m33/my, 2.71 2.17

L, can be defined as an average distance passed by a
charge carrier during relaxation time for momentum. It
can be approximately assumed that L, is the distance
traveled at an average speed during average relaxation
time. Both approaches are equivalent under degeneration.

Ly ={v,z(&)) = (v, )(z(€)). (11)

The average relaxation time can be found from the
mobility (4). To find the average speed in six ellipsoid
model [21] it is necessary to average quasi-momentum for
the direction parallel to the threefold axis, and for the
direction parallel to cleavage planes. It is sufficient to
perform averaging for one ellipsoid, because for the rest
of them, the results are equivalent. The expression for the
mean velocity in this case can be represented as:

2wt F(u)
Vi = Vi . v (12)
(v () =72 R

where Fl( ,u) E (y*)—appropriate Fermi integrals—

>80

E(ﬂ*)zofﬁ)(x—ﬂ*)x"dx, and u* —the reduced Fer-
0

mi level, and y, are

1
%l_ﬂ'(['([ \/ml/mo
and
1 *f%|sin @sin pcos @ cos¢9sin6| .
Vg =— + sin 6d6d ¢.
” ni[fh \/mz/mo \/ma/mo |

(14)
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2
e [Sin9C05¢] J{siné’sin(pcos@ cos@sin ©
\/mz/mo

2
- ] sin 8d@d g (13)
\/m3/m0

The speed that is close to the maximum, in the degen-
erate case can be found from

vo= |22 o1 (15)
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Expression (15) is convenient for estimating the upper
limit of the mean free path. At room temperature it over-
estimates the value of the mean free path, calculated
from Equations (12)-(14) by about 50% - 80%, but that is
not critical to this consideration. Figure 8 shows the
temperature dependence of the electrical conductivity
and the Hall coefficient for single crystal BiysSb;sTe;
[27].

Figure 8 shows the drop in conductivity with increas-
ing temperature from 10 K to room temperature, which is
associated with the fall of the mobility and the growth of
the Hall coefficient, due to the removal of degeneracy
and the growth of the Hall factor 4. Considering that all
the impurities are ionized, and the Hall factor for degen-
eracy is A4 =1, the carrier concentration in the sample is
3.3x10"” em”.

Dependence of the mobility u,, on temperature is
shown in Figure 9.

The calculation of the temperature dependence of the
mean free path by the Formulas (11)-(14) is shown in
Figure 10. Figure 10 shows that the mean free path
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Figure 8. Temperature dependence of the electrical conduc-
tivity o,, and the Hall coefficient p,, at low tempera-

turesfor asingle-crystal sample BigsShysT es.
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Figure 9. The dependence of the mobility u,, in the single
crystal BigsSbysTe; on the temperature.
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Figure 10. The dependence of the mean free paths in the
single crystal BigsSb, sTe; on temperature.

for momentum in BijsSb;sTe; at room temperature is
less than 5 nm, and the condition of the influence of
scattering at grain boundaries on the kinetic effects in
nanostructured samples antimony telluride requires the
size of the individual grains or CSR of such an order.
Thus, one can say with certainty that the nanostructured
samples, obtained by the SPS method or by hot pressing
[1] do not satisfy the condition of the proximity values of
the grain sizes (or CSR) and the mean free path of charge
carriers for momentum. Therefore, the scattering of
charge carriers on the grain boundaries can hardly play a
significant role in the transport process in such materials.

5. Deter mination of the M ean Free Path of
th_e Holesin the Nanostructured
BiosShisTes

We assume that polycrystalline SPS material is generally
isotropic, neglecting the small texture observed in [36].
However, individual grains that make up the poly-
crystalline material are anisotropic. We assume that the
properties of the individual grains can be described on
the basis of the results obtained for single crystals, and
therefore to estimate the electrical properties of the
grains we can use the theoretical concepts of their pro-
perties, as to measure electrical properties of individual
grains in a compact polycrystalline material is a com-
pletely impossible task.

The transition from the electrical properties of the
grains to the electrical properties of isotropic poly-
crystalline material is carried out in the effective medium
model [21,28,29]. It is used to calculate the electrical
parameters of the polycrystalline material consisting of
anisotropic grains with known properties. In our case it is
necessary to solve the inverse problem: to restore the
properties of the grains using the known properties of the
isotropic polycrystalline sample, on the base of the
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results obtained from the study of electrical properties of
single crystals [27].

The weak point of the effective medium model is the
neglect of the processes at the grain boundaries. This
assumption is valid if the characteristic dimensions,
which can be represented by the mean free path of the
holes, are much smaller than the size of the grains. The
evaluation of the free path of the holes, held in the
previous section, confirms the validity of this approach.

