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ABSTRACT: The ability of substitution atoms to decrease
thermal conductivity is usually ascribed to the enhanced
phonon-impurity scattering by assuming the original phonon
dispersion relations. In this study, we find that 10% Sbg,
alloying in GeTe modifies the phonon dispersions signifi-
cantly, closes the acoustic—optical phonon band gap, increases
the phonon—phonon scattering rates, and reduces the phonon
group velocities. These changes, together with grain
boundaries, nanoprecipitates, and planar vacancies, lead to a
significant decrease in the lattice thermal conductivity. In
addition, an extra 2—6% Zn alloying decreases the energy
offset between valence band edges at L and X points in

Ge,_,Sb,Te that is found to be induced by the Ge 4s” lone pairs. Since Zn is free of s* lone pair electrons, substituting Ge with
Zn atoms can consequently diminish the Ge 4s” lone-pair characters and reduce the energy offset, resulting in two energetically
merged valence band maxima. The refined band structures render a power factor up to 40 uW cm™" K2 in Ge, g4Sbg;Zng o, Te.
Ultimately, a superhigh zT of 2.2 is achieved. This study clarifies the impacts of high-concentration substitutional atoms on
phonon band structure, phonon—phonon scattering rates, and the convergence of electron valence band edges, which could
provide guidelines for developing high-performance thermoelectric materials.

B INTRODUCTION

Thermoelectrics, featured by the capability of interconversion
between heat and electricity, have become a typical component
in the drive for eco-friendly energy technology." The mass-
market commercialization of thermoelectric devices demands a
sufficiently high energy conversion efficiency, which depends
upon the thermoelectric properties of electrical conductivity
(), Seebeck coefficient (S), and thermal conductivity (k,
comprising electronic k, and lattice k; contributions ).>? To
turn these into a single parameter to gauge the thermoelectric
efficiency at a given operating temperature (T), the figure-of-
merit (zT) is formulated as zT = S*6T/k.* The enhancement
of thermoelectric performance generally involves x; minimiza-
tion and power factor (S?¢) enhancement, which depend on
the transport of phonons and free charge carriers, respectively.’
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The two common strategies for decreasing K are to
strengthen the inherent phonon—phonon interactions and to
introduce extra phonon-scattering sources.” The former
suggests to seek/amend materials comprising heavy elements,
a complex unit cell with high symmetry, weak chemical bonds,
and strong lattice anharmonicity.”” Materials such as SnSe,*” "
AggsnSeé,11 K,BigSe,;,'> and AngTez,xSex13 with the men-
tioned descriptor(s) show low k; and thus outstanding zT. The
extra phonon-scattering sources, for instance, grain bounda-
ries, "' precipitates,'°~** *2* and various types of
lattice imperfections,zs_29 focus on minimizing the phonon
relaxation time. Among the lattice imperfections, the decreased
k caused by point defects is intuitively ascribed to phonon

impurities,

Received: November 25, 2018
Published: December 28, 2018

DOI: 10.1021/jacs.8b12624
J. Am. Chem. Soc. 2019, 141, 1742-1748


pubs.acs.org/JACS
http://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.8b12624
http://dx.doi.org/10.1021/jacs.8b12624

Journal of the American Chemical Society

scattering by mass fluctuations and lattice distortions. By
definition, a phonon is the quantized energy of Ilattice
vibrations, which can be simplified as a spring and mass
system.”” Large concentrations of substitutional atoms change
the host mass and, in turn, may affect the inherent phonon—
phonon interactions. Thus, it is necessary to revisit the impact
on phonon scattering.

Band engineering has been proven to bypass the S’c peak
corresponding to the optimal carrier concentration.”"*” In
rock-salt chalcogenides, the two valence bands at L (VB) and
% (VBg) points provide additional room to enhance S’¢ via
minimizing the energy offset between the two-valence-band
maxima.”*~** Conventional band engineering is based on the
experimental approach to test the appropriate substitutions.
Understanding the chemical nature of VB, and VBg can help
efficiently screen optimal substitutions from a theoretical
perspective.

