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A B S T R A C T   

Features in microstructure and thermoelectric properties of grained Bi2Te2.7Se0.3 compound, prepared by spark 
plasma sintering of starting powders with various morphologies, are comparatively examined. The 1D samples, 
prepared from the starting powder consisting of 1D bar-shaped particles, were weakly-textured (orientation 
factor is equal to ~0.07) and preferentially consisted of bar-shaped grains. The 2D samples, prepared from the 
starting powder consisting of 2D plate-shaped particles, were highly-textured (orientation factor is equal to 
~0.28) and consisted of plate-shaped grains. Both weakly-textured 1D sample and highly-textured 2D sample 
demonstrated remarkable anisotropy in the behavior of their transport properties (specific electrical resistivity 
and total thermal conductivity). For highly-textured sample, this anisotropy is a typical phenomenon, resulting 
from recovering in crystal anisotropy, which is inherent for single-crystalline Bi2Te3-based material. For the 
weakly-textured 1D sample, the anisotropy in the transport properties is unexpected enough. In this case, 
anisotropy can be attributed to the anisotropic grain size effect on the transport properties. This effect is due to a 
different number of grain boundaries, overcome by the electrons or phonons under different measuring orien
tations. The highest value of the thermoelectric figure-of-merit (~0.68) was found for the 1D and 2D samples and 
at perpendicular measuring orientation.   

1. Introduction 

Features in the grain structure of a grained material are character
ized by the shape and size of grains, a degree of grain ordering, prop
erties of grain boundaries, etc. Many physical properties of structural 
and functional materials are crucially dependent on these features 
[1–10]. By tuning grain structure in the desired manner, these properties 
can be effectively varied and optimized. In particular, grain engineering 
approaches are prospective and fruitful ways to affect the thermoelectric 
properties (the specific electrical resistivity, ρ, the Seebeck coefficient, S, 
and the total thermal conductivity, kt) of grained material [11–18]. The 
ρ, S, and kt properties should be optimally combined in thermoelectric 
material to maximize its thermoelectric figure-of-merit, ZT=
(S2⋅T)/(ρ⋅kt), where T is the absolute temperature. First of all, grain 
boundaries or boundaries between different phases in multi-phased 
compounds can act as effective scattering centers for electrons and 
phonons, affecting ρ and kt [19–22]. Besides, energy filtering of 

electrons, which is overcome by tunneling a potential barrier corre
sponding to the grain boundary, can affect S [23–25]. Finally, grain 
ordering in some thermoelectric materials, which are readily texturing 
under uniaxial mechanical loading during the preparation of these 
materials, can result in the development of anisotropy in the thermo
electric properties [26–30]. This anisotropy is an additional tool to 
enhance ZT, too. 

Grain structure with desired properties can be often governed by 
parameters and properties of particles in a starting powder, applied to 
sinter relevant grained material. That is the morphology of grains (size 
and shape) in grained material will be dominantly originated from the 
morphology of particles (size and shape) in starting powder. To activate 
this “particles” → “grains” link, specific technological ways, preventing 
sufficient changes of the original shape and size of the particles during 
high-temperature recrystallization, should be applied. Spark plasma 
sintering (SPS) of starting powders during the preparation of relevant 
grained material is positively characterized by a very short time of 
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sintering process that allows effective depressing of this recrystallization 
[31,32]. 

In the present work, the SPS method was applied to examine the 
morphology of 1D or 2D particles effect in starting powders on the 
microstructure and thermoelectric properties of grained Bi2Te2.7Se0.3 
compounds. Today, this compound is the best material with electronic 
conductivity for various low-temperature applications [33,34]. Its 
thermoelectric properties are known to be dependent on the parameters 
of grain structure [35–37]. One can expect that grain structures of 
compounds, prepared from starting powders with different morphology 
of particles, will be different, too. The difference in grain structures will 
result in a relevant difference in the thermoelectric properties. The main 
aim of this paper is to comparatively analyze features in the grain 
structures and thermoelectric properties of grained Bi2Te2.7Se0.3 com
pounds, which are governed by a chain of “morphology of particles in 
starting powder” → “morphology of grains in relevant grained material” 
→ “thermoelectric properties of grained material”. 