The relation between the electrical conductivity of the
polycrystal in the effective medium model and electrical
conductivity tensor components in a single crystal is

given by [28,21]
o, l1+41+80/0, (16)

o, 4 ’

where o, —the electrical conductivity of the polycrystal.

Thus, using the data in Table 1, it is possible to get both
components of the electrical conductivity tensor of indi-
vidual crystal grains by measuring the electrical conduc-
tivity of polycrystalline. If we assume that the ratio
0y,/0,, does not depend on the grain size, the expres-
sion (16) is valid regardless of the fractional composition
of the grains forming the polycrystal.

The relationship between the effective value o,,; in
a polycrystalline sample and the third-order tensors
0,,,0,;, in a single crystal, in the effective medium
approximation, is given in [30]

20-231 (1+2O-e11j+(o-33 +2O-ellj
0-9123 _ 0-123 0-11 O-ll o-ll

- . an
O (633+26““J+2[1+20-"“j

O-l 1 o-l 1 C)-l 1

For the Hall coefficient in the isotropic polycrystal we
have

(o)
R, =42 (18)
O-ell

From Equations (7)-(11) we obtain

AB G, O
_ H _ 123 01

ReH - > ’BeH _BIZ3 - 2 (19)
nec O3 O

Thus, with the help of Equations (16)-(19) and the data
on the effective mass (Table 1) it is possible to find the
concentration of holes in polycrystalline solid solutions
of antimony and bismuth telluride using the measure-
ments of electrical conductivity and the Hall effect. The
relations between the parameters of the polycrystal and
those of a single crystal in the effective medium ap-
proach are given in Table 2.

Table 2 shows that, in spite of the fact that the effect-
tive masses in own axes of the ellipsoids, obtained by
different authors [24,26], are quite noticeably different,
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Table 2. The relationship between the single crystal pa-
rametersand the parameter s of the polycrystal.

Parameter  Big4sSbyssTe; [26] BigsSbysTe; [24] Average Values
0./ 0.746 0.749 0.769
Ge123/0123 0.713 0.741 0.727
Ben 0.854 0.812 0.833

values necessary to us in a polycrystalline sample do not
differ much. Therefore, to find properties of the indivi-
dual single crystal grains forming a poly crystal from the
properties of polycrystalline sample we can use the ob-
tained average values of Table 2. After calculation of the
components of the conductivity tensor and the carrier
concentration in individual grains, we can proceed to the
determination of the mean free path in individual grains.

We define the effective mobility in polycrystalline
samples as

ue = ReHo- . (20)

e

It is determined by measuring the electrical condu-
ctiveity and the Hall effect in polycrystalline samples.
From Equations (16)-(19) it follows that

T Q1)

BEH ( Ge j
Ull

Using Equation (21) we can calculate the values of
mobility and the mean free path in individual grains [27]
in a polycrystalline sample just as it was done for single
crystals.

The results of the calculation of the mean free paths
for polycrystalline nanostructured samples obtained by
SPS method are shown in Figures 11 and 12. The reduc-
tion of the mean free path when T decreases cannot be
attributed only to the reduction of the contact area be-
tween the grains, as this should not lead to a change in
the temperature dependence L, (7). It can be seen from
the Figures 11 and 12 that the values L,;, and L,; for
the SPS polycrystalline samples at room temperature are
on the order of several nanometers. So near to room
temperature the size of CSR is one or two orders of mag-
nitude larger than the mean free path of the holes in the
grains. Thus it is possible to conclude that the scattering
processes that decrease L,; and L,; in the samples can
be associated mainly with defects within the grains, i.e.
with IPD, presence of which follows from the structural
studies described earlier. This is especially true for the
samples, which were obtained at low sintering tempera-
tures (240°C - 260°C). Reduction of the concentration of
IPD at the increase of 7, must be accompanied by an
increase in mobility and, as a consequence, in the mean
free path of holes, which is clearly seen from the Figures
11 and 12.

Uy =
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Figure 11. The dependence of the mean free path of holesin
individual grains along cleavage planes Ly; in SPS samples
BipsSbysTes. The sintering temperatures are shown in the
figure.
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Figure 12. The dependence of the mean free path of holesin
individual grains along the threefold axis Lz in SPS sam-
ples BigsSbysTes. The sintering temperatures are shown in
thefigure.

As the temperature decreases due to the increase of the
holes mean free path the difference between the latter
and the value of CSR is less dramatic, and at low tem-
peratures the effect of grain boundaries on the scattering
mechanisms of holes can be permitted.

