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SUMMARY

GeTe and its derivatives have recently attracted wide attention as promising
thermoelectric materials. The principle challenge in optimizing the thermoelec-
tric figure of merit, zT, is the low Seebeck coefficient (S) and high thermal con-
ductivity of GeTe. Here, we report a high zT of ~2.1 at 723 K in In and Bi co-
doped GeTe along with an extremely high TE conversion efficiency of ~12.3%
in a single-leg thermoelectric generator for the temperature difference of
445 K. In and Bi play a distinct but complementary role. In doping significantly
enhances the S through the formation of resonance level, which is confirmed
with first-principles density functional theory calculations and Pisarenko plot
considering two valance band model. However, Bi doping markedly reduces
the lattice thermal conductivity due to the formation of extensive solid solution
point defects and domain variants. Moreover, a high value of Vickers microhard-
ness (~200 H,, H, = kgf/mm?) reveals excellent mechanical stability.

INTRODUCTION

Thermoelectric (TE) materials have recently drawn great attention to materials
research for thermal energy management and utilization because of their ability
to directly convert waste heat into electricity without emitting toxic gases and
without involving moving parts.'~* The power conversion efficiency (1) of TE mate-
rials is directly related to Carnot efficiency (nc = Ty — Tc/Tw, where Ty is the tem-
perature of heat source, and T¢ is the temperature of heat sink) and the TE figure
of merit, zT = S%0T/k oo, Where, S, @, Kior, and T are the Seebeck coefficient, elec-
trical conductivity, total thermal conductivity, and absolute temperature, respec-
tively." Notable attempts to develop materials with high zT generally involves
a reduction of lattice thermal conductivity (k) via phonon scattering by solid so-
lution point defects,*® hierarchical nano- and meso-scale architectures’® and

other intrinsic factors,”"® and enhancing the Seebeck coefficient via electronic

structure modulation.’* "8

PbTe and its derivatives are well-known for their superior thermoelectric perfor-
mance in the mid-temperature operational range of 600-900 K.”'*"7"® However,
the toxicity of Pb limits their large-scale applications necessitating the research for
alternative thermoelectric materials. Although GeTe-based thermoelectric materials
(such as TAGS-x) are known since the 1960s,'7?° they have emerged as potential al-
ternatives to PbTe only in recent years. Pristine GeTe contains intrinsic Ge vacancies,
which causes excess p-type carrier density (~10%" cm~3) that consequently results in
alarge g of ~8,000 S/cm, low S of ~30 pV/K, and high k;oa of ~8 W/mK at 300 K with

Context & Scale
Thermoelectric (TE) materials are
expected to play a prime role in
future energy utilization and
management. Pb-based materials
have proven to be champion TE
materials for mid-temperature
power generation. However, the
field demands Pb-free materials
with high TE figure of merit (zT)
along with high TE power
conversion efficiency (n).
Recently, GeTe has emerged as a
potential alternative of PbTe.
However, the low Seebeck
coefficient and high thermal
conductivity of GeTe are the two
principle constraints in the way of
optimizing its zT. Here, we have
demonstrated a distinct but
complementary role of In and Bi
doping in GeTe in modulating the
electronic structure and reducing
the lattice thermal conductivity.
These synergistic effects resulted
inahighzT of ~2.1at723 Kand an
extremely high n of ~12.3% in
single-leg TE generator for the
temperature difference of 445 Kin
In and Bi co-doped GeTe. This co-
doping approach with synergistic
effects paves the way for the new
generation of GeTe
thermoelectrics.
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a maximum zT of ~0.9 at 675 K.?"% Pristine GeTe undergoes second-order struc-
tural phase transition from high-temperature cubic (3-GeTe) to low-temperature
rhombohedral (a-GeTe) phase at ~700 K due to thermal strain induced shift in Ge
atoms during cooling from melt.?’** To enhance the Seebeck coefficient of
GeTe, several intriguing methods have been employed recently, namely, sub-
valence bands convergence,?”*° slight symmetry reduction,®'*? and formation of
resonance states in the valence band.**** Additionally, the lattice contribution to
Ktotal Of GeTe has been significantly suppressed via nanostructuring® " and solid
solution alloying.®?¢:28:33:40.41 Although these state-of-the-art strategies have re-
sulted in significant improvement in zT, the experimental power conversion effi-
ciency (n), especially for the GeTe-based single-leg TE generator, has been limited
in the range of 8%-9%.%%*3

Substitution of Bi in GeTe is known to result in low kj,¢ ~ 1 W/mK due to phonon scat-
tering by solid solution point defects for Bi < 6 mol %.?”-?“! When Bi concentration
is > 10 mol %, the reduction of k|, is mainly attributed to the formation of nanopre-
cipitates and nanoscale cation defect layers.*® Further, the aliovalent doping of Bi**
at Ge®* site in GeTe drastically reduces the p-type carrier density from ~10?" to
~10%° cm~3.77*841 On the other hand, the formation of resonant states close to
Fermilevel in the valence band of GeTe has been realized upon In doping,**** which
alters the density of states (DOS) near Fermi level leading to a significant enhance-
ment in Seebeck coefficient. Therefore, In and Bi have different but complementary
roles in the enhancement of the thermoelectric performance of GeTe. Thus, co-
doping of In and Bi in GeTe may synergistically enhance the overall thermoelectric
performance due to their complementary effects. Further, for practical applications,
it is important to study the microhardness (mechanical stability) and investigate the
experimental thermoelectric efficiency of single-leg TE devices based on high-per-
formance Bi and In co-doped GeTe.

