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ABSTRACT: Complementary and beneficial effects of Sb and
Bi codoping in GeTe are shown to generate high thermo-
electric figure of merit, zT, of 1.8 at 725 K in Ge1‑x‑yBixSbyTe
samples. Sb and Bi codoping in GeTe facilitates the valence
band convergence enhancing the Seebeck coefficient as
supported by density functional theoretical (DFT) calcu-
lations. Further, Sb and Bi codoping in GeTe releases the
rhombohedral strain and increases its tendency to be cubic in
structure, which ultimately enhances the valence band
degeneracy. At the same time, Bi forms nanoprecipitates of
size ∼5−20 nm in GeTe matrix and Sb doping increases solid solution point defects greatly, which altogether scatter low-to mid
wavelength phonons and result in reduced lattice thermal conductivity down to 0.5 W/mK in the 300−750 K range.

■ INTRODUCTION

Thermoelectric materials have received great attention recently
as they can directly and reversibly convert a significant fraction
of waste heat into usable electricity and they are thus expected
to play a significant role in future energy utilization and
management.1−4 Thermoelectric conversion efficiency is
strongly coupled with a dimensionless figure of merit (zT),
which is described as,

σ
κ

= S
TzT

2

total

where S, σ, κtotal, and T represent Seebeck coefficient, electrical
conductivity, total thermal conductivity, and absolute temper-
ature, respectively. In order to achieve high zT in materials, one
has to enhance the power factor (S2σ) and/or reduce κtotal as
much as possible. The thermoelectric community has engaged
in significant effort to simultaneously enhance the Seebeck
coefficient (by minority carrier energy filtering,5 creation of a
resonant states in electronic structure near the Fermi level,6

convergence of electronics sub-bands,7,8 and quantum confine-
ment9) and reduce the lattice thermal conductivity, κlat (by
phonon scattering due to nano/mesoscale precipitates, grain
boundaries;10,11 and intrinsic bond anharmonicity12,13).
Among IV−VI semiconductors, PbTe based n- and p-type

materials have been extensively studied for midtemperature
(600−900 K) thermoelectric application,6,7,10,11 whereas GeTe

and SnTe based compounds were somewhat ignored due to
their high p-type carrier density, np, (∼1020−1021 cm−3) caused
by intrinsically high cation (Ge/Sn) vacancies and resulting in
rather low S with high κel (electronic thermal conductiv-
ity).14−17 However, the toxic nature of Pb puts a limitation on
practical applications and necessitates the search for alternative
Pb-free thermoelectric materials. GeTe and SnTe based
systems have been recently relooked at and proposed to be
promising thermoelectric materials after tailoring their proper-
ties with suitable dopants and introduction of band
convergence and nanostructuring.17−19 In GeTe, many
strategies have been adopted with the aim to either enhance
the power factor, S2σ, or to reduce the κlat in compositions such
as Ge1−xPbxTe,

20,21 GeTe-AgSbTe2 (TAGS-x),22−24 GeTe-
AgSbSe2 (TAGSSe-x),25 Sb2Te3(GeTe)n (GST),26 and Sb/
Bisingle doped GeTe,27,28 GeTe1−xSex,

29 and GeTe-GeSe-
GeS.30

Pristine GeTe crystallizes in rhombohedral α-GeTe (space
group R3m) structure at room temperature and rocksalt β-
GeTe (space group Fm-3m) at high temperature. GeTe
undergoes a ferroelectric structural transition of R3m → Fm-
3m in the temperature range of 673−703 K30 (see Figure 1)
involving a strain and slight displacement of Ge atoms from (1/
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2, 1/2, 1/2) to (1/2-x, 1/2-x, 1/2-x) in the low T phase. It gives
a polarization along the body cell diagonal and subsequent
shear distortion along the [111] direction, making the angular
distortion of α = 1.65°.19,31−33 In terms of thermoelectric
properties, pristine GeTe possesses σ, S, and κtotal values of
∼8500 S/cm, ∼30 μV/K, and ∼8 W/mK at 300 K, respectively,
which results in a reasonable thermoelectric figure of merit, zT ,
of ∼0.8 at 720 K.34

