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ABSTRACT

We report on the synthesis, characterizations, and high-temperature thermoelectric properties of polycrystalline samples of Bi, ,Pb,Te,Se
for 0 <x <0.03. Powder x-ray diffraction and scanning electron microscopy confirm the successful insertion of Pb into the hexagonal unit
cell of the tetradymite Bi,Te,Se. Pb acts as an acceptor-like impurity, gradually shifting the lightly doped, n-type electronic properties of
Bi,Te,Se toward heavily doped, p-type properties in Pb-containing samples, which is additionally confirmed by electronic structure calcula-
tions. The increased degenerate character results in high power factors while maintaining low thermal conductivity values. This favorable
combination of thermoelectric properties yields a peak dimensionless figure of merit ZT of 0.70 at 425K for x =0.02 in the direction perpen-

dicular to the pressing direction.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0077166

In the absence of greenhouse gas emissions or moving parts,
thermoelectric devices enable a direct solid-state conversion between
heat and electricity or vice versa that provides a sustainable mean for
power generation or cooling." * The conversion efficiency of thermo-
electric materials is primarily quantified by the dimensionless thermo-
electric figure of merit ZT defined as ZT = o®T/p(k, + k1), where o
is the thermopower or Seebeck coefficient, T is the absolute tempera-
ture, p is the electrical resistivity, and x, and «, are the electronic and
lattice thermal conductivity, respectively."” Because these transport
coefficients are mutually interdependent through the carrier concen-
tration, narrow-bandgap semiconductors with a complex crystal struc-
ture show the best compromise between good electronic and poor
thermal properties.'

Tetradymites are a class of naturally occurring materials of gen-
eral chemical formula M,X;, where M is a pnictogen (Bi, Sb, or As)
and X is a chalcogen element (Te, Se, or S), which fulfill the above-
mentioned requirements. These phases, which belong to homologous
series,”” crystallize in a rhombohedral structure (space group R3m or
P3m1) built by atomic layers stacked along the c-axis forming a

sequence of quintuple layers separated by van der Waals gaps. Their
electronic properties are characterized by small bandgaps and effective
masses and strong spin-orbit coupling,” ' making them a prospective
area of research to design highly efficient thermoelectric materials for
near-room-temperature applications and topological insulators.'' "> A
key property of these compounds is the small difference in electroneg-
ativity between the M and X atoms that favors the formation of antisite
defects or vacancies.'* '® Because this inherent defect chemistry is par-
ticularly sensitive to the synthesis route, a careful control of the stoichi-
ometry is difficult to achieve experimentally. Depending on the nature
and concentration of the dominant defects, both heavily doped n- or
p-type compounds can be obtained.'”"*

As a representative of the full solid solution between Bi,Se; and
Bi,Te;,' " the ternary Bi,Te,Se stands out due to its crystallographi-
cally ordered structure that results from the preferential occupation of
Se in the central layer of the quintuple sequence. In contrast to the
doubly positively charged Se vacancies and singly ionized Bir, antisite
defects that dominate in Bi,Se; and Bi,Tes, respectively, the defect
scheme in Bi,Te,Se is more complex. Charge-neutral Ser. and Tes,
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antisite defects have been proposed to coexist with Bir, antisite defects
and Te vacancies giving holes and electrons, respectively.”' This com-
pensation can lead to a bulk insulating behavior with carrier densities
aslow as 8 x 10" cm ™ upon Sn doping,”* " a favorable characteristic
to study its topological surface states.”>”” The delicate balance between
hole-like and electron-like properties can be tipped to achieve either n-
or p-type electrical conduction.”®*" While the influence of #- or p-
type dopants on the thermoelectric properties of various tetradymites
has been the subject of numerous studies,”” *° the possibility to intro-
duce aliovalent acceptor impurities in Bi,Te,Se has not been consid-
ered experimentally to date.

Here, we report on the synthesis of polycrystalline Bi, ,Pb,Te,Se
samples and investigate the influence of Pb on the high-temperature
thermoelectric properties. Our results evidence that Pb acts as an
acceptor impurity, driving the nondegenerate, n-type electronic prop-
erties of Bi, Te,Se toward degenerate p-type behavior. This n-to-p-type
transition is supported by first-principles calculations of the density of
states (DOS) of the studied material containing Pb and n-type defects.
The combination of low lattice thermal conductivity x; and enhanced
power factor PF = o2 /p yields a peak ZT value of 0.70 at 420K for
x=0.02 in the direction perpendicular to the pressing direction. The
experimental and computational methods are presented in the supple-
mentary material. Hereafter, only measurements performed in the
direction perpendicular to the pressing direction, that is in the direc-
tion along which the thermoelectric performance is the highest, are
presented. Measurements carried out in the parallel direction are
shown in Fig. S1 of the supplementary material.

