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This study shows a method of enhancing the thermoelectric properties of GeTe-based materials through Ti
and Bi codoping on cation sites along with self-doping of Ge via simultaneous optimization of electronic (via
crystal field engineering and precise Fermi level optimization) and thermal (via point-defect scattering) transport
properties. Pristine GeTe has high carrier concentration n due to intrinsic Ge vacancies, a low Seebeck coefficient
α, and high thermal conductivity κ . The Ge vacancy optimization and crystal field engineering result in an
enhanced α via excess Ge and Ti doping, which is further improved by band structure engineering through Bi
doping. As a result of improved α and the optimized Fermi level (carrier concentration), an enhanced power
factor α2σ is obtained for Ti-Bi codoped Ge1.01Te. These experimental results are also evidenced by theoretical
calculations of band structure and thermoelectric parameters using density functional theory and BOLTZTRAP

calculations. A significant reduction in the phonon thermal conductivity κph from ∼3.5 to ∼1.06 W m−1 K−1 at
300 K for Ti-Bi codoping in GeTe is attributed to point-defect scattering due to mass and strain field fluctuations.
This decrease in κph is in line with the Debye-Callaway model. Also, the phonon dispersion calculations show
a decreasing group velocity in Ti-Bi co-doped GeTe, supporting the obtained reduced κph. The strategies used
in the present study significantly increase the effective mass, optimize the carrier concentration, and decrease
phonon thermal conductivity while achieving an impressive maximum zT value of 1.75 at 773 K and an average
zT of 1.03 for Ge0.91Ti0.02Bi0.08Te over a temperature range of 300–773 K.

DOI: 10.1103/PhysRevMaterials.7.045402

I. INTRODUCTION

Thermoelectric (TE) materials are distinctly important for
power generation and solid-state cooling owing to their capa-
bility of reversible conversion of heat into electricity without
any moving parts and are emerging solutions for the thermal
management and energy efficiency caused by the ubiquity
of waste heat in modern technological times [1,2]. The effi-
cacy of a TE device is assessed by a dimensionless quantity,
the figure of merit zT , which depends on the following
physical parameters: the Seebeck coefficient α, electrical con-
ductivity σ , total thermal conductivity [κ = κe + κph, with
electronic (κe) and lattice (κph) contributions], and temper-
ature T , with zT = α2σT/(κ = κe + κph). It is seen that
achieving a high zT in a TE material is daunting due to the
intertwining relations between these TE parameters. Several
innovative strategies have been deployed to decouple electron
and phonon transport in materials to achieve an elevated zT ,
including band-structure engineering [3–7], nanostructuring
[8], the composite approach [9–12], and the high-entropy
concept [13,14]. In other words, concurrent improvement in
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electronic transport and prohibition of phonon propagation is
the most important criterion for high-performance TE materi-
als, as shown in PbTe [15], SnSe [16], skutterudites [17], and
half-Heusler compounds [18].

Doped semiconductors are promising for TE proper-
ties due to their suitable electronic structure. GeTe-based
materials are one example, showing their applicability in mid-
temperature-range applications; however, the large p-type
carrier concentration (∼1021 cm−3) at 300 K in GeTe, stem-
ming from intrinsic Ge, results in small α and high κe, which
ultimately results in inferior TE performance [19]. Also, the
large energy separation �E between light and heavy valence
bands limits the increase in α. Further, the room temperature
κph for pristine GeTe (∼3 W m−1 K−1) is significantly higher
than the theoretical minimum value (0.44 W m−1 K−1) esti-
mated using Cahill’s model [20].

Since the absolute value of α decreases but σ and κe in-
crease with carrier concentration n, optimizing n is one of the
most important steps, followed by engineering electronic and
phonon band structures to achieve desired TE parameters. A
reduction in κph can be realized via hierarchical architecture
engineering [21], defect engineering [22], the composite ap-
proach [23], and other multiscale scattering center approaches
[24,25]. Several innovative strategies, including alloying and
band structure modifications, have been adopted to reduce
the high hole carrier concentration and improve α in GeTe
[26–28]. Bi3+ and Sb3+ aliovalent doping at the Ge2+ site
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has been employed to reduce the carrier concentration and
decrease κph due to phonon scattering through solid-solution
point defects [29]. Also, such aliovalent doping causes �E be-
tween light and heavy bands to converge and hence improves
α. However, large aliovalent doping reduces σ significantly.
On the other hand, transition metal doping (such as Ti, Zn,
Mn, etc.) has been adopted in the literature to cause �E to
converge to achieve enhanced α [30–32].

