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1. Introduction

Due to the increasing energy demand, 
thermoelectric technology, which enables 
a direct conversion between heat and elec-
tricity,[1] has drawn increasing attentions 
in recent decades. The energy conversion 
efficiency depends on materials’ thermo-
electric dimensionless figure of merit, 
zT = (S2T)/(ρ(κE + κL)). Here, S, T, ρ, κE, 
κL are Seebeck coefficient, absolute tem-
perature, electrical resistivity, electronic, 
and lattice contribution to thermal con-
ductivity, respectively.

In order to enhance zT, successful 
electronic approach is typified by band 
structure engineering, including band con-
vergence,[2] low band effective mass,[3] and 
a weak scattering[4] are applied to decouple 
the strongly correlated Seebeck coefficient, 
resistivity and electronic thermal conduc-
tivity. While effective thermal approach 
focuses on microstructure engineering 
for phonon scattering sources such as 
nanostructuring,[5] dislocations,[6] lattice 

anharmonicity,[7] liquid phonons,[8] vacancy,[9] substitutional[10] 
or interstitial point defects,[11] low sound velocity[12] for mini-
mizing the lattice thermal conductivity.

All the above strategies guarantee the highest possible zT 
only if the carrier concentration is fully optimized. This is 
because, for all thermoelectrics, both the power factor (S2/ρ) 
and zT can be maximized only in a narrow energy range of 
Fermi level,[13] which corresponds to a narrow range of carrier 
concentration. It is further known that the required carrier 
concentration maximizing the thermoelectric performance 
is strongly temperature and density of states effective mass 
dependent.[13a,14] Control of the carrier concentration, is usually 
enabled by chemical doping, therefore, optimization of thermo-
electrics fundamentally requires a detailed assessment on the 
capability of doping.

Optimal carrier concentration usually locates in the range 
of 1019–1021 cm–3 for most of known thermoelectrics.[15] This 
requires a similar concentration of dopant, since each dopant 
atom usually releases one electron or hole in most of doped 
thermoelectrics. These dopants should introduce additional 
phonon scattering due to the mass and size fluctuations 

In order to locate the optimal carrier concentrations for peaking the thermo-
electric performance in p-type group IV monotellurides, existing efforts focus 
on aliovalent doping, either to increase (in PbTe) or to decrease (in SnTe and 
GeTe) the hole concentration. The limited solubility of aliovalent dopants 
usually introduces insufficient phonon scattering for thermoelectric perfor-
mance maximization. With a decrease in the size of cation, the concentra-
tion of holes, induced by cation vacancies in intrinsic compounds, increases 
rapidly from ≈1018 cm−3 in PbTe to ≈1020 cm−3 in SnTe and then to ≈1021 cm−3 
in GeTe. This motivates a strategy here for reducing the carrier concentration 
in GeTe, by increasing the mean size of cations and vice-versa decreasing the 
average size of anions through isovalent substitutions for increased forma-
tion energy of cation vacancy. A combination of the simultaneously resulting 
strong phonon scattering due to the high solubility of isovalent impurities, an 
ultrahigh thermoelectric figure of merit, zT of 2.2 is achieved in GeTe–PbSe 
alloys. This corresponds to a 300% enhancement in average zT as compared 
to pristine GeTe. This work not only demonstrates GeTe as a promising ther-
moelectric material but also paves the way for enhancing the thermoelectric 
performance in similar materials.

Thermoelectrics
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between the dopant and host atoms, but the resulting impu-
rity concentration is usually insufficient for a simultaneous 
minimization in lattice thermal conductivity. Therefore, well 
improved thermoelectrics usually involve, not only an optimiza-
tion of carrier concentration,[15a–c] but also additional strategies 
enabling a further reduced lattice thermal conductivity.[10,12,16]

With a decrease in the size of cation, the concentration of 
cation vacancies in intrinsic PbTe, SnTe, and GeTe thermoelec-
tric compounds with a large sized anion framework, increases 
by orders of magnitude.[17] This leads to the intrinsic holes 

increases rapidly from ≈1018 cm−3 in PbTe to ≈1020 cm−3 in 
SnTe and then to ≈1021 cm−3 in GeTe. Existing efforts, either to 
increase (in PbTe) or to decrease (in SnTe and GeTe) the carrier 
concentration, focus on chemical doping by aliovalent impuri-
ties for thermoelectric applications.

The size of cation in the compounds mentioned above, seems 
to be closely related to the intrinsic carrier concentration. This 
implies a strategy for reducing (means optimization here) the 
carrier concentration in GeTe, by increasing the mean size of 
cations and vice-versa decreasing the average size of anions 
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Figure 1.  Room temperature a) X-ray diffraction patterns and b) lattice parameters and interaxial angle for (GeTe)1−x(PbSe)x solid solutions.