GeTe is a promising midtemperature p-type thermoelectric
material.***” To suppress the intrinsically high hole concen-
tration stemming from the Ge vacancies, GeTe is commonly
alloyed with aliovalent elements (for example, Sb** and Bi*”).
Examination of phonon transport in these alloys can disclose
the effect of point defects on inherent phonon—phonon
interactions. Moreover, GeTe has a rhombohedral-to-cubic
phase transition at ~700 K and has the degenerate evolution of
multiple valence band edges.”” Understanding the band
structures of GeTe can reveal the chemical nature of these
multiple valence bands.

Herein, we systematically investigate the effects of Sb and
additional Zn alloying on thermoelectric properties of GeTe
and the associated fundamentals. Besides tuning carrier
concentration, Sb alloying results in the crossover of acoustic
and optical phonon branches and flattens the acoustic phonon
dispersion to decrease the phonon group velocity (v) of GeTe,
as schematically shown in Figure la. Together with the extra
scattering sources including grain boundaries, precipitates,
planar vacancies, and point defects (Figure 1b), phonon
scattering is greatly enhanced. Consequently, the obtained «; of
GegoSby Te alloys is reduced by 55% at 300 K with respect to
that of GeTe; refer to Figure lc. Electronically, our theoretical
analysis indicates that, in both rhombohedral (R-) and cubic
(C-) GeTe, the two valence band edges at L and X points are
attributed to the slightly more Ge 4s lone pair character (as
indicated by the red spots in Figure 1d) in the highest
occupied molecular orbital (HOMO). Therefore, high-level
substituted elements free of the s* lone pair orbital (for
example, Zn) can diminish the energy offset between these two
valence band edges via partially reducing the cation s> lone pair
character on HOMO. Thus, Zn-alloyed Ge(4Sby;Te has larger
band degeneracy (N,), leading to an enhanced S*s (Figure le).
Overall, as shown in Figure 1f, the significantly decreased K
and enhanced S’ lead to a superhigh peak zT ranging from
2.0 to 2.5 with an average value of 2.2 in our
GeggeSbo1ZngosTe (10% Sb and 4% Zn) during three
heating—cooling cycle measurements (Figure S1).

B RESULTS AND DISCUSSION

Phonon Dispersion Relations. To evaluate the thermo-
electric performance, the as-obtained Zn-doped Ge,_,Sb,Te
powders without appreciable impurities (refer to X-ray
diffraction (XRD) patterns in Figures S2 and S3) were
compressed into pellets using spark plasma sintering (SPS).
The measured temperature-dependent thermoelectric proper-
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Figure 1. Methodology for performance enhancement in GeTe-based
thermoelectric materials. (a) Schematic diagram demonstrating the
evolution of phonon dispersions due to Sb substitution on Ge sites.
(b) Schematic diagram showing the sintered polycrystalline bulk
composed of grain boundaries (i), planar vacancies (ii), point defects
(iii), and precipitates (iv). (c) Temperature-dependent lattice thermal
conductivity (k;) for the representative GeTe, GeyoSby;Te, and
GeggeSbo1Zng e Te. (d) Band structures for GeTe with the orbital
characters indicated by the symbol sizes. The up and bottom panels
correspond to rhombohedral and cubic GeTe, respectively. (e)
Convergence of multiple valence band edges due to Zn alloying. (f)
Measured temperature-dependent figure-of-merit (zT) with the red
background color showing the zT range measured during three
heating—cooling cycles.

ties are summarized in Figures S4 and SS. As can be seen, one
of the key reasons for the extraordinary high zT is the
remarkably decreased «;. To elucidate the fundamentals related
to the lattice dynamics, we performed density functional theory
(DFT) calculations. Figure 2a exhibits the calculated phonon
dispersion of R-GeTe. The three lowest dispersions at the I'
point are indexed as the in-plane transverse acoustic mode
(TA), the in-plane longitudinal acoustic mode (LA), and the
out-of-plane flexural acoustic mode (ZA).*' The optical
phonon branches occupy quite high eigenvalues, yielding the
separation of acoustic and optical phonon modes in the
pristine GeTe. Such an acoustic-optical frequency gap (a—o
gap) is clearly identified in the calculated phonon density of
states (DOS) (refer to the right panel of Figure 2a) near 3
THz. The isolation of acoustic modes from optical modes leads
to less phonon—phonon scattering channels in pristine GeTe,
namely weak inherent phonon scattering. The comparison of
phonon DOS and projected DOS (PDOS) illustrates that Ge
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Figure 2. Calculated phonon dispersions and phonon DOS. (a)
Rhombohedral (R-) GeTe and (b) Sb-doped R-GeTe. Calculated
phonon group velocity (v) for (c) R-GeTe and (d) Sb-doped R-
GeTe.

