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a b s t r a c t   

The Gd-doped Bi2Te3 compounds were prepared by solvothermal synthesis and spark plasma sintering. It 
was found that for the Bi2-xGdxTe3 ± y compounds with x = 0.01; 0.05; 0.1; 0.15 and 0.2, the Gd doping results 
in relevant changing the Te content, y, i.e. x and y are inter-dependent. Governing by the Gd content, the Te- 
deficient Bi2-xGdxTe3-y compositions with x = 0; 0.01; 0.05 and y = 0.018; 0.011; 0.003, and the Te-rich Bi2- 

xGdxTe3+y compositions with x = 0.1; 0.15; 0.2 and y = 0.013; 0.023; 0.04, were successfully prepared. The Te- 
vacancies and the anti-site BiTe defects are specific for the Te-deficient compositions, whereas the inter
stitial Te atoms and the anti-site TeBi defects are characteristic for the Te-rich compositions. Deviation from 
Te-stoichiometry is originated from high-temperature Te evaporation under sintering. The Te-enriched 
starting Bi2-xGdxTe3 powders were applied to tune the Te-stoichiometry in desired manner. A rate of the Te 
evaporation decreases with increasing x that is related to difference in electronegativites of the Bi and Gd 
atoms, which, in turn, results in increasing the strength of polar covalent Gd-Te bond as compared to that 
for polar covalent Bi-Te bond. Crystal lattice parameters, concentration and mobility of electrons, ther
moelectric properties, and grain ordering degree are different for the nonstoichiometric Te-deficient and Te- 
rich compositions. Highest thermoelectric figure-of-merit is found for the Te-deficient Bi1.99Gd0.01Te2.989 

composition (ZT≈0.7 at ~400 K). 
© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Energy conversion efficiency between heat and electricity in 
thermoelectric material is characterized by its thermoelectric figure- 
of-merit, ZT=TS2/ρk, where T is absolute temperature, S is Seebeck 
coefficient, ρ is specific electrical resistivity and k is total thermal 
conductivity with contributions from crystal lattice and carriers [1]. 
Lower thermal conductivity and specific electrical resistivity, and 
higher Seebeck coefficient should be at the same time combined in 
thermoelectric material to maximize its ZT value. The challenge lies 
in the fact that these thermoelectric properties are intimately but 
adversely inter-dependent. As result, optimizing one property often 
degrades other properties. To decouple these thermoelectric prop
erties, usually it is necessary in thermoelectric material to form 
defects of various nature [2–10]. At present, bismuth telluride, 
Bi2Te3, and Bi2Te3-based alloys with n- and p-types of conductivity 
are the best materials for low-temperature thermoelectric 

applications [11–13]. Unfortunately, the thermoelectric efficiency of 
these materials also remains to be too low until now (ZT≈1). To 
improve the thermoelectric properties of Bi2Te3 and Bi2Te3-based 
alloys, a number of investigations using various physical and tech
nological approaches have been carried out [14–24]. The core of 
these investigations is based on defect engineering. Some of key 
defects remarkably affecting the thermoelectric properties of Bi2Te3- 
based alloys are naturally formed during a high-temperature treat
ment of these alloys, which is accompanied by destroying their 
stoichiometry. Actually, it is known that energy of Te evaporation 
(52.55 kJ mol−1) is much lower than that of Bi (104.80 kJ mol−1) [25]. 
Hence, at high temperatures Te is evaporated much easier than Bi. 
Decreasing the Te content results in forming the Te vacancies in 
crystal Bi2Te3 structure. These Te-deficient Bi2Te3-x compounds are 
nonstoichiometric compounds of cation vacancy type. It should be 
noted that forming Te vacancies can result in forming relevant anti- 
site defects of Bi in Te-sites (BiTe) [26,27]. There are also ways to 
prepare nonstoichiometric Te-rich Bi2Te3+x compounds of cation 
interstitialcy type, in which destroying Te-stoichiometry usually 
results in forming interstitial Te atoms and anti-site defects of Te in 
Bi-sites (TeBi) as structure elements of the material [28,29]. Via 
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various mechanisms, both the Te vacancies and the anti-site BiTe 

defects in Bi2Te3-x compounds, and the interstitial Te atoms and the 
anti-site TeBi defects in Bi2Te3+x compounds can be believed to will 
affect the thermoelectric properties of the nonstoichiometric Te- 
deficient and Te-rich Bi2Te3-based compounds. 