Recently, we have shown that 10 mol % of Sb doping in
GeTe yields a significantly high Seebeck coefficient.27 However,
the concrete reason behind the high Seebeck coefficient
obtained upon Sb doping in GeTe has not yet been
understood. Further, 6 mol % of Bi alloying in GeTe has
shown to have an extremely low lattice thermal conductivity
(κlat) due to increased scattering of low-to-mid wavelength heat
carrying phonons by nanostructuring.28 Here, with an aim to
understand the physical significance of the enhanced Seebeck
coefficient upon Sb doping in GeTe and to introduce the low
thermal conductivity in the Sb doped GeTe system, we take up
the codoping of Bi and Sb in GeTe and investigate their
structural, optical, electronic, and thermoelectric properties. As
Sb and Bi have distinct but complementary roles, we expect
codoping of Sb and Bi in GeTe to result in a synergistic effect
of enhancement of Seebeck coefficient and reduction of
thermal conductivity.
Herein, we report the impurity defect states induced high

thermoelectric performance in Ge1‑x‑yBixSbyTe (x = 0.02, 0.05; y
= 0.05, 0.1) synthesized by sealed tube melting followed by hot-
pressing. Codoping of Sb and Bi in GeTe eliminates intrinsic
Ge vacancies and thereby reduces the excess p-type carrier
concentration (np) in GeTe. Importantly, Sb and Bi codoping
enhances the Seebeck coefficient significantly in
Ge1‑x‑yBixSbyTe. The reason behind the high Seebeck coefficient
is clearly examined by density functional theory (DFT)
calculations of the electronic structure, showing that codoping
of Sb and Bi closes the principal band gap by introducing donor
Bi or Sb energy levels just below the conduction band and also
triggers the electronic subvalence band conduction by reducing
the energy separation between light and heavy hole valence
bands of GeTe. Further, the codoping of Sb and Bi in GeTe
suppresses the κlat to an ultralow value of ∼0.5 W/mK due to
scattering of heat carrying phonons by nanoprecipitates formed
of Bi and excess point defects by Sb substitution. Thus, a
maximum thermoelectric figure of merit (zTmax) of ∼1.8 at

∼725 K is achieved at the composition of Ge1‑x‑yBixSbyTe (x =
0.05; y = 0.1), which is ∼111% higher than that of pure GeTe.

■ EXPERIMENTAL SECTION
Synthesis. High quality ingots with about ∼6 g scale of

Ge1−xSbxTe (x = 0−0.15), Ge1−xBixTe (x = 0−0.15), and
Ge1‑x‑yBixSbyTe (x = 0.02, 0.05; y = 0.05, 0.1) were synthesized by
vacuum sealed tube reaction. Typically, appropriate ratios of high
purity starting materials of Ge, Sb, Bi, and Te were taken in a quartz
tube and sealed under a vacuum pressure of 10−6 Torr. The sealed
tubes were slowly heated to 1223 K over 10 h, then soaked for 6 h, and
slowly cooled to room temperature over 10 h using a programmable
furnace.

In order to obtain the highly dense pellets for the thermoelectric
measurements, the crushed fine powders were hot-pressed at ∼873 K
with the pressure of about 45 MPa for the duration of 7 min under
argon atmosphere using a induction hot uniaxial pressing.35 The
density, ρ, of all of the compacted pellets was measured by Archimedes
method, and the densities of the measured samples were around ∼97%
of theoretical density.

Characterizations. All of the samples obtained by the above
processes were crushed into fine powers for structural analysis using
Powder X-ray diffraction (PXRD), which has been recorded using Cu
Kα (λ = 1.5406 Å) radiation on a Bruker D8 diffractometer. TEM
micrographs were acquired using a FEI Tecnai T20 instrument
operated at an accelerating voltage of 200 kV.

The room temperature optical band gaps of all of the samples were
estimated by the diffuse reflectance measurement using a FT-IR
Bruker IFS 66 V/S spectrometer in the wavenumber range 4000−400
cm−1 with 2 cm−1 resolution and 50 scans. Absorption (α/Λ) data
were calculated from reflectance data using the Kubelka−Munk
equation: α/Λ = (1 − R)2/(2R), where R is the reflectance and α and
Λ are the absorption and scattering coefficient, respectively. The
energy band gaps were derived from an α/Λ vs Eg (eV) plot. In order
to probe the rhombohedral to cube transition temperature, differential
scanning calorimetry (DSC) was carried out with a heating rate of 5
K/min for the samples of Ge1‑x‑yBixSbyTe using DSC Q2000 TA
Instruments.

Thermoelectric Measurements. The electronic properties such
as electrical conductivity and Seebeck coefficients were simultaneously
measured under He atmosphere from room temperature to 773 K by a
ULVAC-RIKO ZEM-3 instrument. The sample dimensions of ∼2 × 2
× 8 mm3 were used for all measurements. THe Hall measurement was
carried out at room temperature in a homemade setup, where the
variable magnetic field and dc current used were 0−0.5 T and 50 mA,
respectively. The carrier concentration of holes (np) was calculated
from the equations of np = 1/(eRH), where RH is the Hall coefficient
and e is an electronic charge. The Hall carrier motility, μH, of all
samples was estimated using the expression μH = RHσ. Thermal
diffusivity, D, was directly measured in the range 300−773 K by using
the laser flash diffusivity method in a Netzsch LFA-457. Coins with ∼8
mm diameter and ∼2 mm thickness were used in all of the
measurements. Temperature dependent heat capacity, Cp, was derived
using standard pyroceram in LFA-457, which is in good agreement
with the Dulong−Petit Cp value. The total thermal conductivity, κtotal,
was calculated using the formula κtotal = DCpρ, where ρ is the density.
Electrical and thermal transport measurements were performed in a
similar direction.

