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ABSTRACT

GeTe is a promising material for thermoelectric (TE) applications. However, its low Seebeck coefficient and high
thermal conductivity in the mid-temperature range of 298-550 K have hindered its widespread use in TE devices.
In this work, we show that a combination of band engineering, Fermi level tuning, and miscibility gap explo-
ration can significantly improve the energy conversion performance of GeTe. Bi provides the optimized carrier
concentration and induces band convergence, while Ga possibly forms a resonant state. The synergistic effects of
Bi and Ga significantly improve the Seebeck coefficient from 38 uVK ! for undoped GeTe to over 120 uVK ! for
Bi and Ga-containing materials at 298 K and provide a high power factor over a wide temperature range. Phonon
scattering is strengthened by optimizing the microstructure through Pb-induced spinodal decomposition and
enhanced point defect scattering due to increased dopant solubility, resulting in a very low lattice thermal
conductivity of about 0.5 Wm™K! at 600 K for the triple-doped samples. The maximum thermoelectric figure of
merit ZT was significantly increased to 2.1 at 600 K for the Gegg;Pbo 05Bio.06Gao.02Te sample due to the
improved power factor and reduced lattice thermal conductivity. Additionally, the average figure of merit ZTye
for this sample achieved a very high value of 1.4 for Geg g7Pby.05Bio.06Gao.02Te at a temperature gradient of 475 K
(T. = 298 K). The developed material shows great potential for use in energy conversion devices, with an
estimated energy conversion efficiency exceeding 17 %.

1. Introduction

TE figure of merit ZTaye (ZTaqye = T;1+T TTC" ZT-dT). At the same time, the
material performance can be tested using a dimensionless TE figure of

Thermoelectric (TE) materials and devices can convert waste heat
directly into electricity, helping to reduce greenhouse gas emissions
[1-5]. Thermoelectric technologies are also widely used in solid-state
refrigeration devices, which can provide advanced cooling solutions
for the automotive industry, miniature electronic devices, and medical
instruments [6-8]. The energy conversion efficiency of the thermo-
electric devices working at the temperature range of AT (AT=Ty, — T,
where T}, and T, are the hot-side and cold-side temperatures) is deter-
mined by the performance of the semiconductor materials at this tem-
perature range. The parameter that can roughly evaluate the maximum
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merit ZT (ZT = 527" T) where S and ¢ denote the Seebeck coefficient and
electrical conductivity, T is the absolute temperature, «;, and «, are the
lattice and electronic components of the total thermal conductivity «,
respectively [9,10]. The challenging nature of preparing the high-
performance TE material is connected with the interlinked transport
properties. Particularly, the Seebeck coefficient, electrical conductivity,
and electronic thermal conductivity are coupled through the carrier
concentration and scattering mechanisms, so ideally, they should be
optimized individually [3,11,12].

Germanium telluride, due to its unique set of properties, is one of the
best candidates for the construction of medium-temperature (500-800
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K) TE converters [13-21]. Several works show also a promise of near-
room temperature applications for GeTe [22,23]. GeTe, as one of the
very best performing thermoelectric materials, has also been already
used for development of devices, reaching high energy conversion effi-
ciency, up to ca. 15 % [13,15]. The problem with the undoped GeTe is
the polymorphic phase transition and a very high carrier concentration n
of above 10%! ¢cm~2 [24]. The transition from the low-temperature
rhombohedral structure (space group R3m) to the high-temperature
cubic rock salt structure (space group Fm-3m) occurs at around 700 K
enabling the drop-change transport properties at this temperature re-
gion [25,26]. The high carrier concentration originates from the strong
deviation of stoichiometry toward Ge-deficient compositions, as shown
in the available phase diagram of the Ge-Te system [27,28]. The deep in-
band location of chemical potential provokes a low Seebeck coefficient
and very high electronic thermal conductivity, which is detrimental to
ZT. Also, the lattice thermal conductivity of the undoped GeTe is re-
ported to be around 3.0 Wm'K™! [25], which is too high for good
thermoelectric performance [29,30].

The effective optimization of the carrier concentration in GeTe can
be achieved by Bi doping [15,25,31,32], while the phonon transport can
be deteriorated by PbTe alloying [24,33-35]. Both impurities via
different doping strategies have been tested and approved in GeTe for
the design of high-performance thermoelectric materials [15,31,36]. Bi
in place of Ge plays the role of a donor dopant effectively reducing the
carrier concentration [25,32,37,38]. Additionally, Bi impurity in GeTe
changes the band structure which is reflected in the enhancement of the
density of states effective mass and DFT calculations results [39]. Ac-
cording to the pseudo-binary GeTe-PbTe phase diagram [40], the end-
member compounds form a continuous solid solution at high tempera-
tures, which undergoes spinodal decomposition (miscibility gap) at
lower temperatures, with a critical point at 36 mol% PbTe and 860 K. At
673 K the miscibility gap ranges from about 3 to 90 mol% PbTe [27,40].
Consequently, Pb impurity in GeTe effectively reduces the lattice ther-
mal conductivity due to the presence of interphase phonon scattering as
well as strong point defect scattering [41]. In terms of electronic
transport, Pb is not an electrically active dopant in GeTe, but the PbTe-
GeTe alloy facilitates the reduction of the hole concentration due to a
smaller deviation from the stochiometric composition [24]. Ga dopant
in GeTe reduces the Hall carrier concentration due to filling the va-
cancies on the Ge sublattice and introduces a sharp hump near the Fermi
level (Ep), which was described as a resonant state or deep defect state in
the electronic band structure of GeTe [42-44].

Up to now, many TE studies focus on the maximum ZT while the
realistic parameter determining the energy conversion efficiency of the
device is the average ZT over the broad temperature range [29]. The
obtaining of high transport coefficients in a wide temperature range is a
big challenge [1]. One of the well-known ways to achieve this is to
enhance the Seebeck coefficient using the in-gap or resonant states in the
band structure of the semiconductor material [45]. These strategies have
been successfully applied in many chalcogenides by different dopants, e.
g. by Sn in p-AsyTes [46], BisSes and BisTeg [47], by Tl in PbTe [48], by
In in SnTe [49,50] and PbTe [51]. In the case of GeTe, the existence of
the resonant In state near the valence band maximum causes an
improvement of the average power factor [29]. However, the afore-
mentioned property enhancement is only possible if the Fermi level is
close to the band edge of the in-gap level [29], or if the valence band
conversion is provided by other dopants.

In this work, aiming to develop a highly efficient GeTe-based TE
material, we use the combined effect of the three approaches: i) band
engineering, ii) Fermi level tuning, and iii) miscibility gap exploration.
In this context, we investigated the transport properties of the GeTe
material co-doped with Bi, Ga, and Pb. The Bi doping in GeTe provides
optimized carrier concentration, Ga further engineers the electronic
structure possibly forming a resonant state in GeTe, and Pb induces a
spinodal decomposition. As a result of the well-optimized carrier con-
centration, increased effective mass, and low lattice thermal
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conductivity, a significant enhancement of the average thermoelectric
figure of merit ZT,ye and energy conversion efficiency  was achieved for
the investigated GeTe-based samples.