and Te dominate the optical modes and acoustic modes,
respectively. This observation agrees with the reported
theoretical study of phonon dynamics, which revealed that
the acoustic (optical) phonon branch is governed by the
constituting atom with larger (smaller) mass.”> Phonon DOS
analysis together with the fact that the atomic mass of Ge is
only one-third of that of Te rationalize the observed a—o gap
in the pristine GeTe.*” We calculated the phonon dispersions
for C-GeTe, shown in Figure S6. There are imaginary optical
modes at I for C-GeTe, suggesting some optical branches
lower than acoustic branches. Therefore, the phonon
dispersions of C-GeTe cannot provide information on
phonon—phonon scattering strength based on frequency gap.

Figure 2b shows the calculated phonon dispersion of R-
GeyoSbgTe. Since the calculation of GeyoSb,;Te is based on
the supercell, there exist more optical branches than GeTe,
which is based on a primitive cell. The Sb alloying induces
dispersive optical phonon branches, resulting in the optical
modes going beyond the acoustic modes. The crossover of
optical modes and acoustic modes is anticipated to strengthen
acoustic—optical interactions in GeygSb,;Te. According to the
calculated phonon DOS (right panel of Figure 2b), the high-
frequency peak of PDOS contributed by Sb is close to the
frequency region where the a—o gap exists in the pristine
GeTe. Substituting Sb on the Ge sites shifts the optical modes
down to lower frequency range, leading to the crossover of
acoustic and optical phonon branches. By theory, the a—o gap
of the pristine GeTe results from the large atomic mass
difference between cation (Ge) and anion (Te).”>** Alloying
with Sb increases the average cation mass and brings the mass
ratio between cation and anion close to one, which further
supports the crossover of acoustic and optical branches in
GeyoSbyTe. Since the substitution of light atoms on Te sites
can also reduce the atomic mass ratio between cation and
anion, we expect that it can enhance the phonon—phonon
scattering as well.

The calculated scattering rates reveal that Sb alloying can
indeed enhance the phonon—phonon interactions, especially in
the low-frequency range (refer to Figure S8). Note that the
calculations are based on the supercell, which assumes Sb
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atoms are distributed uniformly in the lattice. In the real cases,
the random distribution can induce an extra disorder
scattering, which might not be important compared to the
significantly modified phonon band structure and the
phonon—phonon scattering.

Moreover, the low-frequency dispersion (i.e., acoustic
modes) is flattened, suggesting the reduction of v, which is
given by the slope of the acoustic dispersion relation.*’ Parts ¢
and d of Figure 2 manifest the determined v as a function of
phonon frequency for GeTe and Ge,,SbyTe, respectively. As
can be seen, alloying with Sb indeed decreases v, which is
caused by the heavy atomic mass of Sb.”

Microstructure Characterizations. In addition to the
enhanced phonon—phonon interactions caused by Sb alloying,
microstructures can serve as extra phonon scattering sources to
decrease k. Figure 3a is a transmission electron microscope
(TEM) image obtained from the sintered GejgsSby ZnggsTe
pellet. We can observe the microscale grains and high-density
nanoprecipitates embedded in the matrix. The corresponding
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Figure 3. Microstructure characterizations of GeygSby;Zng 4 Te. (a)
Typical transmission electron microscope (TEM) image showing the
multiple grains and nanoprecipitates. (b) Energy-dispersive X-ray
spectroscopy (EDS) line scan studying the composition of
precipitates. (c) Enlarged TEM image showing the network of
stripes. (d) High-angle annular dark-field (HAADF) scanning TEM
(STEM) image indicating planar vacancies. (e) Amplified HAADF
STEM image of a representative planar vacancy. (f) Line profile along
the framed atomic columns in (e).
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high-angle annular dark-field (HAADF) scanning TEM
(STEM) image presents the dark contrast of nanoprecipitates,
indicating the lighter component elements in nanoprecipitates
than in the matrix (Figure S9). Figure 3b is the X-ray energy-
dispersive spectroscopy (EDS) line scan across the precipitate
indicating that the precipitates are Ge-rich.

