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Abstract—Powdered thermoelectric materials Bi2–xHoxTe2.7Se0.3 (x = 0, 0.001, 0.0025, 0.005, 0.01, and
0.02) are obtained by the method of solvothermal synthesis. The possibility of obtaining nanomaterials
based on holmium-doped bismuth telluride is shown. The inf luence of the concentration of holmium on
the parameters of the crystal lattice, morphology and average size of the synthesized particles are studied.
Bulk materials Bi2–xHoxTe2.7Se0.3 are obtained by spark plasma sintering. All obtained samples are textured,
the crystallographic axis of the texture (0 0 l) is directed parallel to the direction of the application of pressure
during compaction. Development of the texture is confirmed by scanning electron microscopy and X-ray dif-
fraction (XRD) analysis. The grains in the textured samples form an ordered lamellar structure, and the
lamellar sheets lie in the plane perpendicular to the direction of pressing. An increase in the concentration of
holmium leads to an increase in the degree of texturing. The thermoelectric properties of the bulk materials
Bi2–xHoxTe2.7Se0.3 are also obtained
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INTRODUCTION
The main microstructural and nanostructural

features of polycrystalline materials are determined
by the shape, size, and dimension of crystallites
(grains) and the ordering of grains (presence and
degree of texturing) [1–3]. Intergrain boundaries in
polycrystalline materials are scattering centers for
both electrons, which affects the electrical resis-
tance, and phonons, which affects the thermal con-
ductivity [4–7]. These transport properties are one of
the main thermoelectric properties of materials that
determine their thermoelectric figure of merit. The
formation of a grain structure in a thermoelectric
material with necessary microstructural or nano-
structural characteristics provides an additional
opportunity for optimizing the transport properties
and increasing the thermoelectric figure of merit. As
the grain size decreases, the efficiency of the grain
boundaries as scattering centers for electrons and
phonons increases, which leads to the appearance of
size effects in the electrical resistance and thermal
conductivity, usually observed when the grain size
decreases from the microrange to nanorange
(~100 nm) [8, 9]. An effective method for producing
materials with a controlled grain structure and the
required grain size is based on synthesis of the initial
powder and its subsequent high-temperature sinter-
ing into a bulk and mechanically strong material.

Obviously, to obtain a bulk material with a nanograin
structure, the initial powder must also be nanoscale,
i.e., consist of particles smaller than ~100 nm. The
problem is that high-temperature grain growth
during the sintering of a polycrystalline material from
an initial nanoscale powder, as a rule, does not allow
a nanograin structure to be obtained. To prevent
grain growth beyond the nanoscale determined by
the particle size in the initial powder, various tech-
niques are used that are based on the introduction of
special additives into the sintered initial powder that
prevent grain growth (growth inhibitors) and optimi-
zation of the sintering process by reducing the tem-
perature and the sintering time when using such
methods such as spark plasma sintering (SPS), reac-
tive SPS, etc. [10–13].

The purpose of this work is to demonstrate and
analyze the effect of a decrease in grain size from the
microscale to nanoscale and the concomitant effect of
an increase in the degree of grain ordering upon
sequential doping of Bi2Te2.7Se0.3 compound samples
with holmium obtained using SPS of the correspond-
ing initial powders. Currently, the compound
Bi2Te2.7Se0.3 is widely used for the manufacture of
electronic-conductivity legs in low-temperature ther-
moelectric devices [14].

NANOMATERIALS FOR FUNCTIONAL
AND STRUCTURAL PURPOSES
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To obtain samples of the Bi2–xHoxTe2.7Se0.3 com-
pound with different dopant contents (x = 0, 0.001,
0.0025, 0.005, 0.01, and 0.02), methods of solvother-
mal synthesis (to obtain the initial powders) and SPS
(to obtain the bulk materials) were used. To synthesize
the initial powders, we used the analytically pure
chemical substances (Bi(NO3)3⋅5H2O, TeO2, SeO2,
Ho(NO3)3⋅6H2O, NaOH, and ethane-1,2-diol. At the
first stage of synthesis (Bi(NO3)3⋅5H2O, TeO2, SeO2,
and Ho(NO3)3⋅6H2O, taken per 30 g of the product in
a stoichiometric ratio corresponding to the required x
value, were dissolved in a mixture of 1000 cm3 of eth-
ane-1,2-diol and 20 g of NaOH with vigorous stirring
using a magnetic stirrer. After complete dissolution,
the volume of the reaction medium was brought to
1500 cm3 with ethane-1,2-diol, then heated to boiling
point. Upon intensive boiling, the system was kept
open for 15 min to remove water, then the system was
equipped with a reflux condenser and a water seal to
prevent contact with atmospheric oxygen. Isothermal
exposure was carried out at a temperature of 185°C for
6 h, then the system was naturally cooled to room tem-
perature. After the end of the reaction, the dark-gray
precipitate was separated by centrifugation, washed
several times with isopropyl alcohol, and then dried at
80°C for 8 h in air.