2. Experimental details
2.1. Materials and synthesis

Samples with the nominal compositions of Gej.r..PbxBiyGa,Te (x =
0,y=0,2=0;x =0.05,y=0,2=0;x =0,y=0.06,2=0;x =0,y =0,
z=0.02; x =0.05,y =0.06,z=0;x =0.05y=0.06,z=0.01; x =
0.05,y =0.06,z=0.02; x =0.05,y =0.06, 2= 0.03; x =0.05,y =0.06,
z = 0.04) were prepared by melting high purity Ge (shot, 99.999 %), Pb
(shot, 99.999 %), Bi (shot, 99.99 %), Ga (shot, 99.999 %), and Te (shot,
99.999 %) in quartz containers evacuated to a residual pressure of 10~
mbar. Ampoules containing the stoichiometric element mixtures were
heated to 1273 K at a rate of 10 K/h and held at this temperature for 4 h.
Then the furnace with the ampules was cooled down to 873 K with a rate
of 10 K/h and annealed at this temperature for 100 h aiming to receive
the homogenized materials. The cooling of the furnace to room tem-
perature was carried out at a rate of 5 K/h.

2.2. Sintering

After the annealing process, the samples were ground into fine
powders (a fraction smaller than 50 um was used for sintering) by hand
grinding in an agate mortar and then densified by Spark Plasma Sin-
tering (SPS) technique at 823 K for 30 min in 12.8 mm diameter graphite
dies under an axial compressive stress of 45 MPa in an argon atmo-
sphere. The heating and cooling rate during the SPS was 100 K/min and
20 K/min, respectively. The compacted pellets with a diameter of 12.8
mm and thickness of 2 mm were obtained and polished for transport
properties measurements. The density of all pellets measured by
Archimedes’ principle was around 97-99 % of the crystallographic
density.

2.3. Powder X-ray diffraction, thermal analysis, and scanning electron
microscopy

Phase identification of the prepared materials was performed with a
BRUKER D8 Advance X-ray diffractometer using CuKa radiation (4 =
1.5418 A, A20 = 0.005°, 20 range 10 — 120°) with Bragg-Brentano
geometry. The lattice constants were calculated using the least square
method by fitting the experimental patterns with the simulated curves.
The LaBg XRD standard was used to improve the accuracy of the lattice
constant calculations. To obtain accurate crystallographic data for the
DFT calculations, we also performed Rietveld refinement of the crystal
structure. The crystal structure analysis was performed using the
WinCSD program package [52].

Thermal analysis of the investigated materials was performed on
Differential Scanning Calorimetry equipment (NETZSCH DSC 404 F3
Pegasus) using a sample mass of around 12 mg in Al crucibles covered by
a lid with a heating/cooling rate of 10 K/min under a helium flow.

Microstructure and chemical composition analyses were performed
using scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS) on the ThermoFisher Scientific Scios 2 scanning
electron microscope. For SEM and EDS analysis, the specimens were
embedded in conductive resin and polished. The distribution of the
Seebeck coefficient on the sample’s surface was analyzed using the
Scanning Thermoelectric Microscope (SThM) with a resolution of 1 pm.

2.4. Electrical and thermal transport properties
Seebeck coefficient S and electrical conductivity ¢ were measured

with a NETZSCH SBA 458 Nemesis. The measurements were carried out
in argon flow over the temperature range of 2908——773 K. The thermal
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diffusivity ap was measured on a NETZSCH LFA 457 apparatus, and the
specific heat capacity C, was estimated using the Dulong-Petit limit.
Prior to measurements, all samples were spray-coated with a thin layer
of graphite to minimize errors due to the emissivity of the material and
laser beam reflection caused by a shiny pellet surface. The thermal
conductivity was calculated using the equation x = dCpap, where d is the
density obtained by the Archimedes principle at the disks from SPS. The
uncertainty of the Seebeck coefficient and electrical conductivity mea-
surements was 7 and 5 %, respectively, while the uncertainty of the
thermal diffusivity measurements was 3 %. The combined uncertainty
for the determination of the thermoelectric figure of merit ZT is assumed
to be equal to 20 % [53]. The Hall effect was investigated using Van der
Pauw geometry in a custom-built apparatus [54]. We used magnetic
field (0.9 T) and electrical currents from the range of 100-200 mA. The
quality of ohmic contacts was checked using a voltage — current curve
before measurement. The uncertainty of Hall measurements was around
10 %. The speed of sound was measured at room temperature using the
Olympus Epoch 650 ultrasonic flaw detector.

2.5. Computational details

Calculations of the electronic structure were performed using the
relativistic full-potential Korringa-Kohn-Rostoker method with coherent
potential approximation (KKR-CPA) [55,56]. Local density approxima-
tion was employed for the crystal potential with Vosko, Wilk, Nussair
parametrization [57], moreover, the calculations were also repeated
using the Perdew-Burke-Ernzerhof generalized gradient potential [58]
and no important changes against LDA results were noticed. About 4000
k-points within the irreducible Brillouin zone were used for the self-
consistent cycle and 400 000 k-points for the density of states (DOS)
and Bloch spectral density functions (BSF) calculations. Angular mo-
mentum cutoff of [, = 3 was used, and Lloyd formula was employed to
calculate the Fermi level position. Experimental crystal structure pa-
rameters were used for electronic structure calculations.
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3. Results and discussions
3.1. Crystal structure and phase analyses

In this work, we aimed to obtain well-tuned transport properties over
the wide temperature range for high energy conversion efficiency. To
achieve this ambitious goal, several doping strategies have been applied
to GeTe-based thermoelectric materials (Fig. 1a). In particular, undoped
GeTe, Pb-doped GeTe, Bi-doped GeTe, Ga-doped GeTe, and Pb and Bi-
co-doped GeTe were investigated as reference materials. While the
main series of samples investigated in this work has the chemical
composition of Gej.x..,PbyBi,Ga,Te with constant content of Pb (x =
0.05) and Bi (y = 0.06) and variable amount of Ga (0.0 < x < 0.04).

Fig. 1b shows the powder X-ray diffraction patterns of the Gej..y.
,PbyBiyGa,Te materials after synthesis and homogenizing annealing. The
main reflections were successfully indexed using the rhombohedral
structure within the space group R3m. However, the minor impurity
reflections that belong to the elemental germanium (space group Fd-3m)
can be also detected in the experimental patterns (marked by asterisks in
Fig. 1b and Figure S1). This observation is consistent with the expected
deviation in stoichiometry (Ge-deficiency) and agrees with the literature
data [28]. The deviation of stoichiometry results in a large concentration
of the Ge vacancies and the existence of the elemental germanium as the
impurity phase [14,28].

The lattice parameters and interaxial angles of the Gei.x.,Pb,Biy.
Ga,Te materials are shown in Fig. 1c. The lattice parameter of the
undoped GeTe estimated using LaBe internal XRD standard equals
4.2947(1) 10\, and the angle is 58.013(1)°. It can be observed that the Bi
and Pb atoms in GeTe increase the lattice parameter while Ga causes
some decrease in the lattice parameter. The ionic radius of Pb%* is 1.19
A, of Bi®" is 1.03 A, of Ga®' is 0.62 A, and of Ge*" is 0.73 A [59].
Consequently, such a variation of the lattice parameters with the
compositional change agreed with the proposed doping strategy that the
impurities of Pb, Bi, and Ga occupied Ge sites. In the case of the Gey.x..
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Fig. 1. (a) Studied compositions in the GeTe-PbTe-BiTe-GaTe quaternary system, (b) powder X-ray diffraction patterns, (c) lattice parameters and interaxial angles,

as well as (d) DSC curves for the Ge.y.,.,Pb,Bi,Ga,Te materials.
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;PbyBiyGa,Te materials with constant content of Pb (x = 0.05) and Bi (y
=0.06), and a variable amount of Ga (0.0 < x < 0.04), it can be observed
a decreasing tendency of the lattice constants with the increase of z,
which can also be explained by the smaller Ga®* radii compared with the
Ge?" radii.

