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The Bi,Tes, Bi; oLug Tes and Bi; gTmyg ;Te; thermoelectrics of n-type conductivity were prepared by microwave-
solvothermal method and spark plasma sintering. At the Lu and Tm doping, the Seebeck coefficient increases,
while the specific electrical conductivity and total thermal conductivity decreases resulting in thermoelectric ef-
ficiency enhancement of Bi,Tes. It is believed that the thermoelectric efficiency can enhance mainly due to forma-
tion of narrow impurity Lu or Tm band with high and sharp density of states near the Fermi level. Both increase of
the density-of-states effective mass of electrons and decrease of electronic contribution to the total thermal con-
ductivity take place in this case.
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Thermoelectric materials convert energy between heat and electric-
ity. The energy conversion efficiency is characterized by the dimension-
less thermoelectric figure-of-merit, ZT, defined as (S?/pk)T, where T, S, p
k are the absolute temperature, Seebeck coefficient, specific electrical
resistivity and total thermal conductivity with contributions from the
lattice and charge carriers [1]. At present, Bi,Te; and Bi,Tes-based alloys
are the best materials for thermoelectric applications at temperatures
around room temperature [2-4]. Unfortunately, the thermoelectric effi-
ciency of these materials remained too low until now (ZT =~ 1). To im-
prove the thermoelectric performance of Bi;Tes, an element doping is
often and fruitfully applied [5-10]. Of elements working as dopants,
rare earth elements are the most interesting and promising doping
atoms in the Bi,Tes lattice. According to theoretical predictions, the
thermoelectric efficiency will increase in material with a high and
sharp density of states (DOS) near the Fermi level due to forming the
impurity band [11-13]. In this case, both increase of S and decrease of
k resulting to enhancement of ZT are expected. Before, this doping effect
was successfully used to explain the ZT improving in TI-doped PbTe [14].
The ideal electronic DOS to maximize the thermoelectric efficiency is
the Dirac delta function not achievable in real materials. However, elec-
tronic f-levels of rare earth elements (R) are tightly bound in atoms, and
bind little in solids [15]. They give the sharp Lorentzian singularity of
very narrow width in DOS near the Fermi level. This is the closest ap-
proximation to the Dirac delta function. So, the thermoelectric efficiency
enhancement of Bi,Tes can takes place at the R-doping. Recently it was
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found that rare earth elements (R = Lu, Ce, Sm, Er, La, etc.) can really be
used as dopants to remarkably enhance the thermoelectric performance
of Bi,Tes [16-23]. However, it is not known at present whether en-
hancement of ZT is related to forming the impurity band with the high
and sharp DOS.

So, the aim of this paper is to find any features in the thermoelectric
properties of Lu- or Tm-doped Bi,Tes related to forming the special im-
purity band mentioned above.

The Bi,Tes, Bij gLug Tes and Bi; gTmg Tes compounds were pre-
pared by the microwave-solvothermal method and spark plasma
sintering. In brief, analytically pure chemicals were used for the synthe-
sis (Bi;03, TeO,, Luy03, Tm,03 ethylene glycol, nitric acid and N,N-
dimethylformamide). The oxides taken in a stoichiometric ratio for
each compound were dissolving in mixture of concentrated nitric acid
and ethylene glycol. Then N,N-dimethylformamide was added in mix-
ture after dissolving. The microwave-assisted reaction was carried out
in a MARS-6 microwave reactor, with power of 1000 W at 2.45 MHz
working frequency. The synthesis was carried out for 15 min at temper-
ature of 463 K and pressure of 40 bars. Spark plasma sintering method
by using a SPS-25/10 system was applied to sinter bulk materials at
pressure of 40 MPa, temperature of 683 K and sintering time of 5 min.

The XRD patterns for the bulk Bi,Tes, Bi; gLug 1Tes and Bi; gTmg 1 Tes
compounds taken by a Rigaku Ultima IV diffractometer are shown in
Fig. 1.

