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The creation of hierarchical nanostructures can effectively
strengthen phonon scattering to reduce lattice thermal con-
ductivity for improving thermoelectric properties in inorganic
solids. Here, we use Zn doping to induce a remarkable
reduction in the lattice thermal conductivity in SnTe, approach-
ing the theoretical minimum limit. Microstructure analysis
reveals that ZnTe nanoprecipitates can embed within SnTe
grains beyond the solubility limit of Zn in the Zn alloyed SnTe.

These nanoprecipitates result in a substantial decrease of the
lattice thermal conductivity in SnTe, leading to an ultralow
lattice thermal conductivity of 0.50 Wm� 1K� 1 at 773 K and a
peak ZT of ~0.48 at 773 K, marking an approximately 45%
enhancement compared to pristine SnTe. This study under-
scores the effectiveness of incorporating ZnTe nanoprecipitates
in boosting the thermoelectric performance of SnTe-based
materials.

Introduction

Thermoelectric conversion technology, facilitating the direct
conversion of heat into electricity, holds immense potential for
applications in waste heat utilization, deep space exploration,
silent refrigeration, wearable devices, and chip cooling.[1–10] The
efficiency of thermoelectric devices (TEDs) is contingent upon
the performance of thermoelectric materials, gauged through
the figure-of-merit ZT=S2σ/k, where σ denotes electrical
conductivity, S is the Seebeck coefficient, T represents absolute
temperature, and k is the total thermal conductivity. The k

encompasses the electrical contribution (ke) and lattice thermal

conductivity (kl). Given the interconnected nature of these
parameters, achieving optimal control over electrical and
thermal performance has been a longstanding focus in
thermoelectrics.[11,12]

Over the last three decades, thermoelectric research has
witnessed substantial achievements, marked by the continual
emergence of new materials and a more profound comprehen-
sion of electron and phonon transport mechanisms. PbTe-based
material, positioned as the top performer in the mid-temper-
ature thermoelectric range, has attained a ZT value well beyond
2.[13,14] Nevertheless, the toxicity associated with lead (Pb) has
posed a barrier to the wide practical application of PbTe.
Consequently, recent research efforts have been directed
towards the development of high-performance lead-free alter-
natives to PbTe. Among them, cost-effective SnTe has garnered
attention due to its analogous valence band structure and
crystal structure to PbTe, establishing it as the most promising
candidate material for replacing PbTe.

However, in comparison to PbTe, pristine SnTe demon-
strates inferior thermoelectric performance. The primary dispar-
ity arises from the energy offset (ΔE) (0.35 eV) between the
light-hole band at the L point and the heavy-hole band at the Σ
point in SnTe, which is significantly larger than that in PbTe
(0.17 eV). The substantial ΔE in SnTe implies a minimal
contribution of the heavy-hole band to the S, leading to a
relatively low S for SnTe.[15–17] Moreover, owing to the lower
atomic mass of Sn compared to Pb, the kl of SnTe (3.5 Wm� 1K� 1

at 300 K) surpasses that of PbTe (1.5 Wm� 1K� 1 at 300 K).[18,19] In
essence, the amalgamation of low electrical performance and
high k culminates in an inherently inferior ZT value for pristine
SnTe (0.4) when juxtaposed with PbTe.[20] To overcome these
challenges in SnTe, researchers have devoted significant efforts
to enhance its ZT value by optimizing electron and phonon
transport processes. Effective strategies involve improving the
electrical performance of SnTe by band engineering, such as
optimizing carrier concentration n,[21–23] manipulating band
convergence,[24–27] introducing resonant states,[19,28] and inducing
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energy filtering.[29,30] Also, approaches aimed at diminishing the
thermal conduction of SnTe involve phonon engineering, such
as nanostructuring,[31,32] hierarchical architectures,[33–35] defects
modulation,[36] and incorporation of dense dislocations and
precipitates.[37] All these strategies collectively contribute to
enhancing the ZT value, and the optimized SnTe has obtained a
competitive maximum ZT of 1.4~1.8 at 900 K,[38–40] nearly
comparable to PbTe.