The thermal behavior of investigated Ge.y.y..Pb,Bi,Ga,Te materials
is presented in Fig. 1d. The DSC curve of the undoped GeTe shows a
broad endothermal effect of the structural phase transition from rhom-
bohedral to cubic starting at 612 K. The temperature of this structural
phase transition strongly depends on the deviation of stoichiometry
from ideal GeTe composition [27,40]. Pb doping practically does not
change the temperature of polymorphic phase transition, while Bi
significantly decreases this temperature. Interestingly, Ga doping prac-
tically eliminates the thermal effect of this structural transition, or this
effect is smeared over a wide temperature range. The same picture was
seen for all double and triple-doped Gej.y.y..PbyBiyGa,Te samples.

Fig. 2(a-j) show SEM images of the polished surfaces of Gej..y.
<PbyBiyGa,Te specimens after LFA experiments. As can be indicated from
the low magnification images (Fig. 2a, c, e, g, and i), only a very minor
number of pores can be found on the surface of specimens which agrees
with the high densities of samples estimated using the Archimedes
principle (around 97-99 % of the crystallographic density). The SEM

C)
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images with higher magnification were also recorded to highlight the
information about the impurity phases in the investigated samples
(Fig. 2b, d, f, h, and j). The EDS analysis confirms the chemical
composition of the main phase to be close to GeTe, while the nature of
impurity phases was different in the case of different dopants. The
common feature of almost all samples is that the black/dark regions
belong to the elemental germanium precipitates. This observation is
connected with the strong deviation of stoichiometry toward Ge-
deficient compositions during crystallization of GeTe.

The chemical composition of the impurity phases was also identified
using the EDS point analysis and EDS elemental mapping (Fig. 2k and 1).
The performed experiments approved that PbTe/GeTe alloying creates
the spinodal decomposing (miscibility gap) of PbTe in GeTe. This creates
the submicro/nano precipitates that are mainly located in the intergrain
boundaries (Fig. 2k) that may facilitate the grain boundary scattering of
phonons. In turn, the doping of GeTe with Bi increases the number of Ge
vacancies resulting in a larger amount of the Ge impurity phase in
Geg 94Bip.0sTe material (Figure S2). What is also very interesting, in
Fig. 2d, one can see the PbTe impurity phase, while this phase is not
detected in Fig. 2j. The observation approves the increased solubility of
PbTe in GeTe with the Bi and Ga dopants. The increase in the solubility
of dopants is directly proportional to the increase in the number of

Fig. 2. SEM images of the polished surfaces of the Ge;...,.,Pb,Bi,Ga,Te polycrystalline samples after LFA with lower (a,c,e,g,i) and higher (b,d,f,h,j) magnification:
(@b)x =0;y=0;2=0;(c,d)x =0.05,y=0;2=0; (e, ) x =0;y=0.06;2=0; (g, h)x =0;y=0;2=0.02; (i, j) x = 0.05; y = 0.06; 2= 0.02. EDS elemental
mapping images for the samples with (k) x = 0.05;y = 0; z =0 and (I) x = 0.05; y = 0.06; z = 0.02.
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dopants due to the entropy effect [2]. In particular, the increase in
mixing entropy (due to the additional doping of Pb- and Bi-containing
GeTe samples with Ga) leads to a negative Gibbs free energy and sta-
bilizes a structure [60]. In such a case, we observed the increased sol-
ubility of Pb and Bi in GeTe due to the additional co-doping with Ga.
This effect expands the single-phase space for performance optimiza-
tion, i.e. a larger possibility for tuning the carrier concentration as well
as an enhanced distortion of the lattice due to the increased point defect
scattering. Similar observations have been reported in the case of Sb and
Pb co-doped GeTe, where the presence of Sb increases the solubility of
Pb in GeTe [41]. In Fig. 2g and j, one can also detect the presence of a
Ga-rich impurity phase, which highlights the limited solubility of Ga in
GeTe. In turn, the presence of Ga changes the solubility of Bi and Pb in
triple-doped Ge.x.y.,Pb,Bi,Ga,Te specimens which may have a signifi-
cant effect on the transport properties.

For verification of the spatial homogeneity of the investigated sam-
ples, we performed Scanning Thermoelectric Microprobe (SThM) mea-
surements (Fig. 3a-d). Each map in Fig. 3 was plotted considering the
6400 individual measurements of the Seebeck coefficient on the pol-
ished surface of the sample. To analyze this data, the Seebeck coefficient
histogram was built and fitted using the unimodal or bimodal Gaussian
distribution function. The selection of the Gaussian distribution function
was done considering the coefficient of determination (R?). The analysis
of all maps and Gaussian distributions for undoped GeTe (Fig. 3a), Pb-
doped GeTe (Fig. 3b), Ga-doped GeTe (Fig. 3c), and triply-doped GeTe
(Fig. 3d) specimens show that all samples have high spatial homogeneity
compared to the other chalcogenide systems investigated in previous
studies, i.e. Pby.,,Na,Tl,Te [48], Pby.,In,Tej I, [51], BizTe3 xySexCly,
[61], and CupCoSnS4.,Sey [62]. The average values of the Seebeck co-
efficient agree well with the measured Seebeck coefficients (using the
Nemesis apparatus) shown in the following section. We were not able to
see the impurity precipitates by SThM because the ratio of the Ge im-
purity phase was small (about 2 % or even less) compared with the main
GeTe phase. Also, the SThM measurements in this work were performed
with the step of 5 um, which is probably too high to see the deviation in
the Seebeck coefficient due to the micro-sized impurities. Somewhat
lower spatial homogeneity of the Seebeck coefficient is received for the
triply-doped GeTe materials, due to the largest presence of impurities in
this sample. The unimodal Gaussian distribution function is the best for
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all GeTe-based samples, except the Pb-doped one. This can be connected
with the spinodal decomposition and the existence of the PbTe-based
impurity phase. However, the size of the impurity phase inclusions
over the surface of the sample is too small for precise quantitative
analysis.

3.2. Electronic transport properties

The electronic and thermal transport properties of the
Ge1.x.y-sPbyBi,Ga,Te materials are shown in Table 1. The Seebeck coef-
ficient for the undoped GeTe is 34 pVK ! at 298 K, which is well agreed
with the previously reported values of 28-35 pVK ™! [13,16]. Such a
relatively small S value can be explained by the very high carrier con-
centration ng=1.1 x 10?! em 3, caused by the strong deviation of
stoichiometry toward Ge-deficient compositions. The very high carrier
concentration also results in a high electrical conductivity of 7816 S
em ™! and a high thermal conductivity of 7.9 W m™K™! (due to the
higher electronic contributions) suggesting the need to optimize the
carrier concentration.