2. Materials and methods 

Chemicals. All chemical reagents used in this study were of analytical 
grade. Bismuth nitrate pentahydrate (Bi(NO3)3⋅5H2O), tellurium diox
ide (TeO2), selenium dioxide (SeO2), and sodium hydroxide (NaOH) 
were purchased from Chemcraft LLC. Ethanol and 1,2-ethanediol were 
purchased from JSC EKOS-1. Two different technological routes were 
involved to prepare starting Bi2Te2.7Se0.3 powders with different 
morphology of the particles. To prepare starting powder consisting of 
the 1D bar-shaped particles (the starting 1D powder), a two-stage pro
cess was applied. The Te+10 at. % Se particles were synthesized at the 
first stage. Analytically pure TeO2 and SeO2 oxides, taken for the desired 
Te+10 at. % Se ratio was first dissolved in the 300 cm3 ethane-1,2-diol 
and 15 g NaOH mixture under vigorous stirring by a magnetic stirrer. 
After, the mixture was put in a flask, equipped with reflux, and main
tained at 160◦С for 2 h. As a result, the Te+10 at. % Se particles were 
synthesized in the reaction medium. During the second stage, these 
particles were next applied as a precursor to synthesize starting 
Bi2Te2.7Se0.3 powder. To do so, (Bi(NO3)3⋅5H2O was quantitatively 
added to the Te+10 at. % Se medium, which was finally maintained at 
180◦С for 4 h. After completing the synthesis reaction, a dark grey 
precipitate consisting of the Bi2Te2.7Se0.3 particles was taken out by 
centrifuging and washed with deionized water and ethyl alcohol several 
times and then dried at 60◦С for 8 h. In contrast to the two-stage syn
thesis of starting 1D powder, starting powder consisting of the 2D plate- 
shaped particles (starting 2D powder) was synthesized by using one 
process. First, Bi(NO3)3⋅5H2O, TeO2, and SeO2, taken in desired 

stoichiometric ratio, were dissolved in the 600 cm3 ethane-1,2-diol 
NaOH and 15 g NaOH mixture under vigorous stirring by a magnetic 
stir. Then, the mixture was put in a flask, equipped with reflux, and 
maintained at 180◦С for 6 h. As result, the Bi2Te2.7Se0.3 particles were 
synthesized. After the synthesis of these particles, further treatment of 
starting 2D powder, including centrifuging, washing, and drying stages 
was carried out in the manner described above for starting 1D powder. 
The technological routs, applied to prepare starting 1D and 2D powders, 
are schematically presented in Fig. 1. To not complicate Fig. 1, the routs 
are presented for the synthesis of starting Bi2Te3 powders with different 
morphology of the particles. To transfer to the synthesis of starting 
Bi2Te2.7Se0.3 powders in Fig. 1, Se should be just added to Te. Starting 
powders with different morphology of the particles were spark-plasma- 
sintered. The process of spark plasma sintering (SPS) was carried out 
using a SPS Model 10-3 (Thermal Technology, LLC). The SPS process 
was implemented at a pressure of 40 MPa and a temperature of 680 K for 
2 min in a vacuum, resulting in the Ø20 mm × 15 mm cylinders. 

Archimedes’ method was applied to measure the density of samples 
using a device ASP 3.1 (LLC Porotech). To identify the crystal structure, 
and phase composition of starting powders with different morphology of 
the particles and relevant bulk samples, X-ray diffraction (XRD) analysis 
was performed by using a diffractometer Ultima IV (Rigaku) with CuKα- 
radiation (wave length, λ, for CuKα radiation is 0.15418 nm, angular 
range is from 5 to 80 2θ, angular step is 0.01 θ, power is 1.6 kW (40 kV, 
40 μA)). The Rietveld method using the PDXL (Rigaku) software was 
applied to refine the experimental XRD patterns. To analyze the 
morphology of the particles in starting powders, estimate average par
ticle size, and examine grain structure features in bulk samples, scanning 
electron microscopy (SEM) was applied by using a microscope Nova 
NanoSEM 450 (FEI) (high voltage is 30 kV and working distance is 10 
mm). Transmission electron microscopy (TEM) using a microscope JEM 
– 2100 (JEOL) was applied to characterize a growth direction in the 
particles with different dimensionality (high voltage is 200 kV, diffrac
tion length for selected area electron diffraction is 100 cm). The energy 
dispersive X-ray spectroscopy (EDX) method by using an INCAEnergy 
spectrometer for transmission electron microscopy (Oxford Instruments) 
was applied to map distributions of chemical elements for the particles 
in starting 1D and 2D powders. The Bi-L, Sm-L, Te-L, and Se–K charac
teristic lines were used to plot the maps. To determine the correct 
elemental composition of bulk samples, prepared from starting 1D and 
2D powders, an ICP (Inductively Coupled Plasma) emission spectrom
eter ICPE-9000 (Shimadzu) was applied. For each sample, 3 parallel 
measurements were taken using the axial survey method. 

To examine the transport properties of bulk samples, prepared from 
starting 1D and 2D powders (1D and 2D samples), 2 × 2 × 10 mm bars 

Fig. 1. Schematics of synthesis of starting Bi2Te3 powders, consisting of the 1D bar-shaped particles (top schematic) and the 2D plate-shaped particles (bot
tom schematic). 
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and Ø10 × 2 mm disks were prepared. A system ZEM-3 (ULVAC 
Advance-Riko) was applied to measure the specific electrical resistivity 
of bar samples by using the four-probe method, whereas a thermal 
constant measurement system TC-1200RH (ULVAC Advance-Riko) was 
applied to measure the total thermal conductivity of disk-shaped sam
ples by using laser flash method under vacuum. The ρ(T), S(T), and kt(T) 
dependences were taken for temperatures from 290 to 560 K. Taking 
into account the system accuracy and the measurement precision, an 
error of ca. 5% in the Seebeck coefficient measurement and an error of 
ca. 1% in the electrical resistivity measurement were estimated. The 
thermal diffusivities was measured with an estimated error of ca. 5%. 