The purpose of this paper is to prepare the nonstoichiometric Te- 
deficient and Te-rich Bi2-xGdxTe3 ± y compounds and characterize 
features in their elemental composition, crystal structure, micro
structure and thermoelectric properties. To tune a desired deviation 
from Te-stoichiometry, firstly, Te-enriched starting Bi2-xGdxTe3 

powders were applied to prepare relevant bulk samples by spark 
plasma sintering (SPS), and, secondly, Gd doping of the bulk samples 
resulting in a partial substitution of Gd for Bi was also involved. 
Detailed mechanisms of this tuning in Te-stoichiometry will be 
discussed below. 

2. Materials and methods 

To prepare the starting Bi2-xGdxTe3 powders with x = 0.01; 0.05; 
0.1; 0.15 and 0.2, solvothermal synthesis was applied. Analytically 
pure chemicals (Bi(NO3)3·5H2O, TeO2, Gd(CH3COO)3·4H2O, NaOH, 
poly(1-ethenylpyrrolidin-2-one), ethane-1,2-diol) were used for this 
synthesis. Bi(NO3)3·5H2O and Gd(CH3COO)3·4H2O were taken in 
stoichiometric ratio in accordance with x, whereas TeO2 was taken in 
excess on the basis that the excess tellurium content would be 3 at% 
in all the synthesized powders with different x. Hence, all the 
starting Bi2-xGdxTe3 powders were Te-enriched. The main stages of 
solvothermal synthesis were stages as follows: (a) Bi(NO3)3·5H2O, 
TeO2 and Gd(CH3COO)3·4H2O were dissolving in mixture of 450 cm3 

ethane-1,2-diol NaOH and 15 g NaOH under vigorous stirring by a 
magnetic stirrer; (b) poly(1-ethenylpyrrolidin-2-one) (Mr=12000) 
was added to the reaction mixture and this mixture was again under 
vigorous stirring for 30 min; (c) autoclave was sealed and main
tained at 190 °С for 5 min and then cooled to room temperature 
naturally; (d) after completing the reaction, dark grey precipitate 
was taken out by centrifuging and washed with deionized water and 
ethyl alcohol several times and then dried at 80 °С for 8 h. To prepare 
the bulk samples, the starting powders were spark-plasma-sintered 
at pressure of 40 MPa and temperature of 680 K for 2 min in vacuum, 
resulting in the Ø20 mm× 15 mm cylinders. To examine the ther
moelectric properties of the bulk Bi2-xGdxTe3 samples, 2 × 2 × 10 mm 
bars and Ø10 × 2 mm disks were prepared. 

To identify crystal structure and phase composition of the 
starting powders and the bulk samples, X-ray diffraction (XRD) 
analysis was performed by using a Rigaku Ultima IV diffractometer 
with CuKα-radiation. Scanning transmission electron microscopy 
(STEM) was used to characterize morphology of the starting pow
ders (a JEM-2100 transmission electron microscope). To measure 
density of the bulk samples, the Archimedes method was involved. 
To determine correct elemental composition of the bulk samples, a 
Shimadzu ICP (Inductively Coupled Plasma) emission spectrometer 
ICPE-9000 was applied. To study grain structure features of the bulk 
samples, a scanning electron microscope (SEM) Nova NanoSEM 450 
was used. The specific electrical resistivity and the Seebeck coeffi
cient of the bar samples were measured by using a ZEM-3 system, 
whereas the total thermal conductivity of the disk-shaped samples 
was measured by a TC-1200 system using a laser flash method. A 
Mini Cryogen Free Measurements System (Cryogenic Ltd, UK) was 
also used to study the Hall effect and estimate concentration, n, and 
Hall mobility, μH, of majority carriers. 

3. Results and discussion 

According to XRD analysis, all the starting Bi2-xGdxTe3 powders 
with different x consist of major rhombohedral R m3 phase that is 
typical for pure Bi2Te3, and minor trigonal P321 phase corresponding 

to elemental Te. Forming the minor Te phase could be expected, 
since excess Te content was specially introduced into all the starting 
powders. Difference between ionic radii of Bi3+ (1.020 nm) and Gd3+ 

(0.938 nm) is small enough [30]. As result, effect of the Gd doping on 
lattice Bi2Te3 parameters is too weak to be observed in XRD patterns, 
taken for compositions with different x. Therefore, the lattice para
meters, a=b and c, for all the starting powders were x-independent 
and equal to 4.387 and 30.492 Å, respectively. According to STEM 
examination, all the starting Bi2-xGdxTe3 powders mainly consisted 
of hexagonal plate-shaped two-dimensional (2D) particles with 
average plate size of a few hundreds of nm and width of ~100 nm. 
STEM image of these particles in the powder with x = 0.1 is shown in 
inset to Fig. 1. Forming the plate-shaped 2D-particles during a che
mical synthesis is typical for Bi2Te3-based compounds, which is 
originated from specific features in their crystal structure and che
mical bonding [11–13,31,32]. Elemental composition of the 
Bi1.9Gd0.1Te3 particles was earlier analyzed by the ICP emission 
spectrometer [33]. According to results of this analysis, Gd was in 
fact inserted in the particles, and all the elements (Bi, Gd, Te) were 
uniformly distributed within the particles. 

