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The BiyTes, Bi;gLugTe; and Bij gTmgTes thermoelectrics of n-type con-
ductivity have been prepared by the microwave-solvothermal method and
spark plasma sintering. These compounds behave as degenerate semicon-
ductors from room temperature up to temperature Tq ~ 470 K. Within this
temperature range the temperature behavior of the specific electrical resis-
tivity is due to the temperature changes of electron mobility determined by
acoustic and optical phonon scattering. Above T4, an onset of intrinsic con-
ductivity takes place when electrons and holes are present. At the Lu and Tm
doping, the Seebeck coefficient increases, while the specific electrical resis-
tivity and total thermal conductivity decrease within the temperature 290—
630 K range. The increase of the electrical resistivity is related to the increase
of electron concentration since the Tm and Lu atoms are donor centres in the
Bi,Te; lattice. The increase of the density-of-state effective mass for conduc-
tion band can be responsible for the increase of the Seebeck coefficient. The
decrease of the total thermal conductivity in doped Bi;Tes is attributed to
point defects like the antisite defects and Lu or Tm atoms substituting for the
Bi sites. In addition, reducing the electron thermal conductivity due to form-
ing a narrow impurity (Lu or Tm) band having high and sharp density-of-
states near the Fermi level can effectively decrease the total thermal con-
ductivity. The thermoelectric figure-of-merit is enhanced from ~ 0.4 for un-
doped BisTes up to ~ 0.7 for Bi; gTmg Tes and ~ 0.9 for Bi; gLug {Tes.
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INTRODUCTION

Currently, bismuth telluride, BisTe; and BisTes-
based compounds are the best thermoelectric mate-
rials for applications around room temperature.'™
Unfortunately, thermoelectric efficiency of these
compounds defined by the thermoelectric figure-of-
merit, ZT, remained too low (ZT < 1) until now. As
is known,* the dimensionless figure-of-merit is
expressed as (S%pk)T, where T is the absolute
temperature, S is the Seebeck coefficient, p is the
specific electrical resistivity, and %k is the total
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thermal conductivity with contributions from crys-
tal lattice and carriers. Therefore, lower k£ and p,
and higher S, should be combined for material to
reach a higher ZT value. A number of investigations
using various physical and technological approaches
have been carried out to improve the thermoelectric
properties of BiyTes.” '3 A doping is one of obvious
and promising ways to optimally combine the S, p
and % values and enhance ZT of materials.'**¢
Recently, it was found that rare earth element
(Lu, Ce, Sm, Er, La, etc.) doping can be used to
enhance the thermoelectric performance of
BiyTe;.!"2* There are several effects of the rare
earth element doping: (1) the increase of carrier
concentration due to donor-like effects at rare earth
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elements substituting for Bi site in the BiyTes
lattice; (2) the increase of the electron and phonon
scattering by point defects forming in the crystal
lattice at the doping; (3) the increase of the Seebeck
coefficient by enhanced electron states forming near
the Fermi level; and (4) the additional increase of
carriers scattering by localized magnetic moments
of some rare earth elements.

The aim of this paper is to study effects of rare
earth element doping on the thermoelectric proper-
ties of the BisTes compound. Lutetium, Lu, and
tullius, Tm, were used as dopants to prepare the
Bi; gLug {Tes and Bi; gTmg ;Tes compositions.

EXPERIMENTAL

Microwave-solvothermal synthesis was applied to
prepare the starting powders of the BiyTes,
Bi; gLug {Tes and Bi; gTmg 1Tes compositions. As is
known, compared with the conventional methods,
the microwave-assisted heating technique has the
advantages of very short time of synthesis, simplic-
ity and energy efficiency, small particle size of the
products and narrow particle size distribution, and
high purity of powder.?%2%

Analytically pure chemicals were used for the
synthesis (bismuth oxide, BisO3, tellurium oxide,
TeOy, lutetium oxide, LuysOs3, tullius oxide, TmyOs3,
ethylene  glycol,  nitric acid and N,N-
dimethylformamide).