3. Results and discussion 

3.1. Characterization of starting 1D and 2D powders 

By the XRD pattern (Fig. 2), the Te+10 at. % Se particles, applied as a 
precursor to prepare starting 1D Bi2Te2.7Se0.3 powder, corresponded to 
single hexagonal P3121 phases with unit cell parameters a = b = 4.457 Å 
and c = 5.929 Å. SEM image of several particles, extracted from a liquid 
reaction medium, is shown in the inset to Fig. 2. To not complicate the 
Figure, only the highest peaks in the XRD pattern were indexed. The 
XRD pattern was fitted by the Rietveld treatment (Fig. S1). All the peaks 
correspond to single hexagonal P3121 phase. The particles are 1D-whis
kers with lengths of several μm and thicknesses of ~100 nm. 

Starting 1D and 2D powders were also single rhombohedral phases 
with space R3m symmetry. XRD patterns for these powders were the 
same. For example, the XRD pattern, taken for starting 1D powder, is 

shown in Fig. 3 (a). By SEM data, starting 1D powder consists of bar- 
shaped particles (Fig. 3 (c)), whereas starting 2D powder consists of 
hexagonal plate-shaped particles (Fig. 3 (d)). According to the results of 
selected area electron diffraction (SAED), taken for the individual 1D 
and 2D particles (Fig. 4 (a) and (b)), the particles are single-crystalline 
with crystal Bi2Te3 structure. The 1D bars are elongated along [001] 
direction or crystal c-axis, and the 2D plates correspond to (110) plate or 
crystal (a-b)-plane. In other words, the crystal c-axis was oriented 
perpendicularly to the bigger surface of the 2D plates. Taking into ac
count the specific shape of the particles in 1D and 2D powders, two sizes, 
La and Ta, for the particles in these powders were estimated. The La size 
is the average length of the bar-shaped particles or the average lateral 
size of the plate-shaped particles. The Ta size is the average thickness of 
both types of particles. To extract the La and Ta values, histograms of 
relevant size distributions were plotted by using SEM images of 1D and 
2D particles. 

The histograms were fitted in frames of lognormal unimodal distri
bution [38]. 

F(L or T)=
1

̅̅̅̅̅
2π

√
ln σ(L or T)

exp

(

−
(ln (L or T) − ln (La or Ta)

2

2(ln σ(L or T)2

)

(1)  

where F(L or T) is the lognormal probability density function, ln(La or 
Ta) and lnσ(La or Ta) are logarithms of mean and standard deviation of 
relevant sizes for the bar-shaped or plate-shaped particles. 

The La and Ta values for the bar-shaped and plate-shaped particles, 
extracted by expression (1), are collected in Table 1. Since La » Ta for 
both types of particles, one can conclude that the bar-shaped particles 
and the plate-shaped particles are 1D and 2D objects, respectively. Ac
cording to EDX mapping of the Bi, Te, and Se distributions, taken for 
individual particles in starting 1D and 2D powders, all the elements are 
uniformly distributed within the bar-shaped (Fig. 5) or the plate-shaped 
particles (Fig. 6). 

3.2. Features in the microstructure of 1D and 2D samples 

The bulk Bi2Te2.7Se0.3 materials, SPS-prepared from the 1D and 2D 
starting powders, were dense enough. The density value for both types 
of samples was estimated as ~7.5 gˑcm− 3 which is ~96% of the theo
retical value of the Bi2Te2.7Se0.3 density (7.78 g/cm3). Correct elemental 
composition of the 1D and 2D samples were determined by ICP emission 

Fig. 2. XRD pattern was taken for the Te+10 at. % Se precursor. Inset is an SEM 
image of the precursor, consisting of 1D-whiskers. 

Fig. 3. XRD patterns, taken for 1D starting Bi2Te2.7Se0.3 powder (a) and from 
the fractured surface of highly-textured 2D Bi2Te2.7Se0.3 sample, which is ori
ented perpendicularly to SPS-pressing direction (b); SEM images of the 1D bar- 
shaped Bi2Te2.7Se0.3 particles (c) and the 2D plate-shaped particles (d); SEM 
images, taken on fractured surfaces of weakly-textured 1D (e) and highly- 
textured 2D (f) Bi2Te2.7Se0.3 samples (surfaces are oriented perpendicularly to 
SPS-pressing direction). 
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spectroscopy. The 1D sample was found to be Te-rich. Its correct 
chemical composition corresponds to Bi2Te2.7+δSe0.3, where δ ≈ 0.07 
(~1.4 at. %). The 2D sample is Te-deficient with correct Bi2Te2.7-δSe0.3 
composition, where δ ≈ 0.04 (~0.8 at. %). This difference in Te content 
can be originated from different technological routes, applied to prepare 
starting 1D and 2D powders. It should be noted that interstitial Te atoms 
and anti-site TeBi defects are specific for Te-rich composition, whereas 
Te-vacancies and anti-site BiTe defects are specific for Te-deficient 