Computational Details. The electronic structure of GeTe, Bi-
doped, Sb-doped, and Bi−Sb codoped GeTe were determined within
first-principles density functional theory (DFT) using the Quantum
Espresso package.36 Valence and semicore electronic states of Ge, Te,
Bi, and Sb (in 3d10 4s2 4p2, 4d10 5s2 5p4, 5d10 6s2 6p3, and 4d10 5s2 5p3

configurations, respectively) were treated through the use of
pseudopotentials. Fully relativistic (to include the effect of spin orbit
coupling) ultrasoft pseudopotentials and a generalized gradient
approximation (GGA) to exchange-correlation energy with para-
metrized functional of Perdew, Burke, and Erzenhoff (PBE) were
used.37 Pristine, singly doped, and codoped samples were simulated

Figure 1. Crystal structure of GeTe represents the ferroelectric
structural transition (R3m → Fm-3m). At 300 K, GeTe possesses a
rhombohedral structure (R3m) which transforms to cubic (Fm-3m)
above 675 K.
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with a tetragonal supercell (√2 × √2 × 2) containing 32 atoms. In
distorted cubic GeTe (R3m), splitting of initially degenerate bands are
negligible, thus GeTe is treated in an ordered-cubic (Fm3 ̅m) structure
here similar to earlier calculations.21 Plane wave basis for representing
Kohn−Sham wave functions was terminated with an energy cutoff of
40 Ry and that for charge density with a cutoff of 320 Ry. 8 × 8 × 6
meshes of k points were used in sampling the Brillouin zone (of the
supercell) integrations. The discontinuity in occupation numbers of
electronic states was smoothed using the Fermi−Dirac distribution
function with a smearing width (kBT) of 0.04 eV. Electronic structures
were determined along high symmetry lines (Γ - X - M - Γ - Z - R - A -
Z) in the Brillouin zone.

■ RESULTS AND DISCUSSION

Figure 2 presents the powder X-ray diffraction (PXRD)
patterns of Ge1‑x‑yBixSbyTe (x = 0.02, 0.05; y = 0.05, 0.1) and
all of the patterns could be indexed with a rhombohedral GeTe
structure (space group R3m). However, a small fraction of Ge
peaks was generally seen in all samples due to intrinsic Ge
vacancies, thereby GeTe always prefers to be in Te-rich
composit ion, which agrees with previous experi-
ments.19,27,28,34,38 Figure 2a shows the PXRD pattern of
Ge1‑x‑yBixSbyTe (x = 0.02, 0.05; y = 0.05, 0.1) samples, and
the high intensity peak at 2θ of 29.88° is further enlarged and
presented in Figure 2b. The shift in the high intensity peak
toward lower 2θ angle side upon simultaneous codoping of Sb
and Bi in GeTe indicates the solid solubility of Sb and Bi in
GeTe within the detection limit of XRD. This shift is associated
with the substitution of the larger atomic radius of Bi (1.43 Å)

and Sb (1.33 Å) in place of smaller Ge (1.25 Å) in GeTe. The
calculated lattice constants are a = b = 4.1664(2) Å and c = 10.
6707(4) Å and a = b = 4.1847 (2) Å and c = 10.4547 (3) Å, for
GeTe and Ge0.85Bi0.05Sb0.10Te, respectively, which indicate that
lattice parameters a and b increase with the addition of Bi and
Sb in GeTe, while the lattice parameter c contracts. In pristine
GeTe, the presence of double-peaks [(024) and (220)] in
between 2θ of 41−45° indicates a rhombohedral structure (see
Figure 2c) at room temperature. These double peaks get closer
and try to merge when the concentration of Sb and Bi increases
in GeTe, which suggests that the Sb and Bi codoping relaxes
the rhombohedral structure due to their larger atomic radii as
compared to Ge, thus pushes the system toward the cubic
structure (Fm3 ̅m; Figure 2c). The structural strain relaxation
from R3m to Fm3 ̅m upon codoping in GeTe provides higher
symmetry to the system and thereby increases the electronic
band valley degeneracy, which is indeed necessary for
increasing the Seebeck coefficient (discussed in a later section).
In order to further understand the influence of the individual

dopants (Bi and Sb) on GeTe structure, controlled samples of
Ge1−xSbxTe (x = 0−0.15) and Ge1−xBixTe (x = 0−0.15) were
separately synthesized and PXRD were measured (Figures S1
and S2, Supporting Information, SI). Addition of either Bi or
Sb in GeTe does not show the presence of any second phases
and the obtained PXRD patterns were indexed into a
rhombohedral structure, R3m, at room temperature. The
similar trends of peak shift toward lower 2θ angle side and
convergence of R3m double peaks were observed for an