Thus, the results of the investigation of the holes mean
free paths are in good agreement with the model, result-
ing from structural studies of SPS samples.

Figures 11 and 12 show that at low 7, , the mean free
path of the holes is very small, so the study of the See-
beck coefficient can restrict temperatures to 7, = 300°C
and Ty = 350°C and compare the received data to those
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for a single crystal. Figure 13 shows the temperature
dependence of the Seebeck coefficient for the SPS sam-
ples [31] and for a single crystal.

Figure 13 shows that the slopes of the curves for SPS
samples and a single crystal are very close, so any radical
changes in the scattering parameters » cannot be ex-
pected. The scattering parameter is found by solving the
equation

_k (r+5/2)F.y, (ﬂ*)_ﬂ* 22)

e|(r+3/2)F,y, (/1)

where 4" is the reduced Fermi level given by (10) and
Fl,, F,,,—Fermi integrals. The results of the cal-
culation of the scattering parameter r are shown in Fig-
ure 14 [31]. Figure 14 shows that the scattering parame-
ter  forthe samples obtained by SPS method at 7, =
350°C and 7, = 300°C is in good agreement with the
scattering parameters for a single crystal and is equal to
—0.75 + 0.03, so it is difficult to expect any radical
changes in the values of the Seebeck coefficient of SPS
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Figure 13. The temperature dependence of the Seebeck
coefficient for SPS samplesand for asingle crystal.

0.83 - T
0.82 -+ = & Single cryst

0.81 -+ . A 300C
08 + 350C

0.79
0.78
0.77
0.76
0.75
0.74
0.73
0.72

0.71 1 f T f 1
50 100 150 200 250 300 350

Scattering parameter,-r

Temperature (K)

Figure 14. The dependence of the scattering parameter r on
the temperature for the SPS samples and a single crystal.
Thesintering temperatures are shown in thefigure.
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samples compared to the Seebeck coefficient in a single
crystalline samples with the same concentration of
charge carriers. The difference of this scattering parame-
ter from the acoustic dissipation parameter »=-0.5
observed in Bi,,Sb,Te; [26] and explained by influence
of the heavy zone for high hole concentration.

6. Thermoelectric Properties

Before discussing the results of the measurements of
thermoelectric properties, the criteria for confidence to
the results of measurements of these properties must be
specified. Back in the 60s last century, it became clear
that the separate measurement of thermoelectric

parameters leads to a very high error in the measurement
2

of figure of merit Z = O-, where a—the Seebeck coe-

fficient, o electrical conductivity, x-thermal conductivity.
When the standard mean error of the measurements of
individual parameters is about 5% then the average
measurement error Z is at 20%. For measuring Z a
technique has been developed [32], which allows to
measure all these parameters on a single sample in a
single measurement cycle, with the same temperature
differences for ¢ and x, and the same geometry for
o and . The total accuracy of this method is about
10%. Its disadvantage is that it is necessary to have
relatively large samples with a characteristic size of
about 10 mm. The most universal method of measuring Z
is that of Harman [33]. This method allows to determine
ZT from the voltage drop across the sample at a
constant and alternating current U_ and x=o’c/Z ,
respectively. In this case, Z , turns out to be

e
U
Z,T :U—:—l. The value of Z, at room temperature

is 5% - 12% less than Z. The simulation of heat loss
[34,35] can significantly reduce this discrepancy, and
then the total error is less than 5%. This method allows to
measure figure of merit of the samples with the chara-
cteristic dimensions of about one mm. Its disadvantage is
that the results somewhat distort contact resistances.
Therefore, we can assume that only the data of Z
received by using one of the two methods are credible.

The above mentioned methods automatically provide
the measurement of the thermal and the electrical
conductivity of samples in one direction. The failure to
do this can also lead to significant discrepancies in the
results of the measurements of Z7 , as was shown in
[36].

The measurement of the thermoelectric properties of
bulk nanostructured materials (Bi, Sb),Te; at room
temperature were determined by the Harman method on
samples of size 2.5x2.5x4 mm’. The characteristic
feature of this method is that the thermoelectric figure of

Copyright © 2013 SciRes.

merit Z, as a and o, is determined directly from the
experiment, and the thermal conductivity x is calculated
by the formula x =0 c/Z . In this case, electrical and
thermal conductivity was determined for the same
sample in the same direction.

Figure 15 shows the results of measurements of the
thermoelectric properties at room temperature by the
Harman method for samples sintered at 450°C and
pressure of 50 MPa. Bi content in Bi,Sb, ,Te; varied in
the range of x from 0.3 to 0.5.

