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1. Introduction

Thermoelectric materials and their tech-
nologies, as emerging green energy 
technologies in recent years, have been 
regarded as the key means to solving 
the global energy crisis. Thermoelectric 
materials can realize the energy conver-
sion between electricity and heat, which 
are expected to be utilized for waste heat 
harvesting and solid-state cooling.[1] The 
conversion efficiency of thermoelectric 
materials is determined by the dimen-
sionless figure of merit (ZT), namely 
ZT = S2σT/κtot, where S, σ, T and κtot are 
Seebeck coefficient, electrical conductivity, 
absolute temperature, and total thermal 
conductivity, respectively.[2] Therefore, 
excellent thermoelectric performance 
requires a large Seebeck coefficient, high 
electrical conductivity, and low thermal 
conductivity. However, the interdepend-
ence of thermoelectric parameters limits 
the enhancement of the ZT value. To 
obtain high performance, it is the pri-
ority to balance the strongly coupled para-
meters by decoupling the electron and 
phonon transports.[3]

Researchers have proposed many effective strategies such as 
band convergence,[4] resonant levels,[5] and symmetry manipula-
tion[6] for the improvement of electrical transport, and all-scale 
hierarchical architectures[7] and the search for materials with 
intrinsically low thermal conductivity[8] for the suppression of 
thermal transport. From the perspective of the compositions and 
microstructures of samples, the above strategies can be imple-
mented mainly in two ways. One is alloying or doping impu-
rity elements, like Pb-alloyed SnSe,[3a,9] Se-alloyed PbTe,[10] and 
Cd-doped AgSbTe2

[11]. The other is introducing second phases, 
like MnTe-Sb2Te3,[12] CuGaTe2-Ag2Te,[13] and PbSe-SiO2.[14] Gen-
erally, the elemental doping and alloying mainly optimize the 
electrical transport by tuning the carrier density and mobility 
or modifying the electronic band structure, while the induced 
second phases contribute to suppressing the thermal transport 
by strengthening the defects-phonon scattering.

Considering the synthesis process of samples, the additives 
are introduced into the matrix by simply using either pure ele-
ments for doping and alloying or target compounds for the 
second phases, while both kinds of additives are considered to 

Additives in thermoelectric materials are conventionally considered as either 
extrinsic defects or second phases regardless of their dynamic processes. 
Herein, In4SnSe4, with inherent low thermal conductivity, is introduced 
into n-type PbTe. It is revealed that In4SnSe4 decomposes incompletely at 
high temperatures, in which around 80% of In4SnSe4 dissolves into InSe 
and Sn, while 20% forms as nano-precipitates. Benefiting from the incom-
plete decomposition, PbTe-0.1%In4SnSe4 presents superior thermoelec-
tric performance compared to the stepwise and compositionally identical 
PbTe-0.4%InSe-0.1%Sn. The residual In4SnSe4 along with Sn and InSe jointly 
contribute to the synergetic optimization of carrier mobility and lattice 
thermal conductivity in PbTe-0.1%In4SnSe4. As a result, the room-temperature 
dimensionless figure of merit (ZT) of ≈0.4 and the ZTave of ≈0.83 at 300–573 K 
are obtained, and an experimental maximum thermoelectric conversion 
efficiency (η) of ≈2.5% (ΔT ≈ 400 K) is obtained, demonstrating significant 
research progress in n-type PbTe. This work indicates that the In4SnSe4 
incomplete decomposition effectively decouples the electron and phonon 
transports in n-type PbTe and the strategy of utilizing the unstable additives is 
proven feasible. Additionally, more dynamic behaviors of additives are worth 
expecting and may promote more achievements for other thermoelectric 
systems.
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be in steady states. For example, in SnSe–AgSb(Se/Te)2 system, 
the elementary substances of all required elements are mixed 
together when sample synthesizing, instead of mixing com-
pounds SnSe and AgSb(Se/Te)2,[15] while taking PbS–Cu2S,[16] 
and PbSe–CdTe[17] systems as examples, the binary compounds 
as second phases were directly added to the matrix materials. 
However, not all compounds keep chemically stable in the matrix 
and some potentially dynamic behaviors such as intrinsic decom-
position and reaction with the matrix of multielement additives 
can generate significant impacts on thermoelectric performance. 
Especially, the compounds with intrinsically low thermal con-
ductivity are rather crucial as second phases to depress the 
thermal transport of the matrix, while they are also mostly  
possessing complex and unstable structures and phases.[1b]

