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plasma sintering. According to the experimenta, inciples calctlations, the vast
enhancement achieved in the thermopower due to (8 mol%) in GeTe is
attributed to a concoction of reasons: (i) 1 , (ii) improved band
convergence by decreasing the energy sepa maxima to 0.026 eV; (iii)
Ga predominantly contributing to the top of t ] doped GeTe, despite Ga-induced

resonance state not located at a favg j j ) active participation of several
tating band degeneracy by reducing the R3m >
Fm-3m structural transition temper 80 K. The synergy between these complementary
and beneficial effects, in gl conductivity, enabled the flash sintered
Geo.90Ga0.025bo.0sTe compo of zT of ~ 1.95 at 723 K, but also to
maintain/stabilize its high p of temperature (600 — 775K), thus making it a

g alternative means to power the planet, the requirement to
represents one of the critical challenges across the boundaries of

defined as zT = S"@1/kiotas Where S, o, T and kit are the Seebeck coefficient, electrical conductivity,
temperature and total thermal conductivity (sum of the electronic part, x, and the lattice part, xou),
respectively. The main paradigm to achieve high zT in materials is to enhance their power factor (5%0)
and/or reduce their thermal transport properties (xiota). Most of the TE research activities are aimed at
reducing xier to enhance zT by phonon scattering due to nanostructuring®™3, intrinsic bond
anharmonicity*®, rattling impurities’, etc. However, S and o are highly intertwined and present a greater
challenge in enhancing the power factor, paramount for better energy conversion efficiency. Advances in
recent times have shown that the concept of ‘band structure engineering’, which includes convergence
of electronic band valleys,®°® quantum confinement of electron charge carriers,'® electron filtering,*
inducing resonant levels by impurities near the Fermi level,'? nestification,'® dimensionality reduction,*
deformation potential coefficient,'® and effective mass,® are effective in decoupling S and o to a certain
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extent. Even the idea of semiconducting chalcogenide glasses (based on phonon-glass electron-crystal
approach) as potential thermoelectric materials have been tried with varying degree of success.'’~2°

Though the concept of band engineering is extensively applied to various p- and n-type materials
like SnTe?"25, PbTe?5"28, half-Heuser?® and Mg,Si®, it is applied relatively less on GeTe-based materials.
Some of the strategies for GeTe based materials to enhance the power factor and/or to suppress «iq:: have
been adopted on compositions such as GeTe-AgSbTe; (TAGS),3! GeTe-LiSbTe,,** GeTe-AgInTe,,*® GeTe-
AgSbSe,,** (GeTe),ShaTes, > Ge1xPbyTe,*® Ge1BixTe,? (Bi;Tes),Ge1xPbyiTe,®® Gey.n,Te,* GeTe1,Se,* Ge.
SheTe, 2 GeixAgTe,® GeixMn.Te,*** Gei1x,SnPb,Te,*® Gei.ShyTei,Se,,” GeTe-GeSe-GeS,® Geix
,BixSbyTe,* Ge1xyBixiny,Te*® and more recently Geos.,Pbo1Bi,Te.® The crystal structure of GeTe-based

compounds undergoes a second-order ferroelectric structural transiti nbohedral symmetry
(low temperature phase) to cubic symmetry (high temperature phasé A0NK.>* Motivated by
the results of Wu et al. on Ge1,In.Te,*® showing that the introdu n the vicinity of

the Fermi level due to indium doping leads to a reasonably hi 0 K), we here
have tried to explore the effect of another group 13 element, ce of GeTe.
From the latest work on Ge1.,BixSbyTe,* it was also esta GeTe helped
to improve the band degeneracy by pushing the sy, -GeTe). Hence

of Ga and Sb on the
structural, electronic and thermoelectric properties of GeTe. d Sb have distinctive

the thermopower of the material.

