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From an environmental perspective, lead-free SnTe would be
preferable for solid-state waste heat recovery if its thermoelec-
tric figure-of-merit could be brought close to that of the lead-
containing chalcogenides. In this work, we studied the thermo-
electric properties of nanostructured SnTe with different dopants,
and found indium-doped SnTe showed extraordinarily large See-
beck coefficients that cannot be explained properly by the con-
ventional two-valence band model. We attributed this enhance-
ment of Seebeck coefficients to resonant levels created by the
indium impurities inside the valence band, supported by the first-
principles simulations. This, together with the lower thermal
conductivity resulting from the decreased grain size by ball milling
and hot pressing, improved both the peak and average non-
dimensional figure-of-merit (Z7) significantly. A peak ZT of ~1.1
was obtained in 0.25 atom % In-doped SnTe at about 873 K.

ood thermoelectric (TE) materials should not only have high

figure-of-merit (Z), but also be environmentally friendly
and cost-effective (1-5). The nondimensional figure-of-merit
(ZT) is defined as ZT = [$%0/(kL,x.)]T, where S is the Seebeck
coefficient, ¢ the electrical conductivity, k; the lattice thermal
conductivity, k. the electronic thermal conductivity, and T the
absolute temperature. Lead chalcogenides and their alloys can
be engineered to exhibit high ZTs; however, environmental
concern regarding Pb prevents their deployment in large-scale
applications (6-10). Tin telluride (SnTe), a lead-free IV-VI
narrow band-gap semiconductor has not been considered fa-
vorably as a good thermoelectric material because of its low ZT
due to the relatively low Seebeck coefficient and high electronic
thermal conductivity caused by intrinsic Sn vacancies (11-13),
although SnTe has been used to alloy with other tellurides for
better TE properties (14-26). Even though there has been no
real success in achieving good TE properties of lead-free SnTe,
the similarity between the electronic band structure of SnTe and
that of PbTe and PbSe (27-31) suggests it has the potential to be
a good TE material, especially given the two valence bands
(light-hole and heavy-hole bands) that contribute to the hole
density of states. The main difficulty here, however, is the fact
that the separation between the light-hole and heavy-hole band
edges in SnTe is estimated to be in the range of ~0.3 to ~0.4 eV
(27, 29), larger than those of PbTe or PbSe (9), rendering the
benefit of the heavier mass for the Seebeck coefficient less
significant.

In this paper, we prepared In-doped SnTe by high-energy ball
milling and hot pressing and measured the samples up to 873 K
without experiencing any mechanical strength issues. We show,
based on both experiments and first-principles simulation, that
a small amount of In-doping helps create resonant states around
the Fermi level inside the valence band, which increases the
Seebeck coefficient, especially at room temperature, leading to
improvements in both average ZT and peak ZT, combined with
the decreased lattice thermal conductivity due to the increased
density of grain boundaries (32-34). Peak ZT value reaches ~1.1
at about 873 K for SnTe doped with 0.25 atom % In.

www.pnas.org/cgi/doi/10.1073/pnas.1305735110

Single-phased In-doped SnTe was obtained by ball milling and
hot pressing. Fig. 1 presents the X-ray diffraction (XRD) pat-
terns of In,Sn;_, Te (x = 0, 0.0025, 0.005, and 0.01). All the peaks
can be indexed to the face-centered structure (space group
Fm3m). No impurity phase was found, despite the increasing
content of In. First-principles calculations (Table S1) indicated it
is energetically favorable for In to substitute for Sn, which is
consistent with the case in In-doped PbTe and PbSe. In previous
work, we found In substitutes for Pb in PbTe and PbSe, which is
the same with In-doped SnTe, but it is n-type doping in In,Pb;, Te
and In,Pb;,Se, which is different from p-type doping by In in
SnTe, as we are reporting in this work (35, 36).