Figure 2. (a) PXRD patterns of Ge1‑x‑yBixSbyTe (x = 0.02, 0.05; y = 0.05, 0.1), (b) enlarged version of PXRD shows shift in the high intensity peak
(202), and (c) enlarged version of PXRD in the angels (2θ) between 41 and 44°. (d) Electronic absorption spectra of Bi and Sb codoped GeTe.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.7b04023
Chem. Mater. 2017, 29, 10426−10435

10428

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b04023/suppl_file/cm7b04023_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.7b04023


individual doping of Bi and Sb in GeTe. The calculated lattice
parameters for the composition of Ge0.95Bi0.05Te and
Ge0.95Sb0.05Te are to be a = b = 4.1949(6) Å and c = 10.
6101(1) Å and a = b = 4.1862 (6) Å and c = 10.5701 (1) Å,
respectively. This indicates that Bi doping preferably elongates
a and b axes faster than shortening the c axis of GeTe, whereas
Sb doping behaves oppositely. This may be due to the slightly
larger atomic radius of Bi compared to Sb. Typically, Bi doping
promotes R3m → Fm3̅m transition slightly faster than Sb
doping in GeTe. In order to explore the rhombohedral to cubic
phase transition temperatures, DSC measurements were carried
out for Bi-, Sb-, and Bi−Sb codoped GeTe samples (Figure S3,
SI). Pristine GeTe exhibits a structural transition at ∼700 K,
whereas the transition temperature reduces to 656, 634, and
597 K fo r Ge 0 . 9 5B i 0 . 0 5Te , Ge 0 . 9 0 Sb 0 . 1 0Te , and
Ge0.85Bi0.05Sb0.10Te, respectively. This suggests that codoping
of Sb and Bi in GeTe reduces the phase transition temperatures
remarkably and increases the cubic nature of the sample.
Transmission electron microscopy (TEM) was carried out to

probe nanoscale architectures of Sb and Bi codoped samples.
Figure 3a presents the low magnification bright field TEM
image of Ge0.85Bi0.05Sb0.10Te sample and the corresponding
selected area electron diffraction (SAED) pattern along the
zone axis of ⟨1−10⟩ is illustrated in Figure 3b. The SAED

pattern could be clearly indexed with the rhombohedral phase
(R3m). While Figure 3c represents a micrograph of the other
area in the sample and its SAED pattern along the zone of axis
of the ⟨001⟩ direction is shown in Figure 3d, which could be
indexed with a cubic (Fm-3m) structure. Thus, upon Sb and Bi
codoping, the regions of rhombohedral, R3m, and/or the cubic,
Fm-3m, were randomly distributed in the matrix of GeTe,
having good agreement with PXRD data where the presence of
both the phases was clearly seen by merging of typical
rhombohedral double peaks. Further, Figure 3d illustrates the
presence of small nanoprecipitates with a size of ∼15−50 nm
embedded in the matrix of GeTe. The inset, Figure 3e, shows
the high magnification image of Figure 3d, which emphasizes
that observed nanoprecipitates are endotaxial with the matrix of
GeTe. Figure 3f shows the high resolution TEM (HRTEM)
micrograph of Ge0.85Bi0.05Sb0.10Te with clear interplanar
spacing, d, of ∼3.4 Å, which indicates a rhombohedral GeTe
matrix, whereas nanoprecipitates have a lattice spacing of ∼3.7
Å for the corresponding (101) plane of Bi. Moreover, the
average size and size distribution of the nanoparticles
embedded in the Ge0.85Bi0.05Sb0.10Te sample are shown in the
SI, Figure S4. The particle size ranges from 15 to 50 nm (see
Figure S4a−c, SI), which in fact scatter midwavelength heat
carrying phonons significantly, and thereby reduces lattice
thermal conductivity. The density of the particles and average
size are calculated to be 120 particles/μm2 and 33 nm,
respectively.
The optical band gap of Ge1‑x‑yBixSbyTe (x = 0.02, 0.05; y =