Regardless of the Pb content, the powder x-ray diffraction
(PXRD) patterns can be fully indexed with the rhombohedral crystal
structure of Bi,Te,Se described in the space group R3m (Fig. 1). Up to
x=0.02, no secondary phases are detected within the detection limit
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FIG. 1. Powder x-ray diffraction patterns of the series Bi, ,Pb,Te,Se for
0.0 <x<0.04. The theoretical PXRD pattern is also shown for comparison. The
asterisks mark the unidentified secondary phase (see Figs. S2 and S3 in the sup-
plementary material for SEM images of the x=0.03 and 0.04 samples). Note that
the anisotropic crystal structure of these compounds tends to result in the preferen-
tial orientation of the crystallites, giving rise to the observed renormalization of the
relative intensities of the peaks.

scitation.org/journal/apl

of this technique. Their absence is further confirmed by SEM images
along with their corresponding x-ray maps (Fig. S2 in the supplemen-
tary material), indicating a homogeneous distribution of the four ele-
ments. Traces of a secondary phase become visible on the patterns of
the x=0.03 and 0.04 samples, the nature of which could not be
unequivocally determined from this single reflection. Although no
obvious secondary phase could be directly observed on the x-ray map-
ping images, slight inhomogeneities in the spatial distribution of the
elements appear for x=0.04 (Fig. S3 in the supplementary material).
These results suggest a solubility limit of Pb lying between both com-
positions despite their similar transport properties (Fig. $4 in the sup-
plementary material). The unit cell volume, calculated from the lattice
parameters determined from Rietveld refinements against the PXRD
data, increases with increasing x (Fig. S5 in the supplementary mate-
rial). The negative pressure exerted by Pb on the unit cell is consistent
with the larger atomic radius of Pb (175pm) compared to Bi
(154.5 pm), further confirming the successful substitution of Pb for Bi
in Bi, Te,Se.

Figures 2(a) and 2(b) show the temperature dependence of the
electrical resistivity p and thermopower o measured in the direction
perpendicular to the pressing direction for Bi, ,Pb,Te,Se
(0.0 <x<0.03). In agreement with literature data,">*" ! the pristine
sample behaves as a n-type heavily doped semiconductor with room-
temperature p and o values of 30 uQm and 230 iV K ', respectively.
Upon warming, Bi,Te,Se enters an intrinsic regime of conduction
above 400 K evidenced by decreasing p and |o| values due to the ther-
mal activation of minority carriers across the bandgap. The substitu-
tion of Pb for Bi leads to a crossover to a p-type electrical conduction
with p and o values decreasing with increasing x up to x=0.03 at
300 K. These results show that Pb acts as an acceptor impurity in
Bi, Te,Se driving its n-type character toward p-type electrical property
characteristics of heavily doped semiconductors.

The n-to-p-type crossover upon Pb doping is well reproduced in
our electronic structure calculations using the Korringa-Kohn-
Rostoker method with the coherent potential approximation (KKR-
CPA)”" " {llustrated in Fig. 3. In Fig. 3(a), the electronic density of
states is calculated for Bi,Te; g95Se, i.e., containing 0.1% of Te vacan-
cies. Such a concentration of vacancies corresponds to an n-type com-
pound with 7n=2.5 x 10" cm >, close to that observed in our samples
with the Fermi level Er being located near the bottom of the conduc-
tion band. When such a system is doped with Pb, a concentration as
low as x=0.01 is sufficient to induce an n-to-p-type transition [Fig.
3(b)]. Upon increasing the Pb concentration, the Fermi level is shifted
deeper into the valence bands. Such behavior is similar to what was
observed for Mg- or Ca-doped tetradymites initially containing
donor-like vacancies.”’ From the partial Pb DOS plotted in Fig. 3, we
further expect that, in the investigated doping range, the properties of
the Pb-doped samples should approximately follow a rigid-band-like
trend, as the partial Pb DOS near the band edge is similar to that of Bi
with a small enhancement of DOS seen deeper at ~0.5 eV below Er.