Figure 2.  SEM images indicating the existence of Ge precipitates and a uniform distribution of constituent elements in the matrix phase in 
(GeTe)0.85(PbSe)0.15.
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through isovalent substitutions. Such an effect can be seen in 
SnTe, where an isovalent substitution of Sn by smaller Mn,[18] 
Mg,[19] and Ga[20] increases the carrier concentration while a 
bigger cation substitution by Cd[21] decreases. 
Similarly in PbTe, cation substitution by a 
smaller sized Sn leads to an increase in car-
rier concentration.[22] It should be noted that, 
the change in carrier concentration by isova-
lent substitutions is unnecessarily as signifi-
cant as that by aliovalent doping. This enables 
both an optimized carrier concentration and 
a well-reduced lattice thermal conductivity 
to be achieved in the same concentration of 
isovalent substitutions. The difference on the 
cation size might further relate to the phase 
transitions in SnTe and GeTe. In more details, 
with a decreased cation size from PbTe to 
SnTe and then to GeTe, a NaCl structure can 
only be stabilized in SnTe and GeTe at temper-
atures above 100[23] and 720 K,[24] respectively.

With a carrier concentration optimization only, GeTe has 
recently been found to show a zT as high as 1.7, because of 
the favorable band structures for thermoelectrics in both low 
and high temperature phases.[25] In order to ensure a sufficient 
phonon scattering by point defects in this material, high con-
centration impurities, with large differences in both size and 
mass, as compared to those of the host atom are desired. This 
makes Pb ideal for substituting Ge, and indeed leads to an 
observation of a high thermoelectric performance in GeTe–
PbTe alloys.[26] However, the solubility of PbTe is limited to be 
only ≈13%,[27] presumably due to the large lattice mismatch 
between GeTe and PbTe. This leaves possibilities for further 
improvements by a further reduction in the lattice thermal con-
ductivity through alloying.

Since the lattice mismatch between GeTe and PbSe is 
smaller as compared to that of GeTe versus PbTe. This might be 
favorable for a higher solubility of PbSe in GeTe. It is observed 
a higher concentration of Pb substitution can be achieved when 
half of Te is substituted by Se.[28] Therefore, alloying GeTe with 
PbSe is very likely to increase the concentration of Pb. In addi-
tion, Se substitution on Te site would also create point defects. 
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Figure 3.  SEM images for (GeTe)1−x(PbSe)x showing a removal of Ge pre-
cipitates (black) due to PbSe-alloying.

Figure 4.  Formation energies of different types of point defects in GeTe 
(in grey) and that of Ge vacancy in (GeTe)1−x(PbSe)x alloys with x equals 
to 10.9%, 20.3%, or 29.7% (in light green). The deviations due to possible 
occupancies are represented by error bars.

Figure 5.  a) Hall carrier concentration versus alloying concentration and b) the normalized 
absorption versus photon energy for (GeTe)1−x(PbSe)x at room temperature.
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Both cation and anion substitutional defects should introduce 
strong phonon scattering for a minimal lattice thermal conduc-
tivity. Further due to the size effect, the increase in the average 
size of cations and the decrease in the mean size of anions in 
GeTe–PbSe alloys, are expected to be favorable for reducing the 
concentration of cation vacancies, and therefore the carrier con-
centration to approach its optimum.

In this work, efforts are devoted to optimizing the carrier 
concentration and reducing the lattice thermal conductivity of 
GeTe by alloying with PbSe. Such a simple alloying process, 
nicely realizes a continuous control of carrier concentration 
crossing its optimum. Being different from existing chemical 
doping by aliovalent dopants, alloying with PbSe ensures an 
optimal carrier concentration at a much higher concentration 
of substitutional defects. This leads to, an extremely low lattice 
thermal conductivity of ≈0.5 W (m K)−1 in the entire tempera-
ture range, and eventually an ultrahigh thermoelectric figure of 
merit, zT of 2.2 in simple solid solutions. This work enables 
new possibilities for optimizing thermoelectric performance in 
GeTe and similar materials.

2. Results and Discussion

The room temperature XRD patterns for (GeTe)1–x(PbSe)x are 
shown in Figure 1a. It can be seen that when x ≤ 0.45 sam-
ples crystallize in the low temperature rhombohedral structure 
of GeTe. When x = 0.5, impurity peaks can be observed, there-
fore the solubility of PbSe in rhombohedral GeTe is believed to 
be within 45–50%. Since the rhombohedral structure of GeTe  
(a = b = c and α = β = γ < 90°) is essentially a slightly distorted 
rock-salt lattice along the (111) direction,[29] the influence on 
the crystal structure due to alloying can be characterized by the 
lattice parameters and the interaxial angles, both of which are 
shown in Figure 1b. The increase in the interaxial angle due to 
alloying, can be understood by the fact that PbSe crystallizes in 
a cubic structure.