Recent studies indicate that incorporating alloying phases
into the SnTe matrix generates various defects, such as point
defects, dislocation, and precipitates, which serve as potent
phonon scattering centers. This proves to be an effective
strategy for reducing thermal conduction. These phases include
Cu2Q (Q=Se, Te),[41,42] SrTe,[17] Bi2O3,

[29] AgMTe2 (M=Sb, Bi),[43,44]

MgAgSb.[45] For instance, various defects can be induced into
the SnTe matrix by alloying SnTe with CuSbSe2, including Cu-
based nanoprecipitates, dislocations, and point defects, leading
to an ultra-low kl of 0.40 Wm� 1K� 1.[46] Cd and Cu2Te Co-doping
SnTe can induce an “eutectoid” precipitation, including CdTe
and Cu2Te-based nano-phases, leading to an ultra-low kl of
0.42 Wm� 1K� 1.[37] By introducing Bi2O3 into the SnTe matrix, the
nanoprecipitates significantly reduce the kl, leading to an
enhanced average power factor (S2σ).[29] Hence, combining SnTe

with a well-designed secondary phase proves to be an effective
approach to enhancing thermoelectric performance.

In this study, we employ an efficient microwave-synthesized
approach to introduce ZnTe nanoprecipitates into the SnTe
matrix, as illustrated in Figure 1a. The detailed process was
described in the supporting information. Microstructural charac-
terization reveals the presence of nanoprecipitates and nano-
pores induced into the SnTe matrix by Zn doping. With a high
density of nanoprecipitates, nanopores, and grain boundaries,
phonons are significantly scattered with different wavelengths
(Figure 1b), leading to a low kl of 0.50 Wm� 1K� 1 at 773 K,
approaching the amorphous limit of kl. Concurrently, Zn-doping
effectively facilitates valence band convergence, compensating
for the reduced S and ensuring the final improvement in S2σ.
Consequently, the ZT values of all doped samples are higher
than those of the pure SnTe sample (~0.33 at 773 K), as
depicted in Figure 1c. The maximum ZT values of ~0.47 and
~0.48 are achieved for Sn0.98Zn0.02Te and Sn0.97Zn0.03Te specimens
at 773 K, respectively, representing an improvement of ~45%
compared to pure SnTe. This enhancement is attributed to Zn
doping, which does not compromise the inherent S2σ of SnTe
but significantly reduces the kl. Moreover, ZnTe nanoprecipi-
tates, attached to grain boundaries and/or embedded in the
matrix, contribute to the reduction of kl.

Figure 1. Schematic illustrations of the preparation of thermoelectric materials containing nanoprecipitates and schematic diagram of phonon scattering
mechanisms. (a) The microwave method combined spark plasma sintering technology for the preparation of Zn-doped SnTe thermoelectric materials. (b)
Schematic diagram of the mechanism of enhanced phonon scattering by nanoprecipitates, nanopores, and grain boundaries. (c) Temperature-dependent ZT
values for as-sintered Sn1� xZnxTe.

Wiley VCH Montag, 11.03.2024

2499 / 344018 [S. 2/10] 1

Chem Asian J. 2024, e202400130 (2 of 9) © 2024 The Authors. Chemistry - An Asian Journal published by Wiley-VCH GmbH

Research Article

 1861471x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/asia.202400130 by U

niversity O
f Southern Q

ueensland, W
iley O

nline L
ibrary on [18/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Results and Discussion

The XRD data for the SnTe powder synthesized via a microwave
method were refined using GSAS, and the results are presented
in Figure 2a. Figure 2b shows the Rietveld refined crystallo-
graphic information file (CIF) diagram of the SnTe sample,
revealing a cubic rock-salt structure (space group Fm3