As mentioned earlier, the optimization of the Fermi level
(carrier concentration) is of the utmost importance to achieve
higher zT in a TE material [33]. For pristine GeTe, the ex-
tremely high n owing to intrinsic Ge vacancies pushes the
Fermi level deep into the valence band. Shuai et al. utilized
Ge vacancy manipulation to achieve high zT in the Ge-rich
GeTe system [34]. Herein, we deploy multiple strategies to
achieve a significant improvement in zT (1.75 at 773 K)
via systematic doping of Ti and Bi in vacancy-engineered
Ge1.01Te, assisted by the confluence effect of crystal field
engineering, valence band convergence, and point-defect scat-
tering. Excess Ge manipulates n, enhancing α and reducing κe

at 300 K. Ti doping further improves α via crystal field engi-
neering by decreasing the c/a ratio. Ti-Bi codoping further
improves the band convergence that increases α, and reduces
κph owing to point-defect scattering. Further, theoretical un-
derstanding of the crystal field and band structure engineering
for electronic transport followed by the calculation of TE pa-
rameters using the Boltzmann transport equation are provided.
Phonon dispersion calculations further support the phonon
engineering-mediated reduced lattice thermal conductivity.

II. METHODS

A. Experimental details

Ge1.01−x−yTixBiyTe (0 � x � 0.02, 0 � y � 0.08) was
synthesized by direct melting of high-purity Ge, Ti, Bi, and
Te (>99.99%, Alfa Aesar) in the stoichiometric amount
in evacuated quartz ampoules (10−6 mbar). The sealed
ampoules were heated at 1173 K for 8 h with a heating rate
of 80 K/h, followed by quenching in water. The quenched
ingots were further ground using a mortar and pestle to
obtain a homogeneous mixture. The spark plasma sintering
(SPS) technique was used to compact the powders using a
graphite dye 12 mm in diameter. The sintering was done
at 823 K in an Ar atmosphere with heating and cooling
rates of 100 and 50 K/min, respectively, with a hold time
of 15 min under uniaxial pressure of 60 MPa. The pressure
was released slowly during cooling to avoid any crack in
the sample due to thermal expansion. The sintered pellets
were cut to the proper dimensions for electrical and thermal
transport measurements. The structural characterization was
done using the x-ray diffraction technique using a Bruker
instrument (λ = 1.5406 Å). The surface morphology and
chemical composition were observed on the surface of the
polished (using an automatic grinding/polishing machine)
pellet employing a scanning electron microscope equipped
with energy dispersive x-ray spectroscopy (EDS). The
Seebeck coefficient α and electrical conductivity σ were
measured using the four-probe configuration in the Ar
atmosphere over the wide temperature range of 300–773 K.

The total thermal conductivity κ was calculated using the
following relation: κ = DρCp. The thermal diffusivity D
was measured using the Laser flash technique (NETZSCH
Instrument) in Ar atmosphere, ρ is the density of the sample
calculated using the sample mass and its geometric volume,
and Cp is the specific heat capacity calculated using the
Dulong-Petit law. The uncertainties in the measurement
of α and σ were 7% and 5%, respectively; the estimated
uncertainty in D is 5%. The carrier concentration n of the
samples was measured with Hall measurements at 300 K and
applied magnetic field changing gradually between −1.0 and
1.0 T using a homemade setup.

B. Computational details

The density functional theory (DFT) [35,36] calculations
were carried out using the plane-wave-based pseudopotential
approach, as implemented in the Vienna Ab initio Simu-
lation Package (VASP) [37,38]. The structural optimization
of all the modeled structures was performed using the
generalized gradient approximation expressed by the Perdew-
Burke-Ernzerhof [39] exchange-correlation (εxc) functional.
The self-consistency loop was converged with a total energy
threshold of 0.01 meV by conjugate gradient minimization.
The structures were fully relaxed until the Heymann-Feynman
forces on each atom were less than 10−5 eV/Å for both
pure and doped configurations. The effects of doping were
considered by substituting Ti and Bi atoms at the specific sites
of Ge atoms in a 2 × 2 × 2 supercell consisting of 48 atoms.
All the structures were visualized through the Visualization
for Electronic and Structural Analysis (VESTA) [40] software.
Spin-orbit coupling interactions owing to heavy atoms were
included when calculating the electronic band structures and
density of states. A 6 × 6 × 2 k mesh was used for Brillouin
zone sampling. The electron wave function was expanded
in a plane-wave basis set with an energy cutoff of 600 eV.
Phonon calculations were obtained within the harmonic ap-
proximation and using a finite-displacement method [41]. The
phonon dispersion plots and group velocities were calculated
using the PHONOPY package [42,43]. A 2 × 2 × 2 supercell
was set for the cubic GeTe containing 64 atoms, whereas, for
the rhombohedral phase, a 3 × 3 × 1 supercell containing 54
atoms was built. In the Ti-Bi codoped rhombohedral system,
we used a 2 × 2 × 2 supercell consisting of 96 atoms. The
BoltzTraP code [44], based on Boltzmann transport theory,
was used to evaluate thermoelectric properties. The starting
parameters for the calculations were the values obtained from
the refinement.