The Biy03, TeOy and LuyO3 or TmyOs oxides
taken in a stoichiometric ratio were dissolving in a
mixture of concentrated nitric acid and ethylene
glycol. Then, N,N-dimethylformamide was added in
the mixture after dissolving. The microwave-as-
sisted reaction was carried out in a MARS-6
microwave reactor with a power of 1000 W and at
2.45 MHz working frequency. The synthesis was
carried out for 15 min at temperature of 463 K and
pressure of 40 bars.

The spark plasma sintering method, by using a
SPS-25/10 system, was applied to sinter the bulk
materials at a pressure of 40 MPa, a temperature of
683 K and a sintering time of 5 min.

The densities of the bulk samples were measured
by the Archimedes’ method.

X-ray diffraction (XRD) analysis was performed
by a Rigaku Ultima IV diffractometer with CuK,-
radiation to determine the phase composition of the
starting powders and the bulk materials.

To determine the correct elemental composition of
materials prepared, a Shimadzu ICP (Inductively
Coupled Plasma) emission spectrometer ICPE-9000
was applied.

A scanning electron microscope (SEM), a Nova
NanoSEM 450, was used to study the microstruc-
ture features of the bulk samples. The energy
dispersive x-ray spectroscopy (EBSD) method was
applied to map the distribution of chemical elements
for the bulk BizTeg, Bil‘gLu0~1Te3 and Bil‘ngo.lTeg
compounds.

The specific electrical resistivity, p, and the
Seebeck coefficient, S, were measured by using a
ZEM-3 system.

To determine the type, concentration, n, and
mobility, ug, of the majority charge carriers, the
Hall effect was studied by a Cryogenic Free system.

A TC-1200 system was applied to determine the
thermal conductivity, &, by the laser flash method.
Measurement by the laser flash method finds ther-
mal diffusivity based on the temperature change
with time of the back side of a sample after heating
the front side with laser beam instantaneously. The
thermal conductivity of a sample is found from the
thermal diffusivity o, the specific heat C, and the
density d using the k2 = «'C,d equation. For the
measurement of the specific heat, a standard sam-
ple is used at room temperature to find the absorbed
energy of the sample. Then the specific heat of an
unknown sample is found at a target temperature
by comparing the temperature changes of the
sample at room temperature and target tempera-
ture, assuming that the same heat capacity is
absorbed by the unknown sample.

RESULTS AND DISCUSSION

The XRD patterns for the bulk Bi;Tes,
Bi; gLug 1Tes and Bij gTmgTes compounds taken
at room temperature are shown in Fig. 1. According
to the XRD analysis, all sintered materials are of
the single hexagonal phase characteristic for pure
Biy;Te;s. The Lu and Tm atoms are believed to
incorporate to the BisTe; lattice changing the lattice
parameters. The lattice ¢ and ¢ parameters calcu-
lated by the Rietveld refinement are listed in
Table I. In fact, the a and ¢ changes are very small
and close to accuracy of the XRD analysis. So, just
the weak effect of the Lu and Tm doping on the
Bi,Tes structure could be found in XRD phases.
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Fig. 1. XRD patterns of BisTes (a), Bijglug4Tes (b) and
BiigTmo.1Tes ().
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Table I. Lattice parameters and elemental compositions of BizTes, Bi; gLug;Tes and Bi; gTmg ;Tes

Compound a (A) c Q)

BigTes 4.385 30.476 40.00
Bi; gTmg ;Tes 4.387 30.484 38.04
Bi; gLug 1Tes 4.388 30.481 38.03

Bi (at.%)

Te (at.%) Lu (at.%) Tm (at.%)
60.00 - -
60.00 - 1.96
60.00 1.98 -

Weakness of this effect should be attributed to a
small difference between ionic radii of Lu (1.001 A),
tullius (1.020 A) and bismuth (1.100 A).*”

The compositions of the compounds prepared
were analyzed by the ICP emission spectrometer.
As wastage and volatilization are unavoidable dur-
ing spark plasma sintering, the real composition
may deviate from the nominal one. However,
according to analysis results, content of various

elements really corresponds to the BisTes,
Bi;gLugTes and Bij;gTmgTes compositions
(Table I).