Compounds with the no iti Gei1xGaxTe (x = 0.00 — 0.10) were synthesized by
vacuum-sealed tube melt pro i plidation by Spark Plasma Sintering (SPS). The
optimum content of reson mol% Ga was substituted for Ge in GeTe.
Indeed, this substitution i i ctric performance (zT ~ 1.1 at 720 K) when

compared to pristine GeTe ( . . en 8-10 mol% Sb was codoped to GegssGao.o:Te,
we successfully r j nd effects in GeTe. Thus, the GeossGao02Sbo.10Te
composition with OW Kioter Manifested a maximum zT ~ 1.75 at 725 K, which
was 80% higher t the state-of-the art ‘hybrid flash-SPS’ processing,>>>3 this
ore than 100% improvement when compared to undoped
zT is notably maintained over a broad temperature range (600 —
«Te (x=0.00-0.10) are first discussed, followed by Ge1..yGa\Sh,Te
Il results are presented together in the same figures and tables for
a better compa ag to their meager TE properties, the results of Gegg0Gao.10Te are given in
Supporting Info

2. Materials & Methods
Reagents

Ge (Umicore, 99.999%), Sb (Alfa Aesar, 99.999%), Ga (Alfa Aesar, 99.999%) and Te (JGI, 99.999%) were
used for synthesis without any further purification.

Synthesis

Samples of GeixGaxTe (x =0.00 —0.07) and Ge1.xyGaxShyTe (x = 0.02; y = 0.08, 0.10) were synthesized using
the vacuum-sealed tube melt processing. Appropriate stoichiometric amounts of the starting elements of
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Ge, Ag and Te were introduced into a fused silica tube that had previously been cleaned with hydrofluoric
(HF) acid and distilled water and dried under vacuum. The ampoules were sealed under a vacuum of 10
Torr, then placed in a rocking furnace and slowly heated up to 950 °C over a period of 12 hours, then held
at that temperature for 12 hours and slowly cooled down to room temperature. The obtained ingots were
crushed and milled. The powders were then consolidated by SPS (FCT Systeme GmbH) at 723 K (heating
rate ~ 80 °C/min) for 5 mins (holding time) under an axial pressure of 85 MPa. The sample with better TE
properties was also consolidated by ‘Hybrid’ Flash-SPS processing, where the powders were sintered at
893 K and a heating rate of ~ 10,000 °C/min (heated from 293 —893 K in 3 seconds) under an axial pressure
of 55 MPa. More information regarding this processing technique is provided in Sl. The schematics of the
experimental set-up and the current flow paths for SPS (graphite punchg die), Flash-SPS (graphite
punches and no die) and Hybrid Flash-SPS (graphite punches and edhstainless steel die)
configurations are compared and explained in Sl (Figure S1 and Table S ig -shaped pellets
were obtained with theoretical densities of 100% for SPS and ~
ingots and sintered discs were cut and polished to the re
thermoelectric measurements.

Powder X-ray diffraction

X-ray diffraction (XRD) patterns were recorded at r i 15-120° with a step
size of 0.026° and a scan time per step of 4 i fractometer (Cu K-L;3
radiation, A = 1.5418 A, PIXcel 1D detector)

Hall measurements

The Hall measurements were carri ature using a home-made four-point probe setup
(van der Pauw method), whe i i 12 T and a dc current of 15 mA were applied.
The measurements were f dimensions ~ 5 x 5 x 2 mm3. The carrier
concentration (n) and mob

For each sample, the electrical resistivity and Seebeck coefficient was measured simultaneously from
room temperature t@723 K using a commercial instrument (LSR-3, Linseis Inc.), in He atmosphere. The
measurements were made on rectangular samples of dimension ~ 10 x 2 x 2 mm?.

The thermal diffusivity, D, was measured from room temperature to 723 K using the laser flash diffusivity
method in a Netzsch LFA-457 instrument. Disc-shaped samples of 10 mm diameter and ~ 2 mm thickness
were used for the measurements. The temperature dependent heat capacity, C,, was derived using the
Dulong—Petit relation as in equation (3),

C, = 3R/M (3)

where R is the gas constant and M is the molar mass.