In this work, we used electrically active Bi in place of Ge to optimize
the carrier concentration. According to defect energy calculations for
this system, doping of Bi on Ge is expected to produce n-type carriers, as
Bige defect is the donor across the entire available energy space [63].
Introduction of this extrinsic substitutional defect will move the Fermi
level towards the band gap. However, native GeTe is known to have a
high concentration of acceptor Ge vacancy defects [63]; as such, moving
the Fermi level to the right will lower the energy of Ge vacancies. Thus,
we expect a doping efficiency less than 100 % with n-type Bige doping.
Despite this native counter-dopant, we managed to reduce carrier con-
centration in our GeTe samples by Bi doping. As a result of the decrease
of carrier concentration from 1.1 x 102! cm™2 for undoped GeTe to 3.5
x 10%° cm ™2 for 6 at.% Bi-doped GeTe (the Gej.y.y..Pb,Bi,Ga,Te sample
with x = 0; y = 0.06; z = 0), the Seebeck coefficient increases signifi-
cantly from 34 pv K ! up to 83 pV K. The electrical and thermal
conductivities for the Bi-doped GeTe sample also drop down to the
values of 1592 S em™! and 2.1 W m 'K, respectively. These observa-
tions show the very effective tuning of the carrier concentration due to
the Bi doping.

In the cases of Pb and Ga dopants in GeTe, the effect of these dopants
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Fig. 3. SThM maps of Seebeck coefficient on the polished surfaces of the Ge,_y.,.,Pb,Bi,Ga,Te polycrystalline samples: (a) x =0; y =0;2=0; (b) x =0.05;y =0; 2=
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Table 1
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Seebeck coefficient S, electrical conductivity o, thermal conductivity x, Hall carrier concentration ny, carrier mobility yy, and density of electronic states effective

masses m* of the Ge;_.,.,Pb,Bi,Ga,Te polycrystalline samples at 298 K.

Gej.x.y.,PbyBi,Ga,Te S, uVK! 6,Scm™! K, WmK™! ny, cm 3 g, em?vls™! m*/me
x=0;y=0;2=0 34 7816 7.9 1.1 x 10% 44 0.34
x=0.05y=0;z=0 40 6007 5.4 5.5 x 10%° 68 0.76
x=0;y=0.06;2=0 83 1592 2.1 3.5 x 10%° 28 1.38
x=0;y=0;z=0.02 43 6252 6.6 4.8 x 10%° 79 0.51

x =0.05;y = 0.06; 2 = 0 119 1335 1.9 1.2 x 10% 57 1.3

x = 0.05; y = 0.06; z = 0.01 129 971 1.6 1.3 x 10% 46 1.59

x = 0.05; y = 0.06; z = 0.02 134 967 1.3 1.2 x 10%° 54 1.56

x = 0.05; y = 0.06; z = 0.03 145 733 1.2 9.1 x 10%° 50 1.55

x = 0.05; y = 0.06; z = 0.04 136 824 1.2 1.1 x 10% 46 1.56

on the carrier concentration is rather weaker than in the case of Bi.
Particularly, the presence of 5 at. % of Pb dopant decreases the carrier
concentration to the value of 5.5 x 102° cm™ producing slightly higher
Seebeck coefficient of 40 pVK ! if compared to the undoped GeTe.
Electrical and thermal conductivities are somewhat lower at 6007 S
em ! and 5.4 W m'K ™}, respectively. In this case, the reduction of
carrier concentration originates from the reduction of the number of Ge
vacancies, as Pb itself is an isoelectronic element to Ge. Interestingly, 2
at. % of Ga in GeTe also decreases the carrier concentration, in spite of
the fact that Ga is a monovalent acceptor (see [42] and the discussion
below). Thus, it also has to be attributed to the reduction of the number
of Ge vacancies, which are divalent p-type impurities.

In the case of the double and triple-doped GeTe samples, a large
decrease in the carrier concentration is detected producing high values
of the Seebeck coefficient (around 119-145 pVK’l) and moderate
electrical conductivity (824-1335 ecm™Y) at 298 K. In turn, the total
thermal conductivity x at 298 K decreases significantly for these samples
(1.2-1.9W m'lK_l), as shown in Table 1.

The electronic transport in the investigated Gej.y.,.PbyBi,Ga,Te

materials was also analyzed using the calculated density of electronic
states effective masses m* (Table 1 and Fig. 4a). The values of m* were
estimated using the Kane band model within the procedure described in
the Supporting Information. The lowest effective mass was obtained for
the undoped GeTe samples, while the highest m* is for the Bi-containing
samples. This can be connected with the band convergence recently
reported for the Sb-doped GeTe [64]. Bi-doped GeTe is also expected to
have a similar effect. The triply-doped GeTe materials show significant
enhancement of the m* value up to 1.59m.

To better visualize and analyze the changes in the effective masses,
we plot the Pisarenko dependence of the Seebeck coefficient S and the
carrier concentration ny for Gei.y..,Pb,Bi,Ga,Te materials at 298 K
(Fig. 4a). Such a dependence is very useful for understanding the elec-
tronic structure changes caused by the different doping mechanisms. In
particular, the Pisarenko plot is very useful in identifying the resonant
dopants [45,48]. The best fitting of the experimental data of S(ny) with
the calculated curves was possible using the effective masses varied in
the range of 0.5-1.5m.. The obtained results were also compared with
the literature data reported for the Pb, Bi, or Ga-doped GeTe [13,42,65].

a b c
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Fig. 4. (a) Pisarenko plot of the Seebeck coefficient and carrier concentration in Ge;y.,.,PbBi,Ga,Te at 298 K. Solid lines were calculated within the Kane band
model. Grey symbols indicate the experimental data reported for the p-type GeTe-based materials in the literature [13,42,65]. Temperature dependences of the (b)
Hall concentration, (c) charge carrier mobility, (d) electrical conductivity, (e) Seebeck coefficient, and (f) Power Factor in Ge;_y.y.,PbsBi,Ga,Te materials.
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As can be seen in Fig. 4a, the obtained experimental data roughly cor-
responds with the literature data for most samples. At the same time,
significant disagreements between our results and literature data can be
found for the case of Pb-doped GeTe (grey squares at the range of low
carrier concentrations in Fig. 4a). The very high effective mass (about
1.8m,) obtained using data from ref. [65] can be explained by the very
high content of PbTe in GeTe in the samples investigated by the authors
(about 40-60 at. %). The mentioned materials were prepared by
quenching from a high temperature (higher than the miscibility gap
temperature), resulting in the single-phase Ge;.,Pb,Te solid solution. As
a result, the highest possible band convergence and high effective mass
were reported in the system studied by the authors [65]. In the case of
our samples, we explored only up to 5 %-Pb-doped samples, and the
cooling process was carried out at a rate of only 5 K/h in order to achieve
the limited solubility of Pb in GeTe due to spinodal decomposition. This
can be a reason for the lower effective mass in our Pb-doped GeTe
samples. The Bi-containing samples (our results and literature data)
show higher values of the effective mass compared to the undoped GeTe.
This indicates that the Bi doping in GeTe provoke the band convergence
effect. In turn, the single-Ga-doped sample does not show the clear ev-
idence of the resonant state in GeTe. We observe a slight increase in
thermopower and effective mass but the effect is not as strong as in
PbTe:T1 [66] or SnTe:In [67]. It has already been noted in the literature
[42,44] that the possible Ga resonant state gives more subtle effect and
requires a careful tuning of the sample composition and chemical po-
tential position for the effect to be observed. The effect of both dopants
(Bi and Ga) on the electronic structure of the GeTe are discussed in the
following section.

