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Engineering ferroelectric instability to achieve
ultralow thermal conductivity and high
thermoelectric performance in Sn1�xGexTe†‡
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High thermoelectric performance of a crystalline solid requires it to

have low thermal conductivity which is one of the utmost material

challenges. Herein, we demonstrate how the local structural distortions

and the associated ferroelectric lattice instability induced soft polar

phonons effectively scatter the heat carrying acoustic phonons and help

achieve ultralow lattice thermal conductivity in SnTe by engineering the

instability near room temperature via Ge (x = 0–30 mol%) alloying.

While Sn1�xGexTe possesses a global cubic structure above room

temperature (x o 0.5), by analysing synchrotron X-ray pair distribution

functions (PDFs) we showed that local rhombohedral distortion exists

which is sustained up to the studied maximum temperature (B600 K)

above the ferroelectric transition (TC = 290 K). We showed that the local

rhombohedral distortions in global cubic Sn1�xGexTe are predominantly

associated with local Ge off-centering which forms a short-range

chain-like structure and scatters acoustic phonons, resulting in an

ultralow lattice thermal conductivity of B0.67 W m�1 K�1. In addition,

Sb doping in Sn1�xGexTe enhances the Seebeck coefficient due to

p-type carrier optimization and valence band convergence, which

leads to a synergistic boost in the thermoelectric figure of merit, zT,

to B1.6 at 721 K. The concept of engineering ferroelectric instability

to achieve ultralow thermal conductivity is applicable to other

crystalline solids, which opens up a general opportunity to enhance

the thermoelectric performance.

Innovative design of solid state structures and compositions
with low thermal conductivity is the way forward to high
performance thermoelectric (TE) materials, which offer an
environmentally friendly solution for the recovery of waste heat
in the form of electricity.1 The crux of improving a material’s
thermoelectric performance involves essentially the optimization

of three interdependent material properties: electrical conduc-
tivity (s), the Seebeck coefficient (S) and thermal conductivity
(ktotal = electronic (kel) + lattice (klat) thermal conductivity) which
govern the dimensionless thermoelectric figure of merit, zT =
sS2T/(klat + kel).

2 The reduction in klat by devising an efficient
mechanism of scattering heat carrying acoustic phonons is one of
the most effective and widely used avenues for high performance
thermoelectrics.3 Innovative material design like broadband
phonon scatterings based on extrinsic all-scale hierarchical
nano/meso-architectures3b,4 or intrinsic material properties,5

e.g., complex crystal structures,6 part-crystalline part-liquid state,7
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Broader context
Heat is almost always encountered as a major waste by-product in the use of
any form of energy. Thermoelectricity offers a mechanism of recovery of
electricity from waste heat and is therefore a pivotal part of addressing the
global energy management. Maximization of thermoelectric performance
requires the optimization of three interdependent material parameters:
electrical conductivity (s), the Seebeck coefficient (S) and total thermal
conductivity (ktotal). One of the most efficient routes is the minimization of
the lattice or phonon part of ktotal through increased acoustic phonon
scattering. We devised an efficient strategy of engineering the local
structural distortions and the associated ferroelectric instability in
crystalline solids which induces soft polar phonons. The strong coupling
of these soft polar phonons with acoustic phonons carrying heat minimizes
lattice thermal conductivity. By employing this innovative strategy in Pb-free
tin telluride SnTe, we obtained ultralow lattice thermal conductivity of
B0.67 W m�1 K�1 in 30 mol% Ge alloyed SnTe and significantly high zT of
1.6 at 721 K after carrier optimization through Sb doping. This strategy
opens up a new avenue of achieving high thermoelectric performance as
many materials encompass such a ferroelectric instability.
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bonding asymmetry,8 superionic substructures with liquid-like
cation disordering,9 lone-pair induced bond anharmonicity10

and anisotropic layered crystal structures11 have been employed
in the past to achieve low klat. However, in many of these
approaches like the introduction of nano/meso-architectures,
the reduction in klat comes with a cost of reduced charge carrier
mobility (m) and electrical conductivity.