The lattice parameter increases linearly with increasing x, 
indicating the formation of solid solution, which is confirmed 
by the SEM observations as shown in Figures 2 and 3. No PbSe 
precipitates or Pb-rich phases are observed, and the spacial dis-
tributions of both Pb and Se are uniform in the matrix. However, 
it is seen that high concentration Ge precipitates are observed 
in the samples with x ≤ 20%, which is common in GeTe based 
materials.[26a,28b,30] It is interesting to note that the concentra-
tion of Ge precipitates gradually decreases with increasing x and 
eventually disappears when x > 25% (Figure 3).

The decrease in the concentration of Ge precipitates, implies 
a reduced concentration of Ge-vacancies, indicating increased 
formation energy of Ge vacancies as confirmed by the DFT cal-
culations. As shown in Figure 4, Ge vacancy shows the lowest 
formation energy among all possible types of point defects in 
GeTe, indicating itself as the dominant point defects in this 
compound. Alloying with PbSe, leads to an increase in the 
formation energy of Ge vacancies with increasing alloying 
level. More details about the calculation can be found in the 
Supporting Information. Experimentally, alloying with PbSe 
increases the size of cation and decreases the size of anion, 
both effects tend to reduce the carrier concentration, meaning 

Adv. Sci. 2017, 4, 1700341

Figure 6.  a) Room temperature carrier concentration dependent Seebeck 
coefficient, b) temperature dependent hall mobility, and c) room tempera-
ture carrier concentration dependent Hall mobility for (GeTe)1−x(PbSe)x, 
with a comparison to those of Bi-doped GeTe.[25] A dominant carrier scat-
tering by acoustic phonons is shown by the dashed curve in (b) and the 
black curve in (a) shows a two-band model prediction.[25]
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a reduced concentration of Ge vacancy and thus an increase in 
Ge solubility.

The increased formation energy of Ge vacancy, and there-
fore a reduced concentration, is expected to reduce the hole 
concentration, which is confirmed by the Hall measurement as 
shown in Figure 5a. The Hall carrier concentration decreases 
linearly with increasing x. This enables a precise control of car-
rier concentration in a broad range for the GeTe. Importantly, 
the composition ensuring an optimal carrier concentration of  
≈2 × 1020 cm−3 for GeTe[25] achieves an extremely high con-
centration of 30% (≈1022 cm−3) substitutional defects on both 
cation and anion sites, which are quite important to guarantee 
a well-reduced lattice thermal conductivity simultaneously.

The gradually decreased carrier concentration leads to a shift 
of the optical absorption by charge carriers to lower energies 
in (GeTe)1−x(PbSe)x solid solutions, as shown in Figure 5b. The 
normalized absorption shows a maximum at lower energies 
with increasing x, indicating a lowered Fermi level. The optical 
measure further enables an estimation of inertial effective mass 

(mI*), according to the Lyden method[31] via p

2

0 I
*

ne
m

ω ε ε=
∞

. 

Here, ωp is the angular frequency of the absorption maximum, n  
is the carrier concentration, e is the electronic charge, ε∞ = 30[32] 
is the relative dielectric constant at the high frequency limit, 
ε0 is the permittivity of free space. The resultant inertial effec-
tive masses for different carrier concentrations are listed in  
Table S1 in the Supporting Information, together with litera-
ture data for comparison.[32] This simple approximation yields 

an average mI* of ≈0.24 me, which shows excellent agreement 
with that by ab initio calculation (0.25 me).[25]

The room temperature Hall carrier concentration dependent 
Seebeck coefficient (Figure 6a) for GeTe–PbSe solid solutions, 
shows no obvious deviations from that of Bi-doped GeTe and 
agrees well with the two band model prediction.[25] This indi-
cates a negligible modification of the band structure due to 
PbSe-alloying. The model prediction, based on an acoustic 
scattering as evidenced from the temperature dependent Hall 
mobility measurements (Figure 6b). The carrier concentra-
tions obtained here ranges from 7 × 1019 to 8 × 1020 cm−3, 
which locates effectively in the single band region according 
to Figure 6a. Due to the existence of high concentration point 
defects, solid solutions show a slightly reduced Hall mobility 
(Figure 6c), which is normally seen in many thermoelectric 
alloys including PbTe,[2c,g,33] SnTe,[34] and PbSe.[4]