The amplified TEM image taken from the area with dark
contrast in Figure 3a reveals the presence of a network of high-
density linear stripes (Figure 3c). The dark contrast may be
caused by the strains arising from the stripes. Furthermore, we
applied aberration-corrected STEM to investigate the atomic
arrangement of the observed linear stripes. Figure 3d shows a
high-resolution HAADF-STEM image, in which a few planar
vacancies (marked by the green arrows) are evidently
observed. Since R-GeTe is a slightly distorted face-centered
cubic phase,** the observed planar vacancies can be considered
as {111} planes of the pseudocubic structure. It is noteworthy
that the planar vacancies are embedded in the randomly
oriented grains so that planar vacancies do not exhibit
preferential orientation in the sintered pellet. Consequently,
the planar vacancies will not result in anisotropic thermo-
electric properties. Figure 3e is a zoom-in image of HAADF-
STEM to demonstrate the configuration of atoms in such a
representative planar vacancy. The contrast of HAADF-STEM
directly relates to the atomic number,** so that bright atomic
columns are Te, whereas the dim atomic columns correspond
to Ge. Figure 3f plots the intensity profiles obtained from the
two framed atomic columns shown in Figure 3e. Peaks with
low and high intensities correspond to Ge and Te atoms,
respectively. Thus, the planar vacancies originate from the
missing Ge atoms in the {111} plane. The TEM specimen was
from the pellet measured several times to test the thermal
stability of thermoelectric performance. The durability of
corresponding thermoelectric properties (refer to Figure S1)
suggests that the observed microstructures are preserved after
heating—cooling cycles.

From the above comprehensive analysis, we can conclude
that the remarkably decreased k; is linked to (i) the reinforced
phonon—phonon interactions and decreased v induced by Sb
alloying and (ii) the presence of various phonon scattering
sources including grain boundaries, nanoscale precipitates,
planar vacancies, and inevitable point defects resulting from Ge
sites replaced by Sb/Zn atoms.

Modeling Study of Electronic Transport Coefficients.
To elucidate the electronic transport behavior and the
corresponding S’c enhancement, we calculate the plots of S
and Hall carrier mobility (py;) as a function of ny using the
single Kane band (SKB) model.*® The measured temperature-
dependent jy; generally follows a power law of T ~'3,
indicative of the free charge-carrier scatterings being governed
by acoustic phonons (refer to Figure S10).

Figure 4a shows the calculated plots of ny-dependent S
compared with the measured S versus ny data points at both
300 and 700 K. Because the plot of S — ny is determined by
m¥, the variation of S versus ny with different compositions
can reflect the alteration of band structures. The hollow data
points corresponding to Ge,_,Sb, Te generally follow a similar
trend with ny varying in a wide range upon different Sb
contents. Therefore, Sb alloying does not notably modify m}.
However, the solid data points of Gegg_,Sby;Zn,Te follow
totally different plots of S against ny. Upon raising the Zn
alloying ratio, the corresponding S — ny plot exhibits an
upward trend. We quantitatively determined m¥ according to
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Figure 4. Examination of electronic transport coefficients using
modeling simulations at 300 and 700 K. Calculated curves of Seebeck
coefficient (S) (a) and Hall carrier mobility () (c) as a function of
Hall carrier mobility (ny) compared with the measured data points
versus ny at 300 and 700 K. (b) Derived density-of-states effective
mass (mf) of Ge,_,,Sb,Zn,Te. (d) Measured temperature-depend-
ent power factor (8%6).

the measured S and ny. Using the measured S, the reduced
Fermi level (17) can be derived according to Equation SI.
Then, substituting # into Equation S2, we can determine mj.
Figure 4b exhibits the determined mf for different
compositions at both 300 and 700 K. Zn alloying actually
gives rise to m¥. Figure 4c shows the comparison of yy — ny
plots with the measured data points. As can be seen, uy
decreases in Ge,_, ,Sb,Zn Te with increasing Sb and Zn
substitution ratios, resulting from the increased charge-carrier
scatterings.47 The variations of m3 and charge-carrier
scatterings will ultimately impact S*s. Figure 4d shows
temperature-dependent S%¢ for Ge,_,_,Sb,Zn,Te. Specifically,
a maximal S*c close to 40 W cm™' K™ is achieved for the
Gey56Sbg.1Zng s Te pellet. The enhanced %6 can be ascribed to
the optimized ny by Sb and enlarged m§ by Zn.