The maxima in || and p for Bi,Te,Se are shifted toward higher
temperatures upon Pb doping from 450 and 500 K for x =0.01 to 500
and 600K for x> 0.01, respectively. The maximum o value of the
x=0.0 sample (g = —237 uV K ') and the corresponding temper-
ature (Tya = 380K) were used to estimate the bandgap energy E,
using the Goldsmid-Sharp relation E; = 2e0x Tyaxs - where e is the
elementary charge. The E, value of 288 meV is in excellent agreement
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FIG. 2. Temperature dependence of (a) the electrical resistivity p, (b) the thermopower «, (c) the power factor PF = o2 /p, and (d) the loffe-Pisarenko plot at 300K of the
series Biy_4Pb,Te,Se for 0.0 < x < 0.03. Only the data measured perpendicular to the pressing direction are shown. The color-coded symbols are similar for panels (a)—(c). In
panel (d), the solid and dashed curves represent the theoretical o:(p) dependence calculated using the single-parabolic band (SPB) model. The vertical error bars correspond

to the experimental uncertainty estimated to be 7% for thermopower measurements.

with the experimental values inferred from optical absorption spec-
troscopy (E; =280 meV),” angle-resolved photoemission spectroscopy
(ARPES) (E, = 300 meV)* and from the trend in E; determined for
Bi, Tes—Bi,Se; alloys.*'”

Due to the thermal activation of minority carriers above 400 K, the
power factor PF reaches its peak value around this temperature for all
Pb-doped samples [Fig. 2(c)]. The decrease in o with increasing Pb con-
tent is not counterbalanced by the concomitant decrease in p leading to
lower PF values at 300K with respect to the pristine sample.
Nevertheless, the high values characterizing the x=0.02 sample (1.55
mWm 'K 2 at 300 K) are maintained up to about 425K, eventually
surpassing those of the ternary compound between 400 and 500 K.
These values remain, nevertheless, lower than those achieved in opti-
mally doped p-type Bi,Tes near room temperature (3.5 mWm ™' K %)

In agreement with the « data, the sign of the Hall coefficient Ry
confirms the crossover from #- to p-type electrical properties upon Pb
doping (Fig. S6 in the supplementary material). The electron concen-
tration ny of 1.7 x 10" cm ™ for the x= 0.0 sample is similar to the
densities reported in several prior studies for polycrystalline and
single-crystalline Bi,Te,Se.'”*""***"** In the Pb-doped samples, the
hole concentration py increases at 300 K to reach 7.5 x 10" cm 3 for

x=0.03. The values of the electron mobility u;; remain relatively high
for Bi,Te,Se, reaching 71 and 122 cm? V™' s~ " at 300 K in the parallel
and perpendicular directions, respectively. The substitution of Pb for
Bi enhances point-defect scattering, leading to an overall decrease in
the hole mobility values that eventually reach 52 cm®V~'s™! at 300 K
for x=10.03 in the perpendicular direction.

The effect of Pb doping on the o values at 300 K was further ana-
lyzed using the Ioffe-Pisarenko representation [Fig. 2(d)]. The theoreti-
cal a(py) dependence was calculated using a single-parabolic band
(SPB) model with acoustic phonon scattering. This model is expected to
provide a reasonable description of the conduction band minimum in
lightly doped, n-type Bi,Te; and Bi,Ses (for ~1 x 10" cm™3) for which
the Fermi surface is composed of six small interconnected ellipsoidal
pockets and a single, slightly elongated ellipsoidal pocket centered at the
T point of the Brillouin zone, respectively.'"'* In contrast, the Fermi
surface in p-type Bi,Te; is more complex with a flower-like structure
composed of six strongly elongated, disconnected ellipsoidal hole pock-
ets (for ~1 x 10" cm™?)."""” The density-of-states effective mass 1
values derived for p-type compounds should, therefore, be taken with
some caution but nevertheless allow for a direct comparison of tetrady-
mite of various compositions.'” For pristine n-type Bi;Te,Se, the 71}
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is observed as the Fermi level Er changes the location from the bottom of conduction bands to the top of the valence bands.

of 1.1 my (my is the free electron mass) inferred from the SPB model is
equivalent to that estimated for n-type Bi,Te; (1.06 my). The weak
influence of Se on the shape of the conduction band edge is in line with
the fact that the conduction manifold in Bi,Te; mostly derives from Bi
p-states.'”” The m}y,s of 1.2 my inferred for the Pb-doped samples is
slightly higher than that estimated for the valence band edge of Bi,Te;
(1.06 my)."> The good agreement between the theoretical and experi-
mental a(py) dependences is consistent with our theoretical calcula-
tions predicting that Pb should behave as a rigid-like impurity in
Bi,Te,Se over the carrier concentration range covered.