Clear crystalline grained structures with mean
grain size of ~ 1 ym were observed by the SEM
method for all the compositions. No remarkable
changes in the grain structures were found for
Bi2T63, Bil.gLuO,lTe3 and BillngO,lTe3. The SEM
images of the samples surfaces are shown in Fig. 2.

The densities of the bulk samples were equal to
6.72 g/em?, 6.82 g/cm?®, and 6.75 g/em® for BisTes,
Bil.gLuO.ITe3 and BillngO.lTeg,, reSpeCtiVely, which
are 87%, 88.5%, and 88% of the theoretical density
of BiyTes (7.7 g/lem®). In fact, the densities of the
samples under study are less than the theoretical
density. However, it is important to note these
densities are weakly dependent on the composition
of compounds. The main purpose of this paper is to
find the of the Lu and Tm doping on the thermo-
electric properties of BisTes. So, the densities of
both undoped and doped BisTes should be the same
to find this effect.

To confirm the uniformity of elements distribu-
tion, the EBSD method was applied. The results of
EBSD for Bi; gLug {Te; are presented in Fig. 3. One
can see from the EBSD mapping that the chemical
elements are uniformly distributed.

So, both phase compositions and grain structures
of BizTe3, Bil.gLuO.lTeg, and Bil‘ngO.lTe are the
same. Then, sufficient changes of the thermoelectric
properties of these compounds discussed further
should be attributed to the Lu and Tm doping effect.

According to the Hall effect study, the majority
charge carriers for all the compounds are electrons.
It is known?®3° that the type and carriers concen-
tration in BiyTes are closely related to point defects.
The most common defects are antisite defects of Bi
at the Te sites (negatively charged Bir,, accompa-
nied with formation of one hole, #'), vacancies at the
Te sites (positively charged Vi, providing two
electrons, ¢’, per defect), and vacancies at the Bi

sites (negatively charged Vg, contributing three

Fig. 2. SEM images on the Bi;Te; (a), Bijglug1Tes (b) and
Bi1.9Tmo.1Tes (c) surfaces.

holes per defect). Since the energy of evaporation for
Te (52.55 kd/mol) is much lower than that of Bi
(104.80 kd/mol), the evaporation of Te is much
easier than that of Bi. Each V;, vacancy leaves
two free electrons, as described in Eq. 1
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Fig. 3. EBSD mapping of chemical elements on the BijgLug 1Tes
surface.

BigTes = 2Big; + 2Tey, + Te(g) + Vi, +2¢/, (1)

where symbol g is corresponding to a gaseous phase.

The Vg, and V;, vacancies always have a ratio
equal to 2:3, resulting in a zero net free charge, as
shown in Eq. 2

5BiyTes = 8Biy; + 10Ter, + 5Te(g) + (2Vy; + 3V, )
+ 2Bif, + 2k

(2)

Due to small differences in electronegativity
between Te and Bi, antisite defects are induced
since Bi can easily jump from Bi site to Te site
contributing one hole as a free carrier (Eq. 2).

For polycrystalline samples, the dangling bonds
at grain boundaries due to Te deficiencies can be
considered as fractional-working as n-type dopants
in the same manner as the whole-defects inside the
grains. This is the reason why the most polycrys-
talline Bi,Tes samples are n-type semiconductors.
Moreover, for the polycrystalline samples prepared
by the deformation methods including the ball
milling, hot pressing and spark plasma sintering,
the deformation can induce a donor-like effect to
take place. In these methods, the deformation can
result in the non-basal slip and produce, on average,
3 Te to 2 Bi vacancy-interstitial pairs.?® When
abundant Bi vacancies are created, the Bi atoms
occupying the Te sites would more readily move
back into its original sublattices and excess Te
vacancies are produced as described in Eq. 3

2V + 3V, + Big, = Vi + Big; +4Vi, + 6. (3)

Thus, six excess electrons are generated per
equation as an additional source of electrons.