ĭ
m) with

lattice parameters a=b=c=6.328 Å and angles α=β=γ=90°.
Figure 2c displays the XRD patterns of the as-synthesized
Sn1� xZnxTe (x=0, 0.01, 0.02, and 0.03) powders. All diffraction
peaks for the samples match the rock-salt structure of SnTe
(space group Fm3

ĭ
m, PDF#46-1210), and no impurity phases are

observed. To assess the impact of Zn-doping on the phase
structure of SnTe, we analyzed the variation of the (200)
diffraction peak and lattice parameter with the doping amount,
as shown in Figures 2d–e. Notably, with increasing Zn-doping, a
slight right shift of the (200) peak is observed. This should be
attributed to the fact that the doped Zn replaces the Sn site
while the ironic radius of Zn2+ (0.74 Å) is smaller than that of
Sn2+ (0.93 Å).[47,48] As shown in Figure 2e, the lattice parameter
monotonously decreases with the increase of Zn content,
consistent with the reduction of ionic radius from Sn2+ to Zn2+.

Figure 3 presents SEM micrographs of the as-synthesized
Sn1� x-ZnxTe (x=0, 0.01, 0.02, 0.03). All Sn1� x-ZnxTe grains display
a regular octahedral structure, indicating that microwave

stimulation promotes the preferential growth of Sn1-x-ZnxTe
along the <111> crystal direction.[33,49] The pure SnTe grains
have uniform sizes with smooth surfaces (Figure 3a). However,
in Zn-doped SnTe samples, small nanoprecipitates are em-
bedded in the SnTe matrix (Figure 3b), particularly noticeable in
Sn0.98Zn0.02Te (Figures 3c–d). With an increase in Zn doping,
more nanoprecipitates are observed; in Sn0.97Zn0.03Te grains,
some nanoprecipitates are embedded in the SnTe matrix, while
others are attached to the surface, as shown in Figure 3e.
Interestingly, the Sn0.97Zn0.03Te exhibits a misshapen octahedral
morphology. The observed shape change, as seen in other
nanostructures with an FCC structure,[49,50] suggests that Zn
dopants can induce a surface energy change in SnTe. EDS
mapping analysis was performed on Sn0.97Zn0.03Te to determine
the elemental distribution of the nanoprecipitates. The results
revealed that the chemical composition of the nanoprecipitate
phase is rich in Zn, while the matrix is deficient in Sn, as
illustrated in Figures 3f–h. It suggests that the nanoprecipitate
should be ZnTe. However, no ZnTe impurity can be detected in
the powder XRD results (Figure 2c), possibly due to the low
amount of ZnTe. Figure S1 presents a TEM image of a
Sn0.97Zn0.03Te with a size of approximately 5 μm, appearing to
be surrounded by nanoprecipitates. The corresponding EDS
element mapping indicates that Sn and Te are uniform
distribution in the sample, while the nanoprecipitates are rich in

Figure 2. Crystal Characteristics of the as-synthesized Sn1� xZnxTe (x=0, 0.01, 0.02, and 0.03). (a) XRD Rietveld refinement of the as-synthesized SnTe powder.
(b) Crystal structure simulation for the cubic SnTe. (c) Powder XRD patterns of the as-synthesized Sn1-x-ZnxTe (x=0, 0.01, 0.02, 0.03). (d) Enlarged view of (200)
diffraction peak. (e) Lattice parameter as a function of Zn content.
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Zn. The corresponding EDS line scan results confirm the
enrichment of Zn. We attribute the inhomogeneities within the
matrix to the reduction of kl, contributing to the improved
thermoelectric performance.