To estimate the temperature-dependent charge carrier concentration
and mobility of the Gej.r,.,PbsBiyGa,Te materials, we performed the
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high-temperature Hall measurements (Fig. 4b). The temperature-
dependent carrier concentration does not change with the temperature
increase over the whole investigated temperature range for undoped,
single-Pb-doped, and single-Ga-doped GeTe, which is expected for
heavily degenerate semiconductors. In the case of Bi-containing mate-
rials (the samples with much lower carrier concentrations), the carrier
concentration remains unchanged up to around 500 K. Above this
temperature the ny(T) tendency shows a positive slope due to the acti-
vations of the intrinsic conduction mechanism.

The electrical conductivity decreases with temperature rise indi-
cating metallic behavior for all Ge;..,.,PbyBiyGa,Te specimens (Fig. 4d).
The temperature dependencies of ¢ for undoped, single-Pb-doped, sin-
gle-Bi-doped, and single-Ga-doped GeTe specimens agree with the re-
ported literature data [13,42,65]. The Seebeck coefficient shows
positive values over the whole temperature range indicating holes as the
dominant charge carriers for the investigated specimens (Fig. 4e). For
undoped or single-doped samples, the Seebeck coefficient increases over
the whole measured temperature range. For the undoped sample, both
the Seebeck coefficient and electrical resistivity show a slight change of
slope at ca. 650 K, which corresponds to the structural phase transition
in GeTe. In the case of double and triply-doped GeTe materials, the
Seebeck coefficient shows a maximum at around 600 K indicating the
activation of the minority carrier transport. We also would like to
mention the much better repeatability of properties in triply doped
materials compared to the single doped ones (Figure S5).

To estimate the possible enhancement of the electronic transport
properties in the developed Gej.y.,PbyBi,Ga,Te materials, we calcu-
lated the power factor (PF=S%0) (Fig. 4f). In the case of the undoped and
single-doped GeTe materials, the temperature-dependent power factor
shows a maximum of almost 40 pW cm™ K2 at 700 K, while the room-
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Fig. 5. Two-dimensional projections of Bloch spectral functions for GeTe: (a) containing 2% of Ge vacancies, (b) doped with 2% of Pb, (c) 2% of Bi, and (d) 2% of Ga.

The value of BSF is represented by color, plotted in a logarithmic scale.
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temperature PF is around 4 times lower (8-12 pyW cm 'K~ 2). This results
in a rather narrow bell-shaped temperature-dependent power factor in
these samples. In turn, the power factor for triply doped GeTe specimens
shows a much broader temperature dependence with almost 2-times
higher room temperature values (15-19 yW cm™K~2).

3.3. Calculated electronic structure

Fig. 5 shows the calculated Bloch spectral density functions (BSFs)
for GeTe containing 2 % of Ge vacancies (panel a) and doped with 2 % of
Pb (b), Bi (c), and Ga (d). BSFs describe the electronic dispersion re-
lations in a disordered material, their maxima show the center of bands
that are smeared due to impurity-induced electron scattering. Our cal-
culations show the main effects of the presence of individual defects and
dopant atoms on the electronic structure of GeTe. The electronic struc-
ture of pristine GeTe was discussed e.g. in [15,37,68-74] and it is
consistent with our calculations. To recall its main features let us focus
first on panel (b) as the presence of Pb does not lead to strong band
smearing, which appears due to the presence of disorder [49,50,75,76].
The valence band maximum is located at the so-called X point, which is
strictly speaking not a high-symmetry point but is located halfway be-
tween P and I" (see Figure S3 in Supporting Information for the Brillouin
zone with high-symmetry points). This point is the analog of the X point
in the rock-salt PbTe or SnTe where the second valence band maximum
is located (so-called “heavy” valence band, being in fact the second
maximum of the L-X band). Here, due to the rhombohedral distortion,
the band maxima are shifted, and it is the X point that hosts the top of the
valence band. In GeTe, the band structure is additionally split by the
spin-orbit interaction due to the lack of the inversion center in the
rhombohedral unit cell of this polar material. The splitting of the valence
band at the X point is about 110 meV. The next two valence band
maxima are located at the L point and near the Z point (in the B-Z di-
rection, the Z point transforms into the L point when the rhombohedral
distortion disappears). These two VB maxima have energies close to
each other, and their relevant position changes with doping (mostly due
to changes in the details of the unit cell geometry). That makes the L-2-Z
bands the most important for the determination of thermoelectric
properties in the mid-temperature range, analogically to the L-X band in
the sister materials PbTe and SnTe [49,77].

Moving now to the effect of impurities, in the presence of Ge va-
cancies (Fig. 5a) as expected the system becomes p-type, as each Ge
vacancy delivers two holes to the material. Besides this, vacancy appears
to moderately smear the band structure inducing electron scattering. In
contrast, the neutral (isovalent to Ge) impurity of Pb (Fig. 5b) induces
only a minor electron scattering, as the Bloch spectral functions remain
sharp. That shows that Pb is an excellent impurity to be used in GeTe
towards realizing Slack’s phonon glass-electron crystal idea [78], as due
to a large mass difference it will effectively scatter phonons, not
diminishing the mobility of electrons, or even by reducing the concen-
tration of Ge vacancies, possibly improving the mobility at low tem-
peratures, where the electron-phonon scattering is negligible. Apart
from the effect of band smearing, both Ge vacancy and Pb do not induce
strong modifications to the shape of bands and band maxima alignment.
To give several characteristic numbers, the distances to the center of
bands between the top of two bands at ¥ and the top at L are AE; =195
meV (upper band at - top at L) and AE = 91 meV (lower band at X — top
at L) in Geg 9gTe while in Geg 9gPbg g2Te they are AE; = 185 meV (upper
band at £ — top at L) and AE; = 75 meV (lower band at X — top at L). The
distances between the top at the L point and the VB maximum near Z (in
the Z-B direction) are AE3 = -35 meV in Geg 9gTe and AE3 = -25 meV in
Geg 9gPbg p2Te (the L point maximum is lower). Thus, in terms of the
band convergence, the addition of Pb is slightly beneficial. This result
also correlates with the rise of the DOS effective mass from 0.34m, for
undoped GeTe up to 0.76m, received for the case of Pb-doped GeTe in
the experimental studies (Table 1).

The third considered impurity, bismuth (Fig. 5c¢), is a single-electron
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donor, thus when only this type of impurity substitutes Ge the material
would become n-type, with the Fermi level penetrating the conduction
band. In agreement with earlier studies [29,72,79], in contrast to Pb and
Ge vacancy, Bi creates stronger modifications of the shape of bands. It is
possible that even a resonant-like behavior could be realized if the
vacancy-free n-type material could be synthesized. Bi affects the con-
duction band mostly, visibly distorting the bands near L and Z. Impor-
tantly, in the valence band, Bi leads to increased band convergence. Shift
in the valence band maxima takes place, much larger than in the case of
Pb. The relevant distances between the earlier-mentioned maxima are
AE7; = 150 meV, AE; = 40 meV, and AE3 = 30 meV, thus L and “near-Z”
maximum exchange their positions. Consequently, such a valence band
convergence could be the main reason for the increase in the density of
states effective mass up to 1.38m, for the p-type single-Bi-doped GeTe
material.