The total thermal conductivity xi.tas Was calculated using equation (4),
Ktotal = DCpp (4)
where p is the density of the sample. The density of the discs was measured using Archimedes’ principle.

To better understand the thermal transport properties, the contributions from electronic and lattice parts
were calculated. The lattice thermal conductivity (&) was estimated from kit by subtracting the
electronic contribution (&) via Wiedemann-Franz law, as in equation (5),

K, = LoT (5)

where k. is the electronic thermal conductivity and L is the Lorenz nu by the condensed

erties was ~5% and
e figures to increase

The uncertainty in the results for the values of ele
~7%, respectively and for the overall zT was ~
readability.

Computational procedures

med to understand the effect of doping on the
electronic states. We used the proje (PAW) approach®® implemented in the Vienna
ab initio simulation pac e performed using generalized gradient
approximation (GGA) for rametrized by Perdew et al.>® Spin orbit
coupling was also included

As we were inter
cubic structural
previous study by

f doped GeTe, calculations were performed on the
ted to Ge atom in a 4 x 4 x 4 super-cell. Considering the
clustering in GeTe, we adopted a cluster of one Ga atom
s) for the Ga-Sb codoped GeTe composition (SbsGaGes;Tess).
ffect of both atoms, the calculations were also performed for
GaGegsTeen 8 n all the three cases, the positions were fully relaxed. For the
tegration was performed using a 25 x 25 x 25 Monkhorst-Pack k-
mesh. For the : ised a 3 x 3 x 3 k-mesh for the atom relaxation and a 7 x 7 x 7 k-mesh for
the DOS calculat

The carrier effectiveimass (m*) was derived for each sample using a single parabolic band model 26! and
the measured room%temperature Seebeck coefficient (S) and carrier concentration (n). The chemical
potential (1) was estimated using equation (7) with A = 0 (acoustic-phonon scattering), where Fj(u) is the
Fermi integrals given by equation (8). The hole effective mass can then be determined from equation (9).

_Ks {(2+/1)F1+,1(u)_ } (7)
e (1+/1)F,1(]_H) 8
© &dé 8

Fj(“) - fo 1+ e



hz[ n ]2/3 (9)
m*

~ 2kgT 4nFy /(1)

3. Results & Discussion

Sharp reflections from powder XRD indicated the good crystalline nature of all of the synthesized
ingots (Figure 1). All of the main reflections could be indexed to a rhombohedral GeTe phase (PDF#47-
1079, R3m space group). The rhombohedral phase was further confirmed by the presence of double
reflections [(024) and (220)] in the range of 20 values between 41° to 44°in Ga,Te. Minor reflections

of Ge impurities could be detected in some samples, which could be due 3e vacancies, as GeTe
43,49,62

Holes were the major charge carriers (p-type), as the H ' iti ese samples.
The results from Hall measurements are presented in Table alue at room
temperature decreased with increasing Ga content. In phi 5 a very low
formation energy and is the most easily formed intrj a to GeTe can

suppress these Ge vacancies, thereby leading to a arriers. In most
cases, the carrier mobility, u, will increase with t sity. However, the
mobility values in Ge1.xGaxTe had a contrasting ced with increasing Ga
content. This reduction in mobility with @ o the incfeased density of ionized
impurities and/or alloy scattering. Such, mob only observed in materials with
group 13 dopants.'?%
v Ge
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Figure 1. Powder XRD patterns for Gei«GaxTe (x = 0 to 0.07) and Ge1«,Ga,Sb,Te (x = 0.02; y = 0.08, 0.10)
samples.

Table 1. Hall measurement results (at ~300 K) of carrier concentration, mobility, and computed effective
mass for GeixGaxTe (x = 0.00 — 0.07) and Gei.«,GaxSb,Te (x = 0.02; y = 0.08, 0.10) samples.

Sample Carrier Mobility, Effective mass,
Concentration, n U m*
(cm3) (cm?Vvis?)
GeTe 9.08 x 10%° 57.01 1.30m.