composition [39–42]. 
The sample prepared from the 1D bar-shaped particles (1D sample) 

preferentially consisted of elongated grains having the shape of bars. 
Besides the bar-shaped grains, other grains with irregular shapes are also 
formed under the SPS process. The sample, prepared from the 2D plate- 
shaped particles (2D sample), preferentially consisted of plate-shaped 
grains. Therefore, the morphology of the grains in bulk 1D and 2D 
samples is governed by the morphology of the particles in relevant 
starting powder. It should be noted that the bar-shaped and plate-shaped 
grains form lamellar sheets, oriented perpendicularly to the SPS- 
pressing direction. The features in the grain structure of 1D and 2D 
samples, listed above, are observed in SEM images, taken on fractured 
surfaces of these samples (Fig. 3 (e) and (f)). These images are top im
ages of the lamellar sheets, consisting of the bar-shaped (Fig. 3 (e)) and 
plate-shaped (Fig. 3 (f)) grains. Similarly to the particles in starting 
Bi2Te2.7Se0.3 powders, two characteristic sizes, Dl and Dt, for the grains 
in 1D and 2D samples were also estimated. The Dl size is the average 
length of the bar-shaped grains or the average lateral size of the plate- 
shaped grains, and the Dt size is the average thickness of both types of 
grains. The Dl and Dt values, extracted for 1D and 2D samples, are 
collected in Table 1. By comparing Dl and Dt, one can conclude that the 
grains in the 1D sample are 1D objects, and the grains in the 2D sample 
are 2D objects. A grain shape factor, introduced as Dl/Dt, is much higher 
for the 1D sample. 

XRD pattern, taken on the fractured surface of the 2D sample, which 
is oriented perpendicularly to the SPS-pressing direction, is shown in 
Fig. 3 (b). Compared to the powder XRD pattern, intensities of (00l) 
peaks in this XRD pattern are remarkably enhancing. This change in the 
XRD pattern is due to grain ordering under texturing. Namely, crystal c- 
axes of the grains in the textured sample are preferentially directed 
parallel to the SPS-pressing direction (or perpendicularly to the lamellar 
sheets), while crystal (a-b)-planes of the grains are preferentially ori
ented perpendicularly to this direction (or parallel to the sheets). In 
contrast to the 2D sample, the 1D sample was far less textured. The 
degree of grain ordering for both samples was characterized by the 
Lotgering factor, LF [43]. For the highly-textured 2D sample, LF was 
equal to ~0.28, whereas for the weakly-textured 1D sample LF was 
equal to ~0.07. Unit cell parameters, a = b, and c, for 1D and 2D 

Fig. 4. SAED patterns, taken for individual 1D (a) and 2D (b) particles. TEM 
images of the particles are shown in relevant insets to Figures. Circles in the 
insets correspond to areas, applied to observe electron diffraction. 

Table 1 
Parameters of characterization of 1D and 2D starting powders (average sizes of 
the particles) and 1D and 2D bulk samples (characteristics of grain structure and 
anisotropy coefficients of the transport properties).   

Samples 
Starting 
powders 

Bulk samples 

Dl, 
μm 

Dt, 
μm 

Dl/ 
Dt 

LF ρ||/ρ┴ kt┴/ 
kt|| La, 

μm 
Ta, 
μm 

1D 1.18 0.290 9.10 0.93 9.8 0.07 1.76 1.45 
2D 0.67 0.065 2.25 0.35 6.4 0.28 1.55 1.45  

Fig. 5. Maps of the Bi, Te, and Se distributions, taken within individual bar- 
shaped Bi2Te2.7Se0.3 particle, which is shown in the TEM image. 

Fig. 6. Maps of the Bi, Te, and Se distributions, taken within individual plate- 
shaped Bi2Te2.7Se0.3 particle, which is shown in the TEM image. 
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samples, calculated by the Rietveld refinement, were equal to 4.374 and 
30.464 Å, and 4.377 and 30.467 Å for 1D and 2D samples, respectively. 
Hence, the unit cell of the 2D sample is slightly expanded as compared to 
that of the 1D sample. 

This feature can be related to different Te content in 1D Te-rich and 
2D Te-deficient samples. Anti-site defects of Bi in Te-sites (BiTe) are 
typical defects in the Te-deficient sample. Ionic radii, R, of Bi3+ and Te2+

in crystal Bi2Te3 structure are remarkably different, R(Bi3+) = 1.020 nm 
against R(Te2+) = 0.089 nm [44]. Since R(Bi3+) is bigger as compared to 
R(Te2+), forming of BiTe defects will be accompanied by increases in unit 
cell parameters. 