Electronic Band Structures. To explore the evolution of
band structures due to Sb alloying and the additional Zn
alloying, we performed DFT calculations based on the 3 X 3 X
3 supercell of Ge,,Te,,. Parts a and b of Figure 5 display the
band structures for both R- and C-Ge,,Te,,, respectively. The
primary valence band edge shifts from X point to L point of the
first Brillion zone during the R-to-C phase transition, agreeing
with the reported band structure evolution of GeTe caused by
the phase transition.”” Parts ¢ and d of Figure 5 present the
band structures of Ge,,Sb;Te,, with R- and C-phases. Sb
alloying does not notably change the band structures of both
R- and C-GeTe. However, 4% Zng, alloying can significantly
modify the band structures, as shown in Figure Se,f. The two
valence band edges nearly locate at the same energy level after
Zn alloying. In particular, Zn alloying realizes the exact
convergence of VB, and VBy in the cubic Ge,;,Sb;Te,,.

Interestingly, Zn also produces an impurity band within the
band gap (Eg) region close to the conduction band edge. The
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Figure S. Examination of electronic band structures. (a) Rhombohe-
dral (R-) Ge,,Te,;, (b) cubic (C-) Ge,;Te,,, (c) R-Ge,,Sb;Te,,. (d)
C-Gey,SbyTey,, (e) R-Ge,3Sb;ZnTe,;, and (f) C-Ge,;Sb,ZnTe,,.

energy separation between the impurity band and the VB is
even larger than the E, without Zn substitutions; therefore, the
impurity band does not affect the electronic transport of p-type
GeTe-based materials. Moreover, the determined E, of C-
GeTe, C-Ge,,Sb;Te,;, and C-Ge,3Sb;ZnTe,; are 0.36, 0.4, and
0.55 eV. As can be seen, even with the impurity band
considered, E, is still enlarged in C-Gey3Sb;ZnTe,;. Since the
bipolar thermal conduction occurs at high temperatures, Zn-
doping is favorable to suppress the bipolar conduction.

Using the method of DFT calculation and molecular orbital
theory, we discover that the slightly more Ge 4s* lone pair
character in the valence band edge at L determines the energy
separation between VB and VBy. The related discussion can
be found in section 7 of the Supporting Information. Zn is free
of s> lone pair electrons when bonding with Te. Consequently,
Zng, alloying can partially remove the weight of cation s* lone
pair electrons on HOMO, accounting for the convergence of
VB, and VBs.

B CONCLUSIONS

We achieve a maximal zT value of ~2.2 in Ge,_,_,Sb,Zn Te,
stemming from the significantly decreased k; and increased S%.
Based on the comparison between phonon dispersions of
GeTe and Ge,_,Sb,Te alloys, we find that Sb induces the
crossover of acoustic and optical phonon branches and further
flattens the acoustic phonon modes, leading to strong acoustic-
optical phonon interactions and low phonon velocity. The

strong phonon—phonon scattering and the extra scattering

sources demonstrated by TEM characterization synergistically
lead to a significantly decreased k. Moreover, additional Zn
alloying is found to energetically merge the multiple valence
band edges, due to the partially removed Ge 4s® lone-pair
characters on the valence band edge, which accounts for the
reduced energy offset between these multiple valence band
edges. The well-aligned valence band edges at nearly the same
energy level lead to an enhanced S’c in Zn-alloyed Ge,_,Sb,Te
at high temperature. The demonstrated strategy of strengthen-
ing phonon—phonon interactions and the revealed chemical
nature of multiple valence band edges to screen suitable
elements for band engineering can pave a robust route to
develop high-performance thermoelectric materials.

B EXPERIMENTAL SECTION

Material Synthesis. Elemental Ge, Te, Sb, and Zn were
purchased from Sigma-Aldrich. Under high vacuum, these precursors
were sealed in quartz tubes to synthesize Ge,_, ,Sb,Zn,Te. After
heating to 950 °C within 12 h, quartz tubes were held for 6 h at this
setting temperature and then quenched in ice—water. To release the
strain, samples were annealed at 650 °C for 72 h. The obtained ingots
were grounded into fine powders by ball milling. The collected
powders were compressed into pellets by SPS under vacuum with the
sintering condition of pressure = 55 MPa, temperature = 550 °C, and
holding time = S min. Densities of obtained pellets were estimated by
the Archimedes’ method and corroborated to be ~97% of the
theoretical value of GeTe (refer to Table S1).