It is possible to see a monotonic increase in electrical
conductivity as the concentration of Bi decreases. This is
due to the fact that the major acceptors determining the
electrical conductivity in p-type material are antisite
defects of the metal in Te positions. The energy of
formation of the structural defect Sb,, is less than that
of Biy, . Therefore the concentration of acceptor antisite
defects increases with the increase of Sb content in solid
solution, resulting in the increase of electrical condu-
ctivity. The Seebeck coefficient and thermal conductivity
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Figure 15. The dependence of thermoelectrical properties at
room temperature of SPS samples sintered at temperature
of 450°C and pressure of 50 MPa on the composition of the
solid solution Bi,Sho T es.
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of the solid solution change accordingly. It is known that
for single crystalline materials in the system Bi,Sb, Tes
maximum figure of merit can be observed in the compo-
sition with x = 0.5. Moreover, to reduce the concentration
of holes an excess of tellurium which is a donor is added.
The value of the Seebeck coefficient for the optimum
single crystal composition is in the range of 200 - 210
uV/K. For nanostructured samples of the same composi-
tion the Seebeck coefficient is much larger 230 - 240
uV/K. Taking into consideration the very slight change
of the scattering parameter », discussed above, this
change can be attributed to donor effect of IPD. There-
fore, the best properties for nanostructured samples are to
be achieved with a larger content of Sb in comparison
with a single crystal, and as Figure 15 shows, the nanos-
tructured samples with composition Big4Sb; ¢Te; possess
the maximum thermoelectric efficiency.

For the samples of this composition, the dependence of
the thermoelectric properties on the sintering temperature
in the range of 250°C to 550°C is investigated. The re-
sults are shown in Figure 16.

7. Discussion

A completely new result is in the discovery of CSR
grinding to the size smaller than 50 nm achieved by
secondary recrystallization at the sintering temperatures
above 400°C. This process induced by interaction of
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structural defects is a self-organizing method to obtain
nanostructured Biy4Sb;¢Te;. The advantage of this
method of forming nanostructures is also in the fact that
it takes place against the background of already formed
at high temperature contacts between individual grains,
when the area of the contact spot coincides with the area
of the grain boundaries. Besides, the high-temperature
sintering decreases the concentration of internal IPD
produced by grinding the material. All this leads to the
fact that to get good nanostructures and good electrical
properties, it is necessary to perform compression at
temperatures higher than 400°C.

As the observed effect is stipulated by the defects
formed during the preparation of the sample, it should be
also observed in the preparation of nanostructured sam-
ples by hot pressing. One should keep in mind the
difference in the time characteristics of the instrument in
which the compaction of the samples is executed at SPS
and hot pressing.

The question of any scattering at the boundaries of
CSR and nanograins remains open. The achieved level of
ZT for nanostructured polycrystals is close to the best
results for single crystals, which seems a bit unusual if it
is not attributed to this positive influence on the ther-
moelectric properties of the processes at the grain
boundary. This impact should not be large, considering
the small mean free path of the charge carriers in a single
crystal, which at room temperature is about 5 nm for the
direction perpendicular to the threefold axis and 2 nm for
the parallel to threefold axis. The estimations of the mean
free path of the phonons [37] also give approximately the
same value (5 nm). At the maximum volume fraction of
CSR, which is located at 50 nm, the difference between
the dimensions of CSR and the mean free path seems to
be not so discouraging. If there are processes, related to
energy filtering of charge carriers [16] rather than to
scattering, then the obtained at SPS size of CSR is very
promising for the manifestation of the effects associated
with these processes, since the mean free path for energy
elastic scattering can significantly exceed the mean free
path for a momentum. As the rapid increase in the mean
free path manifests itself with decreasing temperature, all
the effects connected with the influence of the boun-
daries of CSR and nanograins should be better expressed
at low temperatures.

Nanostructured material can be represented as a two-
component mixture of crystal grains either with con-
ventional thermoelectric properties (micrograins) or with
improved properties (nanograins). Individual nanograins
can be isolated from each other, or they can be combined
in a continuous chain if their concentration exceeds the
percolation threshold. For all the models that describe the
electrical or thermal conductivity of such systems [28,38],
the resulting value is defined by mass concentration or,
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what is the same in our case, by volume fraction of the
components. The measured CSR value is a volume
fraction of nanocomponents and thus it is more infor-
mative from this point of view. It should be noted that
the relatively small difference in the electrical or thermal
conductivity of the components of the mixture (2 - 3
times) leads to the fact that the dependence on the
volume fraction of the above mentioned models is linear
in the volume fraction. There being a low volume frac-
tion of nanoscale structures with small CSR, the resulting
effect cannot be significant, even at high thermoelectric
properties of nanoscale structures.
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