0.05, 0.1) samples were measured by the FT-IR diffuse
reflectance spectroscopy (see Figure 2d). Pure GeTe possesses
the band gap value of ∼0.21 eV, which agrees with previous
reports.21,27,28 When concentration of Bi and Sb increases in
GeTe, the energy band gap reduces from ∼0.21 eV (for GeTe)
to ∼0.08 eV (Ge0.85Bi0.05Sb0.10Te) due to the formation of
donor defect states below the conduction band. In GeTe, the
valence band is formed by the Te orbital, while Ge constitutes
the conduction band due to the deferences in electronegativity,
χ, of Ge (χGe = 2.01, in Pauling electronegative scale) and Te
(χTe = 2.10). Aliovalent dopants of Bi and Sb form the donor/
impurity states just below the conduction band, because of
slightly higher values of electronegativity, χBi (2.02) and χSb
(2.05), compared to that of Ge, which reduces the band gap.
The decrease in band gap upon an individual doping of Bi/Sb
and codoping of Bi−Sb in GeTe is extensively studied using
electronic structure calculations by DFT (see a latter section).
With the understanding of structure, nanostructure, and band

gap, we have measured the thermoelectric properties of
Ge1‑x‑yBixSbyTe (x = 0.02, 0.05; y = 0.05, 0.1) samples in the
temperature range of 300−800 K (Figure 4). Figure 4a shows
the temperature dependent electrical conductivity, σ, of
Ge1‑x‑yBixSbyTe, where the σ value of all of the samples
decreases with increasing temperature, indicating the typical
characteristics of degenerate semiconductor. Typically, pristine
GeTe has a σ of ∼8067 S/cm at 300 K, which slowly falls to
∼2095 S/cm at 725 K. Doping of either an individual Bi/Sb or
codoping of Sb and Bi in GeTe further reduces the σ. In
particular, pure GeTe has a σ of ∼8067 S/cm at 300 K, which
drastically reduces to ∼817 S/cm at 300 K for
Ge0.85Bi0.05Sb0.10Te. This huge reduction in σ is mainly due to
the donor dopant nature of Bi3+ and Sb3+ at the Ge2+ site in
GeTe and an effective suppression of intrinsic Ge vacancies.
Interestingly, addition of Bi and Sb decreases the structural
transition temperature of GeTe, which could be clearly seen in

Figure 3. TEM micrographs of Ge0.85Bi0.05Sb0.10Te. Panels a and c are
the low magnification bright field micrographs, and panels b and d are
their corresponding SAED patterns, respectively. Panels e and f are the
HRTEM micrographs of the same sample.
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Figure 4a. For example, σ of all the doped samples decreases
with increasing temperature up to 525 K, and then σ slightly
starts increasing until 625 K and above which it falls down
again. This is a clear signature of second order structural
transition (R3m → Fm-3m) of GeTe. Hall measurements were
carried out for all samples of Ge1‑x‑yBixSbyTe to understand the
large suppression of p-type carrier concentration (np) upon Bi
and Sb codoping. Typically, pure GeTe has a np value of ∼6 ×
1020 cm−3, which gradually decreases to ∼1.25 × 1020, ∼1.16 ×
1020, ∼1.07 × 1020, and ∼9.1 × 1019 cm−3 for the compositions
of Ge0.93Bi0.02Sb0.05Te, Ge0.90Bi0.05Sb0.05Te, Ge0.88Bi0.02Sb0.10Te,
and Ge0.85Bi0.05Sb0.10Te, respectively. To explore the scattering
mechanism, the carrier mobility, μH, of Ge1‑x‑yBixSbyTe samples
at room temperature is also estimated. Pristine GeTe possesses
a μH of ∼83 cm2/(V s) at 300 K which rises to ∼114 cm2/(V s)
for Ge0.93Bi0.02Sb0.05Te due to a significant suppression of Ge
vacancies and carrier concentration, np. The μH value further
reduces to ∼29, 27, and 56 cm2/(V s) for the compositions of
Ge0.90Bi0.05Sb0.05Te, Ge0.88Bi0.02Sb0.10Te, and Ge0.85Bi0.05Sb0.10Te
due to an enhanced point defect carrier scattering.
Figure 4b presents the temperature dependent Seebeck

coefficient, S, of Ge1‑x‑yBixSbyTe (x = 0.02, 0.05; y = 0.05, 0.1).
The measured S of all of the samples shows the positive values
and the S increases with the increase in temperature. In this
context, the S value of undoped GeTe is ∼32 μV/K at 300 K,
which monotonically increases up to ∼155 μV/K at 725 K.
When the doping concentration of Sb and Bi increases in
GeTe, the S values rapidly increases to ∼165 μV/K at 300 K