Characterization. The phase characterizations were examined by
XRD (Bruker D8 Advance MKII). The microstructure character-
izations were performed by TEM of Philips Tecnai F20 and STEM of
JEOL Arm200.

Thermoelectric Property Measurement. A laser flash method
(LFA 457, NETZSCH) was used to measure thermal diffusivity (D)
(plotted in Figure S14). The obtained values were cross-checked by
the hyper flash method (LFA 467, NETZSCH). Then, k was derived
via k = DC,d, with d and C,, denoting the density and the specific heat
capacity, respectively. Cp was determined using the Dulong—Petit law,
which has been widely used in GeTe systems.******** 5 and S were
measured using the ZEM-3, ULVAC, and the SBA 458, NETZSCH.
The Hall measurement was conducted according to the Van der Pauw
method with a magnetic field up to +1.5T.°° Based on the directly
measured Hall coeflicient (Ry), nyy and py; were determined by nyy =
1/(eRy) and py = oRy, in which e is the electron charge.

DFT Calculations. Band structure calculations were performed
using the plane-wave self-consistent field (PWSCF) code. All of these
DFT calculations were implemented in the QUANTUM-ESPRES-
SO.*>" The local density approximation (LDA) was used to describe
the exchange and correlation interactions.”> The cutoff sets of the
kinetic energy and the electronic density were 40 and 640 Ry,
respectively. In the calculations, we considered the spin—orbit
coupling. Band structure calculations were based on the 3 X 3 X 3
supercell. To study band structures with alloying/doping, three Ge
sites were replaced by Sb, and one Ge site was substituted by Zn.
Phonon calculation of Ge;_,Sb,Te was based on a supercell of 2 X 2
X 2 with one Ge replaced by Sb. The relaxation criterion of modified
crystal structures was the force <107 eV A™! on each atom. Supercells
with atomic displacements were constructed by the Phonopy code™
with the respective size being 3 X 3 X 3 for GeTe and 2 X 2 X 2 for
Ge,Sb,_,Te. After feeding into QUANTUM-ESPRESSO, the forces
were calculated. Finally, the Phonopy code was used to determine the
set of forces and then the phonon dispersions. The phonon—phonon
scattering rates were calculated using the ShengBTE package.**
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1. Modeling study of electronic transport
Thermoelectric properties of single band Kane model are given by*

Seebeck coefficient

_k_B F1,1—2(77118)_
> € {Ff_z(n,ﬂ) 77} ’ .

Hall carrier concentration

3

N (Zm;kBT )E I:3?2,0 (77’ IB)

n, = , S2
" 3n?h’ A (52)
Hall carrier mobility
L, = 272'h4eC| 3F1?_2 (771 ﬂ) (83)
" mf (ZmEkBT )3/2 Edzef I:3(;2,0 (771 ﬂ) ’
Hall factor
A — 3K (K + 2) Fl?Z,—4 F;/)Z,O (84)
2 2 ’
(2K+1)" (F2,)
Electrical conductivity
2e°N#C, _,
o=n,u.e=———=~F, pB) S5
H AN m Edzef 12 (77 ﬁ) (S5)
Generalized Fermi integration
n *© of n n m 5
Foc(m.8) =] {_%} (e+p¢) [(1+ 2pe) + 2}2 de (S6)

Electrical thermal conductivity is calculated according to the Wiedemann—Franz law, namely
x,=LoT , (S7)

with L representing the Lorenz number, and given by

(o el (Belen)] . )

S2



In the above equations, # is the reduced Fermi level, g = i;B_T (Eg is the band gap) is the reciprocal
g

reduced band gap, ks is Boltzmann constant, e is the elementary charge, N is the band degeneracy,
h is the reduced Planck constant, C; is the combination of elastic constants, mf Is the inertial

effective mass, and Eqer is the deformation potential, respectively.??
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2. Thermal stability examination of obtained maximal thermoelectric performance

The thermal stability of the obtained thermoelectric properties of Geo.gsSho.1Zno.04Te was tested by
three heating-cooling cycle measurements. Figure S1 shows the results. The obtained
thermoelectric properties do not degenerate notably after three heating-cooling measurements.
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Figure S1 Temperature-dependent (a) S, (b) o, (¢) D, and (d) zT for Geo.g6Sho.1Zno.0aTe measured
through three heating-cooling cycles to test the thermal stability.
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3. Phase examination of as-synthesized samples