Herein, we demonstrate a significantly high thermoelectric performance in Bi and
In co-doped GeTe, ascribed to distinct but complementary roles of In and Bi in
terms of modulating the electronic structure and scattering of heat-carrying pho-
nons, respectively. The enhanced Seebeck coefficient (~120 uV/K at 300 K) with
In doping is shown to be due to the formation of resonance level in valence
band and the reduced k. (~0.5 W/mK at 300 K) is due to significant scattering
of phonons at point defects associated with Bi substitution in GeTe. Their synergy
results in a high thermoelectric figure of merit, zT, of 2.1 at 723 K and a high
average TE figure of merit, zT,,g, of 1.3 in the temperature range of 300-723 K
in the composition Gegg3lng o1Big.osTe. Fundamental understanding of the
enhancement of Seebeck coefficient in In and Bi co-doped GeTe has been realized
via first-principles density functional theoretical (DFT) calculations of electronic
structure and Pisarenko plot considering two-band model, which reveals that In
and Bi co-doping not only results in the formation of resonance level, it also facil-
itates the valence band convergence by decreasing the energy difference between
the light and heavy hole valence bands. Further, the measured Vickers microhard-
ness of the Geg 93Ing.01Bio.0sTe sample (~200 H,) reveals its high mechanical stabil-
ity. High thermoelectric figure of merit and enhanced mechanical stability moti-
vates us to measure the power conversion efficiency of single-leg TE devices
based on In and Bi co-doped GeTe. We obtained extremely high estimated ther-
moelectric conversion efficiency (n) of ~12.3% in single-leg Geg.93Ing 01Big.osTe TE
generator for the temperature difference of 445 K. The obtained power conversion
efficiency is the highest among the single-leg-based thermoelement (non-
segmented) in the AT range of 400-600 K.
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Figure 1. Structural Characterization and Optical Band Gap

(A) Powder XRD patterns of Geq_,_,BixIn,Te (x = 0.06; y = 0, 0.01, and 0.02) samples.

(B) The lattice constants of Ge;__,BiIn,Te as a function of the composition.

(C) Zoomed-in version of PXRD pattern of Figure 1A in the angles (26) between 41° and 44°,
indicating the evolution of (024) and (220) peaks with co-doping of In and Bi.

(D) Electronic absorption spectra of Ge;_,_,BiIn,Te samples.

RESULTS AND DISCUSSION

Samples of Gej_,_,BiIn,Te (x = 0-0.06, y = 0-0.02) were synthesized by vacuum-
sealed tube melting reaction and their structures are initially analyzed by powder
X-ray diffraction (PXRD). Figure 1A shows the PXRD patterns of Geq_,_,Bi.In,Te,
and all the obtained patterns could be matched with the rhombohedral structure
(a-GeTe, space group R3m). Low-intensity peaks corresponding to excess Ge
were identified in all the patterns which often arise due to the presence of thermo-
dynamically driven cation (Ge) vacancies in GeTe, agreeing with the previous re-
ports.”>?” The high-intensity peak at 26 = 29.88° in pristine GeTe gradually shifts
toward lower angle with increasing Bi and In concentration due to the replacement
of smaller Ge (1.25A) atoms by larger Bi (1.43A) and In (1.56A) (Figure S1). Figure 1B
shows the calculated lattice constants of Gej_,_,Bi,In,Te. The lattice parameters of
pristine GeTe are a = b = 4.1664(2) A, c=10. 6707(4) A, whereas Geg 94Big osTe ex-
hibits the lattice constants of a = b = 4.1876 (8) A, ¢ = 10.6262 (5) A indicating that
addition of Bi increases a and b axes with the contraction along the c axis, which con-
forms with the previous reports of Bi and Bi-Sb co-doped GeTe.”’*® Moreover, the
substitution of In in Geg 94Big gsTe further increases a and b axes and reduces c axis,
asseenin Figure 1B. Figure 1C illustrates the zoomed-in version of the double peaks
present between the 20 angles of 41° and 44°, which further confirms the rhombo-
hedral structure (a-GeTe) at room temperature. The double peaks from (024) and
(220) planes get closer upon Bi and In co-doping in GeTe. This is a clear indication
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that co-doping of Biand In in GeTe drives the system toward cubic (space group Fm-
3m) structure by relaxing the structure along [111] direction.