To obtain bulk materials, the SPS of the synthe-
sized initial powders was carried out using a SPS
installation, model 10-3. The powders were poured
into a graphite mold with an internal diameter of
20 mm, sintering was carried out in a vacuum chamber
with a residual pressure of 1.5 Pa, at a pressing pressure
of 40 MPa, and temperature of 680 K for 2 min.

The density of the bulk samples was determined
using the Archimedes method. To determine the crys-
tal structure and phase composition of the initial pow-
ders and bulk materials, X-ray phase analysis (XPA,
SmartLab 9kW X-ray diffractometer with CuKα radia-
tion) was performed. Scanning electron microscopy
(SEM, Nova NanoSEM 450 microscope) was
employed to study the morphology and estimate the
particle size of the initial powders and study the char-
acteristics of the grain structure of the bulk materials.
An ICPE-9000 inductively coupled plasma optical
emission spectrometer was used to determine the exact
elemental composition of the samples with different
Ho content. The ZEM-3 system was used to measure
the electrical resistivity using the four-probe method,
and the TC-1200Rh system was used to measure the
total thermal conductivity using the laser f lash
method. Next, using the Wiedemann–Franz law and
using electrical-resistivity values, the phonon contri-
bution to the total thermal conductivity was deter-
mined. The measurement errors were ~1% when mea-

suring the electrical resistivity and ~5% when measur-
ing the total thermal conductivity.

RESULTS AND DISCUSSION
It follows from the XPA results that all initial pow-

ders of the Bi2–xHoxTe2.7Se0.3 compound with different
Ho content are single phase and correspond to the
Bi2Te2.7Se0.3 compound (PDF card no. 01-089-2009).
A typical diffraction pattern of the initial powder with
the composition of Bi1.995Ho0.005Te2.7Se0.3 is shown in
Fig. 1a. All diffraction peaks were accurately indexed
according to the  space group. For initial powders
with different x, the unit-cell parameters c (curve 1 in
Fig. 2) and a = b (curve 2) were determined using the
internal standard method. It can be seen that with
increasing Ho concentration, a gradual decrease in the
crystal-lattice parameters is observed, which may be
due to the difference in the atomic radii of bismuth
(R(Bi3+) = 0.102 nm) as an atom of the main substance
and holmium (R(Ho3+) = 0.093 nm) as an impurity
atom that replaces bismuth during doping [15].
According to optical-emission-spectrometry data, the
real elemental composition of the initial powders of
the Bi2–xHoxTe2.7Se0.3 compound with different x cor-
responded to the nominal composition.