III. RESULTS AND DISCUSSION

A. Structural analysis

The x-ray diffraction (XRD) pattern for
Ge1.01−x−yTixBiyTe (0 � x � 0.02, 0 � y � 0.08) samples
after SPS are shown in Fig. 1(a). The XRD pattern reveals a
single-phase formation for all the samples with minor peaks
corresponding to Ge [shown by an asterisk in Fig. 1(a)]. This
is attributed to the stoichiometric Ge-rich content present in
each sample. The XRD patterns are further analyzed with
rhombohedral structure (space group R3m) using Rietveld
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FIG. 1. (a) X-ray diffraction pattern of Ge1.01−x−yTixBiyTe (0 � x � 0.02, 0 � y � 0.08) at 300 K. The Bragg’s position and corre-
sponding Miller indices are marked for GeTe. Scanning electron microscopy images and corresponding energy dispersive x-ray spectra for
Ge1.01−x−yTixBiyTe for (b) and (e) x = 0.02, y = 0.02, (c) and (f) x = 0.02, y = 0.05, and (d) and (g) x = 0.02, y = 0.08 are shown.

refinement employing FULLPROF software. The refinement
pattern for Ge0.91Ti0.02Bi0.08Te is shown in Fig. S1 in the
Supplemental Material (SM) [45]. The lattice parameters
obtained from the Rietveld refinement of the XRD patterns
for all the samples are shown in Table I. The lattice parameter
for the c axis decreases from c = 10.6762 Å for Ge1.01Te to
10.6718 Å for Ge0.99Ti0.02Te, whereas the lattice parameter
corresponding to the a axis increases from a = 4.1624 to
4.1627 Å. The overall c/a ratio and hence the volume of the
unit cell decrease with Ti doping and are similar to Mn-doped
GeTe [32]. Bi doping in Ge0.99−yTi0.02BiyTe further reduces
the c/a ratio, as observed for only Ti-doped Ge1.01Te [30].
The lattice expansion may be attributed to the reduced Ge
vacancies and the larger ionic radii of Ti2+ (0.86 Å) and Bi3+

(0.96 Å) in contrast to Ge2+ (0.73 Å) [46].
Surface morphology for Ge1.01−x−yTixBiyTe with different

Ti-Bi codoping values is shown in Figs. 1(b)–1(d), and their
corresponding energy dispersive x-ray spectra are shown in
Figs. 1(e)–1(g). The homogeneous nature of the sample is
seen on the surface. The EDS spectrum obtained from the
surface is shown in Figs. 1(e)–1(g). The atomic percent values
for the elements present in each sample are shown in the
insets in Figs. 1(e)–1(g). The change in atomic percent of the

TABLE I. Lattice parameters a and c, c/a, carrier concentration
n, and Seebeck coefficient α for Ge1.01−x−yTixBiyTe (0.00 � x �
0.02, 0.00 � y � 0.08) at 300 K.

Sample a c n α

x, y (Å) (Å) c/a (1020 cm−3) (μV/K)

0.00, 0.00 4.1624 10.6762 2.5649 5.20 38
0.01, 0.00 4.1625 10.6745 2.5644 5.16 43
0.02, 0.00 4.1627 10.6718 2.5636 5.02 48
0.02, 0.02 4.1642 10.6502 2.5575 4.10 65
0.02, 0.05 4.1662 10.6212 2.5493 2.71 90
0.02, 0.08 4.1696 10.5816 2.5377 1.02 115

elements is in line with the stoichiometric amount of Ti and
Bi in Ge1.01Te.

B. Electronic properties: Experiment

The temperature-dependent electrical conductivity σ for
Ge1.01−x−yTixBiyTe (0 � x � 0.02, 0 � y � 0.08) is shown
in Fig. 2(a). σ of Ge1.01Te is 6970 S cm−1, smaller than that
of pristine GeTe (∼7800 S cm−1) at 300 K, and the differ-
ence is ascribed to the decrease in carrier concentration n in
Ge1.01Te with diminishing Ge vacancies [33]. The formation
energy of the Ge vacancy for the Ge-rich GeTe phase is larger
than that of Te-rich GeTe [48]. This helps to suppress the
Ge vacancy in the GeTe system, and hence, a lower carrier
concentration is obtained. However, the electrical mobility μ

improves with reduced n because (i) the interaction between
the holes decreases with reduced n and (ii) the reduction in
Ge vacancies also weakens the scattering of carriers [34]. It
is worth noting that the dimension of holes is closer to the
mean free path of the carriers, whereas Ge precipitates are
micron sized. Hence, the Ge precipitates formed in Ge-rich
samples do not influence μ like Ge vacancies due to their
respective dimensions. In other words, the Ge-rich sample
(Ge1.01Te) reduces carrier concentration due to a reduction in
intrinsic vacancies and enhances μ. σ for Ge1.01Te decreases
with temperature, indicating a degenerate semiconductor be-
havior. A rapid change in σ across the temperature range of
600–700 K may be ascribed to the switching of the valence
band between the L and 	 points mediated by the structural
transition [49]. Further, Ti and Bi doping decreases σ across
the temperature range studied and lowers the structural tran-
sition temperature as well. σ decrease from 6970 S cm−1 for
Ge1.01Te to 3350 S cm−1 for Ge0.99Ti0.02Te to 856 S cm−1