The last impurity of Gallium (Fig. 5d) is an acceptor and possibly
creates resonant-like modifications inside the valence band [42,80]. For
such a case, spectral functions near the top of valence bands are
smeared, as in PbTe doped with Tl or SnTe doped with In [49,76,77,81].
Here we should also expect a stronger electron scattering at T=0 K and
increased low-temperature resistivity. At room temperature the effect is
not seen in our experimental studies for the Ga-doped GeTe, which has
similar mobility to other samples. That may be related to the contribu-
tion of the electron-phonon scattering, being similar in all the systems,
and hiding the contribution from temperature-independent resonant
scattering. This again shows that the possible resonance effect from Ga is
not that strong, which is consistent with the above-mentioned subtle
effect on the thermopower and the effective mass and possible need for a
proper optimization of the position of chemical potential. In the real Ga-
doped material, the chemical potential is much deeper in the VB due to
the vacancies in the structure, than in Fig. 5d, and chemical potential
may not be in the optimal position. We discuss the possibility of a
resonant state formation below. The calculated densities of states are
shown in Fig. 6. They supplement the conclusions drawn from the
analysis of the spectral functions. We can observe the strong acceptor-
behavior of Ge vacancy (panel a), which moves the Fermi level deep
into the valence band; the isovalent behavior of lead (panel b) with Eg
not shifted by Pb; peak in the conduction band DOS formed by Bi (panel
¢) and peak in the valence band provided by Ga (panel d), with Eg shifted
to conduction and valence bands, respectively.

Next, we have performed calculations for the case where all the
impurities and Ge vacancy are present in GeTe, with the crystal structure
and impurity concentrations related to the stoichiometry of the best
sample studied in the experimental part, namely 5 % Pb, 6 % Bi, 2 % Ga
and 2.3 % of Ge vacancies. Such a level of vacancies is needed to explain
the p-type conductivity and the carrier concentration of 1.1-10%° cm™3.
Fig. 7 shows the density of states and spectral functions. All impurities
generally keep their individual character, with Ga distorting the valence
band and Bi the conduction band. The Fermi level in this multi-doped
material is located on a resonant-like hump in the DOS curve, which is
formed due to the combined effects of band smearing and band distor-
tions, seen in the spectral function plot. The band maxima seem also to
be aligned showing increased band convergence, however here due to
strong band smearing, resulting from a large amount of impurity atoms,
this effect is more difficult to catch in BSF plot. In the DOS plot, on the
other hand, we see a steeper DOS(E) function around Er which explains
the large DOS effective mass seen in the measurements. The combina-
tion of dopants allows us to benefit from the transport properties opti-
mization with superimposed modifications from Ga, Pb, and Bi.

The point which we would like to discuss further is what is the
mechanism behind the positive role of Ga for the thermoelectric per-
formance of the studied series of samples and whether this comes from
resonant state, possibly formed due to Ga doping, as the effect is more
subtle here than in the previously studied, well-known resonant level
systems as PbTe:Tl or SnTe:In [42,44,66,67]. In singly doped GeTe, the
room-temperature thermopower increases from 34 to 43 pV/K, partially
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due to reduction of carrier concentration, but the effect is also seen on
the Pisarenko curve in Fig. 4a, thus the slight increase is not only due to
reduction in ny. The effective mass increases from 0.34 to 0.51. In 5 %
Pb & 6 % Bi-doped GeTe (samples have similar carrier concentrations),
with increasing the Ga concentration thermopower increases from 119
to 145 pV/K and the effective mass increases from 1.3 to ~ 1.55. This, in
connection with DFT calculations, suggests that the effect comes from
the resonance, and we adopt this interpretation. Additionally, we have
plotted the temperature-dependent mobility for the undoped (x = 0; y =

0; z = 0), Pb-doped, (x =

0.05; y = 0; z=0), and Ga-doped (x = 0; y = 0;

z = 0.02) GeTe samples. In Figure S4, we can see that the carrier
mobility for undoped and Pb-doped GeTe samples follows the T~ %2
dependence, indicating the dominant role of the phonon-electron scat-
tering. For the Ga-doped sample, the large discrepancy between the
theoretical T~>/2 curve and the experimental points is seen below 450 K,
that can indicate the presence of resonant scattering. Although the DFT
calculations show the trace of the resonant state of Ga in GeTe, due to
the complex doping scheme used in this work as well as the phase
transition occurred in the material we have to be caution with
concluding on the behavior of Ga. Therefore, we use the term “possible
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resonant state” because the true nature of Ga in GeTe is still not clear. To
conclude on the resonant behavior of Ga in GeTe, low-temperature
measurements of mobility should be performed, as only at low tem-
peratures the resonant scattering effect can be proven in the absence of a
strong electron-phonon scattering [50].

3.4. Thermal transport and thermoelectric performance

Fig. 8a shows the total thermal conductivity « as a function of tem-
perature for the.

Ge1.x.y-sPbyBi,Ga,Te materials. The total thermal conductivity de-
creases with temperature until the polymorphic phase transition. At the
temperature of the phase transition, the inflection of the x(T) is observed
for all specimens. We should keep in mind that the total thermal con-
ductivity at the high-temperature region could be affected also by the
effect of bipolar conduction, which was observed in Seebeck coefficient
and electrical conductivity temperature dependences.

To analyze the contribution of the lattice thermal conductivity «, in
the total thermal conductivity x, we estimated the electronic lattice
thermal conductivity k. using the Wiedemann-Franz law (% = LT,
where L is the Lorenz number). The temperature-dependent Lorenz
number was calculated via the Kane band model approximation using
the following expression [82]:

_ (ks 2 50, p) Ir1+1,2(’77ﬁ)
Lo(r.£) = (?) |:1?+1,2('7=ﬂ) 7I?+1,2(’77ﬁ) W

Here kg is the Boltzmann constant, e is the charge of an electron, r is the
scattering parameter, 1 is the reduced chemical potential, and f denotes
the parameter of nonparabolicity [82]. The chemical potential and
parameter of nonparabolicity were evaluated using the procedure
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described in the Supporting Information. The calculations were carried
out within the constant relaxation time approximation, considering
scattering on acoustic phonons as the main charge scattering
mechanism.

The electronic contribution to the thermal conductivity is the highest
for the Pb-single-doped, Ga-single-doped, and undoped GeTe samples
(see Figure S7 in Supporting Information). This behavior of the elec-
tronic thermal conductivity is well aligned with the electrical conduc-
tivity temperature trends illustrated in Fig. 4d. In addition, the rest of
the samples, namely the Bi-single-doped, double-doped, and triple-
doped GeTe samples, exhibit considerably lower «, due to their mark-
edly lower ¢ values.