As useful parameters for comparing the thermoelectric perfor-
mance of Bi,Te,Se with its parent compound Bi,Te;, the weighed
mobility u,, and thermoelectric quality factor B were calculated using
the relations™

m* 3/2
o = o (25) M)

mo

B <E>2 8me(2moky)*? 1, T/
e h3 K, ’
where 1, is the intrinsic hole mobility calculated from the SPB model,
kg is the Boltzmann constant, e is the elementary charge, h is the
Planck constant, and x, is the lattice thermal conductivity (see below).
Uy> which quantitatively characterizes the power factor at a given
doping level and temperature, directly determines B, which provides
valuable information regarding the peak ZT value achievable upon
doping, At 300K, these two relations yield y,, = 151cm*V's ™' and
B = 0.12, which decrease to 79cm>V " 's ! and 0.06, respectively, for
the x=0.03 sample. These lower values compared to p-type Bi,Te;
(u,, =400 cm? V' s and B = 0.20)'” can be attributed to enhanced
point-defect scattering caused by Se for Te and Pb for Bi substitutions,
a detrimental impact which is not counterbalanced by the concomitant
decrease in i, discussed hereafter.
The temperature dependence of the total thermal conductivity x
is shown in Fig. 4(a). Regardless of the Pb content, all samples show

2
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low # values, ranging between 1.0 and 1.3 Wm ™' K™' at 300 K. With
the increasing temperature, x first reaches a minimum near 400K
before increasing monotonically with temperature up to 700 K. This
turnover is due to the contribution of minority carriers that lead to an
additional bipolar contribution ;. The electronic thermal conductiv-
ity x, was determined using the Wiedemann-Franz law «, = LT/p,
where the temperature dependence of the Lorenz number L was esti-
mated by the SPB model. At 300 K, the lattice thermal conductivity x
for the x=0.0 sample is equal to 1.1W m™~' K™' and decreases to
0.75W m~! K™ for x=0.02 [Fig. 4(b)]. The enhanced disorder asso-
ciated with Pb doping and the size mismatch between Se and Te that
locally distorts the lattice, a feature that has been suggested to modify
the lattice vibrations of these alloys by Raman spectroscopy,”’ contrib-
ute to lower k. The increase observed above 400 K is an artifact stem-
ming from the bipolar contribution experienced by all the samples
with the data reflecting the sum x; + xp;. This effect leads to strong
deviations of the Lorenz number from the values determined by the
SPB model and hence to an underestimated contribution of the charge
carriers to the thermal transport in this regime.”

While the substitution of Se for Te is detrimental to maintaining
the high pu,, values characterizing p-type Bi,Te;, it contributes to

decrease the K, values below those measured in the parent compound.
This effect is mainly responsible for the high ZT values achieved at
300K in the x=0.0 and 0.02 samples [Fig. 4(c)]. Upon warming, a
peak ZT value of 0.70 at 425K is achieved in the x=0.02 sample,
which remains lower than those obtained in optimally doped p-type
Bi,Te; near room '[emperature.m’51

In summary, the influence of substituting Pb for Bi on the thermo-
electric properties of the tetradymite Bi,Te,Se was studied between 300
and 700 K. The solubility limit of Pb was found to lie between x = 0.03
and x = 0.04 according to PXRD and SEM analyses. In agreement with
first-principles calculations, the n-type electronic properties of Bi;Te,Se
are driven toward p-type properties upon Pb doping, evidencing that Pb
acts as an acceptor-like impurity in this compound. The high thermo-
power combined with relatively low electrical resistivity result in high
power factors with a maximum value of 1.55 mW m™ ' K 2 achieved at
400K for x=0.02. This composition shows the highest thermoelectric
performance with a peak ZT value of 0.70 at 425 K.

See the supplementary material for the experimental and compu-
tational methods and for Figs. S1-S6 showing a comparison of the
transport properties measured along both directions, the temperature
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dependences of one additional sample x=0.04, SEM images, varia-
tions in the unit cell volume with x, and the magnetic field dependence
of the transverse electrical resistivity.
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