To correctly examine the grain orientations in weakly-textured 1D 
and highly-textured 2D samples, EBSD-SEM maps were taken from 
thoroughly polished surfaces, which are oriented perpendicularly and 
parallel to the SPS-pressing direction (Fig. 7). 

These maps show the distribution of crystallographic orientations for 
the surface grains. The color of individual grain is directly connected 
with its crystallographic orientation by the inset to Fig. 7. One can see 
that the 2D sample is highly-textured and the texturing axis is parallel to 
the SPS-pressing direction, i.e., it coincides with the crystal c-axis. No 
preferential orientation of the bars-grains is observed in the 1D sample, 
although the bar-shaped grains are highly anisotropic with the grain 
shape factor Dl/Dt ≈ 9.8. On the one hand, all the highly anisotropic bar- 
shaped grains lie in the plane, parallel to the texturing axis, i.e. some 
grain ordering takes place. On the other hand, the bars-grains lying in 
this plane are oriented randomly, i.e., the angle between the neigh
boring bars-grains changes randomly. Besides, each bar grain is rotated 
around its long axis by a random angle, too. As result, crystal a and b 
axes of the different bars-grains are oriented randomly. However, the 
crystal c-axis of irregular shape grains are preferentially oriented along 
the texturing axis. Ordering of these grains can be responsible for weak 
texturing in 1D sample. The colors of the grains in EBSD-SEM images 
taken from parallel surfaces of 1D and 2D samples are in agreement with 
texturing discussed above. Analysis of pole figures plotted from EBSD- 

SEM maps (Figs. S6 and S7) allowed estimating grain ordering degrees 
for samples. These estimates are by the values of the Lotgering factor 
(Table 1). 

3.3. Feature in the thermoelectric properties of 1D and 2D samples 

All the thermoelectric properties (ρ, S, and kt) for 1D and 2D samples 
were measured for perpendicular and parallel measuring orientations. 
Under perpendicular or parallel measuring orientations, these properties 
were taken along directions, perpendicular or parallel to the SPS- 
pressuring direction, respectively. As was mentioned above, for the 
highly-textured 2D Bi2Te2.7Se0.3 sample, the SPS-pressuring direction 
coincides with texturing axis. The transport ρ and kt properties for 
textured Bi2Te3-based materials are known to be remarkably dependent 
on measuring orientation [45–50]. This orientation ρ and kt dependence 
originated from anisotropy in these properties, which is inherent for 
Bi2Te3-based materials. Owing to specific features of chemical bonding 
in these materials, which include strong polar covalent and weak 
Van-der-Waals interactions, the crystal structure of materials is layered 
[51,52]. The layers are positioned perpendicularly to the crystal c-axis, 
hence, crystal (a–b)-planes are parallel to the layers. The transport ρ and 
kt properties, taken along the layers and determined by the properties, 
which are characteristic for the (a–b)-planes (ρab and ktab), are remark
ably different from the transport properties, taken perpendicularly to the 
layers and determined by the properties, which are characteristic for the 
c-axis (ρc and ktc). Crystal anisotropy in the transport properties of 
Bi2Te3-based materials can be expressed as ρc/ρab ≈ 5 ÷ 5.5 and 
ktab/ktc≈2 [53–55]. In contrast to ρ and kt, the Seebeck coefficient is a 
very weakly anisotropic property, i.e. Sab ≈ Sc. Naturally, anisotropy in ρ 
and kt described will be inherent to single-crystalline Bi2Te3-based ma
terials. In grained materials with disordered grain structures (all the 
grains are randomly oriented), the transport ρ and kt properties will be 
already isotropic. Under texturing, grain ordering resulting in relevant 
preferential orientation of grains will occur. In turn, this grain order 
should be accompanied by a partial recovery in crystal anisotropy in the 
transport properties. 

The ρ(T) dependences for weakly-textured 1D and highly-textured 
2D samples under perpendicular and parallel measuring orientations, 
are shown in Fig. 8 (a). For both measuring orientations, ρ steadily 
grows with increasing T. This ρ(T) behavior is characteristic of degen
erate semiconductors. The specific electrical resistance of the donor 
semiconductor is expressed as [56]. 

ρ= 1
eμen

(2)  

where e, n, and μe are the unit charge, concentration, and mobility of 
electrons, respectively. 