All the initial powders consisted of particles in the
shape of thin hexagonal plates. A SEM image of parti-
cles of the initial powder with the composition
Bi1.995Ho0.005Te2.7Se0.3 is shown in Fig. 3. The forma-
tion of hexagonal plates is associated with the features
of the crystal structure and chemical bonds character-
istic of compounds based on Bi2Te3 [16, 17]. The crys-
tallographic plane a–b coincides with the plane of the
plates, and the crystallographic axis c is directed per-
pendicular to this plane. To estimate the average par-
ticle size using SEM images obtained for each compo-
sition, histograms of the particle size distribution were
constructed. Histograms were analyzed within the
framework of the unimodal lognormal distribution
[18]. The obtained dependences of d and h on the Ho
content are shown in Fig. 4. It can be seen that the
transverse particle size gradually decreases with increas-
ing x, while the particle thickness varies very slightly and
nonmonotonically depending on the Ho content. It is
important to note that the dimensions d correspond to
the microrange, and h, to the nanorange. Thus, all ini-
tial powders of the Bi2–xHoxTe2.7Se0.3 compound with
different Ho contents are nanoscale. The change in
dimensions d and h caused by Ho doping leads to a
gradual change in the particle shape, which can be
quantitatively characterized by the particle shape fac-
tor, defined as the ratio d/h. The larger this ratio, the
higher the anisotropy of the particle shape. The
dependence of d/h on the Ho content is shown in the
inset to Fig. 4. For all compositions, d  h, i.e., the
particles in the initial powders are highly anisotropic
in shape. However, the particle shape factor gradually
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decreases from the maximum value of ~7.4 for x = 0.0
to ~4.9 for x = 0.02. This decrease in the particle shape
anisotropy with a gradual increase in the doping level
is only due to the d(x) dependence, since the particle
thickness is practically independent of x. A decrease in
the transverse particle size in the initial powders syn-
thesized by the solvothermal method as a result of
doping with rare-earth Sm was previously discovered
for the compound Bi2–xSmxTe2.7Se0.3 [19]. This effect
of doping on the particle size was explained as a con-
sequence of a change in the degree of polarity of the
covalent-polar bond (or the degree of ionicity of the IF
bond) upon the partial replacement of bismuth atoms
with samarium atoms. A similar mechanism for
changing the degree of ionicity of a bond can be used
to explain the decreasing d(x) dependence for the
Bi2‒xHoxTe2.7Se0.3 compound. It must be taken into
account that the synthesis of the initial powders of this
compound with different Ho contents was carried out

in ethane-1,2-diol, which is a polar solvent. In addi-
tion, compounds based on Bi2Te3 have a layered struc-
ture, and the interaction between Bi and Te atoms
within the layers occurs through a covalently polar
chemical bond, i.e., these compounds have the prop-
erties of ionic crystals, depending on the degree of
ionicity of the covalently polar bonds. In the general
case, the formation of particles during synthesis of the
initial powders in polar solvents is determined by the
kinetics of two simultaneously operating processes:
the process of the deposition of ions of the growing
substance on the nuclei of forming particles, which
leads to an increase in the particle size, and the process
of the dissolution of particles, which leads to a
decrease in their size [20–22]. That is, the average
particle size is determined as a result of the dynamic
equilibrium of two simultaneously, but oppositely act-
ing processes. Shifting this balance in any direction
will lead to the establishment of a new equilibrium,
which will be characterized by a different average par-
ticle size. The decrease in the transverse size d
observed with increasing Ho concentration in the
Bi2‒xHoxTe2.7Se0.3 compound may be a consequence
of a change in the degree of ionicity of the covalently
polar Bi2–x(Hox)–Te bond (when calculating its
degree of ionicity, it is also necessary to take into
account the partial replacement of Te by Se in this
bond). The change in the degree of ionicity of the IF
bond upon doping with Ho may be associated with a
difference in the electronegativities of Bi and Ho
atoms (XHo = 1.23 and XBi = 2.02 [23]). The change in

Fig. 1. X-ray diffraction pattern of the initial powder (a) and
bulk material (b) of the composition Bi1.995Ho0.005Te2.7Se0.3.
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Fig. 2. Effect of holmium doping on the crystal-lattice param-
eters c (1) and a = b (2) of the Bi2–xHoxTe2.7Se0.3 compound.
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the degree of ionicity of a bond can be assessed using
Pauling’s equation [24]:

(1)

where XA and XB are the electronegativity of atoms
(ions) interacting through a covalently polar bond,
ΔX = XA – XB.

To take into account the effect of Ho doping on a
change in the degree of ionicity of the Bi2–x(Hox)–Te
bond, the value of its relative change (relative to the
value for the undoped sample) was used, introduced as
follows: IFR(x) = IF(x)/IF(x = 0). The IFR(x) depen-
dence is shown in Fig. 5. As x increases, the degree of
ionicity of the Bi2–x(Hox)–Te bond increases linearly.
It is known that with an increase in the degree of ionic-
ity of chemical bonds, the solubility of substances with
this type of bond in polar solvents increases [20–22].
An increase in IFR shown in Fig. 5 as a result of doping
makes the process of the dissolution of particles of the
Bi2–xHoxTe2.7Se0.3 compound formed during solvo-
thermal synthesis more efficient, which leads to a cor-
responding decrease in the average particle size in the
synthesized initial powders (inset in Fig. 5). We note
that the Bi2–x(Hox)–Te bonds act precisely in the
plane of growing hexagonal particles, which leads to
the effect of doping only on the transverse particle
size. In the perpendicular direction, the weak van der
Waals interaction, which is not sensitive to doping, is
responsible for the interaction of atoms, so the thick-
ness of the particles barely changes with increasing x.