Temperature dependent Seebeck coefficient, resistivity, 
thermal conductivity, and its lattice component are shown 
in Figure 7. It is seen that majority of the samples studied 
here show a degenerated semiconducting behavior, meaning 
an increase in both resistivity and Seebeck coefficient with 
increasing temperature. Due to the decrease in carrier concen-
tration by PbSe-alloying, both Seebeck coefficient and resistivity 
increase with increasing x. The sudden changes in Seebeck 
coefficient and resistivity are observed in the temperature range 
of 450–650 K, depending on the composition. This is due to the 
phase transition induced switch in energy position between L 
and Σ valence bands.[25]

Adv. Sci. 2017, 4, 1700341

Figure 7.  Temperature dependent a) Seebeck coefficient, b) resistivity, c) thermal conductivity, and d) lattice thermal conductivity for (PbSe)x(GeTe)1−x.
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The lattice thermal conductivity (κL) is estimated by sub-
tracting the electronic component (κE = LT/ρ) from the total 
thermal conductivity, where the Lorenz factor (L) is estimated 
based on a single Kane band model approximation. Due to the 
strengthened phonon scattering by point defects, the lattice 
thermal conductivity decreases with increasing x and shows 
a maximal reduction of 75%. The lowest κL achieved in this 
work is about 0.5 W (m K)−1, which approaches the amorphous 
limit of GeTe according to the Cahill model.[35] For the sample 
(GeTe)0.6(PbSe)0.4, the concentration of substitutional point 
defects is high enough to ensure a lattice thermal conductivity 
approaching the amorphous limit of GeTe at all measured tem-
peratures, leading the κL to be nearly temperature independent.

To quantitatively understand the influences of Pb/Ge and 
Se/Te substitutions on the lattice thermal conductivity, room 
temperature sound velocity of the samples are measured 
(Figure 8a). It is seen that both transverse (vt) and longitudinal 
(vl) sound velocities decrease linearly with increasing PbSe con-
tent. Taking into account the change in sound velocities due to 
alloying, a Debye model[36] is developed to predict the compo-
sition dependent lattice thermal conductivity. The model con-
siders phonon–phonon and point defect scattering, with more 
details given in the Supporting Information. It is seen that 
the experimentally observed reduction in the lattice thermal 
conductivity can be well predicted by this model (black curve 
in Figure 8b), indicating the introduced point defects in GeTe–
PbSe solid solutions are indeed responsible. It should be noted 
that PbSe-alloying does not induce a decrease in band gap, and 
therefore, none of the samples here shows a significant influ-
ence on transport properties due to bipolar effect.

Due to the dual effects of both optimizing the carrier con-
centration and reducing the lattice thermal conductivity, 
the thermoelectric figure of merit, zT, is found to be up to 
2.2 (Figure 9a). This further leads to an average zT > 1.2 
(Figure 9b) for (PbSe)0.27(GeTe)0.73. With an increase in PbSe 
concentration, the average zT climbs up, and reaches its max-
imum when x = 0.27. When x is within 0.23–0.30, the Hall 
carrier concentration is about ≈2 × 1020 cm−3, approaching 
its optimum for GeTe.[25,37] Therefore a peak zT > 2.0 can be 
guaranteed at 800 K. Comparing to the pristine GeTe, alloying 

Adv. Sci. 2017, 4, 1700341

Figure 9.  Temperature dependent thermoelectric figure of merit, a) zT 
and b) their average for (GeTe)1−x(PbSe)x.

Figure 8.  a) Composition dependent sound velocity and b) lattice thermal conductivity for (GeTe)1−x(PbSe)x at 300 K. A model prediction (black curve) 
on lattice thermal conductivity agrees well the experiment results.
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with 27% PbSe enables a 300% enhancement in the average 
zT, strongly indicating the effectiveness of alloying for perfor-
mance improvements in thermoelectric GeTe. Moreover, the 
high zT material is shown to be highly stable, as confirmed by 
the reproducible properties measured by several times during 
both heating and cooling thermal cycles in a resynthesized 
(GeTe)0.73(PbSe)0.27 (Figure 10).