Both vacancies (Eq. 1) and deformation resulting
in donor-like effect (Eq. 3) will generate electrons as
the majority charge carriers in BiyTes, Bi; gLug {Tes
and Bil_ngovlTe3.

The concentration and Hall mobility values of
electrons for these compounds taken at room tem-
perature are collected in Table II. One can see that
the Lu and Tm doping results in the increase of n
and decrease of uz. The doping effect on n is usually
attributed to the difference in electronegativity for
elements forming antisite defects responsible for
holes generation in Bi,Tes; (n accordance with
Eq. 2). The electronegativity values are equal to
2.1, 2.02, 1.27 and 1.25 for Te, Bi, Lu and Tm,
respectively. So, larger a electronegativity differ-
ence for the Lu-Te and Tm-Te pairs compared to
the Bi-Te pair will decrease the concentration of
antisite defects at the Te-sites, which contributes
one hole per defect and, hence, results in more
electrons. It is important to note the electronega-
tivity values are very close for Lu and Te. In this
case, the electron concentration for the Bi; gLug {Tes
and Bi; gTm Tes compounds should be really very
close (Table II).

Reducing the carrier mobility for Lu- or Tm-doped
Bi,Te; can be related to an alloy scattering of
carriers.’"®? The alloy scattering the Bi; gLug Tes
and Bi; gTmg ;Tes compounds is related to forming
point defects in the BisTes lattice as a result of
substituting the Lu and Tm atoms for the Bi site. As
was mentioned above, ionic radii of the Lu®* and
Tm?3* ions are very close. So, the uy difference for
the Bi; gLug {Tes and Bi; gTmg 1Tes compounds can-
not be attributed to various ionic radii of Lu®" and
Tm3*. But, there is a remarkable difference in
magnetic properties of these ions. In fact, Tm®* has
a magnetic moment equal to 7ug (ug is the Bohr
magneton), while Lu®* has zero magnetic moment.
Hence, an additional electron scattering by the
magnetic moments of Tm3* can result in appearance
of a new contribution to u in addition to the alloy
scattering. Then, the i of the Tm-doped BisTes
compound should be lower as compared to u of the
Lu-doped compound.

The temperature dependences of the specific
electrical resistivity for BisTes, BijgliugTes and
Bi; gTmg {Tes are presented in Fig. 4a. As is seen, p
of all three samples increases with increasing
temperature. The specific electrical resistivity of
Bi,Tes is effectively decreased by the Lu and Tm
doping within the temperature 290-630 K range.
This behavior is expected as the Lu and Tm atoms
behave as donors in the BiyTes lattice.

To study the temperature p behavior in detail, the
dp/dT derivatives versus T dependences are plotted
in Fig. 4b. Clear maxima are observed in the dp/
dT(T) curves at temperature Ty =~ 470 K. These
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Table II. Concentrations, Hall mobilities and density-of-states effective mass of majority carriers of Bi;Teg,

Bil.gLuO_lTeg and Bil_ngollTe;;

Compound n, 10'? (cm™3) pg (em? V71g™h) m*
BigTes 1.2 420 0.16mg
Bi; 9Tmy 1 Te; 2.3 300 0.25m,
Bi1_9Lu0.1Te3 2.4 360 025m0
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Fig. 4. The p versus T (a) and dp/dT versus T (b) for Bi,Tes (curve
1), Bi1_gLUO_1Te3 (2) and Bi1_9Tm0_1T63 (3)

maxima can be related to the change of conductivity
mechanism. It is known that the specific electrical
resistivity of donor semiconductors is expressed’

1
P = om’ (4)
where pu is the electron mobility usually not equal to
the Hall mobility.

So, the temperature p changes in Fig. 4 could be
attributed to the u and/or n changes. The BisTes
compound is known to be a degenerate semiconduc-
tor. The degenerate semiconductors are character-
ized by the T-independent concentration of carriers.
In this case, the temperature p behaviour will be
determined by the temperature p behaviour.