for Ge0.91Ti0.02Sb0.08Te at 300 K. It is noted that the Ti2+

doping does not reduce n significantly (see Table I). Further,
the decrease in σ with Bi doping is ascribed to a strong
reduction in n from 5.02 × 1020 cm−3 in Ge0.99Ti0.02Te to
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FIG. 2. Temperature-dependent (a) electrical conductivity σ and (b) Seebeck coefficient α for Ge1.01−x−yTixBiyTe. (c) Room-temperature
carrier concentration n dependence of α (Pisarenko plot), compared with literature: Yue et al. [30], Shuai et al. [34], and Li et al.
[47]. (d) Temperature-dependent weighted mobility μw . Inset: Hall mobility μH . (e) Temperature-dependent power factor α2σ for
Ge1.01−x−yTixBiyTe (0 � x � 0.02, 0 � y � 0.08).

1.74 × 1020 cm−3 in Ge0.91Ti0.02Sb0.08Te at 300 K. Bi3+

doping significantly reduces n by supplying extra valence
electrons. Therefore, the carrier concentration is optimized
with codoping of Ti and Bi, which matches the optimized
carrier concentration.

The Seebeck coefficient α as a function of temperature
Ge1.01−x−yTixBiyTe (0 � x � 0.02, 0 � y � 0.08) is shown
in Fig. 2(b). The positive sign of α indicates the p-type nature
of transport and the dominating role of holes in electronic
transport. It can be readily seen that α for Ge1.01Te is ∼38
μV K−1 at 300 K, higher than that of pristine GeTe (∼27
μV K−1). This rise in α is due to a reduction in n for Ge-rich
samples. Further, α increases with Ti doping since Ti doping
may induce resonant levels near the Fermi levels owing to the
existence of partly filled spin-up channels. However, due to
the high energy of d orbitals, the resonant level is induced
close to the bottom of the conduction band and hence may
not act to enlarge α. Further, it is noted that Ti doping does
not reduce n, and the rise in α is attributed to the change in
crystal field due to decreased c/a ratio in the sample [34].
Ti doping does improve α; however, n needs to be further
reduced. Hence, Bi doping is further induced to optimize
n and is beneficial for improving α and reducing κph [50].
As can be seen in Table I, n decreases with Bi doping and
results in an increase in α from 48 μV K−1 (Ge0.99Ti0.02Te) to
115 μV K−1(Ge0.91Ti0.02Sb0.08Te) at 300 K. α increases with
the rise in temperature for all the samples.

The change in α with Ti and Bi doping is further analyzed
using a Pisarenko plot, as shown in Fig. 2(c). The α depen-
dence on n is determined using the Kane model and two-band

approximation (with different effective masses) and assuming
acoustic phonons (r = 0) are the primary scattering mecha-
nism [47]. α in the two-band approximation is expressed as

α = −kB

e

[
I1
r+1/2(η∗, β )

I0
r+1/2(η∗, β )

− η∗
]
, (1)

where e is electronic charge, β = kBT/eg, eg is the band gap, r
is a scattering parameter, η∗ = (EF − EV )/kBT is the reduced
Fermi energy, and Ik

i, j (η
∗, β ) are two parametric Fermi inte-

grals, given as [51,52]

Ik
i, j (η

∗, β ) =
(

−df

dx

)
xk (x + βx2)idx

(1 + 2βx) j
. (2)

Furthermore, the carrier concentration n, using the obtained
values of η∗, is given as

n = (2md,0kBT )3/2

2π2h3
I0
3/2,0(η∗, β ), (3)

where md,0 = N2/3
V (m∗

n )1/3(m∗
⊥)2/3 is the band-edge density of

states effective mass and NV is band degeneracy.
n does not improve with Ti doping as in the case of Mn

doping; however, the effective mass increases with an increase
in the Ti content in the system [33]. Further, Ti-Bi codoping
reduces n and gives rise to α. The effective mass increases
in the Ti-Bi codoped samples. In the present case, the ef-
fective mass increases from 1.10 (Ge0.99Ti0.02Te) to 2.13 for
Ge0.91Ti0.02Bi0.08Te. This indicates that Bi doping enhances
the effective mass because of the dominating conduction of
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the heavy hole valence band over the light hole valence band.
However, it is worth noting that the value of the effective mass
depends on the choice of approximation used for the calcula-
tions (such as a single parabolic band and the Kane model) as
well as band gap values, offset between the light and heavy
hole bands, and hence, a comparison with the literature may
not be precise. The increase in α for a Ti-Bi codoped sample
is ascribed to the simultaneous optimization of n (through
excess Ge content and Bi doping) and band engineering (band
degeneration due to Bi and Ti codoping).