To investigate the effect of Zn doping on the as-sintered
Sn1� x-ZnxTe (x=0, 0.01, 0.02, 0.03) pellet after SPS, their crystal
structures were analyzed by XRD, and the results are depicted
in Figure 4a. All the samples are mainly composed of cubic
SnTe (PDF#46-1210) at room temperature. When x=0.02, a
small amount of ZnTe (PDF#15-0746) can be detected, indicat-
ing that the solid solubility of Zn in SnTe is less than 2%.[47]

With further increasing Zn content, amounts of ZnTe phases are
observed in the XRD pattern of the as-sintered Sn1� x-ZnxTe (x=

0, 0.01, 0.02, 0.03). However, no second phase of ZnTe was
observed in the XRD patterns of the as-synthesized Sn1-x-ZnxTe
(Figure 2c). Small amounts of nanoparticles were found in the
SEM images of the powder sample (Figure 3), which could be
ascribed to the crystal growth of the ZnTe second phase during
sintering, resulting in the observation of the ZnTe second phase
in the bulk samples. As can be seen from the amplified (200)
diffraction peak, the (200) diffraction peak of the as-sintered
Sn1-x-ZnxTe slightly shifts to the right, mainly due to the ionic
radius of Zn2+ (0.74 Å) being smaller than that of Sn2+

(0.93 Å),[48] which is consistent with the XRD results of the as-
synthesized Sn1� x-ZnxTe (x=0, 0.01, 0.02, 0.03).

Figure 4b shows the cross-sectional morphology of the as-
sintered Sn1� x-ZnxTe (x=0, 0.01, 0.02, 0.03) pellet. As can be
observed, the grains resulting from the SPS processing with an
average size of 5.0 μm remain intact. Some grain boundaries
are easily visible. For pure SnTe, a small number of cracks at the
grain boundary reduce its density. The densities of all the
pellets were measured and the results are shown in Table 1.
Figures 4c–d show the cross-sectional morphology of the as-
sintered Sn0.97Zn0.03Te. A great number of nanopores can be
seen at the grain boundaries and in the matrix of Sn0.97Zn0.03Te,
resulting in a decrease in the density of the as-sintered

Figure 3. Microstructure characteristics of the as-synthesized Sn1� xZnxTe (x=0, 0.01, 0.02, and 0.03). SEM images of synthesized (a) SnTe, (b) Sn0.99Zn0.01Te, (c–
d) Sn0.98Zn0.02Te, (e) Sn0.97Zn0.03Te. (f–h) corresponding EDS mapping of Sn0.97Zn0.03Te grain selected in e.

Table 1. Densities of the as-sintered Sn1� x-ZnxTe (x=0, 0.01, 0.02, 0.03)
pellet. The theoretical density of SnTe is 6.46 gcm� 3.

Compositions Densities (d, g cm� 3) Relative density

SnTe 6.25 96.7%

Sn0.99Zn0.01Te 6.19 95.8%

Sn0.98Zn0.02Te 6.12 94.7%

Sn0.97Zn0.03Te 6.10 94.4%
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Sn0.97Zn0.03Te (Table 1). Interestingly, most nanoprecipitates are
embedded in the nanopores, while small amounts of nano-
particles are attached to the surface, as shown in Figure 4c. To
verify the presence of the nanoprecipitates and nanopores, a
backscattered electron (BSE) image (Figure 4e) was taken for
the as-sintered Sn0.97Zn0.03Te. Nanopores are visible at the grain
boundaries and in the as-sintered Sn0.97Zn0.03Te matrix. From the
corresponding EDS maps (Figures 4f–i), Te homogeneously
distributes in the as-sintered Sn0.97Zn0.03Te matrix while Sn is
absent in the Zn-rich areas. The EDS mapping supports the
formation of the ZnTe impurity, which has been verified by XRD
(Figure 4a). It is interesting to note that all the Zn-rich areas exit
the nanopores. The BSE image further confirms the conjecture,
that is, ZnTe nanoprecipitates distribute at the grain boundaries
and/or embed in the interior of the SnTe grains. The formation

of ZnTe nanoprecipitates can play an important role in reducing
the kl through additional phonon scattering, and this relation-
ship will be further discussed.