Here, we present a new strategy to significantly reduce the
klat by engineering the ferroelectric instability induced via local
structural distortion in a crystalline solid. The appearance of
ferroelectric lattice instability is typically marked by temperature
dependent softening of polar transverse optical (TO) phonons at
the center of the Brillouin zone with its energy becoming
comparable to that of heat transporting acoustic phonons.12 This
results in strong acoustic-optical phonon coupling,13 and con-
sequently causes significant scattering of acoustic phonons,14

and low klat in solids. Therefore, successful deployment of the
ferroelectric instability in thermoelectric solids will be an effective
approach to achieve high thermoelectric performance.

We demonstrate that engineering of ferroelectric instability
associated with local rhombohedral structural distortions can
be used to achieve high thermoelectric performance in inorganic
solids like tin telluride (SnTe). SnTe has recently emerged as an
environmentally friendly alternative to PbTe for mid-temperature
thermoelectric power generation.15 The global centrosymmetric
room temperature rocksalt structure of SnTe, however, has lattice
instability originating from resonant bonding16 and undergoes a
temperature dependent paraelectric to ferroelectric transition
with a rhombohedral (R3m) structure below 100 K.17 Ferroelectricity
in its rhombohedral phase originates from relative displacements of
the Sn and Te sublattices along the h111i direction.17,18 In the close
proximity of the ferroelectric transition, SnTe exhibits softening of
the zone centre (the G-point) TO phonon modes16b,19 and the
frequencies of these TO phonons are in fact lower in the cubic
phase compared to that of the rhombohedral phase.18d This ferro-
electric instability associated with soft TO phonons in cubic SnTe
can be employed to further improve its thermoelectric performance
by reducing the klat. However, the ferroelectric phase transition
in SnTe occurs in a temperature regime of B100 K, making it
impractical to use the associated ferroelectric instability for
thermoelectric power generation at high temperatures.

Here, we have utilized the substitution of Ge (0–30 mol%) in
SnTe to strengthen its ferroelectric instability near room tempera-
ture and achieve soft phonon modes in a wide range of momenta
around ferroelectric instability. Sn1�xGexTe exhibits unstable
phonon branches not only at the Brillouin zone center (a
characteristic of displacive phase transition), but also at wave-
vectors in a large domain in the Brillouin zone. In real space,
this results in chain like local off-centering of Ge in the cubic
SnTe lattice. The analysis of the temperature dependent synchrotron
X-ray pair distribution function (PDF) reveals that although the
global structure of Sn1�xGexTe is cubic, local rhombohedral
distortion, primarily created by Ge off-centering, persists even at
the highest studied temperature. We have experimentally established
the presence of low frequency phonon modes (soft modes)
associated with the ferroelectric instability created by this

rhombohedral distortion via Raman spectroscopy. Soft TO
phonons associated with ferroelectric instability couple strongly
with strain and scatter heat carrying acoustic phonons, and
thereby reduce the klat to B0.67 W m�1 K�1 at 300 K in
Sn0.7Ge0.3Te. With synergy among ultra-low klat and enhanced
Seebeck coefficients (due to Sb doping), we achieve the highest
thermoelectric figure of merit, zT, of B1.6 at 721 K in carrier
optimized Sb-doped Sn0.7Ge0.3Te (Sn0.57Sb0.13Ge0.3Te). This
report opens up a new avenue to inhibit thermal conduction
in crystalline solids by employing ferroelectric instability associated
with local structural distortions.