PbTe, as a typical mid-temperature thermoelectric mate-
rial, has been continuously studied over a semicentury.[16,18] 
However, the high thermal conductivity is an important factor 
limiting its thermoelectric conversion efficiency. In this work, 
the additive compound In4SnSe4, which has been proven to 
possess intrinsically low thermal conductivity in our previous 
work,[19] was selected as the second phase in n-type PbTe. To 
note, all samples in this work were doped with 0.4% iodine to 
realize the n-type transport in PbTe. Resultantly, the thermal 
conductivity was largely reduced by introducing In4SnSe4 as 
expected. However, the anomalous trend of electrical con-
ductivity indicated that In4SnSe4 did not only act as a second 
phase. By structural and phase analysis, we discovered that an 
incomplete decomposition of In4SnSe4 happened at ≈1163 K, 
which is lower than the melting temperature of PbTe during 
synthesis (≈1300 K). Quantitative analysis from the X-ray 
diffraction (XRD) refinement showed that around 80% of 
In4SnSe4 decomposed into InSe and Sn, while the other 20% 
remained as In4SnSe4 second phases in the PbTe matrix. The 
obvious coexistence of In4SnSe4, InSe, and Sn in the PbTe-0.1% 
In4SnSe4 sample directly observed by Cs-corrected STEM char-
acterizations proved the incomplete decomposition of In4SnSe4 
in PbTe. To further investigate the effect of the decomposi-
tion process of In4SnSe4 on the thermoelectric performance of 
PbTe, we compared the properties of PbTe-0.1%In4SnSe4 and 
PbTe-0.4%InSe-0.1%Sn with the identical nominal composi-
tion. Surprisingly, PbTe-0.1%In4SnSe4 presented higher carrier 
mobility of ≈1209 cm2 V−1 s−1 and lower lattice thermal conduc-
tivity of ≈1.5  W m−1 K−1 at 300 K, which were more excellent 
than those of PbTe-0.4%InSe-0.1%Sn (≈674 cm2 V−1 s−1 and 
≈2.1 W m−1 K−1). The semi-coherent interfaces formed between 
undecomposed In4SnSe4 nano-precipitates and PbTe matrix 
reduced the carrier scattering and distorted the crystal lattice 
in PbTe-0.1%In4SnSe4, synergistically optimizing the electron 
and phonon transports. As a result, a high ZT value of ≈0.4 at 
300 K with an average ZT (ZTave) ≈0.83 at 300–573 K in PbTe-
0.1%In4SnSe4 were obtained, demonstrating significant advan-
tages over the reported n-type PbTe thermoelectrics.

2. Results and Discussion

2.1. In4SnSe4 Introduced into n-Type PbTe

In4SnSe4 is an intrinsic low thermal conductivity material with a 
cubic structure, which has been reported in our previous work.[19] 

Figure S14, Supporting Information, shows the comparison of 
the thermal conductivities between In4SnSe4 and n-type PbTe. 
It can be seen that In4SnSe4 may be a suitable second phase for 
PbTe because of the similar cubic structure and lower thermal 
conductivity. Therefore, to suppress the heat transport in n-type 
PbTe, In4SnSe4 is introduced into 0.4% I-doped PbTe (abbrevi-
ated as PbTe in the following discussion) as a second phase. The 
XRD patterns and lattice parameters are shown in Figure S2a,b, 
Supporting Information. All samples are indexed into a single 
P1 phase and no obvious changes are observed in lattice para-
meters due to the low addition of In4SnSe4. Figure 1 shows the 
electrical transport properties of PbTe-x%In4SnSe4 (x = 0, 0.04, 
0.06, 0.08, 0.10, 0.12, 0.14) samples. The electrical conductivity 
(σ) presents a downward trend when x ≥ 0.10 in Figure 1a and 
the absolute value of Seebeck coefficient (S) is enhanced with the 
increasing In4SnSe4 content in Figure 1b. The carrier concentra-
tion (n) decreases from 2.85  × 1019 (x  = 0) to 7.29  × 1018 cm−3  
(x = 0.14) as shown in Figure 1c. Accordingly, the carrier mobility 
boosts obviously and exceeds ≈1000 cm2 V−1 s−1 when x ≥ 0.10. As 
a result, the power factor (PF) shown in Figure 1d is enhanced 
in the entire temperature range especially at room tempera-
ture, which is increased from ≈10 (x  = 0) to 33 µW cm−1 K−2  
(x = 0.10) at 300 K.