Figure 5 plots the temperature-dependent thermoelectric
performance of the as-sintered Sn1� x-ZnxTe (x=0, 0.01, 0.02,
0.03) pellets. Consistent with the typical behavior of degenerate
semiconductors, the σ of all samples decreases as temperature
increases (Figure 5a). Moreover, nearly all doped samples
exhibit a slightly lower σ compared to the pristine sample. The
decrease in σ is more pronounced with higher Zn concen-
tration, attributed to the introduction of impurities/defects and
reduced carrier mobility caused by increased carrier
scattering.[51] The temperature-dependent S of the as-sintered
Sn1-x-ZnxTe (x=0, 0.01, 0.02, 0.03) is illustrated in Figure 5b. The
positive S values indicate p-type conductivity. Furthermore, the

Figure 4. Crystal and microstructure characteristics of the as-sintered Sn1� xZnxTe (x=0, 0.01, 0.02, and 0.03). (a) XRD patterns of the as-sintered Sn1-x-ZnxTe
(x=0, 0.01, 0.02, 0.03) pellets, and enlarged view of (200) diffraction peak. (b) SEM images of SnTe, showing grain boundary. (c) SEM images of Sn0.97Zn0.03Te,
showing grain boundary and nanoprecipitates. (d) Enlarged SEM images of the Sn0.97Zn0.03Te, clearly showing nanoprecipitates. (e) BSE image of the as-
sintered Sn0.97Zn0.03Te and (f–i) corresponding EDS mapping of Sn, Te, and Zn.
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S increases with both temperature and Zn doping until x=0.02.
Zn substitution-induced reduction in Sn vacancies may lead to
a decrease in the hole concentration. However, when x=0.03,
the excessive formation of Zn-driven precipitates increases the
electron concentration, leading to a slight decrease in the S for
Sn0.97Zn0.03Te.

[47] The S2σ of both the pure and doped samples
are illustrated in Figure 5c. For pure SnTe, the S2σ ranges from
11.0 to 17.9 μWcm� 1K� 2 across the temperature range of 300–
773 K. Due to the increased S, the S2σ of the as-sintered
Sn1� x-ZnxTe (x=0.01 and 0.02) are enhanced, with the x=0.02
sample reaching the maximum value of 19.5 μWcm� 1K� 2 at

773 K. This value is comparable to those observed for In-doped
SnTe[28] and Ag&In co-doped SnTe.[52]

Figure 5d illustrates the temperature-dependent k of the as-
sintered Sn1� x-ZnxTe (x=0, 0.01, 0.02, 0.03) pellets. A significant
reduction in k is evident for the as-sintered Sn1� x-ZnxTe
compared to pristine SnTe. Furthermore, the k demonstrates a
decreasing trend with increasing Zn doping, attributed to both
diminished electronic (ke) and lattice (kl) contributions. The k of
pristine SnTe ranges from ~8.14 to 3.97 Wm� 1K� 1 from 300 to
773 K, dramatically decreasing to ~5.05 to 2.75 Wm� 1K� 1 after
doping with a 3% fraction of Zn. The ke was calculated

Figure 5. Temperature-dependent (a) σ; (b) S; (c) S2σ; (d) k; (e) ke, and (f) kl of the sintered Sn1� xZnxTe (x=0, 0.01, 0.02, 0.03) pellets.
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according to the Wiedemann-Franz law ke=LσT, where L is the
Lorenz number and can be empirically determined by L=1.5+

exp[ Sj j
116], where L is in 10� 8 WΩK� 2, and S in μVK� 1.[53] As

depicted in Figure 5e, the temperature-dependent ke decreases
with increasing Zn doping, a result of the decrease in temper-
ature-dependent σ (Figure 5a). To clarify the underlying mecha-
nism for the reduced k, the kl was estimated by subtracting the
ke from the k. Figure 5f shows that the kl decreases with
increasing temperature for both pristine and Zn-doped samples.
The kl value for pristine SnTe ranges from 3.2 to 1.25 Wm� 1K� 1