Figure S2 and Figure S3 display the X-ray diffraction (XRD) patterns of as-synthesized Ge1xShxTe
and Geo.9.ySbo.1ZnyTe. XRD peaks in these samples can be indexed as the rhombohedral GeTe (R-
GeTe). In Figure S2, the peak shifting towards low diffraction angle suggests the slight increase

of lattice parameters due to the replacement of Sb with a large atomic radius on Ge sites.
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Figure S2 XRD patterns of Ge1.xShxTe with the enlarged view showing the peak shifting.
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Figure S3 XRD patterns of Geo.9.ySbo.1ZnyTe with the enlarged view showing the peak shifting.
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4. Measured thermoelectric properties and the determined L and x

Figure S4 shows the measured thermoelectric properties as a function of temperature for sintered
Ge1xyShxZnyTe. The positive sign of S indicates the p-type semiconductor behavior with holes
serving as the major free charge carriers.* As can be seen, upon increasing the alloying content and
the additional Zn doping, S increases while o decreases. The measured xdemonstrates a continuous

decreasing trend with increasing Sb and Zn contents.
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Figure S4 Measured temperature-dependent (a) S, (b) o, (¢) «, and (d) zT for sintered Ge1x-

yShxZnyTe with different compositions.
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With the determined Lorenz number (L) (Figure S5a), we calculate the electronic thermal
conductivity (xe) according to the Wiedemann—Franz law.® Figure S5b shows the calculated xe,

which decreases with increasing Sb and Zn content. The reduction in xe originates from the

decreased o. By subtracting xe from the total x, we determine x, as shown in Figure S5c.
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Figure S5 Calculated (a) L, (b) xe, and (c) xi for Geix.yShxZnyTe.
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5. Additional phonon dispersions and phonon-phonon scattering rates

We calculated the phonon dispersions and phonon DOS for cubic structured GeTe and
Geo.9Sho.1 Te, shown in Figure S6. From Figure S6a, the phonon dispersion of cubic GeTe shows
imaginary modes at I" point, i.e., the negative frequency of optical branches. The imaginary modes
at I point indicate the instability of cubic GeTe at room temperature, which agrees with the absent
of cubic GeTe at room temperature. The optical branches with negative frequency are much lower
than the acoustic modes. Therefore, there is no frequency gap in cubic GeTe. In the phonon
dispersion of Geo.9Sho.1Te (Figure S6c), we can still observe the imaginary modes at I" point. The
imaginary modes of cubic GeTe are due to the instability. We cannot deduce the strength of

acoustic-optical phonon scattering according to the frequency gap in cubic GeTe.

We calculated the phonon dispersion and phonon density-of-states for rhombohedral structured
GeTe based on the 2x2x2 supercell. Figure S7a and b show the calculated phonon dispersion and
phonon density-of-states, from which we can observe the frequency gap (marked by red dash lines)
near 3 THz. This observation agrees with the observed frequency gap near 3 THz in the phonon

dispersion of GeTe calculated based on the primitive cell.
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Figure S6 Calculated phonon dispersions for cubic structured (a) GeTe and (c) GeixShxTe.

Calculated phonon density-of-states (DOS) for cubic structured (b) GeTe and (d) Ge1xShxTe.
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Figure S7 We calculated the phonon dispersion and phonon density-of-states for GeTe based on
the 2x2x2 supercell. Figure R3a and b show the calculated phonon dispersion and phonon density-
of-states, from which we can observe the frequency gap (marked by red dash lines) near 3 THz.
This observation agrees with the observed frequency gap near 3 THz in the phonon dispersion of

GeTe calculated based on the primitive cell.

To provide direct evidence of enhanced phonon-phonon interactions, we calculated the phonon
scattering rate, shown in Figure S8. As can be seen, Sb alloying with a ratio of 10 % increases the

scattering rate.
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Figure S8 Calculated scattering rate of phonon-phonon interactions over the studied phonon
frequency range.
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6. Additional TEM images to characterize the microstructures

Figure S9 is the high-angle annular dark-field (HAADF) scanning TEM image taken from
Geo.ssSho.1Zno.osTe. We can observe the nanoprecipitates with dark contrast, indicating that the
component element of nanoprecipitates is lighter than the matrix.