The room temperature powder X-ray diffraction (PXRD)
patterns of Sn1�xGexTe (x = 0–0.5) (Fig. 1a) confirm the face
centered cubic (Fm%3m) structure for x o 0.5. The gradual
increase in the intensity of odd reflections (e.g., (111) peak in
the marked region of Fig. S1a, ESI‡) and linear decrease in the
lattice parameter from 6.32 Å in SnTe to 6.22 Å in Sn0.7Ge0.3Te
(Fig. 1b) in accordance with Vegard’s law indicate the progressive
substitution of Sn by Ge in the cubic SnTe structure. The
increasing concentration of Ge in SnTe, however, amplifies the
local distortion of the cubic structure along the h111i direction
when the Ge concentration is below 40 mol% in SnTe. Further-
more, by increasing the Ge concentration to 50 mol%, the
splitting of (111) and (220) peaks associated with the stabilization
of the rhombohedral phase at room temperature is evidenced in
Sn0.5Ge0.5Te (Fig. 1a and Fig. S1a, ESI‡). The local rhombohedral
distortion in the cubic structure in Sn1�xGexTe arises from the
smaller atomic radii of Ge (Ge2+: 0.87 Å) compared to that of Sn

Fig. 1 (a) Powder XRD patterns of Sn1�xGexTe (x = 0–0.3) samples
showing Ge-concentration dependent structural phase transition represented
by splitting of the (220) peak. (b) Lattice parameter (a) vs. Ge concentration (x)
in Sn1�xGexTe (x = 0–0.3). Dashed lines indicate Vegard’s law for solid
solutions. (c) DSC signal of Sn1�xGexTe samples as a function of temperature.
(d) Room-temperature klat as a function of Ge alloying concentration. Red
lines correspond to the predicted lattice thermal conductivities considering
the mass and strain fluctuation due to Ge incorporation in the SnTe lattice
based on the Klemens model.
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(Sn2+: 0.93 Å)20 and is the primary cause of the ferroelectric
instability.21 This behavior is further confirmed by the increase
in cubic to rhombohedral phase transition temperature with
increasing Ge concentration in SnTe which is evident from
differential scanning calorimetry (DSC) and temperature variation
of resistivity (Fig. 1c and Fig. S1b, S2, ESI‡).22 While this cubic to
rhombohedral phase transition occurs around 100 K in pristine
SnTe, the 30 mol% of Ge alloying enhances the transition to near
room temperature (TC B 291 K in x = 0.3).

In Fig. 2, we present temperature dependent total thermal
conductivity (ktotal) and lattice thermal conductivity (klat) of
Sn1�xGexTe (x = 0–0.3) samples. GeTe alloying in SnTe sub-
stantially reduces the ktotal from B8.66 W m�1 K�1 for SnTe to
B4.84 W m�1 K�1 for Sn0.7Ge0.3Te at 300 K (Fig. 2a). The strong
scattering of the heat carrying acoustic phonons by soft TO
phonons associated with the ferroelectric instability in the
proximity of room temperature in Sn0.7Ge0.3Te is a possible
cause for huge reduction in the klat value from B2.89 W m�1 K �1

in SnTe to B0.67 W m�1 K�1 in Sn0.7Ge0.3Te at 300 K (Fig. 2b).
This klat value of B0.67 W m�1 K�1 nearly reaches the
minimum theoretical value of lattice thermal conductivity, kmin

(B0.44 W m�1 K�1) of SnTe estimated using Cahill’s model.23

While klat values are in good agreement with the Klemens
model of disordered alloys (Fig. 1d)24 for the Sn1�xGexTe
samples for x r 0.2, indicating a predominant role of solid
solution point defects in phonon scattering caused by Ge
alloying in SnTe up to 20 mol% of Ge, the Klemens model
largely overestimates the klat value of Sn0.7Ge0.3Te. Backscattered
electron imaging (BSE) mode field emission scanning electron
microscopy (FESEM) and transmission electron microscopy
(TEM) images further confirm the absence of any secondary
nano/micro-precipitates (Fig. S7, ESI‡), and therefore negate the
effect of nano-structuring on klat of Sn0.7Ge0.3Te. These observations
strongly imply that low frequency (soft) phonon modes associated
with strong ferroelectric instability play a predominant role in the
reduction of klat in Sn0.7Ge0.3Te.