Geo9sGaoozTe 8.73 x 10%° 51.76 1.72m.
GepgsGagoaTe 7.85 x 10%° 43.72 1.64m.
Gepg93GagorTe 6.35 x 1020 32.04 1.65m.
Geo.38Gap.02Sho.1oTe 1.83 x 10%° 29.65 1.97m.
Gep.90Gap.02Sbo.osTe 3.96 x 10%° 29.82 2.38m.
Geo.90Ga0.02Sbo.0sTe by hybrid flash-SPS 2.13x10% 35.81 2.03m.

The electrical conductivity of all of the samples decreased with temperature (Figure 2a), which is
the archetypal behavior of degenerate semi-conductors. The Ga-doping ematically increased the
electrical resistance, a reflection of the cumulative effect of deflation ig harge carrier density
and mobility with Ga content. The Seebeck coefficient, S, was positi position over the
entire temperature range (Figure 2b). This indicated p-type c with the Hall
values both

or all the

The power factors of other Ge1.xGaxTe samp
in Ge1xGaxTe system, the optimized v
electrical transport properties.

than the undoped sample. Hence
d proper trade-off between the



—
LY
S
~
o
]

o (10" S/m)
()]
o
|

w
o
]

- GeTe —o— Geo QSGaO OgTe

—— Geo 93Gao 07Te
—o— Gep gaGagaShg.iolTe
—2— Gey goGay 2SbyesTe

300 400 500 600 700
T (K)
(c) 4+
<.
£3
=
l?oz—
w
o
1 —
— T T T T 1 T
300 400 500 600 700

T (K)

300 400 500 600 700
T (K)

Ktotal (me K)

1 L DL N |
300 400 500 600 700

T (K)

(e) 12
1.4 —

N 1.0-
0.6 —

0.2 -2

300

400

500 600 700 800

T (K)

Figure 2. Temperatire-dependent (a) electrical conductivity (o), (b) Seebeck coefficient (S), and (c) power
factor (PF = S%0), (d) total thermal conductivity (o), (€) figure of merit (zT) for GeixGaxTe (x = 0.00 —
0.07) and Ge1x,GaxSb,Te (y = 0.02; z = 0.08, 0.10) samples.

The total thermal conductivity, it (Figure 2d), monotonically decreased with Ga content in Ge;.
«GaxTe samples. The contributions from electronic (x:) and lattice (xiat) parts are presented in Sl (Figure
S5). The temperature dependent Lorenz number, L obtained by fitting their respective Seebeck
coefficients for the samples of Ge1xGaTe were in the range of 2.3 x 10® to 1.8 x 10® WQK™ and lower
than the metallic limit of 2.45 x 10® WQK™ (S, Figure S4). In the case of Ge1xGa,Te, the majority of the
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thermal contribution came from &z, which conspicuously decreased with Ga content. xiju: of the Ga-doped
samples were larger than that of the pristine GeTe, and this can arise when the estimation of L value
cannot properly account for the electronic contribution to the thermal conductivity, as similarly observed
for previously reported PbTe and SnTe based materials.®*%

The maximum thermoelectric figure of merit, zT, (Figure 2e) achieved within the Gei«GaxTe (x =
0.00 to 0.10) series was ~ 1.1 at 720 K for Geo.ssGao.02Te, which was marginally higher than that of pristine
GeTe (zT ~0.95 at 720 K). The zT values systematically decreased for the value of x > 0.02 in the Ge1.«GaxTe
system. Heavily Ga-doped sample (x = 0.10) exhibited the lowest zT (SI, Figure S6), due to its high electrical
resistivity arising from severe deflation of carrier concentration and mobilj ased on this evidence, it