High-temperature sintering the starting Bi2-xGdxTe3 powders is 
unavoidably accompanied by Te evaporation, resulting in destroying 
Te-stoichiometry in relevant bulk samples. This Te evaporation was 
really observed in our experiments. Moreover, the Te content in the 
bulk Bi2-xGdxTe3 samples, SPS-prepared from the relevant starting 
powders with initial Te excess (3 at%) under the same conditions, 
happened to be x-dependent (Fig. 2(a)). With increasing x, the Te 
content is linearly increasing, too. Stoichiometry line corresponds to 
the composition with x = 0.06. The compositions with x  <  0.06 are 
the nonstoichiometric Te-deficient compositions, whereas the 
compositions with x  >  0.06 are the nonstoichiometric Te-rich com
positions. Therefore, by changing the Gd content, Te-stoichiometry 
of the bulk Bi2-xGdxTe3 samples can be tuned between the non
stoichiometric Te-deficient and Te-rich compositions. Further these 
samples should be more correctly designated as Bi2-xGdxTe3 ± y 

compositions with y = 0.018; 0.011; 0.003 (for the nonstoichiometric 
Te-deficient Bi2-xGdxTe3-y compositions) and y = 0.013; 0.023; 0.04 
(for the nonstoichiometric Te-rich Bi2-xGdxTe3+y compositions) for 
x = 0.01; 0.05; 0.1; 0.15 and 0.2, respectively. The x and y coefficients 
are linearly connected to each other, i.e. x and y are inter-dependent. 
In general, increasing the Te content with increasing the Gd content 
can be originated from more strength of chemical Gd-Te bond as 
compared to that for Bi-Te bond. This strength will be mainly af
fecting an efficiency of the Te evaporation. In turn, the strength of a 

Fig. 1. STEM image of hexagonal plate-shaped 2D-particles in the starting 
Bi1.9Gd0.1Te3 powder. 
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chemical bond depends on its energy, i.e. the greater energy results 
in the stronger strength. For the nonstoichiometric Te-deficient Bi2- 

xGdxTe3-y compositions, the strength of Te bonding is weak enough, 
that results in strong the Te evaporation. In this case, even initial Te 
excess in the starting powders cannot compensate for its high- 
temperature evaporating, which results in forming the non
stoichiometric Te-deficient Bi2-xGdxTe3 composition. For the non
stoichiometric Te-rich Bi2-xGdxTe3+y compositions, the strength of Te 
bonding is stronger, resulting in less strong the Te evaporation. In 
this case, initial Te excess in the starting powders can totally com
pensate for its high-temperature evaporating. Moreover, Te excess 
will also persist in the bulk Bi2-xGdxTe3+y samples after SPS-treat
ment. Several processes can be involved in changing the strength of 
Bi(Gd)-Te bonds in the Bi2-xGdxTe3 ± y compositions with changing 
the Gd content. First of all, difference in electronegativites of Bi and 
Gd should be taken into account. The crystal Bi2Te3 structure is 
known to be layered [11–13,31,32]. The five individual atomic layers 

are stacked in the following order.  

Te(1)–Bi–Te(2)–Bi–Te(1),                                                        (1) 

where Te(1) and Te(2) denote two types of Te in the Bi2Te3 lattice. 
Crystal c-axis is oriented perpendicularly to the layers, whereas 

crystal (a–b)-planes are oriented along the layers. The Bi atoms are 
octahedrally coordinated by Te atoms, and the Te(2) atoms are oc
tahedrally coordinated by the Bi atoms. The Te(1) atoms are cova
lently bonded with three Bi atoms on one side and by weaker Van- 
der-Waals bonds with three other Te(1) atoms on the other side. The 
Bi-Te(1) bond length is close to the expected covalent bond length, 
while the Bi-Te(2) bond rather corresponds to the value that is ex
pected for ionic bonding [31,32]. For Gd-doped Bi2Te3, an ionic 
bonding fraction, I.F., which characterizes ionicity degree in a polar 
covalent bond, can be changed, since the electronegativity of the Bi 
and Gd atoms are remarkably different. In accordance with the 
empirical Pauling expression, I.F. is related to a difference between 
the electronegativities of interacting A (XA) and B (XB) atoms (ions) as 
follows [34]. 