The electrical conductivities decrease with increasing tem-
perature, as shown in Fig. 24, showing the typical behavior of
degenerate semiconductors. With increasing content of In, the
electrical conductivitfy decreases, especially at room temperature,
from ~7 x 10° S-m~" to ~2 x10°> S-m™~'. The hole concentration
indicated by the Hall measurement, however, changes in an in-
teresting way with increasing In content: it drops below the in-
trinsic value at the beginning and starts to rise after x > 0.0025
(as shown in Fig. 34). Based on this observation, we conclude In
atoms should be p-type dopants and explain the change of the
carrier concentration as follows. The intrinsic SnTe is p-type
because of the Sn vacancies (19). Those vacancies create empty
electronic states and behave like p-type dopants. If we dope
SnTe with In, In atoms first fill the Sn vacancies. Despite being
p-type dopants, they are not as “strong” as the vacancies, in the
sense that they induce fewer holes (examined by the simulation
shown in Table S1); thus, at low doping levels, the p-type charge
concentration decreases. However, as the doping level is in-
creased, at some point all the Sn vacancies are filled with In, and
beyond that point, excessive In atoms substitute for Sn, and the
p-type charge concentration increases again (Fig. 34). However,
when In is more than the solubility limit in SnTe, the extra In
atoms act as donors, which decreases the hole carrier concen-
tration (x = 0.01) (37). The fact that the electrical conductivity
decreases all the way indicates that the In dopants affected the
hole mobility significantly (shown in Fig. 3B), as the result of
both increased effective mass and impurity scattering. The See-
beck coefficients increase with temperature in the whole tem-
perature range and also increase with In content, as shown in
Fig. 2B. No bipolar effect is evident, even up to 873 K, in all the
compositions despite the small band gap ~0.18 eV for SnTe (29,
31). All the measured Seebeck coefficients are positive, consis-
tent with the density of states (DOS) calculation presented in
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Fig. 1. XRD patterns for In,Snq.,Te (x = 0, 0.0025, 0.005, and 0.01) prepared
by ball milling and hot pressing.

Fig. 4 and different from In-doped PbTe and PbSe, in which In
turned out to be an n-type dopant (36, 38). Fig. 2C shows the
power factors for undoped and In-doped SnTe. The highest
power factor reaches ~2.0 x 107> W-m™K~2 at about 873 K,
higher than all the reported power factors of doped PbTe and
PbSe at this temperature (9, 39-41). Most importantly, the av-
erage power factor is increased a great deal by In doping.
Compared with the undoped SnTe prepared by melting and
hand milling (M+HM) (broken line), the electrical properties of
the ball-milled samples are not different.

Fig. 5 shows variation of the Seebeck coefficient vs. carrier
concentration for both pure SnTe and In-doped SnTe. The
Seebeck coefficients of undoped SnTe with different hole con-
centrations (2 x 10?° to 1.8 x 10?! cm™) were obtained previously
by annealing under different conditions (open circles) (27).
The carrier concentration obtained in this work is ~2.35 X
10% cm™? (filled circle). Unlike PbTe and PbSe (7, 9, 36, 39, 40),
the Seebeck coefficient of SnTe shows abnormal variation with
increasing carrier concentration, which was qualitatively explained
previously by two parabolic band models (27) and density func-
tional theory (DFT) calculations (31). The valence band model
(VBM), which takes into account the nonparabolicity of the
light-hole band (solid line), provides a quantitative fit to all the
Seebeck coefficient data, except for those of In-doped samples,
and thus is expected to best depict the contribution from the
intrinsic band structure of SnTe (29). The model details for TE
transport of p-type SnTe may be found in S/ Text. Compared
with the same model we used for PbTe and PbSe (9, 36), two
major differences should be stated. The L point energy gap, Eg,
is smaller for SnTe, making the nonparabolicity larger. This
makes the Seebeck coefficient drop faster with increasing con-
centration, as seen in Fig. S1. The light-hole-heavy-hole band
edge energy difference is 0.12 eV for PbTe, 0.26 eV for PbSe,
and 0.35 eV for SnTe (9, 29, 36); thus, the heavy-hole contri-
bution is relatively weaker for SnTe. This may be seen from the
fact that there is not much difference between the predictions of
VBM and those of the two-band Kane model (which ignores the
heavy-hole band contribution) at room temperature for SnTe,
until 10 x 10'” cm™. However, the contribution from the heavy-
hole band gradually increases at higher temperatures (Fig. S2) as
for PbSe (9, 36), helping improve the Seebeck coefficient at
high temperature and suppress the bipolar effect. Although the
Seebeck coefficients of bismuth- (Bi-) and Cu-doped samples
agree well with the VBM model, as shown in Fig. 5, indicating
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pure doping effects, the deviation of the In-doped samples from
the VBM model implies that there must be mechanisms through
which In dopants significantly alter the band structure of pure
SnTe near the band edge. One of the possible mechanisms is the
introduction of resonant levels (6, 42-44) into the valence band.
Fig. 4 shows the DOS of pure SnTe, Bi-doped SnTe, and In-
doped SnTe near the top of the valence band. A well-defined
peak is observed in the DOS of In-doped SnTe that may con-
tribute to the large deviation of the Seebeck coefficient from the
VBM model. One may question whether the observed features
are a result of the limited size of the supercell and thus the ar-
tificial interactions between In atoms. Similar features, however,
are not observed in Bi-doped SnTe with the same supercell size.
Therefore, we believe the added feature originates from the
interactions of the In atoms with the host atoms. Because of the
limitation of computing resources, a sufficiently dense k-mesh
for calculating transport properties for the supercells is not
possible at this stage; also, the simulated supercells are too small
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Fig. 2. Temperature dependence of (A) electrical conductivity, (B) the
Seebeck coefficient, and (C) the power factor for In,Snq,Te (x = 0, 0.0025,
0.005, and 0.01). The undoped SnTe prepared by melting, hand milling, and
hot pressing (M+HM) is shown for comparison (broken line).
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Fig. 3. Hall carrier concentration (A) and Hall mobility (B) at room tem-
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doped SnTe.