All sintered materials are single hexagonal R3m phase characteristic
for pure Bi,Tes. The Lu and Tm atoms entering the Bi,Tes lattice change
the lattice a and ¢ parameters calculated by the Rietveld refinement
(Table 1). The changes of the a and c parameters are very small and
close to accuracy of the XRD analysis. Weakness of the doping effect
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Fig. 1. XRD patterns of Bi,Te; (a), Bi; gLug 1 Tes (b) and Bi; gTmyg ;Tes (c) and EBSD mapping
of Lu on the Bi; gLug 1 Tes surface.

on the lattice parameters can be attributed to a small difference be-
tween the atomic radii of Lu (1.75 A), Tm (1.75 A) and Bi (1.60 A) [24].

The compositions of all the compounds were analyzed by an ICPE-
9000 emission spectrometer. Content of various elements really corre-
sponds to the BiyTes, Bijglug Tes and Bi; gTmg Tes compositions
(Table 1).

To confirm the uniformity of Lu or Tm distribution, energy dispersive
X-ray spectroscopy (EBSD) method was carried out. According to EBSD
mapping, these elements are homogeneously distributed as shown, for
instance, for Bi; gLug 1 Tes (Fig. 1).

According to the Hall effect study, the majority charge carriers for all
the compounds are electrons. The electron concentration, n, and Hall
mobility, iy, values of the majority charge carriers taken at room tem-
perature are collected in Table 2.

It is known [8,9] that the type and carrier concentration of Bi,Tes is
closely related to point defects. The most common defects are vacancies
at the Te sites (Vre, provides two electrons per defect), vacancies at the
Bi sites (Vg;, contributes three holes per defect) and antisite defects of Bi
at the Te sites (Bire, is accompanied with formation of one hole). For
polycrystalline Bi,Tes, the dangling bonds at grain boundaries due to
Te deficiencies can also be considered as fractional-Vr, acting as n-
type dopants in the same manner as whole-Vr, defects inside the grains.
So, polycrystalline undoped Bi,Tejs is n-type semiconductor due to dan-
gling bonds at grain boundaries and Vr, vacancies.

According to Table 2, the Lu or Tm doping results in both increase of
n and decrease of . The doping effect on n can be related to the differ-
ence of electronegativity for elements forming the antisite Bir. defects
responsible for formation of holes. The electronegativity values are
equal to 2.1, 2.02, 1.27 and 1.25 for Te, Bi, Lu and Tm, respectively. So,
larger electronegative difference for the Lu-Te and Tm-Te pairs com-
pared to the Bi-Te pair will decrease the concentration of antisite defects
at the Te-sites which contributes one hole per defect and hence result in
more electrons. It is important to note that electronegativity values are
very close for Lu and Tm. In this case, the electron concentration for the

Table 1
The lattice parameters and elemental compositions of Bi,Tes, Bijglug Tes and
Bi; 9Tmg 1 Tes.

Compound a, A ¢ A Bi,at%  Te,at%  Luat%  Tm,at%
Bi,Tes 4.385 30.476 59.87 40.13 - -

Bij oTmg (1 Tes 4.387 30.484 59.92 38.12 - 1.96
BiioLug Tes 4.388 30.481 59.95 38.07 1.98 -

Table 2
The concentration, Hall mobility and density-of-state effective mass of the majority charge
carriers in Bi,Tes, Bi; gLug 1 Tes and Bi; gTmg ;Tes.

Compound n,10'°, cm—3 Wy, cm? V1! m*

Bi,Tes 12 420 0.16m
Bi; oTmg Tes 23 300 0.25mg
Biy oLuig 1 Tes 24 360 0.25mp

Bi; oLup 1Tes and Bi; gTmg ;Tes compounds should be really very close
(Table 2).

Reducing the carrier mobility for Lu- and Tm-doped Bi,Te3 can be
originated from alloy scattering of carriers [25,26]. The alloy scattering
is related to forming the point defects in the Bi,Tes lattice as a result
of substituting the Lu and Tm atoms for the Bi site. The difference in
py for Bij gLug 1 Tes and Bij gTmg ;Tes cannot be attributed to various
ionic radii of the Lu>* and Tm>* ions because these radii are very
close. But, Tm** has a magnetic moment equal to 7ug (uig is the Bohr
magneton), while Lu>* has zero magnetic moment. Hence, an addition-
al electron scattering by magnetic moments of Tm> ™ can be believed to
be responsible for decrease of i in addition to the alloy scattering. Then,
Ly of Bij 9Tmg 1Tes should be lower compared to py of Bi; gTmg 1 Tes.