( )   = − − ×  
   

2Δ
1 exp 100 %,

4
X

IF The features of the morphology of particles of the
initial powders of the Bi2–xHoxTe2.7Se0.3 compound
(thin plates with a large value of the particle shape fac-
tor, the value of which depends on the doping level)
have a significant impact on the features of the mor-
phology of the grain structure of bulk samples
obtained from the corresponding initial powders. The
density of the bulk samples did not depend on the Ho
content and was equal to ∼7.5 g/cm3, which is ∼96%
of the theoretical density (7.78 g/cm3).

It was found that all bulk samples are textured
during the SPS process. The ordering of grains during
texturing is determined both by the shape of the parti-
cles in the initial powders and by the action of uniaxial
pressure on these particles during the SPS process
[25]. The grains in the bulk samples have the shape of
plates, the transverse size of which significantly
exceeds their thickness. The crystallographic plane
a‒b coincides with the basal surface of the lamellar
grains, and the crystallographic axis c is perpendicular
to this surface. During texturing, grains are arranged
into lamella layers oriented perpendicular to the direc-
tion of the application of pressure during the SPS pro-
cess. This direction is the texture axis. The listed fea-
tures of the grain structure, caused by texturing, are
observed in the SEM images obtained from the planes
oriented perpendicularly (“perpendicular” plane) or
parallel (“parallel” plane) to the texture axis. As an

Fig. 3. SEM image of particles of the initial powder of the
composition Bi1.995Ho0.005Te2.7Se0.3.
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Fig. 4. Effect of holmium doping on the average values of
the transverse size d (1) and thickness h (2) of particles in
the initial powders of the Bi2–xHoxTe2.7Se0.3 compound.
The inset shows the dependence of the particle shape fac-
tor d/h on the doping level.
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example, such images for the composition
Bi1.995Ho0.005Te2.7Se0.3 are shown in Fig. 6. On the per-
pendicular surface, the grain structure is represented
by chaotically oriented grains of irregular shape (view
of the lamellar grains of the lamellar layers from top).
The parallel surface shows grains arranged in lamellar
layers (side view of lamellar grains).

In addition, texturing in the samples of the
Bi2‒xHoxTe2.7Se0.3 compound is observed in X-ray dif-
fraction patterns obtained from the perpendicular and
parallel planes. The diffraction pattern of the perpen-
dicular surface of the sample with the composition
Bi1.995Ho0.005Te2.7Se0.3 is shown in Fig. 1b. Although all
the peaks in the diffraction pattern can be attributed to
the rhombohedral structure , the intensities of
the (00l) peaks increase markedly relative to the inten-
sities of the same peaks in the diffraction pattern of the
corresponding initial powder. This redistribution of
peak intensities is consistent with the formation of a
texture with the predominant ordering of grains in the
plane perpendicular to the pressing direction. The
degree of preferred grain orientation was assessed
using the Lotgering LF method [26]. The LF(x)
dependence, showing an increase in the degree of tex-
turing with increasing Ho concentration, is shown in
Fig. 7.

As for the particles of the initial powders, SEM
images of perpendicular and parallel surfaces were
used to construct histograms of the grain-size distri-

  3R m

bution (obviously, in the case of a perpendicular sur-
face this size corresponds to the transverse grain size,
and in the case of a parallel surface, to the grain thick-
ness), and for subsequent determination of the average
values of the transverse size D and thickness H, and the
grain-shape factor D/H. The dependences D(x) and
H(x) are presented in Fig. 8 by curves 1 and 2, respec-
tively, the inset to this figure shows the dependence
D/H = f(x). It can be seen that, firstly, the transverse
size and thickness of grains in the bulk samples are
much larger than the transverse size and thickness of
particles in the corresponding initial powders and,
secondly, D and H decrease significantly with increas-
ing Ho content (i.e., qualitatively, the dependence of
D(x) is consistent with the dependence d(x), but in
contrast to the very weak dependence h(x), the depen-
dence H(x) is clearly expressed). We note that the
grain-shape factor increases with x. This dependence

Fig. 5. Effect of holmium doping on the degree of ionicity
of the covalently polar Bi2–x(Hox)–Te IFR bond in the
Bi2–xHoxTe2.7Se0.3 compound. The inset shows the
dependence of the average transverse particle size d on the
degree of bond ionicity.
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is associated with the kinetic features of the grain-
growth process during sintering.