It has been reported that 8-10 mol% Sb doping in
degeneracy.” To further improve the thermoelectric per

effects that would help to improve the TE perform

As observed from the XRD patterns (Fig

and has pushed the system towar i C n other words, Ga-Sb codoping has promoted a
faster structural transition (R3m > i . as proven by the DSC data (SI, Figure S2), where
the structural transition te duced from ~ 630 K for Geg.9sGaop.02Te to ~ 580
K for GegssGao.02Sbo.ioTe. perature for pristine GeTe is ~ 700 K, the
e transition temperature and has increased the
cubic nature of th . tures of rhombohedral (r) and cubic (c) GeTe, it
was shown that t

codoped
coefficient doped sample of composition GegssGao.02Sbo.10Te exhibited a high
thermopowe at room temperature and a maximum of ~ 240 pV/K at higher temperatures,
an improveme compared to pristine GeTe. It is also key to note that the S values of the
codoped samplesSincreased steeply till 550 K and almost became constant after that. Such a trend once

again was a clear indigation of the second order structural transition (R3m = Fm-3m).

The increased electrical resistivity, due to the lowering of carrier density and mobility has
immensely reduced the electronic contribution to thermal transport in the Ga-Sb codoped samples (S|,
Figure S5a). This has led to an ultra-low ot (< 1.3 W/mK at T > 500 K) in the Gei.x,GaxSbyTe samples
(Figure 2d). At room temperature, GeossGao0:Sbo10Te sample exhibited a ot ~ 1.75 W/mK, which
accounted for a reduction by 270% when compared to pristine GeTe (kiota ~ 6.5 W/mK at room
temperature).

The combined beneficial effects of improved thermopower and reduced thermal transport,
achieved by Ga-Sb codoping of GeTe, has strikingly enhanced the thermoelectric figure of merit (Figure
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2e). The Ga-Sb codoped GeTe samples (both GepssGao02Sbo10Te and Geps0Gap.02ShoosTe compositions)
manifested a high zT ~ 1.75 at 730 K, an improvement by 80% compared to undoped GeTe, and is notably
one of the highest reported among the GeTe-based materials.

To have a more cogent understanding on the effects of doping in GeTe, DFT calculations were
performed (see Sl for the computational details). As we are interested in the high temperature domain
for thermoelectric applications, these DFT calculations were carried out on 4 x 4 x 4 supercells derived
from the cubic structural arrangement of GeTe. The electronic densities of states (DOS) computed for the
cubic models of GeTe and GeosGapo2Te are presented and compared in Figure 3a. As expected, the
presence of some amount of Ga in GeTe, shifted the Fermi level towards thevalence band. The DOS was

presence of a sharp hump near the Fermi level (Ef). This firmly establis induces resonant
states or deep defect states near Er in the electronic band s

while they were reduced for higher dopant content
the distortion of DOS (resonant states) hinders e

more prominent only at the high t e, as there was not much significant change in
the room temperature value of Se ici 2n 2 mol% Ga was doped to GeTe.

codoped (GaSbsG = _ cubic) compositions are presented in Figure 3b and

c, respectively. S ituting i i ivalent Ge with Sb (Sb single doping) or with Ga + Sb
(codoping of Ga an oncentration and, assuming a rigid band model, shifts the
Fermi lé i.e., towardgthe conduction band (Figures 3b and 3c). We would like to mention
that thes red with caution, as the theoretical calculations were performed

based on a e there is no Ge vacancy. But as found experimentally, GeTe always
prefers to be G nposition and hence there exists some Ge vacancies. The p-type charge carriers
still dominate t 6a-Sb codoped GeTe, as observed from them the Hall measurement results