The p(T) dependences for Bi,Tes, Bi; gLug Tes and Bi; gTmg Tes
measured by a ZEM-3 system within the 285-300 K range are presented
in Fig. 2.

As is seen, p of all three compounds increases with increasing tem-
perature. This behavior is characteristic of a degenerate semiconductor.
The electrical resistivity of solids is expressed as p = 1/(engt), where e is
the charge of electron. The p(T) behavior of the degenerate semiconduc-
tor is determined by T-dependent contribution from 1, while contribu-
tion from n is T-independent. The electron mobility due to phonon

1
15+ ‘_.-""
20 -:;Ev .'.".- p .'.',1
=X 't°‘ o4
T
e ﬂnq-"o.ﬂ 3
v".o ..J/
400000 600000 .,I’
- T;;_ K;: .,I"
.,r’
= v
. ’."
G R s
—- .
o -~ o
=~ u - ',f
e
o’.’. G’DJO
| 2 Y &
10 Ca* c’o,of
o o’
3 oo
o
- ‘U’d-
-
1 1
300 375 450
T.K

Fig. 2. The p(T) dependences for Bi,Tes (curve 1), Bi; gTmg Tes (2) and Bi; gLug 1 Tes (3).
Inset: the p(T2?) dependences for the same compounds.
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scattering of carriers usually varies as (1~ T~ ™", where m is an exponent
changing from 1.5 up to 2.5 [27]. For acoustic phonon scattering acting
as main scattering mechanism at low temperatures, m is equal to
—1.5. Above the Debye temperature, optical phonon scattering be-
comes comparable to acoustic phonon scattering and m increases to-
wards 2.5. For instance, the electron mobility for n-type silicon varies
as T~23 when both optical and acoustic phonon scattering become
dominant.

According to inset to Fig. 2, the best fit for the experimental p(T)
curves corresponds to m = 2.2. Thus, the scattering mechanism is the
same for all the compounds.

The S(T) dependences for Bi,Tes, Bi; gLug 1Tes and Biy gTmg 1 Tes are
presented in Fig. 3(a). Since the majority charge carries are electrons,
the Seebeck coefficient has a negative sign. All of the S(T) curves are re-
ally parallel to each other and linearly increase with increasing
temperature.

It is known [16] that the Seebeck coefficient of the degenerate semi-
conductors can be expressed as.

20ATm*  m\2/3 (3
s=S (3n) <§+7> M

where kg is the Boltzmann's constant, # is the reduced Planck constant,
m” is the density-of-state effective mass of electrons and vy is the scatter-
ing factor.

Expression (1) shows that higher n decreases the S value, while larg-
er y increases the Seebeck coefficient. Normally, increase of p is accom-
panied by increase of S. But, Fig. 3(a) shows an opposite trend. So, the
possible changes of m* and 7y in addition to the change of n should be
taken into account to explain the S behavior of Bi,Tes at the Lu or Tm
doping. The value of vy is determined by mechanism of the charge car-
riers scattering. According to Fig. 2, this mechanism is the same for all
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Fig. 3. (a) The S(T) and, (b) k(T) and ZT(T) dependences for Bi,Te; (curve 1), Bi; gTmg ;Tes
(2) and Bi; gLug 1Tes (3).

the compounds. So, 'y will be the same, too. The value vy is equal to
—1/2 for acoustic phonon scattering and to O for optical phonon scatter-
ing above the Debye temperature [28,29]. As was discussed above, both
optical and acoustic phonon scattering should be considered as domi-
nant mechanisms to explain the p(T) behavior in Fig. 2. Therefore, for
further analysis of S, let us assume that y = —1/2 (acoustic phonon
scattering) + O (optical phonon scattering) = — 1/2. Next, in accor-
dance with expression (1), a rate of the linear S(T) growth in Fig. 3(a)
can be characterized by a coefficient AS[UV-K™'|/AT[K] =~ 2.14-10~".
Using the values of n (Table 2), AS/AT and v, the density-of-states effec-
tive mass of electrons can be estimated. The estimates of m*are given in
Table 2 (my is mass of free electron). So, at the doping m" substantially
increases from 0.16m, for undoped Bi,Tes up to 0.25my for Bi; gLug ;Tes
and Bi; ¢Tmg 1 Tes. Increase of m* can be related to forming the narrow
impurity Lu or Tm band with the high and sharp DOS near the Fermi
level. In this case, the energy band created by the impurity can lie in con-
duction band creating the resonant levels and local maximum in the
electronic DOS, so that m* can be improved without any effect on the
mobility. As was mentioned above, enhancement in the thermoelectric
properties due to increase in the electronic DOS was previously theoret-
ically predicted [13].