For degenerate semiconductors, n is T-independent, and the ρ(T) 
behavior is related to the μe(T) changes. Usually, the ρ growth with 
increasing T above room temperature is due to electron scattering on 
acoustic and optical phonons, resulting in decreasing μe. Anisotropy in 
the ρ(T) behavior is observed for 1D and 2D samples. For both samples, 
the specific electrical resistivity within the whole temperature interval 
under study is higher for parallel measuring orientation as compared to 
that for perpendicular measuring orientation. The highest ρ (~13.5 μΩ 
m at room temperature) is observed for the 1D sample under parallel 
measuring orientation, whereas the lowest ρ (~6.5 μΩ m) corresponds to 
the 2D sample under perpendicular measuring orientation. Therefore, 
the specific electrical resistivity of samples being studied is remarkably 
dependent on (i) the dimension, size, and shape of the grains, and (ii) 
measuring orientation. 

For highly-textured samples, the anisotropy in ρ observed was ex
pected. Due to heavy texturing, the crystal c-axis of the grains in these 
samples are preferentially oriented along the SPS-pressuring direction 
that is the texturing axis. Therefore, ρII measured for perpendicular 

Fig. 7. EBSD-SEM maps, taken from the surfaces, oriented perpendicularly ((a) 
and (c)) parallel ((b) and (d)) to texturing axis for weakly-textured 1D ((a) and 
(b)) and highly-textured 2D ((c) and (d)) samples. The inset shows a link be
tween the color of the drain and its crystallographic orientation. (For inter
pretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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measuring orientation will be dominantly contributed from the ρc re
sistivity. For parallel measuring orientation, ρab will be already domi
nant contribution to ρ┴, since crystal (a–b)-planes of the grains lie 
preferentially in the plane, parallel to the SPS-pressuring direction. 
Taking into account the ρc>ρab ratio, which is specific for Bi2Te3-based 
materials, the experimental ρ┴>ρII ratio, found for highly-textured 2D 
sample (Fig. 7 (a)), can be easily explained. 

High anisotropy in ρ was surprisingly found in weakly-textured 1D 
Bi2Te2.7Se0.3 sample, too. Generally, ρ in weakly-textured samples 
should be weakly dependent on measuring orientation. However, simi
larly to the highly-textured 2D sample, ρ in the weakly-textured 1D 
sample happened to be higher for parallel measuring orientation as 
compared to that for perpendicular measuring orientation. Moreover, 
anisotropy in ρ, expressed by a ρ||/ρ┴ coefficient, was found to be even 
slightly higher for the weakly-textured sample (Table 1). Obviously, 
another mechanism, but partial recovering in crystal anisotropy, should 
be responsible for anisotropy in ρ, observed in weakly-textured 1D 
Bi2Te2.7Se0.3 sample. Anisotropic grain size effect on the specific elec
trical resistivity can be considered as this mechanism [57]. 

Grain boundaries in a grained material are known to be effective 
scattering centers for electrons and phonons, which strongly affect the 
specific electrical resistivity and thermal conductivity, respectively. 
Grain-boundary scattering effect on the transport ρ and kt properties is 
crucially dependent on grain size. Usually, this effect is characteristic of 
nano- and micro-grained materials and it remarkably enhances with 
decreasing in the grain size. Grain boundary scattering of electrons re
sults in reducing in electron mobility. A link between the electron 
mobility, μgb, which is due to grain boundary scattering, and the grain 
size, D, is expressed as [58]. 

μgb =
D/le

1 + D/le
μ0 (3)  

where le is the electron mean free path and μ0 is the electron mobility, 
characteristic of a grainless material. 

By expression (3), decreasing in D will result in a relevant decrease in 
μgb. If the grain sizes in different directions are different, too, the grain 
size effect on ρ and kt can be an anisotropic one because it will be 
dependent on the measuring ρ and kt orientations. This anisotropy in ρ 
and kt is due to different numbers of the grain boundaries, overcome by 
the electrons or phonons under different measuring orientations. Less 
grain size will correspond to higher ρ and lower kt for relevant 
measuring orientation. Anisotropic grain size effect on ρ, observed in 
textured Bi1.9Gd0.1Te3 material, was recently analyzed in Ref. [57] For 
the Bi2Te2.7Se0.3 material, the difference in the grain size for the 
perpendicular and parallel measuring orientations takes place for 
weakly-textured 1D and highly-textured 2D samples. This difference can 
be characterized by a grain shape factor, Dl/Dt (Table 1). The Dl and Dt 
sizes correspond to the perpendicular and parallel measuring orienta
tions, respectively. Since Dl > Dt, the ρ|| resistivity should be higher than 
the ρ┴ resistivity. Thus, besides anisotropy in ρ, which is due to recov
ering in crystal anisotropy via texturing (this mechanism should be 
dominant in highly-textured 2D sample), additional anisotropy in ρ 
seems to be originated from the anisotropic grain size effect on ρ. This 
anisotropic grain size effect on ρ can be responsible for anisotropy in ρ, 
observed in the weakly-textured 1D sample. It should be also mentioned 
that the 1D sample is Te-rich, whereas the 2D sample is Te-deficient. As 
was mentioned above, the nature of point defects in Te-rich and 
Te-deficient samples are different. Interstitial Te atoms and anti-site TeBi 
defects are specific for the Te-rich composition, and Te-vacancies and 
anti-site BiTe defects are specific for the Te-deficient composition. 
Moreover, as was shown earlier [59], the electron mobility in the Te-rich 
Bi2-xGdxTe3 compound is remarkably lower as compared to that for the 
Te-deficient compound. Therefore, one can conclude that interstitial Te 
atoms and anti-site TeBi defects are more effective scattering centers for 
electrons than Te-vacancies and anti-site BiTe defects. Then, the electron 