3. Summary

In summary, alloying GeTe with PbSe enables isovalent sub-
stitutions at both cation and anion sites, for a precise control 
on the carrier concentration, through the control of intrinsic 
cation vacancies. The fully optimized carrier concentration 
is achievable, in a composition with sufficient substitutional 
defects for an effective reduction in the lattice thermal con-
ductivity simultaneously. The dual effects of both tuning the 
carrier concentration and scattering the phonons, eventually 
enhance the thermoelectric figure of merit, zT, up to 2.2 in 
alloy materials, which corresponds to an improvement by 
300% in the average zT as compared to pristine GeTe. The 
obtained lattice thermal conductivity approaches the amor-
phous limit, due to the high concentration substitutional 
defects and the large size and mass difference between 
the host and impurity atoms. This work demonstrates that 

isovalent substitution is a simple yet effective approach for 
thermoelectric performance improvements in GeTe and sim-
ilar materials.

4. Experimental Section
Polycrystalline (GeTe)1–x(PbSe)x were synthesized with high purity 
elements (>99.99%). The raw materials were sealed in vacuum quartz 
ampoules and melted at 1223 K for 6 h. Then a cold water quenching 
and an annealing at 873 K for 3 d were carried out. The annealed ingots 
were hand-ground into fine powders (a few micrometer in diameter) for 
densification at 853 K for 40 min under a uniaxial pressure of ≈80 MPa, 
using an induction heating hot press.[38] X-ray diffraction (XRD, DX2700) 
and infrared diffuse reflection spectrum (Bruker Tensor II equipped with 
Diffuse Reflectance attachment) were carried out for powders at room 
temperature. Optical reflectance was measured by Fourier Transform 
Infrared Spectroscopy (FTIR, Bruker Tensor II equipped with a Diffuse 
Reflectance attachment) at room temperature. Microstructure was 
characterized by scanning electron microscope (SEM, Phenom Pro) 
equipped with energy dispersive spectroscopy. Then the powders were 
hot pressed into pellets with ≈12 mm in diameter and ≈1.5 mm in 
thickness and a density of >≈98% for transport property measurements.

The thermal diffusivity (D) was measured by a Netzsch LFA457 
laser flash system. A Dulong–Petit limit of heat capacity (Cp) is used 
to determine the thermal conductivity via κ = dCpD, where d is the 
density estimated by mass/volume of the pellets. Resistivity, Seebeck 
and Hall coefficients were simultaneously measured on the pellets, 
where the hot and cold side temperatures were measured by two K-type 
thermocouples attached to the opposite edges of the pellet sample 

Figure 10.  Repeated measurements on temperature dependent a) Seebeck coefficient, b) resistivity, c)thermal conductivity and diffusivity, and  
d) thermoelectric figure of merit for the high zT composition (GeTe)0.73(PbSe)0.27, indicating a highly reproducible performance.
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and the thermopower was measured by two Nb wires welded to the 
thermocouple tips. A four-probe Van der Pauw technique was used for 
both resistivity and Hall effect measurement. The maximal magnetic 
field was 1.5 T with both positive and negative polarizations. The slope 
of the thermopower versus temperature gradient 0–5 K[39] enabled an 
estimation of the Seebeck coefficient. All the measurements of transport 
properties were carried out from 300 to 800 K, and the reproducibility 
was confirmed by multiple measurements on the same sample and 
in multiple samples with similar carrier concentrations. Longitudinal 
and transverse sound velocities were determined by pulse-receiver 
(Olympus-NDT) equipped with an oscilloscope (Keysight).

First-principles calculations based on density functional theory (DFT) 
were performed using the Vienna ab initio simulation package[40] for 
characterizing the formation energies of different types of point defects in 
GeTe and GeTe–PbSe alloys. The Perdew–Burke–Ernzerhof functional of 
the generalized gradient approximation was applied within the projector-
augmented wave method.[41] An energy cut-off of 300 eV was used in all 
DFT calculations. Brillouin zone was sampled with a density of about 2π × 
0.02 Å−1 adopting the Γ-centered Monkhorst–Pack scheme. The electronic 
convergence criterion was set to 10−6 eV. Generalized quasirandom 
structures containing 128 atoms of GeTe alloyed with different 
concentrations of PbSe were obtained by minimizing the structural order 
using the evolutionary algorithm.[42] One point defect was introduced in 
the quasirandom supercell to calculate the formation energy, while four 
generalized quasirandom structures with similar structural orders have 
been considered for (GeTe)1−x(PbSe)x alloys. All the supercells were fully 
relaxed before self-consistent total energy calculations.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgement
This work was supported by the National Natural Science Foundation 
of China (Grant No. 51422208, 11474219, and 51401147) and the 
National Recruitment Program of Global Youth Experts (1000 Plan). 
Y.C. acknowledges the financial support from the Early Career Scheme 
of RGC under Project Number 27202516 and the research computing 
facilities offered by ITS, HKU. Z.W. and H.X. acknowledge the financial 
support from the Major Program of the National Natural Science 
Foundation of China (51590902).