and further reaches a maximum value of ∼272 μV/K at 720 K
for Ge0.88Bi0 .02Sb1.0Te. Moreover, the S value of
Ge0.88Bi0.02Sb1.0Te is to be ∼266 μV/K at 525 K, and then it
decreases to ∼255 μV/K at 625 K, and with increasing the
temperature, the S value further increases until 720 K. This
trend is a clear indication of R3m → Fm-3m transition and
agrees well with σ vs T data.
In order to understand the enhancement of the Seebeck

coefficient in Bi and Sb codoped GeTe, the carrier density
dependent Seebeck coefficients of Ge1‑x‑yBixSbyTe were plotted
and compared with the previously reported Pisarenko plot of
GeTe at 323 and 623 K, which was calculated based on single
parabolic band model (see Figure 4c).21 Additionally, we have
also compared the experimental Seebeck data with the
Pisarenko plot of GeTe, which was calculated considering the
two band model previously.40 In pristine GeTe, the
experimental S value follows the Pisarenko line at 323 K,
while it slightly deviates when the temperature reaches to 623
K, suggesting that the second valence band (Σ band) takes over
the conduction of carriers from principal valence band (L band)
at high T. With codoping of Sb and Bi in GeTe, the S values
deviate and fall above the Pisarenko lines calculated using both
the single parabolic band21 and two band model.40 Thus,
codoping of Sb and Bi in GeTe alters the electronic structure of
GeTe and promotes the conduction of the heavy hole valence
band over light hole valence band.
To further clarify the enhancement of S, we have calculated

the effective mass (m*) of the carriers in Ge1‑x‑yBixSbyTe using

Figure 4. Temperature dependent (a) electrical conductivity and (b) Seebeck coefficient of Ge1‑x‑yBixSbyTe; (c) Pisarenko plot (S vs n) at 323 (blue
solid line) and 623 K (red dashed line) and two bands model (black solid line). Solid and open symbols denote the S vs n data at 323 and 623 K,
respectively. (d) Power factor of Ge1‑x‑yBixSbyTe samples.
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the experimental S and carrier density (n) data measured at 300
K, by the following expressions (eqs 1−3):12,21,27

π η
* =

⎡
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where η, Fn(η), kB, e, h, and r stand for reduced Fermi energy,
nth order Fermi integral, the Boltzmann constant, electron
charge, Planck constant, and scattering factor, respectively. The
reduced Fermi energy was calculated by fitting the correspond-
ing experimental Seebeck data. The m* values were calculated
based on a single parabolic band, where acoustic phonon
scatterings are only considered with r = −1/2 for
simplicity.12,21,27 The calculated m* value of pristine GeTe is
1.10 m0, which increases to 2.44 m0 for the composition of
Ge0.88Bi0.02Sb0.10Te and thereby indicates that enhanced valence
band degeneracy increases the Seebeck values in
Ge1‑x‑yBixSbyTe.
Moreover, to understand the reason behind the observed

enhancement in S values of the Ge1‑x‑yBixSbyTe system, we have
used DFT to determine the electronic structure of pristine, Bi-
doped, Sb-doped, and Bi−Sb codoped GeTe (see Figure 5).
The electronic structure of the cubic phase of GeTe resembles
that of PbTe, with four ⟨111⟩ extrema in the band energies
around the L point and 12 ⟨110⟩ extrema around the Σ point.
When GeTe experiences a cubic-to-rhombohedral phase
transition around 700 K, the symmetry of the system gets
lowered. However, since this distortion is weak and the

rhombohedral phase is nearly face-centered cubic and Bi and Sb
codoping increases the cubic character of GeTe, the electronic
structure of GeTe can be analyzed in terms of its cubic
structure (as the splitting of degeneracy of bands is negligible),
which was also assumed in earlier electronic structure
calculations.21 In the current calculations, the principal valence
band (light hole) maximum (VBM) and conduction band
minimum (CBM) occur at the Γ point due to folding of the L
point onto Γ. Second, the heavy hole band which normally
appears at a point along Σ occurs at Z + δ along the Z → R
direction in the Brillouin zone of the 32 atom (√2 × √2 × 2)
tetragonal supercell. In the electronic structure of Ge16Te16
(Figure 5a), we see a band gap of 0.192 eV at the Γ point
agreeing well with the present experimental results and earlier
theoretical calculations.21,27,28,39 Our estimate of the energy
difference (ΔEΓ‑ZR) between the light and heavy hole valence
bands of undoped cubic GeTe is 0.202 eV, which is consistent
with the literature.21,41 To mimic the experimental composition
of the codoped sample, one Bi atom and two Sb atoms were
substituted for Ge atoms in GeTe.
For 6.25 mol % substitution of Bi at Ge in GeTe, a new