An increase in the grain size in bulk materials
during sintering of the corresponding initial powders is
a well-known phenomenon caused by a decrease in
the energy of the system (sintered material) having
numerous interfaces (grain boundaries). The energy of
interfaces can be expressed as γA, where γ is the spe-
cific surface energy and A is the surface area. During
the sintering process, the initial powder particles may
retain their shape, but due to particle coalescence,
their size will increase to reduce the surface area of the
sintered particles. The increase in particle size
depending on the sintering time at constant tempera-
ture can be expressed using [27]:

(2)

where  and  are the average grain size at the time
t and the initial grain size, respectively, Ea is the acti-
vation energy for grain growth, R is the universal gas
constant, and n and C are constants.

If we assume that  = D (or H) and  (or h),
then we can introduce the average grain growth rates
as follows: the average rate of increase in the transverse
size of the grains is the transverse speed (D–d)/Δt and
the rate of increase in the grain thickness is the longi-
tudinal speed (H–h)/Δt (Δt = 2 min is the SPS dura-
tion). The effect of the doping level on these rates is
shown in Fig. 9. As x increases, the transverse velocity
constantly decreases, while the longitudinal velocity
initially decreases sharply for x = 0.001, and with a fur-
ther increase in x depends very little on the doping
level. A decrease in the grain growth rates with

a
0 exp  ,n n

t
ED D Ct
RT

 − = − 
 

tD 0D

tD =0D d

increasing doping level in the Bi2–xHoxTe2.7Se0.3 com-
pound indicates an increase in the activation energy of
grain growth. This effect of doping on grain growth
can be explained if we assume that the segregation of
Ho atoms occurs on the surfaces of particles of the ini-
tial powders, leading to the formation of holmium
nanoinclusions. During the SPS process, these
nanoinclusions can act as grain growth inhibitors. As
the Ho content increases, the amount of such inhibi-
tors will increase, which will lead to a slowdown in the
grain growth rate and, consequently, to a decrease in
the average grain size with increasing x.

The assumption of the formation of Ho nanoinclu-
sions on the surface of particles of initial powders of
the Bi2–xHoxTe2.7Se0.3 compound can also be used to
explain the increase in the Lotgering factor, which
characterizes the degree of grain ordering with
increasing doping level (Fig. 7). Such nanoinclusions
can act as a “lubricant” during the packing of particles
under the influence of uniaxial pressure during the
SPS process of the original powders. The lubrication
effect was indeed found for some systems (the effect of
Ce nanoinclusions as a lubricant for Al2O3 [28] and
the effect of Te nanoinclusions as a lubricant for
Bi2Te3 [29]). The presence of a lubricant makes the
particle packing process more efficient, i.e., the degree
of the ordered arrangement of lamellar particles in the
plane perpendicular to the direction of the application
of pressure increases, which will then lead to a corre-

Fig. 7. Effect of holmium doping on the Lotgering factor
LF of the samples of the Bi2–xHoxTe2.7Se0.3 compound.
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sponding increase in the degree of ordering of grains
in bulk materials. Thus, an increase in lubrication
centers on the surface of the particles of the initial
powders should lead to an increase in the degree of
packing of the particles and a subsequent increase in
the degree of texturing of the polycrystalline material
obtained from this initial powder. If we assume that
the lubricating centers are holmium nanoinclusions
in the Bi2–xHoxTe2.7Se0.3 compound, then the number
of such centers will increase with increasing doping
level and, consequently, the degree of texturing of bulk
samples will increase. This dependence was discov-
ered experimentally (Fig. 7).

The inset in Fig. 9 shows the relationship between
the average transverse particle size in the initial pow-
ders and the average transverse grain size in the corre-
sponding bulk materials. It can be seen that, with the
exception of the maximum values of these sizes, the
presented dependence is linear, i.e., an increase in the
particle size leads to a directly proportional increase in
the grain size.