=I F exp
X

. . 1
( )

4
,

2

(2) 

where ΔX = XA-XB. 
By a partial substituting A or/and B ions for other C ion (C- 

doping), I.F. can be increased (at XA-XC >  XA-XB or XC-XB >  XA-XB that 
will results in increasing ΔX) or decreased (at XA-XC <  XA-XB or XC- 
XB <  XA-XB that will results in decreasing ΔX). For the Bi2-xGdxTe3 ± y 

compounds, electronegativities of elements are XBi= 2.02, XTe = 2.10 
CE XGd= 1.20 [35]. Since XTe-XGd >  XTe-XBi, I.F. should be gradually 
increasing with increasing the Gd content. To roughly estimate 
changing in I.F., which is due to the Gd-doping, expression (2) was 
applied. Difference in the Te(1)-Bi and Te(2)-Bi bonds was neglected. 
Since only partial substitution of Gd for Bi occurred, the XBi-Gd= [(1-x) 
∙XBi+ x∙XGd] expression was introduced to take into account changing 
the XBi and XGd contributions into the total electronegativity of the 
Gd-doped compounds with different x. The calculated I.F. values are 
too small, although relative change of I.F., which is originated from 
the Gd-doping, is remarkably enough. To show this change, I.F. was 
recalculated to an ionic fraction ratio, I.F.R.=I.F.(x)/I.F.(x = 0). The I.F.R. 
vs. Gd content dependence is shown in Fig. 2(b). I.F.R is expectedly 
growing with increasing x, and the maximum I.F.R. value is equal to 
~9.25. The strength and the energy of polar covalent bond in semi
conductors can be, at least, partially, governed by energy of chemical 
bond. In particularly, energy gap, Eg, of many semiconductors with 
polar covalent bonds increases with increasing this energy in ac
cordance with empirical Manka expression [36]. 

=E a E b( ),g S (3) 

where ES is the single bond energy, and a and b are the constants. 
Really, for 52 binar semiconductors, their energy gap was found 

to be progressively increasing with increasing ES [37]. This tendency 
is a result of increasing the ionicity degree (I.F.R.) in chemical bonds 
of these compounds. In accordance with the Pauling’s approach, the 
energy of polar covalent bond should be increasing with increasing 
the iconicity degree, which is dependent on difference between the 
electronegativites of atoms being chemically bonding [38]. For two 
atoms, A and B, with the electronegativites of XA and XB, the energy 
of its bond can be calculated by the Pauling’s method 

= + +E A B E A A E B B X( ) [ ( ) ( )] 30( ) ,AB
1/2 2 (4) 

where E(A-A) and E(B-B) are energies of a normal covalent bond 
between the same atoms and ΔXAB= XA-XB. 

In accordance with expression (4), the gradual Gd doping of 
Bi2Te3 will result in relevant increasing of the ionic bonding fraction 
(Fig. 2(b)) and, hence, in relevant increasing of the energy bond. In 

Fig. 2. The Gd content effect on: (a) the Te content, (b) the ionic fraction ratio, and (c) 
the lattice parameters a (curve 1) and c (2) in the bulk Bi2-xGdxTe3 ± y samples, SPS- 
prepared under the same conditions. 
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turn, this increasing the energy bond will weaken the high-tem
perature Te evaporation. As result, depending on the Gd content, the 
nonstoichiometric Te-rich and Te-deficient Bi2-xGdxTe3 ± y com
pounds can be prepared. 

XRD patterns of all the bulk Bi2-xGdxTe3 ± y samples correspond to 
single phase with the space symmetry R m3 group. No traces of 
other phases were found. However, although the crystal symmetry 
of the samples does not change with varying x, the crystal lattice is 
slightly changed with varying x. To analyze the crystal lattice 
changes, the a and c parameters were calculated by the Rietveld 
refinement. The a(x) and c(x) dependences are presented in Fig. 2(c). 
The a parameter can be believed to be x-independent (curve 1). With 
increasing x, the c parameter is firstly falling for the Te-deficient 
compositions, and then it is gradually increasing for the Te-rich 
compositions. That is a clear boundary between the Te-deficient and 
Te-rich compositions exists. To explain this a(x) and c(x) behavior, it 
would be helpful to account for changing the Te content in different 
Bi2-xGdxTe3 ± y samples, which is in turn governing by changing the 
Gd content (Fig. 2(a)). Decreasing the Te content for the Te-deficient 
compositions is naturally resulting in forming the Te vacancies 
within the crystal structure [39]. But in accordance with this me
chanism, forming the Te vacancies will lead to decreasing the lattice 
parameters that is in contradiction with experimental data. There
fore, other mechanisms besides forming the Te vacancies should be 
involved. Forming the anti-site defects of Bi in Te-sites (BiTe) due to 
the Te evaporation at high temperatures can be taken as one of 
suitable mechanisms [26,27]. Ionic radii, R, of Bi3+ and Te2+ in the 
Bi2Te3 structure are remarkably different, R(Bi3+)= 1.020 nm against R 
(Te2+)= 0.089 nm [30]. Since R(Bi3+) is bigger as compared to R(Te2+), 
forming the BiTe defects will result in increasing the lattice para
meters with increasing the Te vacancy content. Actually, the c 
parameter is steady increasing with decreasing the Te content for 
the Te-deficient compositions (curve 2 in Fig. 2(c)). For the Te-rich 
compositions, forming the interstitial Te defects will result in gra
dual increasing the lattice parameters with increasing the Te con
tent. It should be noted that the anti-site TeBi defects can be also 
formed in the Te-rich Bi2-xGdxTe3+y compositions. However, these 
defects cannot result in increasing the lattice parameters. Therefore, 
the c(x) behavior observed for the nonstoichiometric bulk Bi2- 