Fig. 8b shows the calculated lattice thermal conductivity as a func-
tion of temperature over the temperature range of 298-600 K. Due to
phase transitions and bipolar conduction, we do not perform calcula-
tions at higher temperatures. The estimated lattice thermal conductivity
for undoped GeTe decreased from 3.1 Wm ™K' down to 0.8 Wm™'K ! at
the temperature range from 298 K up to 600 K, respectively. Such a
temperature dependence of the i, is in agreement with the literature-
reported range of the lattice thermal conductivity in GeTe [13,25].
The wide range of the lattice thermal conductivity in undoped GeTe is
mainly related to the different grain boundary scattering, the concen-
tration of intrinsic defects as well as the method of Lorenz number cal-
culations. While the different temperature behavior of the lattice
thermal conductivity for the Pb-single-doped GeTe samples can be
attributed to a number of factors. First, Pb doping in GeTe causes spi-
nodal decomposition, forming submicron or even nanoscale PbTe-based
impurity phases (Fig. 2). These PbTe-based inclusions may be respon-
sible for the enhanced phonon scattering observed over the mid-
temperature range of 400-600 K. Another noteworthy observation is
that the lower 1, in Pb-single-doped GeTe can be attributed to its crystal
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Fig. 8. Temperature dependences of (a) the total thermal conductivity, (b) lattice thermal conductivity, and (c) Callaway modeling of the lattice thermal con-
ductivity. In panel (c) the lines correspond to the calculations using the Debye-Callaway approach, while the U, P, and GB represent Umklapp scattering, point defect
scattering, and grain boundary scattering, respectively. (d) The thermoelectric dimensionless figure of merit ZT as a function of temperature. (e) Average ther-
moelectric figure of merit and (f) estimated energy conversion efficiency as a function of temperature gradient AT (AT=Ty-T., where T}, and T, are the hot side and

cold side temperature, respectively) for Ge,.y.,.;Pb,Bi,Ga,;Te materials.
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structure. Fig. 1c shows that the Pb-doped sample’s lattice parameter
and the interaxial angle deviate from the trend observed in the other
samples. The lattice parameter is significantly higher, while the inter-
axial angle is lower. Such structural distortion may be responsible for the
lower «i. Finally, the lattice thermal conductivity was estimated using
the Dulong-Petit approximation of Cp and the Lorenz number was
evaluated using the Kane band model and the constant relaxation time
approximation (with charge carrier scattering on acoustic phonons as
the dominant scattering mechanism). These approximations may also be
responsible for the deviation of the lattice thermal conductivity in the
investigated samples.

The measured speed of sound (longitudinal v; and transverse vy and
calculated Debye temperatures ©p, the Poisson ratio v, Griineisen
parameter y, bulk modulus B, Young modulus E, phonon mean free path
Ln, and the lattice thermal conductivity &, for Ge;.y.y.,Pb,Bi,Ga,Te ma-
terials are shown in Table 2. The Supporting Information provides de-
tails on the determination of the elastic and thermal transport
properties. The average speed of sound for the investigated GeTe-based
materials is in the rather narrow range of 2066-2175 m s~!. Similar
elastic properties indicate that the strong xj, reduction is most likely
related to change of phonon scattering in the investigated materials.

The lattice thermal conductivity of the undoped GeTe at 298 K equals
3.07 Wm'K~! which is in the range of the literature-reported values
2.0-5.0 Wm'K ! [13,25] (Table 2). The 2 at.% of Ga doping slightly
decreases the . to the value of 2.7 W m ™! K1, while 5 at.% of Pb doping
and 6 at.% of Bi doping reduce the lattice thermal conductivity of GeTe
significantly (to the values of 1.76 and 1.26 Wm™K™! at 298 K,
respectively). Such a dramatic reduction of the lattice thermal conduc-
tivity for the above-mentioned samples is in line with the change of the
phonon mean free path shown in Table 2 indicating the increase in the
point defect concentration in these materials. In turn, we do not see a
clear correlation between the Griineisen parameter and lattice thermal
conductivity suggesting rather similar phonon-phonon scattering for
the investigated samples. For the triple-doped samples, the lattice
thermal conductivity and phonon mean free path are around ~
0.84-0.87 Wm ' K! and ~ 9.0-9.6 A at 208 K, respectively, suggesting
strong point defect scattering.

To bring some light into the origins of the low lattice thermal con-
ductivity in the Gej_y.y.,Pb,Bi,Ga,Te materials, we performed the Debye-
Callaway modeling (Fig. 8c). In this method, we performed fitting of the
experimentally achieved lattice thermal conductivity with the x.(T)
obtained using the following expression [62,83-85]:

3 rOp/T 4,4
. kg (E)/ Tc(t)(tiedt (2)
0

- 272V, \ K et — 1)2

Here 7. denotes the total phonon relaxation time, which can be
expressed using Matthiessen’s rule:
1 1 1 1

i1, 1.1 ®3)
Tc Ty 7Tp 7TGB

where 7y, 7p, and 7gp are the phonon relaxation time contributed from
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the phonon-phonon Umklapp processes scattering (U), point defect
scattering (P), and grain boundary scattering (GB), respectively (Equa-
tions 4-6).

4

ot = B(k‘%) Tt )]
4

o =A (kBTT> t* (5)

= )

Here 7 = h/(2x), t = ho/(kpT), and d is the grain size. During the fitting
procedure, the grain size d was fixed at 50 pm, while the parameters A
(point-defect scattering) and B (four-phonon Umklapp scattering) were
tuned to obtain the best agreement between theoretical and experi-
mental data [62]. Consequently, information about the nature of
phonon scattering for the investigated materials can be obtained from
the analysis of parameters A and B [84].

In comparison with the undoped, Pb-doped, and Ga-doped GeTe
specimens, a significant enhancement of the point defect scattering was
observed for the Bi-doped, double-doped, and triple-doped GeTe mate-
rials (Table S1 in the Supporting Information). Because the point defect
scattering in doped materials originates from the mass field and strain
field fluctuations, we used the Abeles model [86] to quantify the effect of
each dopant and each mechanism on the lattice thermal conductivity.
Table S2 show the calculated scattering parameters [ "calc, which consist
of mass field fluctuation /', and strain field fluctuation I's. Supporting
information contains all necessary details of the calculations. The ob-
tained results indicate that the effect of the stain field fluctuations in
about five times stronger than the mass field fluctuation for most of the
materials. Due to the very similar atomic mass of Ga and Ge, the strain
field fluctuations dominate significantly (I's/I'm, = 765) in single-Ga-
doped sample, but the role of Ga in the reduction of the «, is rather
small. The largest strain field fluctuation is coming from Pb dopant,
while Bi produces the largest mass field fluctuations. The effect of Ga on
the point defect scattering is very small which agrees with only minor
effect of this dopant on the lattice thermal conductivity (Table S2). The
effect of the phonon-phonon scattering is somewhat large for the
double-doped and triple-doped GeTe specimens, while the rest samples
show lower U scattering (Table S1). Consequently, the very low lattice
thermal conductivity in the triple-doped series of the GeTe samples can
be explained by slightly enhanced phonon-phonon scattering and
significantly strengthened point defect scattering as it is derived from
the Debye-Callaway analysis and ultrasonic measurements.

To evaluate the possible effect of Ge impurity phase scattering on the
lattice thermal conductivity, we also performed the Debye-Callaway
calculations, fixing the Umklapp scattering and opening the grain
boundary scattering. In this case, however, the calculations showed a
much larger discrepancy between the theoretical curves and the
experimental points, suggesting that the amount of Ge impurity phases
is too small to significantly affect the thermal transport properties.