An understanding of charge carrier mobility is important
for engineering semiconductor materials, which can be mea-
sured using the Hall effect. However, the weighted carrier
mobility μw, which is defined as the carrier mobility weighted
by the density of electronic states, can be estimated using
the measured values of the Seebeck coefficient and electrical
resistivity according to the following equation, as suggested
by Snyder et al. [53]:

μw = 3h3σ

8πe(2mekBT )3/2

×
{

exp
[ |α|

kB/e − 2
]

1 + exp
[ − 5

( |α|
kB/e − 1

)] +
3
π2

|α|
kB/e

1 + exp
[
5
( |α|

kB/e − 1
)]

}
,

(4)

where kB is the Boltzmann constant, me is the mass of an
electron, h is Planck’s constant, and e is the electronic charge.
Also, μw is related to Hall mobility μH by the relation

μw ≈ μH

(
m∗

me

)
, (5)

where m∗ is the density of states electronic mass (ef-
fective mass). Since the density of electronic states is
proportional to m∗3/2, μw is considered to be electron mo-
bility weighted by the density of states. μw obtained for
Ge1.01−x−yTixBiyTe (0 � x � 0.02, 0 � y � 0.08) as a func-
tion of temperature is shown in Fig. 2(d). The inset shows the
Hall mobility obtained from μw and the corresponding effec-
tive mass using Eq. (5). The change in μw for GeTe indicates a
clear acoustic phonon-dominated transport; however, the sam-
ples with Ti-Bi codoping depict a weaker trend. Furthermore,
the rise in μw at around 600–650 K may be ascribed to the
rhombohedral-cubic structural phase transition, which leads
to the convergence of the 	 and L bands and hence indicates
a rise in the Seebeck coefficient. Also, the decrease in μw with
temperature is indicative of enhanced scattering of carriers by
phonons and holes.

The temperature-dependent α and σ are used to calculate
the power factor α2σ for the Ge1.01−x−yTixBiyTe (0 � x �
0.02, 0 � y � 0.08) system, which is shown in Fig. 2(e). α2σ

increases with temperature for all the samples; however, it
tends to decrease at higher temperatures, possibly due to the
phase transition. The power factor for Ti-Bi codoped samples
is larger at lower temperatures due to a significant increase
in α.

C. Electronic properties: Theoretical insights

To gain insights into the experimental observations related
to electronic transport in the Ti-Bi codoped GeTe system,

DFT calculations were carried out to determine the electronic
band structures and density of states for pristine, Ti-doped,
and Ti-Bi codoped GeTe. We systematically doped Ge, Ti,
and Ti-Bi in the GeTe system to obtain all the required con-
figurations. The present calculations show that the principal
valence band (light hole) maximum (VBM) and conduction
band minimum (CBM) occur at the  point due to the folding
of the L point onto  (see Fig. S2 in the SM) [45]. As pristine
GeTe shows a high hole carrier concentration owing to the
intrinsic Ge vacancies present in it, that has been considered
in the DFT calculations. The electronic band structure for
Ge23Te24 is shown in Fig. 3(a). (i) One Ti [Fig. 3(b)], (ii)
one Ti and one Bi [Fig. 3(c)], and (iii) one Ti and two Bi
atoms in place of Ge were substituted in the GeTe supercell.
For the Ti-Bi codoped case, the energies of the two config-
urations were calculated, showing that (i) Ti and Bi atoms
are close to each other and (ii) they are far from each other.
The latter configuration has lower energy, making it more
stable, and thus, the second configuration is considered for
all further calculations (see Fig. S3 in the SM) [45]. As we
can see in Fig. 3(b), the new impurity bands arise from the
Ti states near the conduction band, which reduces the band
gap. These resonant levels are induced below the conduction
band owing to the high-energy Ti d orbitals and are consistent
with previous studies [34]. The codoping of Ti and Bi at Ge
in GeTe (Ge21TiBiTe24) further decreases the energy separa-
tion between the valence bands �E from 0.21 to 0.13 eV,
which is further decreased to 0.08 eV in Ge20TiBi2Te24, lead-
ing to band convergence in GeTe. This indicates that the
heavy holes strongly influence carrier transport. Therefore,
the Ti-Bi codoping in GeTe enhances the valence band con-
vergence and confirms the obtained increase in the Seebeck
coefficient.