Conflict of Interest
The authors declare no conflict of interest.

Keywords
alloy scattering, carrier concentration, GeTe, lattice thermal conductivity, 
thermoelectric

Received: July 3, 2017
Revised: August 13, 2017

Published online: September 30, 2017

[1]	 L. E. Bell, Science 2008, 321, 1457.
[2]	 a) Y. Pei, X. Shi, A. LaLonde, H. Wang, L. Chen, G. J. Snyder, Nature 

2011, 473, 66; b) W.  Liu, X.  Tan, K.  Yin, H.  Liu, X.  Tang, J.  Shi, 
Q.  Zhang, C.  Uher, Phys. Rev. Lett. 2012, 108, 166601; c) Y.  Pei, 

A. D. LaLonde, N. A. Heinz, X. Shi, S. Iwanaga, H. Wang, L. Chen, 
G. J. Snyder, Adv. Mater. 2011, 23, 5674; d) H. Xie, H. Wang, Y. Pei, 
C.  Fu, X.  Liu, G. J.  Snyder, X.  Zhao, T.  Zhu, Adv. Funct. Mater. 
2013, 23, 5123; e) Y. Pei, A. D. LaLonde, N. A. Heinz, G. J. Snyder, 
Adv. Energy Mater. 2012, 2, 670; f) Q.  Zhang, F.  Cao, W.  Liu, 
K.  Lukas, B.  Yu, S.  Chen, C.  Opeil, D.  Broido, G.  Chen, Z.  Ren, 
J. Am. Chem. Soc. 2012, 134, 10031; g) Y. Pei, H. Wang, Z. M. Gibbs, 
A. D. LaLonde, G. J. Snyder, NPG Asia Mater. 2012, 4, 1; h) Z. Jian, 
Z.  Chen, W.  Li, J.  Yang, W.  Zhang, Y.  Pei, J. Mater. Chem. C 2015, 
3, 12410; i) W. Li, Z. Chen, S. Lin, Y. Chang, B. Ge, Y. Chen, Y. Pei, 
J. Materiomics 2015, 1, 307.

[3]	 Y.  Pei, A. D.  LaLonde, H.  Wang, G. J.  Snyder, Energy Environ. Sci. 
2012, 5, 7963.

[4]	 H. Wang, Y. Pei, A. D. LaLonde, G. J. Snyder, Proc. Natl. Acad. Sci. 
USA 2012, 109, 9705.

[5]	 a) K. F. Hsu, S. Loo, F. Guo, W. Chen, J. S. Dyck, C. Uher, T. Hogan, 
E. K.  Polychroniadis, M. G.  Kanatzidis, Science 2004, 303, 818;  
b) K.  Biswas, J.  He, I. D.  Blum, C.-I.  Wu, T. P.  Hogan,  
D. N.  Seidman, V. P.  Dravid, M. G.  Kanatzidis, Nature 2012, 489, 
414; c) B.  Poudel, Q.  Hao, Y.  Ma, Y. C.  Lan, A.  Minnich, B.  Yu,  
X. A. Yan, D. Z. Wang, A. Muto, D. Vashaee, X. Y. Chen, J. M. Liu, 
M. S.  Dresselhaus, G.  Chen, Z. F.  Ren, Science 2008, 320, 634;  
d) Y.  Pei, J.  Lensch-Falk, E. S.  Toberer, D. L.  Medlin, G. J.  Snyder, 
Adv. Funct. Mater. 2011, 21, 241.

[6]	 a) Z.  Chen, W.  Li, S.  Lin, J.  Shen, Y.  Chang, B.  Ge, R.  Hanus, 
G. J.  Snyder, Y.  Pei, Nat. Commun. 2016, 8, 13828; b) J.  Xin, 
H.  Wu, X.  Liu, T.  Zhu, G.  Yu, X.  Zhao, Nano Energy 2017, 34, 
428; c) S. I. Kim, K. H. Lee, H. A. Mun, H. S. Kim, S. W. Hwang, 
J. W. Roh, D. J. Yang, W. H. Shin, X. S. Li, Y. H. Lee, Science 2015, 
348, 109; d) Z.  Chen, Z.  Jian, W.  Li, Y.  Chang, B.  Ge, R.  Hanus, 
J. Yang, Y. Chen, M. Huang, G. J. Snyder, Y. Pei, Adv. Mater. 2017, 
29, 1606768.

[7]	 a) L. D.  Zhao, S. H.  Lo, Y.  Zhang, H.  Sun, G.  Tan, C.  Uher, 
C. Wolverton, V. P. Dravid, M. G. Kanatzidis, Nature 2014, 508, 373; 
b) D. T.  Morelli, V.  Jovovic, J. P.  Heremans, Phys. Rev. Lett. 2008, 
101, 035901.