xGdxTe3 ± y samples can be attributed to forming the specific point 
defects. These defects are the anti-site BiTe defects for the Te-defi
cient compositions, and the interstitial Te atoms for the Te-rich 
compositions. Since c >   > a, the a(x) features found in the c(x) be
havior is expressed much weaker (curve 1 in Fig. 2(c)). 

Density of all the bulk samples was found to be weakly and ir
regularly x-dependent. Maximum density value is equal to 
~7.64 gˑcm−3 for x = 0.1 that is ~99.2% of theoretical value of the 
Bi2Te3 density (7.7 g/cm3), and minimum value is 7.32 gˑcm−3 for 
x = 0.2 (~95%). All the samples are highly texturing during SPS-pro
cess. The texturing is specific feature of Bi2Te3-based alloys, which 
are sintered from a starting powder, consisting of 2D-particles under 
uniaxial loading [40–47]. A texturing axis is oriented along me
chanical loading direction. Under the texturing, a lamellar grain 
texture, which is originated from preferential orienting the grains, is 
forming. The grains are elongated along the lamellar sheets, and the 
sheets themselves lie in a plane perpendicular to the texturing axis. 
Resulted from this grains arrangement, crystal c-axes of the grains in 
the lamellar sheets are preferentially directed parallel to the tex
turing axis, while crystal (a-b)-planes of the same grains are pre
ferentially oriented perpendicularly to this direction. Forming the 
texture in the samples is clearly confirmed by SEM and XRD ex
aminations of surfaces, oriented perpendicularly and parallel to the 
texturing axis (or to SPS-pressing direction). For instance, these SEM 
images and XRD patterns taken for perpendicular and parallel sur
faces of the sample with x = 0.1 are shown in Fig. 3. A disordered 
grain structure with the grains having mainly irregular shape is 

observed for the perpendicular surface, whereas an ordered grained 
structure, corresponding to the lamellar sheets, is clearly observed 
for the parallel surface. Similarly to SEM images, XRD patterns taken 
on the perpendicular and parallel surfaces are also different. Both 
XRD patterns are still matching to the R m3 symmetry, i.e. positions 
of diffraction peaks are in total agreement with crystal Bi2Te3 sym
metry, and only redistribution in intensity of the peaks occurs. For 
the perpendicular surface, the (11 l) peaks are dominant, whereas all 
other peaks are strongly weakened (Fig. 3(c)). For the surface par
allel, the (001) peaks are already dominant (Fig. 3(d)). This intensity 
redistribution will really take place, if crystal a–b planes in the grains 
of textured samples are preferentially oriented perpendicularly to 
the SPS-pressuring direction. 

Average grain sizes corresponding to directions, which are per
pendicular (d┴) and parallel (d‖) to the SPS-pressing direction, are 
remarkably different. To estimate d┴ and d‖, relevant histograms of 
grain size distribution were plotted which were next analyzed in 
frames of lognormal unimodal distribution [48]. The d┴ and d‖ equal 
to ~800 nm and ~80 nm, respectively, are x-independent. That is, 
similarly to the 2D-particles in the starting Bi2-xGdxTe3 powders, the 
grains in the relevant bulk samples are also 2D-objects. The tex
turing degree of all the samples was characterized by the Lotgering 
factor, LF, which was extracted via analysis of XRD patterns [49]. LF 
can be expressed as 

=F
p p

p1
,0

0 (5) 

where p and p0 are in turn expressed as 

= =p
I l
I hkl

p
I l
I hkl

(00 )
( )

and
(00 )
( )

.0
0

0 (6) 

Here, the I and I0 intensities correspond to textured (oriented) and 
non-textured (non-oriented) samples, respectively. Ideally, F= 1 
corresponds to completely oriented sample (single crystal), whereas 
F= 0 is characteristic of completely non-oriented sample (powder or 
grained material with completely random grain orientation). 