within the temperature range of 300 to 773 K. Remarkably, the
kl of the as-sintered Sn1-x-ZnxTe exhibits a significant reduction
with increasing Zn doping. Specifically, the kl for the as-sintered
Sn0.97Zn0.03Te decreases from 0.75 Wm� 1K� 1 at 300 K to
0.50 Wm� 1K� 1 at 773 K, approaching the amorphous limit of kl
(0.4~0.5 Wm� 1K� 1).[54] This should be due to the increase in
impurity concentration after doping, leading to an increase in
phonon scattering, especially the ZnTe nanoprecipitates on
grain boundaries and in the SnTe matrix are more effective in
scattering long wavelength phonons.[48] Furthermore, the in-
troduction of point defects resulting from the slight substitution
of Zn into the SnTe lattice induces the scattering of short-
wavelength phonons, contributing to a further reduction in the
kl.

We computed the electronic band structure and density of
states (DOS) for Sn27Te27 and Sn26ZnTe27. The band structure of

Sn27Te27 illustrates that the primary light-hole valence band
(VB1) occurs at the L point and the secondary heavy-hole
valence band (VB2) Σ point (Figure 6a). The band gap (Eg) of
SnTe is direct with a value of 0.12 eV. A ΔE of 0.30 eV is
observed between the two valence bands[33] Figure 6b presents
the band structure of Sn26ZnTe27. It can be noted that the
introduction of Zn leads to an Eg value of 0.28 eV and an ΔE
value of 0.04 eV, revealing the convergence of two valence
bands. The DOS of SnTe and Zn-doped SnTe are calculated and
illustrated in Figures 6c–d. The introduction of Zn doping
results in a significant distortion at the band gap edge, which is
highlighted by a red line. This distortion is primarily attributed
to Zn s-orbital. Consequently, the band convergence resulting
from Zn doping contributes to the enhancement of the S.
Although Zn doping in SnTe induces band convergence, the S
does not increase significantly. This could be attributed to the
low solid solubility of Zn in SnTe during our doping process,
which may not have reached a level capable of effectively
enhancing electrical performance.[47,48]

Conclusions

A facile approach has been developed to enhance the thermo-
electric performance of SnTe by introducing ZnTe nanoprecipi-
tates into the matrix. Crystal structure analysis reveals that the

Figure 6. Calculated band structures for (a) Sn27Te27 and (b) Sn26ZnTe27. DOS near the Fermi level for (c) Sn27Te27 and (d) Sn26ZnTe27.
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solid solubility of Zn in SnTe is less than 2%, and excessive Zn
doping induces the formation of ZnTe nanoprecipitates,
embedded in the SnTe matrix. The resultant increase in the S
and decrease in the σ, caused by the ZnTe impurity phase,
contribute to a slight improvement in the S2σ compared to
pure SnTe. Importantly, the introduction of ZnTe impurities
nanoprecipitates significantly reduces the k by suppressing the
kl. The low kl of 0.50 Wm� 1K� 1 at 773 K for the as-sintered
Sn0.97Zn0.03Te is approximately 60% less than that of pure SnTe
(1.25 Wm� 1K� 1 at 773 K). The peak ZT of 0.48 for the as-sintered
Sn0.97Zn0.03Te at 773 K represents a 45% improvement over pure
ZnTe. Potential further optimization of thermoelectric perform-
ance can be achieved by combining co-doping to improve the
S2σ and introducing nanoprecipitation to reduce the kl.

Supporting Information

The detailed experimental process. TEM image of Sn0.97Zn0.03Te
and corresponding element distribution for Sn0.97Zn0.03Te. The
corresponding EDS line scan results of Sn0.97Zn0.03Te. Above all
are described in the supporting information.
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We report a microwave-assisted wet
chemical method for doping Zn into
SnTe thermoelectric materials to in-
situ induce rich ZnTe nanoprecipi-
tates, nanopores, a large number of
grain boundaries and other multi-di-
mensional defects. While ensuring
competitive electrical transport per-

formance, the introduced multi-di-
mensional defects induced phonon
scattering across the entire scale,
reducing the lattice thermal conduc-
tivity of SnTe to the amorphous limit
and enhancing its thermoelectric per-
formance.
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