Figure 1D presents the electronic absorption spectra of Ge1_,_,BixIn,Te samples as
a function of energy (E). Pristine GeTe has a band gap of ~0.21 eV, which is consis-
tent with the previous reports.?®?’*® The addition of Bi notably reduces the band
gap of GeTe from 0.21 to 0.12 eV and In doping further decreases the band gap
to 0.08 eV. Because of the higher electronegativity (%1e = 2.10 in Pauling scale),
Te orbitals predominantly constitutes the valence band of GeTe, whereas Ge or-
bitals predominately contribute to the conduction band because of its lower electro-
negativity (xge = 2.01). The reduction in band gap is mainly due to the formation of
impurity states of Bi and In just below the conduction band because of their donor
dopant nature and the slightly higher electronegativity of Bi (~2.02) than Ge. Elec-
tronic structure of Bi- and In-doped GeTe calculated from DFT further confirms the
formation of Bi and In-induced states below the conduction band of GeTe, which we
have discussed later.

Figure 2 depicts the TEM micrographs of Geg 93Big.06Ino.01Te samples, investigated
using an aberration-corrected TEM. Figure 2A shows the low magnification TEM
micrograph of Geg 93Big 06lno.01Te exhibiting the ordered domain variants of bright
and dark contrast in the <110> direction. Generally, the consecutive contrast differ-
ence with a regular interval arises due to the breakdown of Friedel symmetry in non-
centrosymetric crystals.”>~*’ Doping of Bi alone in GeTe does not introduce any such
domain variants,*® however, the addition of 1 mol % of In in Geg 94Big osTe results in
the formation of ordered domain variants. A clear selected area electron diffraction
(SAED) pattern is shown in inset Figure 2A, which confirms the highly crystalline na-
ture. High-resolution TEM micrograph of a region from Figure 2A is shown in Fig-
ure 2B, which depicts the lattice spacing of ~0.3 nm that corresponds to the (202)
plane in rhombohedral GeTe. The presence of reflection twins along <110> direc-
tion with distinguishable ordered domain variants in the form of herringbone struc-
ture is observed in Geg 93Big.0slNo.01Te (see Figure 2C). The corresponding SAED
pattern (Figure 2D) along the zone axis of <110> exhibits spot splitting, which further
confirms the existence of twins. These domain variants, along with solid solution
point defects, would be expected to scatter large amounts of mid-wavelength pho-
nons and thereby reduce the ki, (discussed later).

The temperature dependence of electrical conductivity, o, of Ge;_._,Bikn,Te
(x=0-0.06, y = 0-0.02) is presented in Figure 3A. The o of all the samples decreases
with increasing temperature, indicating the degenerate semiconductor behavior. At
300 K, pristine GeTe shows the o value of 8,067 S/cm, which reduces to 2,158 S/cm
at 708 K. Above 675 K, o starts increasing due to the second-order structural transi-
tion (R3m — Fm-3m). Co-doping of In and Biin GeTe drastically reduces the o values
throughout the measured temperature range due to the suppression of Ge va-
cancies and the donor dopant nature of In®** and Bi** at Ge?" sites, which decreases
the hole density by offering excess electrons. In particular, the room temperature o
value of ~8,067 S/cm in GeTe decreases to ~970 S/cm in Geg 92Big gslng.o2Te. The
substitution of Bi and In in GeTe gradually decreases the structural transition tem-
perature from 675 K in GeTe to 525 K in Geg 92Big.06IN0.02Te, which is evident from
the change in slope near the phase transition temperature in ¢ versus T data (Figures
3A and S2).

To examine the reduction in ¢ values in the Bi and In co-doped GeTe, room temper-
ature Hall measurements were performed for all the samples of Gey_,_,BixIn,Te.
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Figure 2. Transmission Electron Micrographs

(A) Low magnification TEM micrograph of Geg 93Bio.0slno.01Te with ordered domain variants of dark
and bight contrast difference. Inset of (A) shows the corresponding SAED, indicating high quality
single crystalline nature.

(B) HRTEM micrograph of Geg.93Big.0slno.01Te depicts an interplanar spacing of 0.3 nm
corresponding to (202) plane of a-GeTe (R3m).

(C) The existence of reflection twins with herringbone structure along <110> zone axis.

(D) SAED pattern with spot splitting confirms the presence of twins.

p-type carrier density (n) of undoped GeTe is 5.87 x 10°° cm ™3, which reduces to
2.1 x 10%% em ™3, 2.17 x 10 ecm ™3, 3.13 x 10*° cm ™3, and 1.59 x 10%° cm ™ in
Geg.94Bin.osTe, Gep.9alno.osTe, Geo.93Bio.0slng.01Te, and Geg 92Big.06lno.02Te, respec-
tively (Table S1). The suppression of p-type carrier density is due to the aliovalent
dopants of In** and Bi** at Ge?" site in GeTe as they provide excess electron to
the system. Further, the estimated carrier mobility (u) of different Ge;_,_,BixIn,Te
samples (Table S1) shows that while Bi-doped GeTe samples retain the high
mobility, In-doped and Bi, In co-doped samples have significantly lower mobility
than that of the pristine GeTe. In doping in GeTe is known to create resonance level
near the Fermi energy.®® The observed reduced mobility of the present In-doped
samples corroborates with such resonant scattering scenario of charge carriers.