In order to understand the origin of the ultralow klat and
effects of Ge atoms in the lattice dynamics of Sn1�xGexTe, the
phonon dispersion of SnTe and Sn0.75Ge0.25Te was calculated
using first-principles based Density Functional Perturbation
Theory (DFPT) (Fig. 3a and b, respectively). The optical phonons
of cubic SnTe (at T = 0 K) exhibit triply degenerate instability

with frequency (o) of 23i cm�1 at the G-point (Fig. 3a and
Fig. S9a, ESI‡). Ferroelectricity in SnTe originates from the
condensation of these three unstable modes, giving a rhombo-
hedral distortion in the cubic phase, through off-centering of Sn
atoms as seen in the earlier pair distribution function (PDF)16c

and Extended X-Ray Absorption Fine Structure (EXAFS)16d analysis.
Phonon dispersion of cubic Sn0.75Ge0.25Te exhibits a much
stronger instability at o of B91i cm�1 (Fig. 3b and Fig. S9b,
ESI‡) at the G-point. An interesting feature evident in it (Fig. 3b)
is the presence of unstable modes at all wave vectors in the

Brillouin zone except near the R-point ¼ p
a
ð1; 1; 1Þ

� �
. Fourier

analysis of such instabilities gives a real space picture of local
distortions with chain-like regions of short-range order,25 and
the size of such a distorted polar region of B1/qc (qc is the wave
vector at which the branches of the unstable phonon cross zero).
This signifies the local displacements of Ge atoms along the
chains of Ge–Te–Sn–Te–Ge–Te in cubic Sn1�xGexTe. The char-
acter of phase transition in SnTe (unstable modes only at wave
vectors close to the zone centre) thus changes from displacive to
order–disorder type transition in Sn0.75Ge0.25Te.26 Atomic dis-
placements of the unstable phonon modes at the G-point of
SnTe and Ge doped SnTe (the inset in Fig. 3c and Fig. S9, ESI‡)
show that Ge displacements dominate the instability in
Sn0.75Ge0.25Te, while the structural instability in SnTe involves
displacements of both Sn and Te sublattices. The off-centred
site is favored energetically due to the large ionic size difference
between Sn2+ and Ge2+ (Ge2+: 0.87 Å; Sn2+: 0.93 Å), and higher
polarization power of Ge2+ as compared to Sn2+ arising from a
stronger stereochemical activity of the ns2 lone pair in
Sn0.75Ge0.25Te.27 We calculated the Born effective charges (Z*)
which reveals higher polarization power (significant deviations

Fig. 2 Temperature-dependent (a) total thermal conductivity (ktotal), and
(b) lattice thermal conductivity (klat) of Sn1�xGexTe and Sn0.57Sb0.13Ge0.3Te.

Fig. 3 Phonon dispersion of (a) SnTe and (b) Sn0.75Ge0.25Te in the centro-
symmetric cubic rock salt structure at the theoretical lattice parameter
without the inclusion of spin–orbit coupling (SOC), exhibiting unstable
G-point TO mode frequencies at 23i cm�1 and 93i cm�1 respectively.
(c) Dependence of the o2(e) of the unstable phonon at the zone centre on
the hydrostatic strain where strain is (a � a0)/a0 with a0 = 6.37 Å for SnTe and
a0 = 6.28 Å for Sn0.75Ge0.25Te. Atomic displacements of unstable phonons at
the zone centre Sn (red in colour), Te (blue in colour), and Ge (pink in colour)
are shown. (d) Raman spectra of Sn0.8Ge0.2Te and Sn0.7Ge0.3Te at room
temperature. The magnified image of the peaks enclosed in the blue dashed
box is shown in (e).
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of Z* from their nominal valence charges) of Ge2+ as compared
to Sn2+ in Sn0.75Ge0.25Te (Sn: Zxx/yy/zz* = 6.63; Ge: Zxx/yy/zz* =
10.11; Te: Zxx/yy/zz* = �7.71). Significantly stronger ferroelectric
instability in Sn1�xGexTe results in higher transition tempera-
tures than that in SnTe.