to represent a realistic doping concentration. [The simulated
supercell corresponds to 3% In concentration, with a Fermi level
located slightly below the DOS “hump.” With the doping con-
centration achieved in the experiments, the Fermi level is expected
to reside close to the DOS peak. An alternative simulation
method, such as a Korringa—Kohn-Rostoker coherent-potential-
approximation (KKR-CPA) calculation (44), is required in cases
of more dilute doping concentrations.] Thus, a direct evaluation of
the effect of the features in DOS on the Seebeck coefficient is not

30 T T T T T T

25

20 N

15

DOS (a. u.)

10

0 L L L ~1
5.8 5.9 6.0 6.1 6.2 6.3 6.4

Energy (eV)

Fig. 4. Comparison of DOS for undoped SnTe (broken line), Bi-doped SnTe
(solid line), and In-doped SnTe (bold solid line). Sharp features are observed
in the DOS of In-doped SnTe near the band edge, to which the abnormal
Seebeck coefficient might be attributed. The simulated supercell configu-
ration corresponds to 3 atom % In concentration, which is higher than that
achieved in the experiment. The Fermi level in the simulation resides at 6.207
eV, slightly below the DOS hump. With the experimental In concentration,
the Fermi level is expected to sit around the DOS peak.
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Fig. 5. Room temperature Pisarenko plot for ball-milled and hot-pressed
In,Sn,_,Te (x = 0, shown by @; x = 0.001, 0.0015, 0.0025, 0.005, 0.0075, and
0.01, shown by A) in comparison with reported data on undoped SnTe (O),
Bi-doped SnTe (), and Cu-doped SnTe (¢) by Brebrick and Strauss (27). The
solid curve is based on the VBM (light nonparabolic band and heavy para-
bolic band) with the heavy-hole effective mass of SnTe m*/m, = 1.92.

available for now. However, the rich features introduced by In
atoms are speculated to play an important role in the enhanced
TE properties.

The other problem we should resolve is the high thermal
conductivity induced by intrinsic Sn vacancies, causing very high
electrical conductivity. By In doping, the decreased electrical
conductivity results in a reduced electronic part of the thermal
conductivity determined by the Wiedemann-Franz law (k. =
LoT), where L is the Lorenz number. The Lorenz number is
calculated using the VBM in a way similar to that of the Seebeck
coefficient, including contributions from both nonparabolic light-
hole and parabolic heavy-hole bands. The detailed expressions
used are included in SI Text. Fig. 6 A-C gives the temperature
dependences of the thermal diffusivity, specific heat, total ther-
mal conductivity, and lattice thermal conductivity (obtained by
subtracting the electronic contribution from the total thermal
conductivity) of the undoped and In-doped SnTe, respectively.
With increasing temperature, the total thermal conductivity de-
creases rapidly without showing any bipolar effect, consistent
with the behavior of the Seebeck coefficient in Fig. 2B. The total
thermal conductivities of all In-doped SnTe are lower than the
undoped sample. Compared with the undoped SnTe prepared by
melting and hot pressing (dotted line), the samples prepared by
ball milling and hot pressing exhibit lower lattice thermal con-
ductivity, which may be attributed to the increased density of
grain boundaries by ball milling. In Fig. 7, the representative
microstructure of ball-milled and hot-pressed In-doped SnTe is
presented. Scanning electron microscopic (SEM) images shown
in Fig. 74 indicate that the Ing gp255n0.9975Te samples consist of
both big grains with diameters of several tens of microns and
small grains. The observed small cavities may contribute to the
lower lattice thermal conductivity. The densities of all the sam-
ples are listed in Table S2. The size of the small grains is about
1 pm, as shown in Fig. 7B, less than one tenth that of the big
grains. Nanograins in the samples also are observed via trans-
mission electron microscopy (TEM). Fig. 7C shows a typical
bright-field TEM image of the nanograins, with sizes around 100
nm. As a result, the lattice thermal conductivity of the samples is
greatly reduced by significantly enhanced boundary scatterings of
the phonons, as shown in Fig. 6C. Selected area electron dif-
fraction and high-resolution TEM (HRTEM) images show that
all the grains, whether in microns or nanometers, are single
crystals with clean boundaries and good crystallinity, as shown in
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Fig. 6. Temperature dependence of (A4) thermal diffusivity (the undoped
SnTe prepared by melting and hot pressing is shown by the broken line), (B)
specific heat (the specific heat of sample x = 0 is used for the undoped SnTe
prepared by melting and hot pressing), and (C) total thermal conductivity
and lattice thermal conductivity for In,Sn,_,Te (x =0, 0.0025, 0.005, and 0.01)
(the undoped SnTe prepared by melting and hot pressing is shown by the
broken line).