decrease and the Egshould be close to the gap for the Ga-Sb codoped GeTe. As per Boltzmann equation,
such a scenario will Gbviously lead to an improved Seebeck coefficient, consistent with our experimental
findings. Ga-Sb codoping adds donor states just below the conduction band of GeTe. Interestingly, we still
found some Ga-induced resonant states in the top of the valence band when Sb was codoped to the Ge-
Ga-Te system, but unlike the single doped Ge;«GaxTe, the resonant state was not near Erin the Ga-Sb
codoped system (Figure 3c).
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The electronic band structures of the undoped, doped and codoped compositions were also
computed and analyzed, hoping to provide useful insight on how the valence band structure is modified
upon doping. They are plotted in Figure 4 along some high symmetry lines of the cubic Brillouin zone (BZ).
From the electronic band structure of GeTe (Figures 4b and 4c), the direct band gap was calculated to be
225 meV at I' point, which is in agreement with the literature.**%® GeTe exhibits a second maximum of
the valence band in the I' - K (Z) direction. The energy difference between light and heavy hole valence
bands (AEs) for undoped cubic GessTess was found to be 64 meV, consistent with a recent report.®® This
AEs value for c-GeTe is much lower when compared to that of the low temperature r-GeTe (AE;s = 150
meV).% This is advantageous and is in agreement with the fact that the temperature increases the band
convergence in GeTe.3® As mentioned before, the ferroelectric structural as more favored with

the codoping of Ga-Sb, since the transition temperature was reduced his structural strain
relaxation from rhombohedral low symmetry (R3m) to cubic high sy ill increase the
electronic band valley degeneracy, a key factor for enhancing t , codoping of

Ga-Sb to GeTe promotes band valley convergence.

When 2 mol% Ga was added to GeTe, i.e., for (G

Ga states reduced the gap at I" point to 66 meV (Fig ated at the top
of the valence band and extended somewhat wi . doping in GeTe, i.e.
SbeGessTess (Sbo.osGeooiTe), the Sb states were loga lon band (Figure 4e).
The gap at I' point decreased to 71 meV, n compared to that of
undoped GeTe, in agreement with the preo %6 With 2 mol% Ga and 8 mol% Sb
codoping in GeTe, i.e. GaSbsGes;Teqs int opened up (~ 165 meV). The
presence of Sb and Ga modified th i re by activating the hole pockets at the bottom
of the conduction band. The effecti ed with these hole pockets became larger (Table

parabolic band, where aco i e considered (see computational details in

Sl). Indeed, the m* value f to be 1.30m. (m. = free electron mass) and it
markedly increase 0.025b0.0sGeg.90Te sample. This points towards an
enhanced valenc ain the improved thermopower. More importantly,
Ga-Sb codoping i onvergence by strikingly reducing the energy separation

ations indicate a significant interaction between the substituted Ga
ping of Ga-Sb to GeTe though it did not position the resonance state at a
ear Er, enhanced the valence band convergence besides pushing the system towards
cubic (band degenekacy). All of this has helped to achieve a high Seebeck coefficient in Ga-Sb coped GeTe.
The synergy achieved)between these different band effects via codoping is the prime factor behind the
impressive thermoelectric performance of Gei..yGa\Sh,Te.

favorable locatio

As a matter of fact, as resonant states distort the DOS and reduces the band gap, only a low level
of Ga doping (not more than 2 mol%) is beneficial, whereas band convergence is a tuning of the periodical
band structure, and hence a relatively high Sb doping (8-10 mol%) and low Ga doping was required to
influence the k-space band dispersion. Refer Sl (Figure S7), where we have showed that an equal
proportion doping of Ga and Sb was not beneficial.
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proportional to the projection of the wave function on the Ga (in red) and Sb (in green) orbitals.
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More recently, a novel sintering process called ‘Flash-SPS’, a derivative of the flash and SPS
sintering techniques has generated a lot of interest as it has been shown to improve the thermoelectric
performance of Mg-Si based materials.®® During normal SPS (which involves direct Joule heating of
electrically conductive dies, usually graphite), the heating rate typically used is ~ 100 °C/min, whereas the
flash technique employs thermal runaway to achieve ultra-fast sintering with heating rate as high as ~
10,000 °C/min, producing dense materials in a matter of few seconds.®*’! An additional advantage of the
flash-SPS method is that no preheating is required when conducting samples are used. Though flash
sintering has been used predominantly to process high temperature ceramics like SiC,”%7% Zr0,,% ZrB,,”? it
has not been tried on many thermoelectric materials. Just recently, we have shown how to improve the
TE properties of PbTe-based materials by the so called ‘Hybrid Flash-SPS’ p ing. >3 Motivated by those