Temperature dependence of Seebeck coefficient, S, of Geq1_,_Bi.In,Te is presented
in Figure 3B. The S values of all the measured samples are of a positive sign, which
implies that holes are the majority carries in Ge;_,_,Bi,In,Te, supporting the Hall co-
efficient data. The Svalues of all the samples increase with arise in temperature in the
measured temperature range. Typically, the S value of pristine GeTe is ~34 pV/K at

Cell

Joule 3, 2565-2580, October 16, 2019 2569




Joule

A —9—GeTe —@—Geg gging go1e
—@—Geg g4l pgTe
—@—Geq g4Big gpTe
—@—Geg 935N 005Bip 06T e
—@—Geg g3l 01Big 05T
Geg g2Ing 02Big 0sTe

0 T T T T T 0 T T T T T
300 400 500 600 700 300 400 500 600 700 800
T(K) T (K)
€ 250 P
GeTe @ GeTe 60
Ge,Bi,Te e
@ Gej 4By 0sTe <}
200 Seyymte I 501
@ GepgylnggsTe O
—Ge,, Bi,in Te o 40-
21 50 ) Ge0>93ln0_01Bi‘0_06Te g
E \ D GeggalNg 02Bip.06Te = 30-
100+ ® Geq,,Tedl N\t.)/
Geq,Pb,Te”! 20+
- Ge1_yB|yTe31
504, Ge1_x_beXBine3‘ 104
o Geqyn,Te3 9

olm Ge ., Pb,Te-BiyTe >

26
® Geq,Sb,Te

10 100 1000 10000

Carrier Conecntration (n)x10™

300 400 500 600 700 800
T(K)

Figure 3. Electrical Transport and Thermopower

(A and B) Temperature-dependent (A) electrical conductivity () and (B) Seebeck coefficient (S) of
Geq_x,BixIn,Te samples.

(C) Calculated Pisarenko plots considering two valance band model (solid lines) and the
experimental S versus n data points of the In and Bi co-doped GeTe compared with previously
reported S versus n data of different GeTe-based samples.?>3'32:2¢

(D) Temperature-dependent power factor (S%0) of Geq_y yBixIn,Te samples.

300 K, which substantially increases to ~153 uV/K at 720 K. The inverse relation of S
and nleads to increase in S values as doping of In and Bi in GeTe leads to significant
suppression of p-type carrier density. In particular, doping of 6 mol % Biin GeTe in-
creases S value from 32 uV/K to ~70 pV/K at 300 K, whereas 6 mol % of In doping
shows drasticenhancementin Svalue to 125 pV/K, which isabout 290% improvement
in Svalue than that of pristine GeTe. This large enhancement in S upon In doping is
associated with distortion of the DOS of GeTe due to the formation of resonant states
close to Fermi level, Eg, and is discussed in a later section.®®> Moreover, it is
clearly seen that the increase in In concentration in Geg 94Big.0sTe substantially en-
hances the S values. Typically, the S value of Geg 94Big gsTe is ~70 uV/K at 300 K,
which increases to ~86 uV/K, ~89 uV/K, and ~122 pV/K in Geg 935Big.06Ino.0osTe,
Geo.93Bio.06IN0.01Te, and Geg 92Big.0slno.02Te, respectively. The obtained maximum
Svalue is ~246 uV/K at 720 K in the Geg.93Bio.0sIn0.01Te sample.

To understand the carrier concentration-dependent Seebeck coefficient of individ-
ual and Bi and In co-doped GeTe, the experimental room temperature S values
were compared with calculated Pisarenko plot (S versus n) considering two valance
band model'®31:40 (Figure 3C; Table S2). In the two valance band model, the total
Seebeck coefficient has the contribution from both the heavy hole valance band
(Snn) and light hole valance band (S,). The heavy hole valance band is considered
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as non-parabolic with a non-parabolicity factor kg T/Eg (E4 is the band gap), while the
light hole valance band far below the Fermi level is considered as parabolic. The
values of acoustic deformation potentials are taken from the literature.® The calcu-
lated Pisarenko plot for pristine GeTe matches well with the previously reported
data as well as with the present data (Figure 3C). At room temperature, the contri-
bution of S, to the total Seebeck coefficient is, however, negligible in pristine
GeTe owing to the large energy gap between the heavy and light hole valance
band (A = 0.23 eV).”>*" From the Pisarenko analysis, we find that although Bi-doped
GeTe has higher room temperature Seebeck coefficient, the enhancement is entirely
due to the decrease in carrier concentration caused by Bi** doping in place of Ge?".
The large enhancement in the Seebeck coefficient in the In-doped GeTe samples, on
the other hand, can only be accounted by the drastic increase in the effective mass of
the heavy hole valance band (my,, = 2.4 mg). Such drastic increase in effective mass of
the heavy hole valance band upon In doping indicates distortion in the electronic
DOS by the formation of resonance level close to the Fermi energy.’® While the
band gap, Eg, decrease in both cases of the individual In and Bi doping, A remains
unaltered. In case of In and Bi co-doping, the Pisarenko analysis of the room temper-
ature Seebeck coefficient exhibits that along with an increase in the effective mass of
the heavy hole valance band (mph, = 1.9 mo), the gap between two valence bands (A)
also decreases to 0.16 eV. The decrease in A indicates the presence of valance band
convergence effect between the heavy and light hole valance band at room temper-
ature in Bi- and In-doped GeTe.