Fig. 8. Temperature dependences of the specific electrical resistivity (a), the 
Seebeck coefficient (b), and the power factor (c), taken for 1D and 2D 
Bi2Te2.7Se0.3 samples under perpendicular and parallel measuring orientations. 
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mobility in 1D and 2D samples will be different and the specific elec
trical resistivity of the 1D sample should be higher than ρ of the 2D 
sample. Texturing effect on ρ and anisotropic grain size effect on ρ just 
result in the development of anisotropy in the specific electrical 
resistivity. 

The S(T) curves, taken for 1D and 2D samples under perpendicular 
and parallel measuring orientations are positioned very close to each 
other (Fig. 8 (b)). Since the majority of carriers in the samples being 
studied are electrons, the Seebeck coefficient is negative. All the S(T) 
dependences in Fig. 8 (b) are bell-shaped. Tops of the bells are located at 
temperature TINC≈500 K. The Seebeck coefficient of degenerate semi
conductor is expressed as [60]. 

S=
2k2

BTm∗

3eℏ2

( π
3n

)2/3
(

3
2
+ γ
)

(4)  

where kB is the Boltzmann’s constant, ћ is the reduced Planck constant, 
m* is the density-of-state effective mass of electrons and γ is the scat
tering factor. 

As shown by dashed lines, all the S(T) dependences are T-linear 
below TINC, which is in agreement with expression (4). But above TINC, 
bipolar effect contribution to the S(T) behavior becomes the dominant 
one. At the bipolar effect, electrons and holes are simultaneously pre
sented in semiconductors. Thermal excitation of electron-hole pairs due 
to intrinsic conductivity does not change the majority carriers’ con
centration too much. However, minority carriers’ concentration will be 
remarkably increasing. The S sign for the holes is positive. Competing of 
two contributions into S with opposite signs results in forming of the S 
(T) maxima. The temperature dependences of the power factor, PF––S2/ 
ρ, are shown in Fig. 8 (c). Since the S(T) dependences for 1D and 2D 
samples and all measuring orientations are very close, the PF(T) 
behavior is governed by the ρ(T) behavior. The PF is highest for the 2D 
sample and at perpendicular measuring orientation (in this case ρ is 
lowest). The PF is lowest for the 1D sample and at parallel measuring 
orientation (in this case ρ is highest). 

The kt(T) dependences, taken for 1D and 2D samples under perpen
dicular and parallel measuring orientations, are shown in Fig. 9 (a). For 
both type’s samples, the thermal conductivity is higher for perpendic
ular measuring orientation as compared to that for parallel measuring 
orientation. Anisotropy in kt, expressed by a kt┴/kt|| coefficient, was 
found to be the same for 1D and 2D samples (Table 1). For a weakly- 
textured 1D sample, this anisotropy in kt can be related to the aniso
tropic grain size effect on kt, whereas for a highly-textured 2D sample 
the anisotropy in kt is developing via texturing. All the kt(T) curves 
demonstrating minimum at TINC are typical for Bi2Te3-based compounds 
[61–64]. In general, the total thermal conductivity includes the phonon 
thermal conductivity, kp, the electronic thermal conductivity, ke, and the 
bipolar thermal conductivity, kb. It is known that ke contribution is 
related to the specific electrical conductivity, σ = 1/ρ, by the 
Wiedemann-Franz law [65]. 

ke =LσT (5)  

where L is the Lorenz number. 
According to the approach, proposed in Ref. [66], L and maximum S 

value, |S|max, are linked as 

L
[
10− 8,W • Ω • K− 2]= 1.5 + exp

(

−
|S|max

[
μV • K− 1]

116

)

(6) 

By using expression (6), L was estimated as ~1.8 × 10− 8 WΩˑK− 2 for 
1D and 2D samples. Using this L value, the ke(T) contributions into kt for 
1D and 2D samples under perpendicular and parallel measuring orien
tations were extracted (Fig. 8 (b)). These ke(T) contributions are corre
lated with the ρ(T) dependences, presented in Fig. 7 (a), i.e., ke for the 2D 
sample, taken for perpendicular measuring orientation, is highest, 
whereas ke for the 1D sample, taken for parallel measuring orientation, 
is lowest. 