Fig. 7D. The crystalline grains and boundaries would benefit the
transport of charge carriers, as observed in nanograined Bi,Sb,, Tes
bulks (45), without degrading the electronic properties (Fig. 2).

Fig. 8 summarizes the ZT values of different samples. The two
intrinsic valence bands contribute to the peak ZT value ~0.7 at
about 873 K for the undoped SnTe. The decreased lattice
thermal conductivity by ball milling further boosts the peak ZT
value to ~0.8. However, the ZT values in both cases are quite
low, below 600 K, resulting in low average ZTs. The enhanced
Seebeck coefficient by resonant states increased both the peak
and average ZTs in the In-doped nanostructured SnTe. A peak
ZT ~1.1 is obtained at about 873 K in Ing ggr5Sng.9975Te.

In summary, nanostructured In-doped SnTe with a ZT >1 has
been prepared by ball milling and hot pressing. The improved ZT
(peaked around 1.1 at about 873 K in 0.25 atom % In-doped

13264 | www.pnas.org/cgi/doi/10.1073/pnas.1305735110

SnTe) incorporates both the high Seebeck coefficient resulting
from the two valence bands and the local resonant states around
Fermi level created by In-doping and the lowered lattice thermal
conductivity owing to the increased phonon interface scattering.
This lead-free TE material is a potential candidate to replace
lead chalcogenides used at medium to high temperatures for waste
heat recovery applications. Further improvement is expected by
adding suitable nanoinclusions or alloying with SnSe and SnS to
decrease the thermal conductivity and increase the Seebeck
coefficient.

Synthesis

Samples with nominal compositions of In,Sn; ,Te (x = 0, 0.001,
0.0015, 0.0025, 0.005, 0.0075, and 0.01) were prepared by directly
ball milling the raw materials In (powder, 99.99%), Sn (powder,
99.9%), and Te (chunks, 99.999%) in a stainless steel jar with
a high-energy ball mill, SPEX 8000D (SPEX SamplePrep), and
the raw materials (In, Sn, and Te) were sealed inside the jar in an
argon-filled glove box. In addition to using ball milling, the
undoped SnTe also was prepared by melting and cooling in a
quartz tube, followed by hand milling for comparison. Samples
made in such a way are labeled M+HM. The powder was loaded
into the graphite die and consolidated by dc-induced hot pressing.

Calculations

DFT-based calculations were carried out to answer the following
questions: (i) whether In atoms substitute for tin or tellurium in
the structure [the possibility of In atoms being interstitial was not
considered here based on the fact that the interstitial impurity
states generally are high-energy configurations (46)]; (i7) how In
atoms are compared with Sn vacancies as p-type dopants; and
(iii) what effects the In atoms have on the electronic structure,
especially the DOS of the pure system near the band gap. We
followed the strategy in ref. 47 and constructed supercells con-
sisting of eight-unit cells (Sns;Tes;), and the total energy of
two different configurations (InSnz;Tes,, and Sns;Tes In) was
calculated and compared (details are provided in Table S1). For
comparison, we did the same supercell calculations for Bi-doped
SnTe. The Quantum Espresso package (48) was used for the cal-
culation, with norm-conserving pseudopotentials with the local

100 nm

Fig. 7. Representative SEM (A and B), TEM (C), and HRTEM (D) images for
as-prepared Ing gp255N0.9975Te samples by ball milling and hot pressing.
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density approximation functional (49). The spin—orbit in-
teraction was taken into account, and all of supercells were fully
relaxed. The cutoff energy for the plane wave basis was chosen as
60 Rydberg and a 4 x 4 x 4 k-mesh was used for the self-consistent-
field (SCF) calculation, whereas a 30 x 30 x 30 mesh was used for
the non-SCF and DOS calculation. The tetrahedron method was
used to integrate the DOS. The simulation results are discussed in
later sections.
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