We used DFT calculations to determine the electronic structures of doped and un-
doped GeTe compositions for further understanding the experimentally observed
thermoelectric transport behaviors. Electronic structure of valence and conduction
bands of rocksalt GeTe is similar to that of SnTe and PbTe, with 4 extrema at L point
and 12 extrema along 2 line in the Brillion zone (BZ).** GeTe undergoes a cubic to
rhombohedral phase transition at ~700 K, breaking the inversion symmetry in the
low-temperature rhombohedral phase. Since the rhombohedral phase of GeTe is
nearly cubic with minor lattice distortions and the cubic phase is relevant to the ther-
moelectric performance at high-temperatures, we analyze the electronic structure of
doped and undoped GeTe in the cubic phase, similar to the earlier works.”>?’
Because of the Brillouin zone folding associated with the (V2 x 2 X 2) supercell
used in the calculations here, the principal valence band maximum (VBM) occurring
normally at L point of the cubic cell, occurs at " point, and the conduction band min-
imum (CBM) also folds back to I' point. The heavy hole valence band maximum
occurring along X line of the cubic BZ, appears at Z + & along Z— R direction in
the Brillouin zone of (2 x /2 x 2) tetragonal supercell.?’ Electronic structure of
GejeTeqe (Figure 4A) exhibits a band gap of ~0.19 eV at I point, which is in good
agreement with the previous electronic structure calculations.?>?’ The energy differ-
ence between the light and heavy hole valence bands, A ~ 0.20 eV. Although in the
DFT calculated electronic structure, the Fermi level resides in the middle of the band
gap between VBM and CBM in pristine GeTe, a large amount of Ge vacancies in the
experimentally synthesized GeTe samples cause the Fermilevel to move deep inside

the valance band resulting its p-type thermoelectric transport behavior.>*!

In pristine GeTe, the Ge-p orbitals form the CBM, while the Te-p orbitals dominate
the VBM. In 6.25 mol % Bi-substituted GeTe, a new impurity band associated with
the Bi-p orbital forms in the energy gap between VBM and CBM (Figure 4B). The
more electronegative character of Bi compared to Ge and the donor dopant nature
of Bi results in the shift of CBM downward in energy. This is reflected in the lower
band gap in Bi-doped GeTe compositions. The energy difference between the light
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Figure 4. Electronic Structure

(A-C) Electronic structures of (A) GejgTeqs, (B) GersBiTeqs, and (C) GeqsinTeq,.

(D) Density of electronic states of pure GeTe and Bi-, In-, and co-doped (Bi and In) GeTe samples.
Solid blue line and green lines represent the cases where Bi and In atoms are far and close to each
other, respectively.

(E and F) Electronic structures of (E) Geq4BilnTeq, (Bi and In atoms far from each other) (F)
Ge14BilnTeqq (Bi and In atoms close to each other).

hole and heavy hole valence band, however, remains essentially unchanged ~0.201
eVin Bi-doped GeTe, which further corroborates to the Pisarenko plot analysis of the
room temperature Seebeck coefficient. Indium (In) substitution in GeTe also intro-
duces impurity band in the energy gap between VBM and CBM similar to the Bi
doping; however, the salient feature of the electronic structure is very different. In
the case of In doping, the impurity band is much weakly dispersed near the Fermi
energy, leading to the formation of resonance level close to the Fermi level, as
seen in Figures 4C and 4D. The formation of resonance level with the weakly
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dispersed band near the Fermi energy results in increased effective mass which is re-
flected in the increased room temperature Seebeck coefficient and further supports
the increased effective mass of the heavy hole valance band obtained from the Pisar-
enko analysis. As reported in the earlier investigations,*® we also found that the deep
defect states of pristine GeTe move upward toward Fermi energy due to the hybrid-

ization of In-p orbital with the host.