Fig. 9. Temperature dependences of the total thermal conductivity (a), the 
contribution from the electronic thermal conductivity (b), and the summarized 
contributions from the phonon and bipolar thermal conductivity (c), taken for 
1D and 2D Bi2Te2.7Se0.3 samples under perpendicular and parallel measuring 
orientations. 
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Then, sums of the lattice and bipolar thermal conductivity contri
butions, kp(T)+kb(T) = kt(T)-ke(T), were found (Fig. 9 (c)). Similarly to 
the kt(T) dependences, these summarized contributions have minima at 
TINC, too. Below TINC, the thermal conductivity is due to the lattice 
thermal conductivity. It is known that above the Debye temperature the 
lattice thermal conductivity decreases with increasing T obeying a T − 1 

law [56]. By the Dulong-Petit law, the phonon-specific heat is T-inde
pendent. With increasing T, phonon energy and the number of phonons 
linearly increase. The phonon scattering rate is proportional to this 
number. As result, kp also decreases with increasing T. This mechanism 
is responsible for the kp(T)+kb(T) behavior, observed below TINC. The 
lattice thermal conductivity happened to be very low (~0.4 at ~375 K) 
for the 1D sample and at parallel measuring orientation. 

Above TINC, the summarized kp(T)+kb(T) contributions already in
crease with increasing T. This behavior originated from bipolar thermal 
conductivity. In this case, electron-hole pairs are thermally excited at 
the hot side of the semiconductor sample. Next, these pairs move to the 
cold side, where they are recombined. The energy of recombination per 
one pair will be equal to or greater than the band gap. This energy 
corresponds to a phonon, transferring heat. The bipolar thermal con
ductivity is expressed as [67]. 

kb =
σn • σp

σn + σp

(
Sp − Sn

)2T (7)  

where σi and Si (subscript i = n, p) are the partial electrical conductivity 
and Seebeck coefficient for electrons and holes, respectively. In turn, σi 
of each carrier is σi = ieμi where i=n, p designates the electron and hole 
concentration, respectively. 

It should be noted that the values of TINC in the S(T) (Fig. 8 (b)) and 
kt(T) (Fig. 9 (a)) dependences are different, although both the S(T) 
maxima and the kt(T) minima are related to the bipolar effects via 
intrinsic conductivity. Actually, TINC does not correspond to the correct 
temperature of the onset of intrinsic thermal conductivity. Moreover, 
TINC is also dependent on the type of sample (1D sample or 2D sample) 
and measuring orientation (perpendicular or parallel orientations). 
These features in the kt(T) dependences are connected to relevant fea
tures in the kp(T)+kb(T) behavior (Fig. 9 (c)). In particular, the kb 
contribution is related to σi and Si, which, in turn, are dependent on the 
type of sample and measuring orientation. By now, these dependencies 
were not studied in detail. 

The ρ, S, and kt values were applied to plot the ZT(T) dependencies 
(Fig. 10). All the dependencies are bell-shaped. Forming of the ZT(T) 
maxima at TINC is also related to high-temperature intrinsic thermal 
conductivity. The highest ZT ≈ 0.68 (at ~450 K) was observed for 1D 
and 2D samples and at perpendicular measuring orientation. In this case, 
the ZT(T) curves are positioned very close to each other. The ZT(T) 
curves, taken for 1D and 2D samples at parallel measuring orientation, 
are positioned a bit below. These features in the ZT(T) behavior directly 
originated from the temperature ρ, S, and kt behavior, presented in 
Figs. 8 and 9. 

4. Conclusion 

Thus, weakly-textured Te-rich 1D and highly-textured Te-deficient 
2D samples of thermoelectric Bi2Te2.7Se0.3 compound were prepared by 
using spark plasma sintering of staring powders with different 
morphology of the particles. The 1D sample consisted of bar-shaped 
grains, and the bars were elongated along the crystal c-axis. The 2D 
sample preferentially consisted of plate-shaped grains, and the plates 
were oriented perpendicularly to the crystal c-axis. Both the bar-shaped 
grains and the plate-shaped grains are located in lamellar sheets, which 
are perpendicular to the SPS-pressing direction. Although the shape of 
the bars-grains is highly anisotropic, they are oriented randomly within 
the lamellar sheets. Besides the bars-grains, grains having irregular 
shapes are also forming in the 1D sample. Ordering of these grains 

results in weak texturing, observed in the 1D sample. Due to texturing, 
crystal c-axes of the grains are preferentially oriented along the SPS- 
pressing direction, which coincides with texturing axis. Both the 1D 
sample and 2D sample show anisotropy in the behavior of the specific 
electrical conductivity and the total thermal conductivity. For weakly- 
textured 1D sample, this unexpected anisotropy can be originated 
from the anisotropic grain size effect on the transport properties. The 
highest value of the thermoelectric figure-of-merit (~0.68) was found 
for 1D and 2D samples and at perpendicular measuring orientation. The 
main high-temperature features in the behavior of the Seebeck coeffi
cient and the total thermal conductivity are related to bipolar effects. 
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