Table 2

The elastic and thermal transport properties of Ge;.y.,.;Pb,Bi,Ga;Te materials.
Gej.x.y..Pb,Bi,Ga,Te v, m/s V¢, M/S Vm, M/S 6p, K v Y B, GPa E, GPa L, A K1,

Wm k!

x=0y=0,2=0 3384 1959 2175 215.3 0.25 1.49 38.7 58.5 29.6 3.07
x=0.05y=02=0 3238 1868 2074 203.1 0.25 1.50 35.7 53.4 18.4 1.76
x=0;y=0.06;z=0 3282 1849 2057 202.5 0.27 1.59 38.8 54.2 13.3 1.26
x=0;y=0;z=0.02 3334 1939 2151 213.4 0.24 1.47 37.5 57.5 26.4 2.70
x =0.05;y =0.06;z=0 3213 1896 2101 206.1 0.23 1.42 35.3 56.7 141 1.31
x = 0.05; y = 0.06; z = 0.01 3273 1906 2115 208.0 0.24 1.47 37.8 58.2 12.0 1.12
x = 0.05; y = 0.06; z = 0.02 3260 1898 2106 204.7 0.24 1.47 36.2 55.7 9.0 0.84
x = 0.05; y = 0.06; z = 0.03 3237 1899 2105 205.0 0.24 1.44 35.5 55.8 9.3 0.87
x = 0.05; y = 0.06; z = 0.04 3151 1865 2066 201.4 0.23 1.41 33.2 53.7 9.6 0.88
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Fig. 8 shows the dimensionless TE figure of merit ZT for
Ge1.x.y-PbyBiyGa,Te materials at the temperature range of 298-773 K.
The temperature-dependent ZT parameter of undoped GeTe increases
with temperature, reaches a maximum value of 1.17 at 700 K, and then
sharply drops down to the value of around 0.9 which could be an indi-
cator of the phase transition from rhombohedral to cubic modification.
This temperature only roughly corresponds to the thermal effect recor-
ded at around 612 K during the DSC analysis. Such a disagreement in
phase transition temperature is most probably connected with the ma-
terial nature, i.e. the materials after synthesis were used for DSC anal-
ysis, while the characterization of the TE performance was done on the
SPS-prepared samples. The broad range of the phase transition for
undoped GeTe is also reported in the literature [13,28]. The
temperature-dependent ZT of the other investigated materials is very
similar to the undoped specimen. The difference is only in the transition
temperature, i.e. with the increase of the amount of dopants the
maximum in ZT is moved towards the low temperatures.

The ZT value for the undoped GeTe is low (around 0.03) at room
temperature mainly due to the unoptimized carrier concentration,
which agrees with the previously reported data [14,24]. In the case of Pb
and Ga-doped GeTe samples, the thermoelectric figure of merit achieves
the value of 0.05 suggesting rather little improvement compared to the
undoped material. The much better ZT was obtained in the Bi-doped
sample (around 0.16 at 298 K) and double-doped material (around 0.3
at 298 K) due to the tuned carrier concentration. The further optimi-
zation of the carrier concentration, low lattice thermal conductivity, and
induced defect state produced the ZT up to 0.4 at 298 K for all triple-
doped GeTe materials. Considering the maximum thermoelectric
figure of merit, the undoped GeTe shows a value of 1.17, while the best
sample achieves an outstanding ZT of around 2.1 at 600 K. This value is
comparable to the best ever-reported ZT values for the GeTe-based al-
loys [13,16].

However, the maximum thermoelectric figure of merit is rather a
poor indicator of good TE performance in the material [51]. To evaluate
the realistic energy conversion performance of the developed materials
we calculated the average ZT and thermoelectric efficiency #. In the case
of undoped GeTe, the ZT,y. = 0.43, which corresponds to the maximum
achievable energy conversion efficiency of 7.6 % at the temperature
gradient of 475 K (T, = 298 K). In turn, thanks to the effective reduction
of the lattice thermal conductivity, optimized carrier concentrations,
and band engineering, which allows for the optimization of the power
factor in a broad temperature range, the best ZT,y reaches a much
higher value of almost 1.4 at the temperature gradient of 475 K (T, =
298 K), which is among the best values reported (see Figure S8 in
Supporting Information) [15,20,38,87-92]. Even if each of the single-
doped samples investigated in this work induce some enhancement in
the estimated energy conversion efficiency (from 7.5 % for undoped
GeTe up to up to 12.5 % for Geg 94Big 06 Te), the significant increase in n
up to 17.0 % for Geg g7Pbg o5Bip.06Gag.02Te was possible only using the
proposed multiple defects scheme (Fig. 8f). The synergy of the multiple
defects is mainly represented in the increased solubility of dopants,
which is one of the fundamental requirements of thermoelectric mate-
rials suggested by A. Ioffe. Consequently, the proposed multiple defect
strategy opens the window for the additional carrier concentration
tuning and band convergence establishment, while larger number of
point defects only strength the phonon scattering and enhance the
thermoelectric performance. Multiple defect states engineering was also
found to be very helpful with the suppression of the phase transition in
GeTe. It eliminates the effect of phase transition improving the repeat-
ability of transport properties that is very important for device stability.

4. Conclusions
In summary, we demonstrated that the Bi, Ga, and Pb co-doped GeTe

materials show great thermoelectric performance in a broad tempera-
ture range. Bi and Ga doping produces well-tuned carrier concentrations
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n and enhanced DOS effective mass m*. Particularly, the carrier con-
centration is decreased from 1.11 x 10%! em™ for the undoped GeTe to
1.16 x 10%° cm 2 for the Geg g7Pbg 05Bio.06Gao.02Te while the increase of
the effective mass from 0.34m, to 1.56m, was observed in these mate-
rials. Although Bi in place of Ge is mainly responsible for the tuning of
the carrier concentration, the enhancement of the m* values is con-
nected with the Bi-provoked band convergence and the probably reso-
nant hump induced by the Ga dopant. Simultaneously, by adding the
isoelectronic impurities of Pb we are able to increase the mass disorder
and lower the amount of Ge vacancies that helps to tune the carrier
concentration and maintain a good mobility. As a result, a significant
enhancement of the room-temperature Seebeck coefficient from 33.5
uVK ! to 133.6 uVK ! and a high power factor over the broad temper-
ature range was achieved.

In addition to the effect of Bi and Ga-provoked defects in GeTe, the
Pb-induced spinodal decomposition leads to a strong reduction of the
lattice thermal conductivity from 3.07 Wm™K ! for the undoped sample
to 0.84 Wm 'K ! for Geg.g7Pbg.05Big.06Gag.02Te material. The beneficial
effect of triple doping was also observed on their solubility, resulting in
the lower presence of the impurity phases in triply co-doped GeTe
samples. In addition, the thermal effect of the polymorphic phase tran-
sition observed by DSC in these samples is eliminated suggesting better
repeatability of the transport properties. As a result of the synergistically
improved power factor and reduced lattice thermal conductivity, the
value of the best thermoelectric figure of merit reached 2.1. Due to the
effectiveness of the proposed multiple defect state engineering, the
average ZT is also enhanced significantly from 0.4 for undoped GeTe up
to 1.4 for Geg gyPby.05Big.06Gao.o2Te at the same temperature gradient of
475 K (T, = 298 K). The estimated energy conversion efficiency for the
thermoelectric converter constructed using the developed material ex-
ceeds 17.0 %.

The combined strategy of the band engineering, Fermi level tuning,
and miscibility gap exploration could be very successful in the
improving ZT due to the synergistic effect, which is mostly reflected in
the larger solubility of dopants and inhibited polymorphic phase tran-
sitions. Although the proposed strategy requires a systematic knowledge
of the effect of each single dopant on the transport properties, the
excellent TE performance of GeTe obtained in this work shows that the
multiple defect state engineering can be successfully realized for the
enhancement of thermoelectric performance in other materials.
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