DFT calculation of electronic structures for the individual doping of In and Biin GeTe
indicates their distinct roles: while Bi doping results in the formation of impurity
bands close to the CBM, In doping causes the formation of resonance level close
to the Fermi energy. Therefore, to understand the modulation of electronic structure
in case of Biand In co-doped GeTe, we considered various configurations of their co-
doping. Here, we have shown two particular interesting configurations: (1) one with
Bi and In atoms close to each other (Figure 4F) and (2) another with Bi and In atoms
far from each other (Figure 4E). We find that two almost parallel bands form in the
gap between VBM and CBM and reside on the two sides of Eg. Interestingly, these
bands mix with each other between Z and R points of the BZ, and their interaction
gives rise to multiple minima and maxima in both valence and conduction bands
at closely spaced energies. Although the resonance level forms in this co-doping
case also, as can be seen from Figure 4D, the resonance level moves away from
the Fermi energy and deeper toward the valance band. Consequently, the distortion
in the electronic DOS decreases, and this is further reflected in the Pisarenko analysis
of the room temperature Seebeck coefficient, which indicates lower effective mass
of the heavy hole valance band in case of In and Bi co-doped GeTe compared to in-
dividual In-doped GeTe. With increasing Bi concentration in this Bi and In co-doped
GeTe, the impurity bands hybridize more strongly with the host (Figure S3), which
further pushes the resonance level deeper inside the valance band. Surprisingly,
we observed that co-doping of Bi and In results in decreasing energy difference be-
tween the heavy and light hole valance band to 0.10 eV compared to 0.20 eV in case
of pristine GeTe. We have observed similar valance band convergence effect in the
Pisarenko analysis of the room temperature Seebeck coefficient in In and Bi co-
doped GeTe. As can be seen from Figure 4, In impurity states hybridize much
more effectively with the host valance states in case of Bi and In co-doped GeTe
compared to individual In doping, which results in the observed decrease in energy
difference between heavy and light hole valance band.** The increased interaction
of In with the host valance states is also probed using Kelvin probe force microscopy
(KPFM). With increasing In concentration in the In and Bi co-doped system, the
increased interaction between the impurity and host decreases the p-type carrier
concentration which is evident from the decreased work function as obtained from
KPFM (Table S3).

Figure 3D presents the power factor, S%q, of Geq _x—yBixInyTe (x=0-0.06, y = 0-0.02)
as a function of temperature, which exhibits that power factor increases with rise in
temperature. Typically, undoped GeTe has the 5?6 value of ~8.1 uWem ™ 'K~2 at 300
K, and it reaches to the maximum value of ~49.2 yWem~'K~2 at 720 K. Additionally,
the 6 mol % Bi-doped GeTe sample shows the S?; values of ~14.8 and
~45.4 pWem™'K™2 at 300 and 675 K, respectively, whereas S%s values of
Gegoglng o2 Te are ~13.2 and ~51.6 pWem™'K™2 at 300 and 675 K, respectively.
Further, the addition of In in Geg.94Big.sTe substantially increases the values of
S%7 in the measured temperature range of 300-725 K. In particular, the S$?c value
of Geg 93Bio.0slNo.o1Te is ~19.3 pWem ™ 'K~2 at 300 K, which increases with temper-
ature and reaches to the value of ~53.7 pWem™'K™2 at 720 K. This large enhance-
ment in $%c value is due to the formation of In-induced resonant states and Bi-driven
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Figure 5. Thermal Conductivity
(A-C) Temperature-dependent total thermal conductivity (ktota)) (A), electronic thermal
conductivity (k¢) (B), and lattice thermal conductivity (k,¢) (C) of Geq_,_yBisIn,Te samples.

suppression in p-type carrier concentration. Figure S4 illustrates the power factor for

6:20,25-34,38 \yhich shows that Geg 93Big 0s/No. 01 Te €x-

different GeTe-based materials,
hibits remarkably high S% value of 54.3 uWcm 'K ~2? compared to the previously re-

ported GeTe-based materials.

Temperature-dependent total thermal conductivity, Kiotar, of Geq_y_yBikin,Te
(x = 0-0.06, y = 0-0.02) is shown in Figure 5A, which exhibits that k., substantially
reduces with increase in temperature, as often seen in typical degenerate semicon-
ducting solids. k¢otas Of pristine GeTe is ~8.3 W/mK at 300 K, which gradually re-
duces to the minimum value of ~3.4 W/mK at 673 K. Above 675 K, kiota Starts
increasing due to Ge translation along <111> direction-induced second-order
structural transition (R3m — Fm-3m), which is also observed in o versus T data
in Figures 3A and S2. The addition of individual dopants of In and Bi in GeTe
rapidly reduces kyota) to ~3.8 and ~2.28 W/mK at 300 K for the compositions of
Geg.gslno.o2Te and Geg94BigosTe, respectively. In addition, co-doping of In and
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Bi in GeTe further decreases the kioa to ~1.68 W/mK at 300 K which moderately
comes down with temperature and reaches the minimum value of ~1.55 W/mK at
500 K in the composition of Geg 92Ing 02Big.0sTe.