The LF(x) dependence is shown in Fig. 4. Depending on deviation 
in Te-stoichiometry of the bulk Bi2-xGdxTe3 ± y samples, which is in 
turn due to changing the Gd content, this dependence can be divided 
into two parts. For the first part, which corresponds to the Te-defi
cient compositions at x  <  0.06, LF is abruptly increasing with in
creasing x. For the second part, which corresponds to the Te-rich 
compositions at x  >  0.06, LF is increasing much more slowly. This 
tendency can be related to excess Te content. During SPS-process, 
some fraction of excess Te can be released as Te inclusions at grain 
boundaries. It is known [50] that the initial stage of SPS-process is a 
packing of the particles in the starting powder under external 
pressuring. During the texturing, the packing results in the re
arrangement of the randomly oriented particles into the lamellar 
sheets with preferential particles orientation. Some nanometer 
powder lubricants can really improve the particles packing behavior 
during SPS-process that are earlier reported for the Ce lubricant in 
Al2O3 [51] or the Te lubricant in Bi2Te3 [52]. Via the lubricating 
mechanism, increasing the Te content should result in more effective 
packing the particles, and relevant increasing in preferential grain 
orientation. As result, the Lotgering factor will be gradually growing. 

Let us consider x-effect (or y-effect) on the concentration and the 
Hall mobility of the majority charge carriers in the non-stoichio
metric Bi2-xGdxTe3 ± y compounds, which were extracted via ex
amination of the Hall effect at room temperature. Since the Hall 
constant has a negative sign for all the samples being studied, the 
majority charge carriers in these samples are electrons. The n(x) and 
μH(x) dependences are presented in Fig. 5. These dependences are 
remarkably different for the Te-deficient and Te-rich compositions. 
With increasing x, n is steady falling for the Te-deficient composi
tions, but it is steady rising for the Te-rich compositions. As result, 

M. Yaprintsev, A. Vasil’ev and O. Ivanov Journal of Alloys and Compounds 900 (2022) 163516 

4 



minimum n is observed for the composition with x = 0.05 and 
y = 0.003. This composition is very close to Te-stoichiometric one. For 
this composition μH is maximal that can be related to less content of 
various point defects. Generally, both type and concentration of the 
carriers in Bi2Te3 are closely related to various point defects [14–16]. 
Under the Gd doping, isovalent substitution of Gd3+ for Bi3+ takes 
place in the crystal Bi2Te3 structure. This substitution cannot directly 
affect the carriers concentration, but can directly affect the carriers 
mobility, since the Gd atoms will act as scattering centres for the 
carriers. However, it is known [17,53–56] that rare earth elements, R, 
(R=Lu, Tm, Gd, La, Ce, etc.) in fact act as donor centres in the crystal 
Bi2Te3 structure. For the nonstoichiometric Te-deficient Bi2-xGdxTe3-y 

compositions, the vacancies at Te sites, VTe
·· , and the anti-site BiTe 

Fig. 3. SEM images taken on the fractured surfaces of the sample with x = 0.1, which are oriented perpendicularly (a) and parallel (b) to SPS pressing direction, and XRD patterns 
taken on perpendicular (c) and parallel (d) surfaces for the same sample. 

Fig. 4. The Gd content effect on the Lotgering Factor of the bulk Bi2-xGdxTe3 ± y sam
ples, SPS-prepared under the same conditions. 

Fig. 5. The Gd content effect on the electron concentration (a) and electron mobility 
(b) of the bulk Bi2-xGdxTe3 ± y samples, SPS-prepared under the same conditions. 
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defects are the most common defects. These defects are forming via 
the high-temperature Te evaporation. Forming each positively 
charged VTe

·· vacancy leaves two free electrons as follows 

= + + + +× ×Bi Te 2Bi 2Te Te(g) V 2e ,2 3 Bi Te Te
·· (7) 

where symbol g corresponds to a gaseous phase. 
A ratio of VBi and VTe

·· vacancies are always equal to 2:3 resulting 
in a zero net free charge, as shown in Eq. (8). 