We determined the nature and extent of cationic off-centering in
SnTe and Sn0.75Ge0.25Te by introducing small cationic displace-
ments along the h111i direction, and relaxing the structure to a
minimum of energy. In SnTe, relaxation of the distorted structure
results in off-centering of all Sn atoms by B0.06 Å and a
negligible off-centering of Te atoms (B0.003 Å). In Sn0.75Ge0.25Te,
however, Ge atoms are off-centered by B0.17 Å, significantly
higher than that of Sn atoms (B0.03–0.04 Å), accompanied by
off-centering of Te atoms by B0.08 Å. Thus, larger negative
frequencies, along with prominent off-centering of Ge and the
presence of higher polarization in Sn0.75Ge0.25Te, corroborate
higher transition temperature of Ge alloyed SnTe than of
SnTe.26 Phonons at the G-point of the Ge off-centered structure
of Sn0.75Ge0.25Te do not exhibit any unstable modes, with the
lowest three optical modes at frequencies of 29 cm�1, 32 cm�1

and 32 cm�1 (related to the unstable modes of the cubic structure
with o = 91i cm�1), confirming its stability at low temperature.

Thermal conductivity of a solid is controlled by anharmonic
interactions between phonons. In SnTe, the interactions
between the low energy optical phonons and acoustic phonons
are most relevant. We estimated the strength of lattice anharmoni-

city quantified by strain-phonon coupling
@o2 eð Þ
@e

, where o is the

frequency of the unstable optical mode and e = (a � a0)/a0 is the
strain applied in the system, with a0 being the theoretical lattice

constant. The magnitude of
@o0

2 eð Þ
@e

gives the third order

anharmonic coupling between optical and acoustic phonons,
and our estimated values are 785 cm�2 and 2664 cm�2 for SnTe
and Sn0.75Ge0.25Te (Fig. 3c), respectively. Thus, stronger anharmonic
interactions between the unstable optical phonons (local polar
distortions) and acoustic phonons (strain) in Sn1�xGexTe than in
SnTe result in stronger scattering of its heat carrying acoustic
phonons. With increasing Ge concentration in SnTe, the sharp
decrease in klat with increasing temperature changes to a nearly
temperature independent behavior of klat of Sn0.7Ge0.3Te. This is
consistent with our picture of the chain-like regions of random
local off-centering of Ge atoms, which are present well above TC,
and the associated structural disorder scatters the acoustic
phonons strongly.

We used Raman spectroscopy to validate the presence of soft
phonon modes near room temperature in Sn0.7Ge0.3Te (Fig. 3d).
While no mode of the rocksalt structure of SnTe is Raman active,28

local distortions of the cubic phase progressively increase with
increasing Ge concentration and the off-centering of Ge in the
cubic structure of SnTe is sufficient to break the symmetry and
yield Raman active modes. Thus, we find optical phonon
modes of Sn1�xGexTe via Raman spectroscopy (Fig. 3d) at
B90 cm�1, B117 cm�1 and B136 cm�1, which are commonly
observed due to Te atom vibrations.29 Among these, the mode
at 117 cm�1 is assigned to the A1 symmetry, which is related to

the longitudinal optical phonon mode (LO phonon modes). The
modes at 90 cm�1 and 136 cm�1 are assigned to ETO (TO phonon
modes). Shifts in A1 and ETO mode frequencies to higher frequencies
with increasing Ge concentration are consistent with our calculated
phonon dispersions (Fig. 3a and b). However, the low energy soft
modes and localized modes at 19 cm�1, 27 cm�1 and 36 cm�1

belong exclusively to Sn0.7Ge0.3Te, and constitute the signatures of
local displacements of Ge associated with ferroelectric instability
near room temperature (Fig. 3e). As shown by our DFT calculations,
these modes are responsible for scattering of acoustic modes and
low lattice thermal conductivity.