Figure 5B presents the electronic contribution to thermal conductivity, ke, of
Geq_x—yBixIn,Te (x=0-0.06, y = 0-0.02) as a function of temperature. k. is calculated
form Wiedemann-Franz law, ke = - Lo* T, where Ly is the Lorenz number. The temper-
ature-dependent Ly is obtained by estimating the reduced chemical potential from
temperature-dependent Seebeck coefficient considering a single parabolic band
model?*~?’ (Figure S5C). The k. of GeTe is ~5.65 W/mK at 300 K, which shows
that p-type carriers have a dominant contribution to kita. Co-doping of In and Bi
in place of Ge in GeTe largely suppresses the Ge vacancies and reduces the hole
density, thereby significantly decreasing the «. values to ~0.55 W/mK at 300 K for
the composition of Geg g2Ing.02Bio.osTe.

The ks of Geq_y_BiyIn,Te (x = 0-0.06, y = 0-0.02) samples are estimated by sub-
tracting the ke from Kyotar and temperature-dependent «j, is shown in Figure 5C.
The Kjp: of GeTe is ~2.4 W/mK at 300 K, which subsequently decreases with
increasing temperature and reaches the minimum value of ~0.67 W/mK near the
phase transition temperature (~675 K), and above 675 K, the «,; of GeTe starts
increasing. This fact is mainly ascribed to the ferroelectric instability near phase
transition temperature as it induces soft optical phonon modes which strongly
scatter the heat-carrying acoustic phonons.”® Addition of 6 mol % of Bi in GeTe
decreases the k5t value to ~0.67 W/mK at 300 K, whereas 6 mol % of In doping
results in ke ~ 1.38 W/mK at 300 K. This indicates the effective role of Bi doping
in reducing kj,: of GeTe. Interestingly, Geg 93Ino.01Bio.0sTe has kot ~ 0.27 W/mK at
625 K, which is very close to the theoretical ki, (~0.3 W/mK) of GeTe.?’?® This
large reduction in kj,; could be attributed to the strong phonon scattering by
the collection of (1) solid solution point defects, (2) domain variants, and (3) twin
boundaries with herringbone structures, which were observed in the TEM micro-
graphs (Figures 2A and 2C).

Figure 6A illustrates the dimensionless figure of merit, zT, of Ge;_._,Bin,Te
(x = 0-0.06, y = 0-0.02) as a function of temperature. Pristine GeTe exhibits
maximum zT of 0.9 at 675 K.?? Further, the maximum zT of 1.31 and 1.38 at 725
K are achieved in the controlled compositions Geg gglng.02Te and Geg 94Big.osTe,
respectively, consistent with the previous reports.'?'*® Interestingly, In and Bi
co-doping in GeTe remarkably increases the zT. Specifically, the zT of Geg.93Ing.01-
Bip.osTe reaches the maximum value of 2.1 at 723 K, which is ~233% higher than
that of the pristine GeTe. High zT samples were re-measured and taken for cyclic
measurement (heating and cooling cycle), which exhibits good heating-cooling
reversibility and reproducibility (see Figure Sé). We would like to point out that,
if we calculate zT based on the thermal conductivity obtained using Dulong-Petit
heat capacity (Cp, Figure S5B) value, the maximum zT in Geg.93Ino.01Bio.0sTe would
be ~2.5 at 723 K (Figure S7). Although in few recent reports zT has been calculated

31-344041 we believe it is better to use

based on the Dulong-Petit C, value,
measured C, for the estimation of thermal conductivity and zT, which will reduce
the error in zT estimation. Thus, we have used maximum zT of 2.1 for further calcu-
lation of zT,.g and ZT..g (see later). The composition of Geg¢3lng.o1Big.osTe
possess the zT,,4 of ~1.3, which is significantly high as compared to the recently
reported GeTe-based materials, such as Geg.94BigosTe, Geg.oSbo1Te, 3% BizTes
added Gegg7Pbg 13Te, TAGS80, TAGS85, GegosglngosTe, Gep.geSbo.oaMngTe

and so on.?%?°72733.37.38 Mention must be made that the present In and Bi co-
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Figure 6. Thermoelectric Figure of Merit

(A) Temperature-dependent thermoelectric figure of merit (zT) of Ge;__,BiyIn,Te system.

(B) Calculated engineering figure of merit (ZT¢,g) and efficiency (n) of Ge;_,_Bi,In,Te system as a
function of temperature difference, respectively.

(C) Histogram representing Vickers microhardness value of Geg 93Ing.01Big.0sTe along with other
state-of-the-art metal chalcogenides.

doped GeTe show significantly high zT compared to the previously reported In
and Bi co-doped GeTe (zT ~ 0.85) by Srinivasan et al.®?