rate of ~ 10,000 °C/min (heated from 293 — 893 K in 3 seco e of 55 MPa
Typically, during a Flash-SPS process, the green compact sa wo graphite
punches without a die and inserted in between the pisto 28 B brid’ Flash-

low thermal inertia metal die to contain the TE i ing.”* ematics of the
experimental set-up and the current flow paths ar i

pellets were obtained with theoretical densw% for

: Stable high zT over 600 - 773 K
2.0 — """"" iT;E;;‘;T:gS"-'-'é"-"-'=='-"6'i*=f=='-='-="=i"

1.6 b g P

— S R S S S S S e e R e ST S ST ) [Ny (). A R R R MR S R A

= s 5 | s
L8 e T S e

;110 O . S Geg g9Gag 02Sby osTe
i —— SPS

B B o L T T -

: . —e— Hybrid Flash-SPS
0.0 I i | |
300 400 500 600 700 800
T (K)

Figure 5. Temper dependent zT for SPS Vs Hybrid Flash-SPS processed Geo.90Ga0.02Sbo.osTe sample.

It was established that higher the ratio of the carrier mobility to lattice thermal conductivity, the
greater zT.”* Normally, there is a trade-off when alloying a material. The lattice thermal conductivity is
decreased due to scattering from impurities, but that also reduces the carrier mobility, meaning limited
change in zT. An improvement in zT for an alloy system occurs only when & is reduced by a significant
factor with little or no degradation of u. It was found that hybrid flash-SPS processing enhanced the
thermopower by suppressing the charge carrier density, without affecting the carrier mobility (see Table
1). For the sintered codoped samples, the hybrid flash-SPS sample in particular exhibited a mean low Kjg:
~ 0.6 in the temperature range from 550 K to 773 K (SI, Figure S8f). This reduction in i during flash
processing is consistent with our recent report,>® where we have shown that the ultra-fast sintering rate
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achieved during hybrid flash-SPS processing has helped to reduce the grain growth and enhance the
boundary scattering of heat carrying phonons at the intergrain region. Due to its lowered charge carrier
density, the hybrid flash-SPS sample exhibited a lower o0 when compared to the SPS sample (SI, Figure
S8a), but this was well compensated for by the improvement in the Seebeck coefficient (SI, Figure S8b)
and a significant reduction in & (SI, Figure S8e). This has helped the hybrid flash-SPS sample to exhibit
ultra-low &iotar ~ 1 at around 600 K (SI, Figure S8d). The enhanced thermopower coupled with the reduced
electronic and lattice contributions to the thermal conductivity with no degradation in carrier mobility has
helped the hybrid flash-SPS sample to reach a peak zT ~ 1.95 at 723 K (Figure 5). The hybrid flash-SPS
sample crossed zT > 1.75 at a temperature as low as 600 K (whereas the SPS sample exhibited its peak zT
~ 1.75 only at 723 K), thus making it more suitable for mid-temperat ical applications. More

importantly, the hybrid flash SPS sample maintained (almost stak zT over a wide
temperature range (from 600 K — 773 K). From a practical point of vie i imum 2T (2T max),
but it is the average zT (zTa.) value that determines the oy, odule. In this

temperature range from 600 — 773 K, the zT was almost con
from 600 — 773 K), thus making it one of the best reporte

ature range
e family. The

e charge carrier
ithout significantly

flash-SPS sintering process, we have demonstrat
density, and at the same time benefit from the

can potentially be used as a strategic pra€es | and thermal transport
properties to produce high zT materials

4. Conclusion

dretical studies, we conclude that optimized
(i) suppression of p-type charge carriers; (ii)

In summary, on th
codoping of Ga-Sb in c-G
activation of seve
transition tempe generacy; (iv) convergence of light and heavy hole
i y to the top of the valence band (and thus Ga together

rmopower and reduction of thermal transport without any
to achieve remarkably high and stabilized zT values (close to 2 for
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