While the room temperature PXRD pattern of the x = 0.3
composition shows that the structure has a global cubic sym-
metry with a rocksalt structure, without any indication of
rhombohedral distortion, DFT calculations strongly suggest
the presence of off-centered Ge atoms which induces ferro-
electric instability. To resolve this apparent contradiction, we
studied the temperature dependent synchrotron X-ray Pair
Distribution function (PDF) for Sn0.7Ge0.3Te from 2.5–30 Å.
The fit of total scatterings supports the global cubic symmetry
of the structure (Fig. S10, ESI‡). However, when we looked into
the PDF for the nearest neighbor correlation, we find that the
rhombohedrally distorted structure better fits the PDF compared
to the cubic model (Fig. 4a and b) which is also evident from the
lower Rw value (Rw = 0.14) in the case of the rhombohedrally
distorted structure compared to that of the cubic model
(Rw = 0.21). This local rhombohedral distortion is predominantly
created through Ge off-centering along the h111i direction within
the global cubic model, as seen in Fig. 4d. At room temperature,
Ge atoms are off-centered by B0.1 Å, significantly higher than
that of Sn atoms (B0.02 Å). The analysis of the temperature

Fig. 4 Fit of the X-ray PDF for the nearest neighbor atomic correlation
with the consideration of the (a) cubic structure and (b) rhombohedral
distortion at room temperature in Sn0.7Ge0.3Te. Temperature evolution
of the (c) X-ray PDF for the nearest neighbor atomic correlation and
(d) off-centering of Sn and Ge atoms in Sn0.7Ge0.3Te due to local distortion
as obtained from X-ray PDF analysis.
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evolution of the nearest neighbor correlation exhibits that the
amplitude of Ge off-centering decreases with increasing temperature
(Fig. S11, ESI‡ and Fig. 4d). This local distortion, however, is
sustained much above the ferroelectric transition temperature
(B2TC, TC is the ferroelectric transition temperature), as predicted
from the phonon dispersion of Sn0.75Ge0.25Te. The decrease in
intensity of the peaks with increasing temperature is because of
increased thermal vibrations (atomic displacement parameters
(ADPs)) of the atomic species (Fig. 4c and Fig. S12, ESI‡). This
persistent local structural distortion and the associated ferro-
electric instability strongly affect the high temperature thermal
conductivity, and thus the overall thermoelectric properties.
The lowering of thermal conductivity due to the presence of
off-centered Ge and Hg dopants has been observed recently in
the PbSe system as well.30

To optimize the excess p-type carrier concentration of
Sn1�xGexTe, we have doped trivalent Sb3+ in Sn0.7Ge0.3Te, which
not only optimizes the electronic transport properties but also
decreases kel, and thus the ktotal. The PXRD patterns (Fig. S13a,
ESI‡) of Sb doped Sn1�xGexTe (Sn0.7�ySbyGe0.3Te, y = 0–0.15)
confirm the solid solution nature with a linearly decreasing
lattice parameter from 6.22 Å for Sn0.7Ge0.3Te to 6.19 Å for
Sn0.57Sb0.13Ge0.3Te (Fig. S13c, ESI‡). The reduction in the p-type
carrier concentration (nH) due to Sb doping is evident in
Table S1, ESI.‡ Room temperature kel drastically reduces from
B4.16 W m�1 K�1 for Sn0.7Ge0.3Te to B1.44 W m�1 K�1 for
Sn0.57Sb0.13Ge0.3Te (Fig. S15b, ESI‡). As a result, the room
temperature ktotal reduces from 4.84 W m�1 K�1 in Sn0.7Ge0.3Te
to 2.01 W m�1 K�1 in Sn0.57Sb0.13Ge0.3Te (Fig. 2a). To further
reduce thermal conductivity, we have performed mechanical
grinding and spark plasma sintering (SPS) of Sn0.57Sb0.13Ge0.3Te
and obtained an ultralow value of klat of B0.44 W m�1 K�1 at
728 K in Sn0.57Sb0.13Ge0.3Te (Fig. 2b).