For our experiments, the p(T) behaviour at tem-
peratures below T4 corresponds to a regime of the
degenerate semiconductor. There are several

300 400 500 600

Fig. 5. The p versus 722 (a) and Ap versus T (b) dependences for
Bi2T63 (CUrVe 1), Bi1_gLUO_1Te3 (2) and Bi1_ng0_1Te3 (3)

mechanisms determining the u(T) dependence.
Above room temperature, the dominant mechanism
is acoustic and optical phonon scattering of carri-
ers.?> Acoustic phonon scattering acting as the main
scattering mechanism at low temperatures results
in the u ~ T-%? dependence. This dependence is
valid until a contribution of optical phonon scatter-
ing can be neglected. Above the Debye temperature
(the Debye temperature is ~ 155 K for BiyTes),
optical phonon scattering becomes comparable to
acoustic phonon scattering, and the temperature
dependence of the carrier mobility can be described
by an empirical expression given as

w~ T, (5)
with 1.5 < m < 2.5.
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For instance, the electron mobility for rn-type
silicon varies as T2 when both optical and acous-
tic phonon scattering become dominant.

According to Fig. 5a, below T4 the best fit for the
experimental p(T') curves presented in Fig. 4a cor-
responds to expression (5) with m = 2.2.

For the high-temperature range above T4, the
o(T) curves start to deviate from the p(T) ~ T %2
law. This behaviour can be attributed to an onset of
intrinsic conductivity. In this case, a thermal exci-
tation of the charge carriers from valence band to
conduction band will generate both electrons in the
conduction band and holes in the valence band that
results in the p decrease in accordance with expres-
sion (4). To distinguish an intrinsic conductivity
contribution, Ap(T), the experimental p(T") curves
should be subtracted from the background p(T) ~ T
22 dependences shown as dashed lines in Fig. 5a.
The Ap(T) dependences above T4 are presented in
Fig. 5b. These dependences are really the same for
all the compositions. So, no noticeable doping effect
on intrinsic conductivity of BigTes could be found in
our experiments. It can mean that a band gap does
not change at doping.

The temperature dependences of the Seebeck
coefficient for BigTes, BijoLug;Tes and
Bi; 9Tmg ;Tes are shown in Fig. 6. Since the major-
ity charge carriers in these compounds are elec-
trons, the Seebeck coefficient has a negative sign.
Moreover, all the S(T) curves have a maximum.
Such maximum is typical for the Y-, Lu-, Ce-, Sm-
doped BiyTes compounds.?! %1415 Ugually, such a
kind of extreme S change is related to a bipolar
effect when two types of the charge carriers are
present due to intrinsic conductivity. As a rule,
thermal excitation of carriers induced by intrinsic
conductivity does not change too much the concen-
tration of the majority charge carriers, but increases
the minority carrier concentration. The Seebeck
coefficient of electron conductivity is negative,
whereas hole conductivity is characterized by the
positive Seebeck coefficient. Competition of these
two contributions with opposite S sign will form the
S(T) maximum in Fig. 6.

O - Bij gLug ; Tey

300 400 500 600
T, K

Fig. 6. The S versus T dependences for Bi,Tes, Bi;glug1Tes and
Bi1.ngo_1Teg.

It is known'? that the Seebeck coefficient of the
degenerate semiconductors can be expressed as

2k2Tm* [ \2/3 (3
S =22 (5) (2 * ’/)’ ®)
where kg is the Boltzmann’s constant, A is the
reduced Planck constant, m* is the density-of-states
effective mass of electrons and y is the scattering
factor.