Figure S9 High-angle annular dark-field (HAADF) scanning TEM image taken from
Geo.86Sho.1Zno.sTe.
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7. Measured Hall data as a function of temperature
Figure S10a exhibits the measured Hall coefficients (Rn) for GeixyShxZnyTe over the studied
temperature range. Then Figure S10b and c show the measured Hall carrier concentration (nw) and

Hall carrier mobility (un) of as-synthesized samples.
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Figure S10 (a) Rn, (b) nH, and (c) pw as a function of temperature for Gei.x.ySbxZnyTe.
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8. Chemical nature of band structures for GeTe

To examine the orbital characters of band structures for both rhombohedral and cubic GeTe, we
calculated the band structures and incorporated the orbital characters, as shown in Figure S11a and
b. The orbital weights are proportional to the symbol size. Two valence band edges with a AE at
> and L points are observed in the band structure of GeTe. In rhombohedral GeTe, the primary
valence band is at X and secondary valence band is at L. In cubic GeTe, the primary valence band
is at L and secondary valence band is at ¥ points. While Ge_4p? and Te_5p* dominate the
conduction band and valence band near the gap region, respectively, Ge_4s? and Te_5s? are the
main contributions to the two low-lying valence bands, which agrees with the calculated DOS and
PDOS, as shown in Figure S11c and d. Weak spots of Ge_4s? are found in the valence band edges
in both rhombohedral and cubic GeTe. Furthermore, in Figure S11e and f, the orbital weights for
the occupied molecular orbital (HOMO) are projected along the studied high-symmetry points for
rhombohedral and cubic GeTe, respectively. As can be seen, it is clear to observe the Ge 4s?
orbitals in the HOMO. Figure S12 shows the band structure configuration of ZnTe. As can be seen,
the valence band edge and conduction band are dominated by Te_5p* and Zn_4s?, respectively.
The lone pair of s? does not exist in Zn, which is commonly bonded with Te in the tetrahedral
coordination. The comparison of band structure configurations of GeTe and ZnTe suggests that
the orbital character of Ge_4s? lone pair electrons leads to the energy offset between the multiple
valence band edges. Therefore, doping Zn atoms on Zn sites can decrease the energy offset by
partially reducing the Ge_4s? character of HOMO of GeTe.
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Figure S11 Band structures including SOC of rhombohedral (a) and cubic (b) GeTe. DOS and
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of rhombohedral (e) and cubic (f) GeTe.
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9. Calculated DOS and PDOS for Ge1xySbxZnyTe
Figure S13 shows the calculated density of states (DOS) and the projected DOS (PDOS) for
rhombohedral and cubic GeixyShxZnyTe. As can be seen, PDOS of Zn_4s? locates near the

conduction band. Therefore, we can observe the impurity band induced by Zn doping in both

rhombohedral and cubic Gei-xSbxTe.
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Figure S13 DOS and projected DOS of rhombohedral (a) and cubic (b) Ge1-xyShxZnyTe.
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10. Measured thermal diffusivity, density of sintered pellets, and specific heat

Figure S14 shows the measured thermal diffusivity (D). As can be seen, alloying with Sb can
considerably decrease D.

Figure S15 shows the measured the specific heat (Cp) for Geo.ssSbo.1Zno.osaTe under heating rates
of 10 K mint and 5 K min, compared with the C;, estimated by Delong Petit law. As can be seen,
the measured Cp varies under different heating rates, and the Cp estimated by Delong Petit

approaches the average value of measured results.
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Figure S14 Measured thermal diffusivity (D) as a function of temperature for Gei-x.ySbxZnyTe.
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Figure S15 Specific heat (Cp) for GeosgeSho.1Zno.osTe measured under different heating rates

compared with the C, estimated by
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Table S1 Density of sintered samples determined by Archimedes' method.

Ge1xShxTe Density (g cm®)  Relative density (%)
x=0 6.01 97.88
x=0.03 6.06 98.70
x=0.06 5.92 96.42
x=0.1 5.99 97.56
x=0.13 5.86 95.44
Geo.9-ySho1ZnyTe Density (g cm®)  Relative density (%)
y=0.02 5.96 97.07
y=0.04 6.06 98.70
y=0.06 5.98 97.39
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