The temperature variation of electrical conductivity (s)
of Sn1�xGexTe exhibits a degenerate semiconducting behavior
(Fig. 5a) which primarily originates from intrinsic Sn vacancies.31

Typically, the room temperature s value is 5989 S cm�1 for
Sn0.7Ge0.3Te which reduces to 2507 S cm�1 at 710 K. Room
temperature s decreases with increasing Ge concentration and
reaches a minimum value in Sn0.8Ge0.2Te due to the decrease in
the p-type carrier concentration (nH) (Table S1, ESI‡). The
progressive substitution of Sn by Ge fills the Sn vacancies and
thereby reduces the hole concentration (nH). The x = 0.3
composition has a higher s value compared to that of the
x = 0.2 composition (Fig. 5a), despite having a higher atomic
disorder, and lowest value of dr/dT (r is the resistivity) at room
temperature which increases on either side of this composition
(Fig. S2, ESI‡). These indicate towards a possible predominant
role of dielectric screening of charge carriers at room temperature
in the x = 0.3 composition for having its ferroelectric transition in
the closest proximity of room temperature. We have compared the
carrier mobility of Sn1�xGexTe with the other SnTe based materials
that possess similar carrier concentrations (Table S1, ESI‡), which
shows comparatively higher values of carrier mobility, m, in Ge
alloyed samples, further corroborating the increased dielectric
screening of the mobile charge carriers due to impurity/defect

scattering in the proximity of paraelectric to ferroelectric phase
transition.32 A similar increase in carrier mobility due to dielectric
screening has earlier been observed in complex oxides33 and
Pb1�xSnxSe.34 Further reduction in carrier concentration (Table S1,
ESI‡) due to Sb doping reduces s over the entire measured
temperature range in the Sn0.7�ySbyGe0.3Te (y = 0–0.15) samples
(Fig. 5a and Fig. S16a, ESI‡). At room temperature sB 5989 S cm�1

for Sn0.7Ge0.3Te decreases to 2291 S cm�1 in Sn0.57Sb0.13Ge0.3Te.
The SPS processed Sn0.57Sb0.13Ge0.3Te sample exhibits a further
reduction in electrical conductivity due to increased grain
boundary scattering of mobile charge carriers (Fig. 5a).

The positive value of the Seebeck coefficient (S) across the
measured temperature range of 300–723 K (Fig. 5b) indicates
the dominant p-type charge transport in Sn1�xGexTe. Typically,
the room temperature S value is B32 mV K�1 in Sn0.7Ge0.3Te
which increases to B100 mV K�1 at 721 K. The measured S value of
SnTe is consistent with the previous reports and the theoretically
calculated Pisarenko line (Fig. 5c) using a two valence band model
(VBM) considering the contribution from both the non-parabolic
light hole (the L point) and the parabolic heavy hole (the S point)
valence band with energy separation (DE) of 0.35 eV. Sn1�xGexTe,
however, shows deviation with significantly higher S values from the
theoretically estimated Pisarenko line similar to the previous cases
of valence band convergence.15c,20 Experimentally measured larger
principal band gaps (Fig. S17, ESI‡) additionally suggest that Ge
alloying results in electronic structure modification via valence band