As the calculation of TE conversion efficiency (n) based on the materials figure of
merit, zT, is not very reliable due to the major assumption of temperature-indepen-
dence of S, ¢, and k¢otar, Kim et al.*> have recently introduced the engineering figure
of merit, ZT¢ng, and the maximum efficiency, n (ZTeng), based on the cumulative tem-
perature-dependent properties which has been used here to reliably calculate the n
with large temperature difference. Here, we have calculated the ZT,,g and 7 (ZTeng)
of Geg.93IN0.01Big.osTe as a function of temperature difference of the cold and hot
sides (see Figure 6B), in which Tc is assumed as 300 K in the calculation. The
maximum ZTg,g of Geg.93Ing.01Big.osTe is calculated to be ~1, whereas the highest
N (ZTeng) is determined as ~13.3% for the temperature difference 4T = 420 K (see
Figures 6B and S8).
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(A) The schematic diagram of single-leg p-type Geg 93Big.0slno.01Te-based single-leg TE device.
(B and C) Open-circuit voltage (Voc) (B) and output power (Py,) (C) as a function of Tj,.

(D) Comparison of the efficiency of the present single-leg-based In and Bi co-doped GeTe

thermoelement with other state-of-the-art single-leg- and unicouple-based thermoelectric device

5.43 52—
(non-segmented based),3543/52-61

Further, in order to check the mechanical stability of the high-performance Bi and In
co-doped GeTe, Vickers microhardness of Geg 93Big 0sIng.01Te is measured, and it is
found to be ~200 H, (kgf/mm?), which is comparatively higher than that of the un-
doped GeTe (H, ~ 143). Reduced Ge vacancies and enhanced atomic mixing in In
and Bi co-doped GeTe inhibits the propagation of nano- and micro-cracks and
thus increases the mechanical stability of the material compared to pristine GeTe.
A comparison of H, values of different state-of-the-art metal chalcogenides and
Geg.93Bio.06IN0.01Te are presented in Figure 6C.6:20:26,38,46-51

Motivated by the calculated high 7 (ZT,,g) and enhanced microhardness of the Bi
and In co-doped GeTe samples, we have successfully fabricated single-leg-based
TE devices with the high zT p-type Geg 93lng.01Big.0sTe sample. A complete sche-
matic diagram of the Geg 93lng 01Bio.osTe-based single-leg thermoelement with
diffusion barrier (Fe) and contact layers (Ag) connected with load resistance is de-
picted in Figures 7A and S9. The open-circuit voltage of the device as a function
of hot-end temperature (T}) is shown in Figures 7B and S10B. We find that the exper-
imental open-circuit voltage (Voc) of the device enhances with increasing Ty, due to
increasing temperature difference (AT) and enhanced Seebeck coefficient (S) of the
TE material at higher temperatures, and the V¢ reaches the maximum value of
55 mV at 773 K. The plot of electrical power output generated (i.e., Py = I, X V)
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as a function of Ty, is shown in Figure 7C, which increases with increasing hot-end
temperature and the maximum power output of ~538 mW is obtained for the
maximum operating temperature of 773K. The estimated TE conversion efficiency,
n, of single-leg Geg 93lng.01BioosTe TE generator is estimated by taking the
ratio of experimental electrical output power (Py) to estimated input heat
flowing (Qp) across the thermoelement and the maximum 7 of ~12.3%
was obtained for the temperature difference of 4T = 445 K (see Figures 7D and
S11). We have compared this remarkable high efficiency of single-leg-based
Geg.93IN0.01Bio.0s Te TE device with other reported single-leg or unicouple-based de-
vices (non-segmented),’>*#*¥52¢1 which shows that the present single-leg
Geo.93/N0.01Bin.osTe TE device exhibits the highest 5 in the AT range of 450-600 K.
Mention must be made that at AT = 445 K, the measured values of output
power density (P4) and estimated efficiency () are ~1.1 W/em? and 12.3%,
respectively, which are comparatively lower than the respective simulated values
(Pdeng=1.7 W/cm? and 7 (ZTeng) = 13.3% for AT = 420K, Figures 6B and S8) because
of the added electrical resistance at different material interfaces in the fabricated

device.®%7¢°

In conclusion, we have demonstrated a very high zT of 2.1 at 723 K along with
high zT,,g of ~1.3 in the temperature range of 300-723 K in In and Bi co-doped
GeTe. Aliovalent Bi doping in GeTe effectively optimized the p-type carrier den-
sity and reduced the lattice thermal conductivity by the formation of extensive
point defects and domain variants. On the other hand, In doping in GeTe leads
to the formation of resonant states close to the Fermi level which consequently
distorts DOS and accounts for the huge enhancement in Seebeck coefficient.
The co-doping of In and Bi in GeTe leads to distinct but complementary contribu-
tions to modulate the electronic structure and thermal transport of GeTe and
hence results in high thermoelectric performance. Moreover, the measured Vickers
microhardness of Geg o3lng.01Big.osTe of 200 H, (kgf/mm?) reflects the high me-
chanical stability of the material. The fabricated single-leg TE devices based on
In and Bi co-doped GeTe shows high output power of ~538 mW and extremely
high estimated thermoelectric efficiency of 12.3% for the temperature difference
of 445 K.

EXPERIMENTAL PROCEDURES

Full details of experimental procedures can be found in the Supplemental
Information.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.joule.
2019.08.017.
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