= + + + + + +× ×5Bi Te 8Bi 10Te 5Te(g) (2V 3V ) 2Bi 2h .2 3 Bi Te Bi Te
··

Te
·

(8)  

As was mentioned in Introduction part, owing to a small differ
ence in electronegativity between Te and Bi, the anti-site BiTe defects 
can be additionally induced, since Bi can easily jump from Bi site to 
Te site that contributes one hole as a free carrier and, hence, reduces 
a fraction of the electrons as majority charge carriers. Forming the 
anti-site BiTe defects can be also responsible for donor-like effect, 
which is characteristic for R-doped Bi2Te3-based compounds  
[17,53–56]. In this case, the R-doping effect on n is usually attributed 
to the difference in electronegativity of atoms forming the anti-site 
BiTe and RTe defects that are responsible for holes generation in the 
crystal Bi2Te3 structure. The electronegativity values are equal to 
2.10, 2.02 and 1.20 for Te, Bi and Gd, respectively. So, the larger 
difference in electronegative for Gd-Te pair compared to Bi-Te pair 
will decrease the concentration of the anti-site defects at Te-sites 
which contributes one hole per defect and, hence, will result in more 
electrons. Since the nonstoichiometric Te-rich Bi2-xGdxTe3+y com
pounds are the nonstoichiometric compounds of cation interstitialcy 
type, the interstitial Te atoms will be intrinsic and typical defects for 
these compounds [57]. Forming the interstitial Te atoms can be re
sponsible for gradual increasing the lattice c parameter with in
creasing the Te content (Fig. 2(c)). Besides, the anti-site TeBi defects 
can be also formed in the Te-rich compositions acting as other point 
defects. Owing to difference in valence of the Te3+ and Bi2+ atoms, 
these point defects will behave as donor centers. As result, the 
electron concentration in the Bi2-xGdxTe3+y compounds will be gra
dually increasing with increasing excess Te content. This tendency 
was earlier reported and discussed in Ref. [52]. Finally, releasing the 
Te inclusions at grain boundaries resulting in increasing the Lot
gering factor can take place, too (Fig. 4). This elemental Te could 
contribute to further increasing n through spillover of electrons from 
these Te inclusions to the Bi2-xGdxTe3+y material, owing to the lower 
work function of the former [52]. Therefore, the n(x) and μH(x) be
haviors are dependent on the point defects, which are specific for 
the Te-deficient and Te-rich compositions. Forming the different 
point defects degrades of the electron mobility. This degradation will 
be dependent on defects concentration and ability of the defects to 
scatter the electrons. 

The n(x) and μH(x) behaviors remarkably affect the thermo
electric properties of the non-stoichiometric Bi2-xGdxTe3 ± y com
pounds. Detailed analysis of features in the thermoelectric 
properties of the nonstoichiometric Te-deficient and Te-rich ther
moelectric Bi2-xGdxTe3 ± y compounds will be published elsewhere. 
Here we will just list main features in brief. It is known that the 
thermoelectric properties of the textured Bi2Te3-based compounds, 
measured parallel or perpendicularly to the texturing axis, are dif
ferent [40–47]. Better properties allowing maximizing the thermo
electric figure-of-merit are observed for the perpendicular 
measuring direction. Therefore, only these properties of non
stoichiometric Te-deficient and Te-rich thermoelectric Bi2-xGdxTe3 ± y 

compounds will be examined further. The x-dependences of the 
specific electrical resistivity, ρ0, the Seebeck coefficient, S0, and the 
total thermal conductivity, k0, measured at room temperature, are 
presented in Fig. 6 (a), (b) and (c), respectively. Since ρ = 1/(neμ), the 
ρ0(x) behavior is totally governed by the n(x) and μ(x) contributions. 

For all the Gd-doped samples, the S0 values are higher as compared 
to that for undoped Bi2Te3. The highest S0 value is observed for the 
Te-deficient composition with x = 0.01. The Seebeck coefficient of the 
degenerate semiconductors can be expressed as 

= +S
k Tm

e n
2 *

3 3
3
2

,B
2

2

2/3

(9) 

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

Expression (9) shows that the higher concentration of electrons 
decreases S. Normally, increasing ρ will be accompanied by in
creasing S. This tendency is observed for the Te-deficient composi
tions, whereas the ρ-S link for the Te-rich compositions is opposite. 
Possible changing γ, which can be related to forming different point 
defects in the Te-deficient and Te-rich compositions, should be taken 
into account to explain this feature. 

The k0 values for all the Gd-doped compositions are lower as 
compared to that for undoped Bi2Te3. This feature can be attributed 
to, firstly, changing the electron contribution into the total thermal 
conductivity, and, secondly, changing the phonon contribution into 
the thermal conductivity, which is related to forming the specific 
point defects scattering phonons. 