Fig. 5 (a) and (b) show the temperature dependent electrical conductivity
(s) and the Seebeck coefficient (S) of Sn1�xGexTe and Sn0.7�ySbyGe0.3Te
samples. (c) Room temperature S vs. nH plots of the present Sn1�xGexTe
and Sn0.7�ySbyGe0.3Te samples. For comparison, previously reported S vs.
nH experimental data of un-doped SnTe,15a Cd doped SnTe,15c Mg alloyed
SnTe,15d and Mn doped SnTe,20 and the theoretical Pisarenko curve based
on the VBM model are given in (c). (d) Pisarenko lines for Sn0.7Ge0.3Te and
Sn0.7�ySbyGe0.3Te are calculated based on a two-valence-band model,
considering reduced energy separation of valence bands via Ge alloying
and Sb alloying. The experimental S vs. nH values for Sn0.7Ge0.3Te and
Sn0.7�ySbyGe0.3Te are in good agreement with the theoretical Pisarenko
values confirming the modification of the electronic structure.
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convergence. To further validate this point, we calculated the
Pisarenko line considering a two valence band model by varying
the energy gap (DE) between the light and heavy hole valence bands.
The S value of Sn0.7Ge0.3Te falls on the Pisarenko curve with
DE = 0.25 eV (Fig. 5c and d) which indeed suggests the valence
band convergence.

The reduction in the energy gap between the two valence
bands (DE = 0.25 eV of Sn0.7Ge0.3Te as compared to DE = 0.35 eV
of SnTe) results in an enhanced Seebeck coefficient in
Sn0.7Ge0.3Te. The Sb doping in Sn0.7Ge0.3Te (Sn0.7�ySbyGe0.3Te)
further enhances the Seebeck coefficient (Fig. 5b–d) because
of the decrease in energy separation between the two
valence bands (DE = 0.15 eV for Sn0.57Sb0.13Ge0.3Te in
Fig. 5d). Typically, the room temperature S value of the SPS
processed Sn0.57Sb0.13Ge0.3Te is B68 mV K�1 which reaches the
maximum of B174 mV K�1 at 721 K. The SPS processed
Sn0.57Sb0.13Ge0.3Te sample exhibits the highest power factor
of sS2 with a room temperature value of B9.7 mW cm�1 K�2

which increases to B27 mW cm�1 K�2 at 721 K (Fig. S16c, ESI‡).
Benefitting from the drastic reduction in klat due to soft TO

phonon modes generated by ferroelectric instability associated
with local rhombohedral distortion created by the Ge atoms
along with an enhanced Seebeck coefficient due to valence
band convergence, a maximum zT of B1.6 has been achieved in
the SPS processed Sn0.57Sb0.13Ge0.3Te at 721 K (Fig. 6). A much
higher zT is achieved in Sn0.7�ySbyGe0.3Te, notably in comparison
with Sn1�ySbyTe and SnTe, which conclusively demonstrates the
role of Ge substitution in engineering the ferroelectric-instability.
Considering the hot and cold end temperature to be 720 K and
300 K, respectively, an average zT of B0.9 is found in
Sn0.57Sb0.13Ge0.3Te which is higher than any of the previously
reported SnTe based materials in this temperature window.15e

Conclusions

In conclusion, we have demonstrated how the engineering of
ferroelectric instability induced by local structural distortions

and softening of the TO phonon modes yield ultralow thermal
conductivity in Ge alloyed SnTe. Furthermore, Sb substitution
enhances the Seebeck coefficient significantly by optimizing
the p-type carrier concentration and reducing the energy offset
between two valence bands of SnTe. As a result of synergy between
these mechanisms, zT of 1.6 is achieved in Sn0.57Sb0.13Ge0.3Te at
721 K. The strategy of improving thermoelectric performance by
tuning local structural distortion and associated ferroelectric
instability as demonstrated here opens up a new avenue for the
development of high performance thermoelectrics. This new
strategy is engaging, particularly, because it can readily be applied
to further boost the thermoelectric performance of materials like
SnSe and GeTe, which are close to ferroelectric instabilities.
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