[8]	 a) H. Liu, X. Shi, F. Xu, L. Zhang, W. Zhang, Nat. Mater. 2012, 11, 
422; b) W. Qiu, L. Xi, P. Wei, X. Ke, J. Yang, W. Zhang, Proc. Natl. 
Acad. Sci. USA 2014, 111, 15031.

[9]	 a) Y. Pei, D. Morelli, App. Phys. Lett. 2009, 94, 122112; b) J. Shen, 
X. Zhang, S. Lin, J. Li, Z. Chen, W. Li, Y. Pei, J. Mater. Chem. A 2016, 
4, 15464.

[10]	 a) J. Shen, X. Zhang, Z. Chen, S. Lin, J. Lin, W. Li, S. Lin, Y. Chen, 
Y.  Pei, J. Mater. Chem. A 2017, 5, 5314; b) J.  Li, X.  Zhang, S.  Lin, 
Z. Chen, Y. Pei, Chem. Mater. 2016, 29, 605.

[11]	 a) L.  Zheng, W.  Li, S.  Lin, J.  Li, Z.  Chen, Y.  Pei, ACS Energy Lett. 
2017, 2, 563; b) W. Li, L. Zheng, B. Ge, S. Lin, X. Zhang, Z. Chen, 
Y. Chang, Y. Pei, Adv. Mater. 2017, 29, 1605887; c) Y. Pei, L. Zheng, 
W.  Li, S.  Lin, Z.  Chen, Y.  Wang, X.  Xu, H.  Yu, Y.  Chen, B.  Ge, 
Adv. Electron. Mater. 2016, 2, 1600019.

[12]	 W.  Li, S.  Lin, B.  Ge, J.  Yang, W.  Zhang, Y.  Pei, Adv. Sci. 2016, 3, 
1600196.

[13]	 a) A. F.  Ioffe, Semiconductor Thermoelements, and Thermoelectric 
cooling, Infosearch, London 1957; b) H. J. Goldsmid, Introduction to 
Thermoelectricity, Springer, Heidelberg 2009.

[14]	 Y. Pei, Z. M. Gibbs, B. Balke, W. G. Zeier, G. J. Snyder, Adv. Energy 
Mater. 2014, 4, 1400486.

[15]	 a) Y. Pei, A. LaLonde, S.  Iwanaga, G. J. Snyder, Energy Environ. Sci. 
2011, 4, 2085; b) H.  Wang, Y.  Pei, A. D.  LaLonde, G. J.  Snyder, 
Adv. Mater. 2011, 23, 1366; c) Y.  Pei, Z. M.  Gibbs, A.  Gloskovskii, 
B.  Balke, W. G.  Zeier, G. J.  Snyder, Adv. Energy Mater. 2014, 4, 
1400486; d) M.  Zhou, Z. M.  Gibbs, H.  Wang, Y.  Han, C.  Xin, 
L.  Li, G. J.  Snyder, Phys. Chem. Chem. Phys. 2014, 16, 20741; 
e) S.  Perumal, S.  Roychowdhury, D. S.  Negi, R.  Datta, K.  Biswas, 
Chem. Mater. 2015, 27, 7171.

Adv. Sci. 2017, 4, 1700341



www.advancedsciencenews.com

1700341  (9 of 9) © 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedscience.com

[16]	 a) Z.  Chen, B.  Ge, W.  Li, S.  Lin, J.  Shen, Y.  Chang, R.  Hanus, 
G. J. Snyder, Y. Pei, Nat. Commun. 2017, 8, 13828; b) M. Samanta, 
K. Biswas, J. Am. Chem. Soc. 2017, 139, 9382.

[17]	 a) J. E.  Lewis, Phys. Status Solidi 1969, 36, 737; b) S.  Santhanam, 
A. K.  Chaudhuri, Mater Res. Bull. 1981, 16, 911; c) E. L.  Brady, 
J. Electrochem. Soc. 1954, 101, 466.

[18]	 W. Li, Z. Chen, S. Lin, Y. Chang, B. Ge, Y. Chen, Y. Pei, J. Materiomics 
2015, 1, 307.

[19]	 A. Banik, U. S. Shenoy, S. Anand, U. V. Waghmare, K. Biswas, Chem. 
Mater. 2015, 27, 581.

[20]	 R.  Al Rahal Al Orabi, J.  Hwang, C.-C.  Lin, R.  Gautier, B.  Fontaine, 
W.  Kim, J.-S.  Rhyee, D.  Wee, M.  Fornari, Chem. Mater. 2017,  
29, 612.