impurity/donor band arises from Bi states, which reduces the
principal band gap of GeTe (Figure 5b). The difference
(ΔEΓ‑ZR) in Bi doped GeTe is 0.201 eV, which is close to that
of pristine GeTe. To simulate 12.5 mol % of Sb doping, two Sb
atoms were substituted for two Ge atoms in GeTe. When the
substituted Sb atoms are far from one another (inset of Figure
5c), the impurity induced bands are split off from the lower
conduction band closing the principal band gap (Figure 5c),
while ΔEΓ‑ZR (∼0.203 eV) remains unchanged from that of
pristine GeTe. However, when Sb atoms are close to one
another (inset of Figure 5d) a small band gap (0.049 eV) opens
up (Figure 5d). In this case, the ΔEΓ‑ZR reduces to 0.161 eV.
We note that the latter configuration is lower in energy than the
former, consistent with the idea that opening of a gap enhances

Figure 5. Electronic structures of (a) Ge16Te16, (b) Ge15BiTe16, (c) Ge14Sb2Te16 (Sb atoms far from one another), (d) Ge14Sb2Te16 (Sb atoms close
to one another), and (e and f) Ge13BiSb2Te16 with Sb atoms far (e) and close to each other (f), respectively. The band gap appears at the Γ point
and heavy-hole band at Z + δ in the √2 × √2 × 2 tetragonal supercell. The VBM and CBM occurring at the L point in the rocksalt cell of GeTe
fold onto the Γ point, and the heavy-hole valence band appearing along Σ folds onto Z + δ along Z→ R direction in the case of the present 32 atom
√2 × √2 × 2 tetragonal supercell.
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the stability. Similar features are retained in Bi and Sb codoped
samples as seen in Figure 5e,f. Upon codoping of Bi and Sb in
GeTe, the energy separation between two valence bands,
ΔEΓ‑ZR, further decreases to 0.151 eV when the Sb atoms are far
from one another (Figure 5e). However, when Sb atoms are
close to one another, a small principal band gap (0.026 eV)
exists (Figure 5f), and the ΔEΓ‑ZR is estimated to be 0.176 eV. It
is interesting that the configuration of the codoped system with
Sb atoms far from one another is lower in energy, in contrast to
just the Sb doped system. Thus, our calculations indicate a
significant interaction between substituted Bi- and Sb- and that
Bi- and Sb-codoping in GeTe enhances the valence band
convergence, which increases the Seebeck coefficient.
We now examine the density of states (DOS) of pristine

GeTe and Bi-, Sb-, and codoped (Bi and Sb) GeTe (shown in
Figure 6). When intrinsic Ge vacancies are not considered, the

DOS plot reveals that the Fermi level (EF) is well within the
conduction band of the doped samples (Figure 6). Thus, from
the DFT calculations, it is clear that doping of Bi/Sb and Bi−Sb
form donor states just below the conduction band of GeTe. In
addition, it promotes the valence band convergence causing an
increased asymmetry in the density of electronic states near the
EF.
The power factor (S2σ) of Ge1‑x‑yBixSbyTe systems as a

function of temperature is shown in Figure 4d. In pristine
GeTe, S2σ has the value of ∼8.4 μW/cmK2 at 300 K, which
reached the maximum value of ∼49.4 μW/cmK2 at 700 K.
Typically, the Ge0.93Bi0.02Sb0.05Te sample exhibits the S2σ value
of ∼14.5 μW/cmK2 at 300 K, which increases to ∼43.2 μW/
cmK2 at 625 K. Above 625 K, S2σ remains almost flat with
increasing the temperature for all codoped samples.
The temperature dependences of total (κtotal), electronic

(κel), and lattice thermal conductivity (κlat) of Ge1‑x‑yBixSbyTe
are shown in Figure 7a−c. The κtotal of all samples decreases
with increasing temperature in the measured temperature range
of 300−800 K. Typically, κtotal of GeTe is ∼8.3 W/mK at 300
K, which decreases to ∼3.4 W/mK at 625 K and then it starts
to increase slightly due to R3m → Fm-3m structural transition.
Codoping of Bi and Sb in GeTe rapidly reduces the κtotal. In
particular, the κtotal value decreases from ∼8.3 to ∼0.95 W/mK
at 300 K for the composition of Ge0.85Bi0.05Sb0.10Te, which is in
fact about ∼89% reduction as compared to pristine GeTe. In
addition, codoping of Bi and Sb decreases the structural phase

transition temperature from 675 to 550 K which is clearly seen
in the temperature dependent κtotal data.
The calculated carrier contribution to thermal conductivity,

(κel = LσT) as a function of temperature is shown in Figure 7b.
Here, the temperature dependent Lorentz number, L, was
calculated from the fitting of temperature dependent
experimental Seebeck data using simple parabolic band
model, from the following equation:12,21,27
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κel value of all of the Ge1‑x‑yBixSbyTe samples are decreased with
increasing temperature and codoping of Bi and Sb in GeTe
further reduces the κel compared to that of pristine GeTe. In

Figure 6. Density of electronic states of pure GeTe and Bi-, Sb-, and
codoped (Sb and Bi) GeTe samples. Dashed lines represent the case
where Sb atoms are far from each other.