The k(T) dependences for BiTes, Bi; gLug Tes and Bi; gTmg 1 Tes
measured by a laser flash method (a TC-1200 system) are presented
in Fig. 3 (b). First, k decreases with increasing temperature for all the
compounds. Second, the total thermal conductivity of doped Bi,Tes is
substantially lower compared to pure Bi,Tes.

The k(T) behavior can be attributed to the lattice thermal conductiv-
ity, kp. Actually, it is known that at high temperatures above the Debye
temperature k, usually decreases with increasing temperature as T ~ !
[30]. This is because, phonon specific heat is a constant at high temper-
atures in accordance with the Pettit-Delong law, and phonon energy in-
creases linearly with temperature, i.e. the number of phonons increases
linearly with temperature. As the scattering rate is proportional to the
number of phonons, the thermal conductivity decreases with increasing
temperature.

Several mechanisms responsible for reducing the total thermal con-
ductivity of Bi,Tes at the Lu and Tm doping could be considered. First of
all, the doping can introduce a number of the point defects in the Bi;Te;
lattice like the antisite defects and Lu atoms substituting for the Bi sites.
These defects can reduce k;, by scattering phonons due to either mass
contrast or local strains. For instance, theoretically, k of Bi;Te3 can be de-
creased down to 20% by the antisite defects [30]. Besides, the electronic
contribution, ke, to the total thermal conductivity should be taken into
account. Due to k., decrease of p usually results in increase of k that is
in contradiction with the change of p and k for our samples (Figs. 2
and Fig. 3(b)). The electronic thermal conductivity is related to the spe-
cific electrical conductivity, 0 = 1/p, through the Wiedemann-Franz
law k. = LoT [31], where L is the Lorenz number. The Wiedemann-
Franz law was originally developed for metals and its use for semiconduc-
tors can be limited. For metals, the Lorenz number is a constant equal to
245 x 10~8 WQ K~ 2. The Wiedemann-Franz calculation of k, for
Bi; gLug Tes and Bi; gTmg;Tes gives an unacceptable conclusion that the
electronic thermal conductivity is so great that the lattice thermal conduc-
tivity tends to zero, if the Lorenz number equal to 2.45 x 1078 WQ K2
was assumed. It is important to note that the Wiedemann-Franz law can-
not correctly distinguish the contributions from k. and k;, in many semi-
conductors, in which the Lorenz number depends on carrier density and
electron scattering [32].

Besides the Lu and Tm doping effect on the lattice thermal conduc-
tivity, reducing the electronic thermal conductivity was theoretically
predicted for semiconductors with narrow impurity band with the
high and sharp DOS near the Fermi level. Formation of such band origi-
nated from electronic 4f-levels of Lu or Tm was before assumed to ex-
plain the change of S at the doping (Fig. 3(a)). The physical reason for
reduce of k. is that as the heat carried by an electron is proportional to
the difference between its energy and the Fermi energy and materials
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with narrow density of states (AE/2 less than several kgT, where AE is
width of band), which “cut off” the high energy end of the Fermi distri-
bution, have low k. [12]. In this case, the Wiedemann-Franz law loses
validity.

The ZT(T) dependences for Bi,Tes, Bi; gLug 1 Tes and Bi; gTmg ;Tes are
also presented in Fig. 3(b). As is seen, the doping results in remarkable
increase of ZT. Besides increase of the specific electrical resistivity,
both increase of the Seebeck coefficient and decrease of the total con-
ductivity are dominant sources resulting in enhancement of the
thermoelectric figure-of-merit. Both increase of the density-of-states ef-
fective mass of electrons enhancing S and decrease of electronic thermal
conductivity reducing k can be attributed to formation of narrow impu-
rity Lu or Tm band with the high and sharp DOS near the Fermi level.

This work was supported by the Ministry of Education and Science of
the Russian Federation (grant number No 3.6586.2017/BY).
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