[21]	 J.  He, J.  Xu, G.-Q.  Liu, H.  Shao, X.  Tan, Z.  Liu, J.  Xu, H.  Jiang, 
J. Jiang, RSC Adv. 2016, 6, 32189.

[22]	 a) E. A. Gurieva, L. V. Prokofeva, L. S. Stilbans, V. I. Tamarchenko, 
Semiconductors 1975, 9, 809; b) B. A.  Efimova, L. A.  Kolomoets, 
Phys. Solid State 1965, 7, 339.

[23]	 Y. H. Masashi Iizumi, K. F. Komatsubara, Y. Kato, J. Phys. Soc. Jpn. 
1975, 38, 443.

[24]	 J. X. B. a. H. G. v. S. T Chattopadhyayt, J. Phys. C: Solid State Phys. 
1987, 20, 1431.

[25]	 J.  Li, Z.  Chen, X.  Zhang, Y.  Sun, J.  Yang, Y.  Pei, NPG Asia Mater. 
2017, 9, e353.

[26]	 a) Y. D.  Gelbstein, Phys. Chem. Chem. Phys. 2014, 16, 20120; 
b) Y. Gelbstein, J. Davidow, S. N. Girard, D. Y. Chung, M. Kanatzidis, 
Adv. Energy Mater. 2013, 3, 815.

[27]	 a) P. R.  Shamsuddin, S.  Misra, T. R.  Anantharaman, J. Mater. Sci. 
1975, 10, 1849; b) J. E. P. Sidney, G. Parker, L. N. Swink, J. Mater. 
Sci. 1974, 91829; c) D. K. Hohnke, H. Holloway, S. Kaiser, J. Phys. 
Chem. Solids 1972, 33, 2053.

[28]	 a) L. Yang, J. Q.  Li, R. Chen, Y.  Li, F. S.  Liu, W. Q. Ao, J. Electron. 
Mater. 2016, 45, 5533; b) J. Li, H. Wu, D. Wu, C. Wang, Z. Zhang, 
Y. Li, F. Liu, W.-q. Ao, J. He, Chem. Mater. 2016, 28, 6367; c) S. P. Li, 
J. Q. Li, Q. B. Wang, L. Wang, F. S. Liu, W. Q. Ao, Solid State Sci. 
2011, 13, 399.

[29]	 M.  Snykers, P.  Delavignette, S.  Amelinckx, Mater. Res. Bull. 1972, 7,  
831.

[30]	 a) E.  Hazan, N.  Madar, M.  Parag, V.  Casian, O.  Ben-Yehuda, 
Y. Gelbstein, Adv. Electron. Mater. 2015, 1, 1500228; b) F. Fahrnbauer, 
D.  Souchay, G.  Wagner, O.  Oeckler, J. Am. Chem. Soc. 2015, 137, 
12633.

[31]	 H. A. Lyden, Phys. Rev. 1964, 134, A1106.
[32]	 J. E. Lewis, Phys. Status Solidi 1973, 59, 367.
[33]	 Y. I.  Ravich, B. A.  Efimova, I. A.  Smirnov, Semiconducting Lead 

Chalcogenides, Plenum Press, New York 1970.
[34]	 S. S. a. A. K.  Chaudhuri, Mater. Res. Bull. 1981, 16,  

911.
[35]	 D. G. Cahill, S. K. Watson, R. O. Pohl, Phys. Rev. B 1992, 46, 6131.
[36]	 a) B.  Abeles, Phys. Rev. 1963, 131, 1906; b) J.  Callaway,  

H. C.  Vonbaeyer, Phys. Rev. 1960, 120, 1149; c) G. T.  Alekseeva, 
B. Efimova, L. M. Ostrovsk, O. S. Serebrya, M. Tsypin, Semiconduc-
tors 1971, 4, 1122.

[37]	 S. Perumal, S. Roychowdhury, K. Biswas, J. Mater. Chem. C 2016, 4, 
7520.

[38]	 A. D.  LaLonde, T.  Ikeda, G. J.  Snyder, Rev. Sci. Instrum. 2011, 82, 
025104.

[39]	 Z. H. Zhou, C. Uher, Rev. Sci. Instrum. 2005, 76, 023901.
[40]	 G. Kresse, J. Furthmiiller, Comput. Mater. Sci. 1996, 6, 15.
[41]	 P. E. Blöchl, Phys. Rev. B 1994, 50, 17953.
[42]	 A. R.  Oganov, M.  Valle, J. Chem. Phys. 2009, 130,  

104504.

Adv. Sci. 2017, 4, 1700341