Furthermore, we plotted the density of states (DOS) of
Ge25Te24 (with excess Ge), followed by Ge23Te24 (with Ge
vacancies), Ge22TiTe24 (Ti doped), and Ge21TiBiTe24 and
Ge20TiBi2Te24 (Ti-Bi codoped). The Fermi level position
plays a vital role in optimizing the TE performance of any
system. The high hole carrier concentration in GeTe deepens
the Fermi level in the valence band. However, the DOS plot
shows that the Fermi level lies in the middle of the band gap
for pristine Ge24Te24 [33]. Therefore, we have theoretically
introduced Ge vacancies in GeTe, due to which the Fermi
level lies deep in the valence band and is in line with the
experimental high carrier concentration present in GeTe. With
excess Ge (Ge25Te24), the Fermi level tends to move towards
the conduction band. The Ti doping in GeTe (with excess Ge)
increases the carrier concentration, resulting in the shifting of
EF deeper in the valence band. Bi doping reduces the hole car-
rier concentration due to the donor nature of Bi. The decrease
in the energy offset between the valence band edges results
in band convergence in the codoped system, as shown in
the band structure calculations. Therefore, the combination of
both band convergence and the Fermi level position indicates
an enlarged Seebeck coefficient in codoped samples. In addi-
tion, Ti-Bi codoping makes the DOS steeper, particularly near
the valence band edge. This sharper DOS feature indicates a
higher effective mass and enhances the Seebeck coefficient
[54]. The Fermi level lies in the valence band for Ti and
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FIG. 3. Electronic band structures of (a) Ge23Te24, (b) Ge22TiTe24, (c) Ge21TiBiTe24, and (d) Ge20TiBi2Te24. The Ge vacancies are
theoretically induced during the calculation to attest to the large experimental value of the carrier concentration. The band gap appears at
the  point in a 2 × 2 × 2 supercell containing 48 atoms. The VBM and CBM occur at the L point in the pristine GeTe fold on the  point in
the supercell. (e) Density of states of GeTe with excess Ge (Ge25Te24), GeTe with Ge vacancies (Ge23Te24), Ti-doped GeTe (Ge22TiTe24), and
Ti-Bi co-doped GeTe (Ge21TiBiTe24, Ge20TiBi2Te24) samples.

Bi codoping because of the larger Ge vacancies considered
during the theoretical calculations.

Subsequently, to examine the thermoelectric properties, we
calculated the electrical conductivity σ , Seebeck coefficient
α, thermal conductivity κ , power factor α2σ , and thermo-
electric figure of merit zT for the Ge23Te24, Ge22TiTe24,
Ge21TiBiTe24, and Ge20TiBi2Te24 systems as a function of
the chemical potential μ. Note that all μ-dependent transport
properties are calculated by fixing the temperature and letting
the carrier concentration n change. This implies that for a
fixed temperature (here, 300 K), μ is a function of n. Studying
thermoelectric properties with μ illustrates the doping of the
carriers because it shows the addition (removal) of electrons
to (from) the system. Advantageously, the position of μ deter-
mines the fraction of electrons in the conduction or valence
band which take part in the electronic transport and hence
influences the transport properties. Thus, we determine the
thermoelectric parameters as a function of μ. Figure 4(b)
shows the variation of the Seebeck coefficient with μ. α

measures the induced thermoelectric voltage �V in response
to a temperature difference �T in the material and is given
as α = �V/�T . By definition, μ = 0 coincides with the top
of the valence band in semiconductors. This implies that at
μ = 0, the nature of α determines the type of semiconductor.
From Fig. 4(b), we can see that at μ = 0, the value of α is
positive for all GeTe systems, indicating that these are p-type
semiconductors. α is also plotted as a function of temperature
for the GeTe systems (see Fig. S4 in the SM) [45]. Since
the calculation of κph using state-of-the-art advanced methods
(namely, the Green-Kubo method, nonequilibrium molecular
dynamics, etc., especially for all doped configurations with
broken symmetry) is computationally very expensive, we have

opted to use the experimental value of κph at 300 K to calcu-
late zT according to the equation zT = α2σT/(κ = κe + κph).
From Figs. 4(a) and 4(c), we see that electrical conductivity
and thermal conductivity decrease with Ti-Bi doping, which is
in line with the experimental findings. The increase in α with
doping results in an increase in power factor values compared
to the pristine system [see Fig. 4(d)]. The resonant peaks are
observed near the Fermi level in the positive “μ” region. In
addition, the zT values [Fig. 4(e)] are higher in the negative μ

region than in the positive one, indicating that p-type doping
has higher zT values. This hints that the considered codoped
systems are promising p-type thermoelectric materials.

D. Thermal conductivity

The total thermal conductivity κ as a function of temper-
ature for Ge1.01−x−yTixBiyTe (0 � x � 0.02, 0 � y � 0.08)
is shown in Fig. 5(a). κ for Ti-doped and Ti-Bi codoped
samples are lower than those of Ge1.01Te and GeTe systems.
κ first decreases with Ti doping, and when Ti doping is
kept constant at x = 0.02, κ decreases with further Bi dop-
ing. Ge0.91Ti0.02Bi0.08Te presents the lowest κ among all the
samples studied across the whole temperature range. Also, κ