Expression (6) shows that a higher concentration
of electrons decreases the S value, while a larger
scattering factor increases the Seebeck coefficient.
Normally, the p increase will be accompanied by
increase of S. But Fig. 6 shows an opposite trend,
that is, the p increase results in the S decrease.

So, the possible m* and y changes in addition to
the n change should be taken into account to explain
the S behavior of BisTes at the doping. The y value is
determined by the carriers scattering mechanism.
According to Fig. 5a, this mechanism is the same for
all the compositions and can be described by expres-
sion (5). So, y will be the same, too. The y value is
equal to — 1/2 for acoustic phonon scattering and to
0 for optical phonon scattering above the Debye
temperature.? As was discussed above, both optical
and acoustic phonon scattering should be consid-
ered as dominant mechanisms to explain the p(T)
behaviour of BizTe3, Bil‘gLuOblTe3 and Bil,ngo.lTe3
below Ty. Therefore, for further S analysis, let us
assume that y = —1/2 (acoustic phonon scattering)
+0 (optical phonon scattering) = —1/2.

Next, in accordance with expression (6), S linearly
increases as T increases. As is shown by dashed
lines in Fig. 6, such kinds of linear T-dependences of
S are really observed for initial temperatures from
290 K up to ~ 370 K. A rate of the linear S(T)
growth can be determined by a coefficient AS [uV/
K]/AT [K] ~ 2.14 - 10~ ". Using the n (Table II) AS/
AT and y values, the density-of-states effective mass
of electrons can be estimated. The m* estimates are
given in Table I (mo is the mass of the free
electron). So, m* substantially increases at the
doping from 0.16mg for undoped BisTes up to
025m0 for BillgLuO.lTeg and Bil_ngollTeg. The m*
increase can be related to forming a flat and narrow
impurity band with high density of states near the
Fermi level.®* This doping effect was successfully
used to explain improving ZT in Tl-doped PbTe.?®

It is known that the 4f levels of electrons can form
the narrow and non-parabolic band lying near the
Fermi energy, increasing the density of states in the
compounds containing rare earth elements.>>® Such
an impurity band could be believed to be one of the
sources resulting in the m* and S increase in Lu-
and Tm doped BisTes.

The temperature dependences of the power factor,
Sz/p, for Bi2Te3, Bi1~9L110.1T63 and Bil.ngo.lTe:g are
presented in Fig. 7. These dependences combine the
p and S contributions. Although the p and S values
for BijglLug:Tes and Bi;gTmg Tes are quite
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different, the S%p values of these compounds are
very close and much larger as compared to BigTes.

The temperature dependences of the thermal
conductivity of all the samples are presented in
Fig. 8a. It was found that the Lu and Tm doping
decreases the thermal conductivity of BisTes. The
Bi; gLug {Tes compound has the lowest thermal
conductivity. In this case, the & value is close to
the thermal conduct1v1ty of the Y-, Ce and Sm-doped
Bi,Te; compounds.*®

Yaprintsev, Lyubushkin, Soklakova, and Ivanov

The %k behavior of the samples in Fig. 8a is in
contradiction to the p change, since the p decrease
usually results in the % increase. Such a p-—%
relationship is usually stated by the Wiedemann—
Franz law, k.ur = LoT, where ke is the carrier
contribution to the thermal conductivity, L is the
Lorenz number and ¢ = 1/p is the specific electrical
conductivity.?” Hence, the Wiedemann—Franz law is
a law only for the electron thermal conductivity. In
order to explain the above contradiction, the lattice
contribution to the thermal conductivity should be
taken into account.