Figure 7. Temperature dependence of (a) total thermal conductivity
(κtotal), (b) electronic thermal conductivity (κel), and (c) lattice
thermal conductivity (κlat).
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particular, the κel of GeTe is ∼5.6 W/mK at 300 K, which has
dominant contribution to κtotal. Co-doping strongly suppresses
the κel to ∼0.45 W/mK at 300 K for Ge0.85Bi0.05Sb0.10Te due to
the donor nature of Sb and Bi. The reduction in κel is about
∼92% as compared to that of pristine GeTe. Figure S5 (see the
Supporting Information) shows the temperature dependence of
the estimated Lorentz number, thermal diffusivity, and specific
heat capacity of Ge1‑x‑yBixSbyTe samples.
The lattice contribution to thermal conductivity (κlat) of

Ge1‑x‑yBixSbyTe samples is calculated by subtracting the κel from
κtotal, and the values of κlat are presented in Figure 7c. The κlat of
all samples decreases with increasing temperature. Addition of
Sb and Bi decreases κlat significantly. GeTe has a κlat value of
∼2.4 W/mK at 300 K, which encounters significant reduction
to ∼0.5 W/mK for Ge0.85Bi0.05Sb0.10Te. Interestingly, Sb and Bi
codoped GeTe demonstrate larger reduction of κlat compared
to that of the controlled single doped (Sb/Bi) GeTe samples
(refer to Figure 7c). This significant reduction is attributed to
synergistic phonon scattering by the observed small sized Bi
rich nanoprecipitates and atomic-scale point defects due to
mass-fluctuations created by Sb in place of Ge in GeTe. Bi
forms small nanoprecipitates in the GeTe matrix due to large
size mismatch, while Sb prefers to form solid solution in GeTe,
and thus, Sb and Bi have complementary roles in reduction of
κlatt in GeTe.
The temperature dependence dimensionless figure of merit

(zT) and zTavg of Ge1‑x‑yBixSbyTe samples are presented in
Figure 8. From Figure 8a, it is clearly seen that the zT of all
samples increases with temperature and particularly, pristine
GeTe has a zT of ∼0.03 at 300 K, which rises to ∼0.9 at 675 K.
Upon codoping of Sb and Bi, the zT enhances substantially,
and the maximum zT of ∼1.8 at 725 K was achieved for the
composition of Ge0.85Bi0.05Sb0.10Te. The large enhancement of
zT in Ge1‑x‑yBixSbyTe was obtained due the collective reasons of
(i) suppression of p-type carrier concentration along with
intrinsic Ge vacancies, (ii) significant enhancement in the
Seebeck coefficient driven by valence band convergence and
cubic structure induced enhanced valley degeneracy, and (iii)
large reduction of lattice thermal conductivity due to synergistic
phonon scattering by solid solution point defects and
nanoprecipitates. Interestingly, Ge0.85Bi0.05Sb0.10Te possesses a
maximum zTavg value of ∼1.24 in the temperature range of

300−725 K (see Figure 8b), which is the notably highest
among the selected GeTe based materials.21,23,26−28

■ CONCLUSIONS
Interplay between complementary roles of Sb and Bi
substitution in GeTe is shown to result in high thermoelectric
figure of merit of ∼1.8 at 725 K with zTavg of 1.24 in
Ge1‑x‑yBixSbyTe samples. High thermoelectric performance is
achieved by the simultaneous enhancement of the Seebeck
coefficient and lowering the lattice thermal conductivity. Sb and
Bi codoping enhances the stability of the cubic structure in
GeTe, thereby increasing the valence band degeneracy, which is
beneficial for enhancement of the Seebeck coefficient. More-
over, Sb substitution reduces the gap between light and heavy
hole valence bands of GeTe, which further improves the
Seebeck coefficient through valence band convergence. In
addition, Bi forms nanoprecipitates in the GeTe matrix which
scatter phonons effectively and Sb creates solid solution point
defects in GeTe, which all-together reduces the lattice thermal
conductivity noticeably to ∼0.5 W/mK in Ge1‑x‑yBixSbyTe.
Thus, our work should motivate chemists and materials
scientists to investigate the effect of complementary codoping
in the thermoelectric system rather than conventional single
doping.
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