The temperature dependences of ρ, S and power factor PF=S2/ρ, 
taken for Bi2-xGdxTe3 ± y samples with different x, are shown in  

Fig. 6. The Gd content effect on the room temperature thermoelectric properties, ρ0 

(a), S0 (b) and k0 (c), of bulk Bi2-xGdxTe3 ± y samples, SPS-prepared under the same 
conditions. 
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Fig. 7(a), (b) and (c), respectively. The temperature dependences of k 
and ZT of these samples are presented in Fig. 8(a) and (b). Main 
features in the ρ(T), S(T), k(T) and ZT(T) behavior are typical for the 
Bi2Te3 and Bi2Te3-based compounds [17,53–56]. These features are 
mainly due to onset of intrinsic conductivity at high temperatures 
that is originated from a thermal excitation of carriers from valence 
band to conduction band. The intrinsic conductivity onset, indicated 
by arrows at temperature Tic in Figs. 7 and 8, results in appearance of 
kinks in the ρ(T) dependences (Fig. 7(a)), minima in the k(T) de
pendences (Fig. 8(a)), and maxima in the S(T) and ZT(T) dependences 
(Figs. 7(b) and 8(b)). To not complicate Fig. 7(a) and (b), the arrows 
are shown only for some x values. Detailed explanations of physical 
mechanisms, resulting in changing the thermoelectric properties at 
Tic, can be found in Refs. [17,53–56]. The highest ZT value equal to 
~0.7 at ~400 K is observed for Te-deficient Bi2-xGdxTe3-y composition 
with x = 0.01 and y = 0.011. Although ρ for this composition is higher 
than ρ for the compositions with x = 0; 0.05; 0.1 and 0.2, especially 
below Tic, but its S value is highest among all the compositions. As 
result, PF of this composition is also maximal within entire tem
perature range under consideration. The thermal conductivity of the 
composition with x = 0.01 measured below Tic is low enough, too. 
Owing to the low k and high PF values, this nonstoichiometric Te- 
deficient composition demonstrates the highest thermoelectric 
figure-of-merit (ZT≈0.7 at ~400 K). 

It should be also noted that Gd is transient f-metal with ferro
magnetic ordering, which takes place below 292 K [57]. Magnetic 
moments of the Gd atoms, embedded in solid, can remarkably affect 

its properties. For instance, the Kondo effect and various types of 
magnetic ordering can be often observed in solid with magnetic 
impurities. Bi2Te3 is known to be topological insulator [58]. Cur
rently, embedding magnetic impurities in topological insulator is 
fruitful way to explore features in the topological properties. How
ever, various physical phenomena, which are characteristic of solid 
with magnetic impurities, are usually observed at low temperatures 
(below ~50 K). In this paper, the properties of Te-deficient and Te- 
rich thermoelectric Bi2-xGdxTe3 ± y compounds were studied above 
room temperature. Hence, we did not take into account magnetic 
effects of the Gd dopants on properties of these compounds. How
ever, research of low-temperature transport properties of the com
pounds in progress. 

4. Conclusion 

Thus, the solvothermal synthesis and spark plasma sintering 
methods have been applied to prepare the Gd-doped Bi2Te3 com
pounds. For the Bi2-xGdxTe3 ± y compounds with x = 0.01; 0.05; 0.1; 
0.15 and 0.2, the Gd doping resulted in relevant changing the Te 
content, y, i.e. x and y happened to be inter-dependent. Depending 
on the Gd content, the Te-deficient Bi2-xGdxTe3-y compositions with 
x = 0; 0.01; 0.05 and y = 0.018; 0.011; 0.003, and the Te-rich Bi2- 

xGdxTe3+y compositions with x = 0.1; 0.15; 0.2 and y = 0.013; 0.023; 
0.04 could be prepared. Destroying Te-stoichiometry is due to high- 
temperature Te evaporation under SPS-process. To tune desired de
viation from Te-stoichiometry, the Te-enriched starting Bi2-xGdxTe3 

powders were used. With increasing x, a rate of this Te evaporation 
remarkably decreases that is related to more strength of the che
mical Gd-Te bond as compared to that for the Bi-Te bond. Difference 
in electronegativites of the Bi and Gd atoms, which results in in
creasing the ionic bonding degree, can result in strengthen of this 
bond. The lattice parameters, electron concentration and electron 
mobility, and, hence, thermoelectric properties, as well as the grain 
ordering degree are quite different for the nonstoichiometric Te- 
deficient and Te-rich compositions. This difference can be attributed 

Fig. 7. The Gd content effect on temperature behavior of ρ (a), S (b) and PF (c) of bulk 
Bi2-xGdxTe3 ± y samples, SPS-prepared under the same conditions. 

Fig. 8. The Gd content effect on temperature behavior of k (a) and ZT (b) of bulk Bi2- 

xGdxTe3 ± y samples, SPS-prepared under the same conditions. 
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to specific defects forming in these compositions. The Te-vacancies 
and the anti-site BiTe defects are specific for the Te-deficient com
positions, whereas the interstitial Te atoms and the anti-site TeBi 

defects are characteristic for the Te-rich compositions. 
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