decreases with the rise in temperature for all the samples, as
is often observed in typical degenerate semiconductor solids.
κ for pristine Ge1.01Te is 7.5 W m−1 K−1 at 300 K, decreases
to 2.59 W m−1 K−1 at 673 K, and increases with a further rise
in temperature due to the second-order structural transition,
which is consistent with the change in σ with temperature
[Fig. 2(a)]. Further, Ti doping lowers κ to 4.30 W m−1 K−1 at
300 K for Ge0.99Ti0.02Te, which is clearly due to reduced σ .
Also, the codoping of Ti and Bi reduces κ to 1.53 W m−1 K−1

for Ge0.91Ti0.02Bi0.08Te at 300 K.
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FIG. 4. (a) Electrical conductivity σ , (b) Seebeck coefficient α, (c) electronic thermal conductivity κe, (d) power factor α2σ , and (e)
the figure of merit zT as a function of chemical potential μ calculated at 300 K for different GeTe compositions: Ge23Te24, Ge22TiTe24,
Ge21TiBiTe24, and Ge20TiBi2Te24. The electrical conductivity, electronic thermal conductivity, and power factor are reported by scaling them
with τ .

Since κ consists of electronic thermal conductivity κe and
phonon thermal conductivity κph, it is important to under-
stand the change in κe and κph with Ti and Bi codoping in
Ge1.01Te. κe is calculated using the Wiedemann-Franz law:
κe = LσT, where the temperature-dependent Lorenz number
L is obtained by estimating the reduced chemical potential
from the temperature-dependent Seebeck coefficient consid-
ering the two-band model [33]. Temperature-dependent κe is
shown in Fig. 5(b). The dramatic reduction in κe is correlated
with reduced σ owing to reduced n in codoped samples.
Further, κph is extracted from κ by subtracting κe. The
temperature-dependent κph for Ge1.01−x−yTixBiyTe (0 � x �
0.02, 0 � y � 0.08) is shown in Fig. 5(c). κph for Ge1.01Te is
3.43 W m−1 K−1 at 300 K, and it reduces to 0.82 W m−1 K−1

at 673 K and then starts to increase above the transition tem-
perature. It is possibly due to the ferroelectric instability close
to the phase transition temperature as it induces soft optical
phonon modes that strongly scatter the heat-carrying phonons
[55]. Further, it is noted that κph for Ge1.01Te is also influenced
by the reduction in hole concentration. The decrease in hole
concentration not only reduces σ but also reduces the phonon
scattering due to a reduction in n, and hence, κph is higher
than that of GeTe (∼3 W m−1 K−1 at 300 K). However, with
Ti doping, κph reduces to 2.30 W m−1 K−1, and for the Ti-Bi
codoped system, a reduced κph of 1.05 W m−1 K−1 is obtained

at 300 K, which further decreases to 0.57 W m−1 K−1 at 773 K
for Ge0.91Ti0.02Bi0.08Te. This suggests that Ti and Bi codoping
significantly lowers κph across the temperature range. Fig-
ure 5(d) shows κph as a function of Ti and Bi codoping in
Ge1.01Te at 300 K. The mass and strain field fluctuations in
solid solutions result in point-defect scattering. κph was calcu-
lated using the Debye-Callaway model, in which the ratio of
phonon thermal conductivity with point defects κph to the par-
ent system κ

p
ph above the Debye temperature �D is expressed

as κph

κ
p
ph

= tan−1(u)
u , with u = ( π2�D�

hν2
a

κ
p
ph)1/2, where �, h, and νa

are the average volume per atom, Planck’s constant, and the
average value of the sound velocity, respectively, and  is the
scattering parameter consisting of mass and strain field fluc-
tuations [33]. κph obtained with the Debye-Callaway model is
shown by the solid line in Fig. 5(d) and is in agreement with
κph obtained from κ . This decrease in κph in the Ti-Bi codoped
sample is hence attributed to point-defect scattering owing to
mass and strain field fluctuations and agrees with the previous
report of Mn-doped GeTe [33].

E. Phonon dispersion calculation

The underlying reason for the reduction in lattice ther-
mal conductivity in Ti-Bi codoped GeTe can be understood
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FIG. 5. (a) Total thermal conductivity κ , (b) electronic thermal conductivity κe, and (c) phonon thermal conductivity κph as a function
of temperature for Ge1.01−x−yTixBiyTe (0 � x � 0.02, 0 � y � 0.08). (d) Phonon thermal conductivity κph as a function of Ti (x) and Bi (y)
doping in Ge1.01−x−yTixBiyTe at 300 K. κph calculated using the Debye-Callaway model is also shown.

by plotting the phonon dispersion curve. The phonon dis-
persion calculation for GeTe (Ge24Te24) and Ti-Bi codoped
Ge21TiBi2Te24 (vacancies are not considered while calcu-
lating the phonon dispersion plots due to the technical
challenges in accommodating so many defects inside a super-
cell [33]) was performed to examine the dynamical stability.
Figures 6(a) and 6(b) show the phonon dispersion plot for
Ge24Te24 and Ge21TiBi2Te24 in the rhombohedral structure.
The phonon dispersion curve for GeTe is consistent with those
of previous studies [56]. The phonon dispersion curve for
Ti-Bi codoping shows a significant decrease in the phonon
dispersion curve slope, as shown in Fig. 6(b). Generally, the
phonon dispersion is shown by the ω vs k plot, and the gradi-
ent of the ω vs k curve measures vg (phonon group velocity),
where vg = dω/dk. As shown in Fig. 6(b), the gradient of