As follows from Fig. 8, as x increases, the average grain
thickness in bulk samples of the Bi2–xHoxTe2.7Se0.3 com-
pound gradually decreases from ~480 nm for x = 0 to
~130 for x = 0.2, i.e., doping with holmium causes a
gradual transition of the grain structure from the
microrange to the nanorange. Since intergranular

grains particles are scattering centers for electrons and
phonons; such a transition can be accompanied by the
appearance of size effects in the electrical resistivity ρ
and the phonon contribution to the thermal conduc-
tivity kp. The dependences of ρ and kp on the average
grain thickness, taken for the samples under study at
room temperature, are shown in Fig. 10. These
dependences are nonmonotonic, but the most
important thing is that ρ increases and kp decreases
with a gradual decrease in H and transition to the
nanorange. This behavior indicates the appearance
of size effects in the transport properties of samples
of the Bi2–xHoxTe2.7Se0.3 compound with different
grain thicknesses, which is determined by the doping
level.

The observed size effects are caused by the addi-
tional scattering of electrons, leading to a decrease in
their mobility, and phonons at grain boundaries. The
dependence of the electron mobility on the average
grain size  can be described by the expression [30]:

(3)

where μа is the mobility of the bulk material (i.e., with-
out taking into account the scattering of electrons at
grain boundaries) when taking into account the scat-
tering of electrons by acoustic phonons and le is the
mean free path of the electron.

The dependence of the phonon contribution to the
total thermal conductivity on the average grain size
can be represented by the expression [30]:

(4)

D

=
+

/μ μ
/

,
1

e
b a

e

l D
l D

0
0

2 ,
3p s

lk k k
D

= −

Fig. 9. Effect of holmium doping on the average values of
the transverse (1) and longitudinal (2) grain growth rates in
bulk samples of the Bi2–xHoxTe2.7Se0.3 compound during
the SPS process. The inset shows the relationship between
the average transverse particle size d in the initial powders
and the average transverse grain size D in the correspond-
ing bulk materials.
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where ks and k0 are the lattice contributions to thermal
conductivity for a heavily doped semiconductor and a
pure crystal, l0 is the mean free path of a phonon.

In heavily doped semiconductors, short-wave-
length phonons are strongly scattered by point defects,
so long-wavelength phonons make the largest contri-
bution to the thermal conductivity. Therefore, in order
for the effect of phonon scattering at grain boundaries
on the phonon contribution to the total thermal con-
ductivity to be noticeable at room temperature, it is
necessary to use a heavily doped semiconductor.

In accordance with expressions (3) and (4), as the
average grain size decreases, ρ should increase, and kp
should increase, which was observed in the experi-
ment.

We note that the effect of doping on the transport
properties of polycrystalline semiconductors can be
associated not only with size effects, but also with a
change in the degree of texturing, as well as with a
change in the concentration of conduction electrons
(it is known [31–35] that rare-earth elements are
donor-type impurities in the compounds based on
Bi2Te3). However, the degree of texturing of the
Bi2‒xHoxTe2.7Se0.3-compound samples increases all
the time with increasing doping level (Fig. 7), which
does not agree with the data in Fig. 10. The concentra-
tion of conduction electrons should also increase with
increasing x, which should lead to a consistent
decrease in the electrical resistivity. Therefore, namely
size effects were used to explain the characteristic fea-
tures of the transport properties of samples of the
Bi2‒xHoxTe2.7Se0.3 compound.

CONCLUSIONS

Doping of the compounds based on Bi2Te3 with
rare-earth elements is usually used to improve the
thermoelectric properties of compounds through tra-
ditional mechanisms of doping influence (main
mechanisms: formation of point defects acting as scat-
tering centers for electrons and phonons, formation of
impurity resonant energy levels) [31–35]. It follows
from the results of this work that doping with holmium
allows one not only to influence the thermoelectric
properties of the Bi2Te2.7Se0.3 compound through tra-
ditional mechanisms, but also to simultaneously lead
to a decrease in grain size and an increase in the degree
of texturing of bulk samples of this compound, which
can facilitate the implementation of additional size
effects in transport thermoelectric properties.
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