It should be noted the Wiedemann—Franz law was
originally developed for metals and its use for
semiconductors can be limited. The Lorenz number
for metals is a constant equal to 2.45 x 1078
W Q K2 Let us apply the Wiedemann—Franz law
to determine both the electron, k..., and lattice,
F1att, thermal conductivities for the samples studied.
The temperature k..., and ki,; dependences for
BiyTes are shown in Fi 8g 8b. The k¢arr contribution
seems to be too large.?® So, the Lorenz number for
metals results in an incorrect k., estimate. It is
important too that the Wiedemann—Franz cannot
correctly distinguish the contributions from A g
and k. in many semiconductors, in which the
Lorenz number de ends on carrier density and
electron scattering.>”*° Moreover, the Wiedemann—
Franz calculation of the electron and lattice thermal
conductivities of LuO‘lBil‘gTeg, and LuO.lBil.gTe;g
gives an unacceptable conclusion that ki, tends to
zero, if the Lorenz number equal to 2.45 x 1078
W Q K2 was assumed. So, the Fkepr and kg
contributions cannot be determined for these
compositions.

Several mechanisms reducing the thermal con-
ductivity of BiyTes at the Lu and Tm doping could be
considered. First, this doping can introduce a num-
ber of various point defects in the BisTes lattice like
the antisite defects and Lu and Tm atoms substi-
tuting for the Bi sites. These defects can reduce k¢qpr
by scattering phonons due to either mass contrast or
local strains. For instance, theoretically, & of BiyTe;
can be decreased down to 20% by the antisite
defects.” Second, besides the Lu and Tm doping
effect on the lattice thermal conductivity, reducing
the electron thermal conductivity was theoretically
predicted for semiconductors with a narrow impu-
rity band having high and sharp density-of-states
near the Fermi level. Formation of such a band
originated from electronic 4f-levels of Lu or Tm,
which was before assumed to explain the S behavior
(Fig. 6). The physical reason for the k., decrease is
that the heat carried by an electron is proportional
to the difference between its energy and the Fermi
energy. So, materials 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 distribution, have low k§arr and the Wiede-
mann-Franz law loses validity.”*
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Now, let us discuss the temperature dependences
of the thermal conductivity presented in Fig. 8. A
minimum in the £(7) dependences can be related to
the change of the thermal conductivity mechanism.
The thermal conductivity of solids decreases as
k ~ T ! as temperature increases above the Debye
temperature. Such behavior is due to the phonon—
phonon scattering. Obviously, this mechanism can
be responsible for the k(T) behavior below the %
minimum. At higher temperatures corresponding to
a regime of intrinsic conductivity, k& starts to
abruptly increase. This % increase can be originated
from the bipolar effect.”*! In this case, the electron—
hole pairs are thermally excited at the hot-side of
the sample due to an intrinsic conductivity process.
Then, these pairs as neutral formations move to the
cold-side. Finally, the electron—hole pairs disappear
due to a recombination process. Energy of recombi-
nation per one electron—hole pair equal or greater
than the band gap will be emerging as a phonon.

The temperature dependences of ZT for Bi;Tes,
Bi; gLug {Tes and Bi; gTmg ;Tes are shown in Fig. 9.
One can see that Bi; gLug ;Tes has the highest ZT
values over the whole measured temperature range,
which can be attributed to the highest Seebeck
coefficient and lowest thermal conductivity and
specific electrical resistivity. The maximum ZT
value is equal to ~ 0.9 for the temperature 450—
500 K range. The bipolar effect of decreasing S and
increasing k limits further ZT increase at higher
temperatures.

CONCLUSION

Thus, the Lu and Tm doping results in sufficient
increase of the thermoelectric figure-of-merit
from ~ 0.4 for undoped BisTes up to ~ 0.7 for
Bil.ngo_lTe;g and ~ 0.9 for Bil.gLu().lTeg. DOplng
effects enhancing the thermoelectric efficiency of
Bi;Tes are (1) the decrease of the specific electrical
resistivity via the increase of the electron concen-
tration, since Lu and Tu behave as donors in the
Bi;Tes lattice, (2) the increase of the Seebeck
coefficient via the increase of the density-of-states

effective mass for conduction band, and (3) the
decrease of the total thermal conductivity via form-
ing the point defects like the Bi or Te vacancies and
antisite defects.
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