FIG. 6. Phonon dispersion curve for (a) Ge24Te24 and
(b) Ge21TiBi2Te24 in a rhombohedral structure.

the phonon curve for the Ti-Bi codoped system is lower than
that of GeTe at the  point [Fig. 6(a)]. This implies that the
mean phonon group velocity decreases for the Ti-Bi codoped
sample compared to GeTe, leading to a lower lattice ther-
mal conductivity. The group velocities of both configurations
throughout the Brillouin zone are given in Fig. S5 [45]. This
decrease in the slope of the dispersion curve for Bi doping can
be attributed to the large atomic mass M of Bi, as ω ∝ M−1/2.
Further, to examine the charge transfer, the charge density
contours for Ge24Te24 and Ge21TiBi2Te24 are computed (see
Fig. S6 in the SM) [45]. As shown in Fig. S6, there is a charge
transfer between the Bi and Ge atoms, which further stabilizes
the bond. This stable bond hinders the free vibration of atoms
and hence lowers the phonon group velocity.

F. Thermoelectric figure of merit

The TE figure of merit zT is calculated using the measured
values of α, σ , and κ and is shown as a function of tempera-
ture for Ge1.01−x−yTixBiyTe (0 � x � 0.02, 0 � y � 0.08) in
Fig. 7(a). zT increases with an increase in temperature for all
the samples. A maximum zT of 1.09 is obtained for Ge1.01Te
at 673 K, showing that vacancy engineering in GeTe itself
improves its TE performance [57]. Further, zT increases to
1.21 at 723 K in Ti-doped samples, consistent with the results
of previous studies [30]; however, a significant increase in
zT is observed in the Ti-Bi codoped sample. It is attributed
to the simultaneous optimization of band structure, carrier
concentration, and phonon thermal conductivity. A maximum
zT of 1.75 is obtained at 773 K for Ge0.91Ti0.02Bi0.08Te. The
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FIG. 7. (a) Figure of merit zT and (b) average figure of merit
zT av as a function of temperature for Ge1.01−x−yTixBiyTe (0 � x �
0.02, 0 � y � 0.08).

applicability of a TE material is quantified using its average
zT (zT av = ∫ Th

Tc
zT dT ). zT av is calculated setting the lower

(Tc) and upper (Th) limits of temperature to 300 and 773 K,
respectively, and is shown in Fig. 7(b). A maximum zT av of
1.03 is obtained for Ge0.91Ti0.02Bi0.08Te, which is significantly
better than the recently reported values for several GeTe-based
materials [32,58–61]. The theoretical energy conversion ef-
ficiency η is also calculated for Ge0.91Ti0.02Bi0.08Te (p-type
leg) assuming a similar n-type leg for a temperature difference
of 473 K. A maximum η of 14% is obtained in the present

study, which is higher than the values for several TE materials
reported in the literature [32,58–61].

IV. CONCLUSION

This study demonstrated the enhanced thermoelectric
properties in Ti-Bi codoped Ge1.01Te accompanied by va-
cancy engineering. The samples synthesized using the
melting-quenching-sintering process showed single-phase
formation along with traces of Ge peaks due to the larger
stoichiometric content, which was further supported by an
electron microscopy analysis. The excess Ge reduces the car-
rier concentration n and hence adjusts the Fermi level position,
which improves the TE performance of Ge1.01Te. Further, Ti
doping improves α due to crystal field engineering ascribed
to a decreased c/a ratio, which is further enhanced by re-
ducing n with Bi doping. The Ti-Bi codoped Ge1.01Te shows
larger band degeneracy and hence improves α. The DFT
calculations further verified the valence band convergence
with Ti-Bi codoping and confirmed the obtained increase in
α. A reduction in the total thermal conductivity κ due to
decreased electrical conductivity and enhanced point-defect
and mass fluctuation scatterings was obtained. The phonon
dispersion calculations showed that phonon group velocity
decreases in the Ti-Bi codoped system due to the larger atomic
mass of Bi and the charge transfer between Bi and Ge atoms.
With the combined effect of carrier concentration optimiza-
tion, enhanced band degeneracy, and reduced phonon thermal
conductivity κph, a high zT of 1.75 at 773 K was obtained
for Ge0.91Ti0.02Bi0.08Te. This further results in an average zT
of 1.03 for a temperature difference of 473 K, making it a
promising candidate for practical applications. Also, a max-
imum energy conversion efficiency η of 14% was calculated
assuming similar n-type materials, which are promising for
thermoelectric devices.
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