The thermal transport properties of PbTe-x%In4SnSe4 sam-
ples are illustrated in Figure  2a,b and Figure S3, Supporting 
Information. The densities of PbTe-x%In4SnSe4 samples 
are listed in Table S1, Supporting Information. As shown in 
Figure  2b, the In4SnSe4-added samples present a declining 
lattice thermal conductivity (κlat) as expected. The κlat reaches 
≈1.5  W m−1 K−1 after the addition of In4SnSe4, which is ≈45% 
lower than the In4SnSe4-free sample. Combining with the 
decreased electronic thermal conductivity (κele), the total 
thermal conductivity (κtot) falls prominently from ≈4.2 (x  = 0) 
to 2.5 W m−1 K−1 (x = 0.10) in Figure 2a. Figure 2c shows the 
μ/κlat at 300 K of PbTe-x%In4SnSe4 samples. The boosted value 
of μ/κlat indicates that electron and phonon transports are well 
decoupled in n-type PbTe after In4SnSe4 adding[20] and the ZT 
value is promoted to ≈0.4 at 300 K in PbTe-0.1%In4SnSe4, as 
shown in Figure 2d.

The enhanced thermoelectric properties motivate us to shed 
light on the optimization mechanism of In4SnSe4 in n-type 
PbTe. It is noteworthy that the electrical conductivity of PbTe-
x%In4SnSe4 samples undergoes an extraordinary trend in 
Figure 1a, which increases obviously when x < 0.10. It has been 
confirmed that In4SnSe4, with a wide bandgap of ≈1.54  eV, is 
poor in electrical conduction.[19,21] That is, the nearly electrically 
insulated In4SnSe4 leads to an elevated electrical conductivity 
in n-type PbTe when x  < 0.10, which is contrary to the con-
ventional perception. Therefore, the role of In4SnSe4 in n-type 
PbTe needs to be further investigated, which is not simply as a 
precipitate phase.

2.2. Incomplete Decomposition of In4SnSe4

The decomposition behavior has been found in some multi-
element compounds while heating, such as Cs4Cu3Bi9S17

[22] 
and CdMBi4Se8 (M = Sn or Pb).[23] For In4SnSe4, it is possible 
that the decomposition also occurs and the decomposed prod-
ucts may lead to the extraordinary enhancement of electrical 
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Figure 1. Electrical transport properties as a function of temperature in PbTe-x%In4SnSe4 (x = 0–0.14): a) electrical conductivity; b) Seebeck coefficient; 
c) carrier concentration and carrier mobility as a function of In4SnSe4 content; d) power factor.

Figure 2. Thermal transport properties and ZT values as a function of temperature in PbTe-x%In4SnSe4 (x = 0–0.14): a) total thermal conductivity; 
b) lattice thermal conductivity; c) the ratio of carrier mobility to lattice thermal conductivity as a function of In4SnSe4 content at 300 K; d) ZT values.
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conductivity in PbTe as mentioned above. To reveal the thermal 
behavior of In4SnSe4, differential scanning calorimetry (DSC) 
is carried out as shown in Figure 3a. In order to be consistent 
with the synthesis temperature of the PbTe-x%In4SnSe4 sam-
ples (1300 K, see Figure S1, Supporting Information), the tem-
perature range of the DSC measurement is set to 400–1300 K. 
The result shows that In4SnSe4 undergoes two endothermic 
processes during the measurement. The first peak at ≈836 K 
is attributed to the melting of In4SnSe4,[19,24] while the second 
peak at ≈1163 K indicates another unknown endothermic pro-
cess, which may correspond to the decomposition of In4SnSe4.

To clarify the origin of the endothermic peak at ≈1163 K, the 
powder X-ray diffraction (PXRD) of the after-heated In4SnSe4 is 
carried out (see Section 1.2, Supporting Information). The photo 
of after-heated In4SnSe4 is exhibited in the inset of Figure  3b 
and a suspected tin precipitate is found on the top of the ingot 
due to its white color and excellent softness. The result of PXRD 
and the Rietveld refinements in Figure  3b suggests that InSe 
and In4SnSe4 coexist in the after-heated ingot, whose weighted 
fractions are 79% and 21%, respectively. It strongly indicates that 
the endothermic peak at ≈1163 K can be ascribed to the incom-
plete decomposition of In4SnSe4 (In4SnSe4  → 4InSe + Sn).  
Moreover, the previous work also suggested that In4SnSe4 is 
mostly inclined to break down into InSe and Sn based on the 
calculation of decomposition energy.[21b] As a result, it can be 
confirmed that the endothermic peak at ≈1163 K in the DSC 
measurement is caused by the decomposition of In4SnSe4. 
And this process is not complete, whose decomposition ratio 
is ≈81.3% calculated by the weighted fractions and molar ratio.

To assess the role of In4SnSe4 in n-type PbTe, microstruc-
ture characterizations are carried out. Figure S4, Supporting 
Information, shows the scanning electron microscope (SEM) 
images of the PbTe-0.1%In4SnSe4 sample and no second phases 
on the micrometer scale are observed, which is consistent with 
the result of XRD.[25] Therefore, to further reveal the present 
state of the In4SnSe4 in the PbTe matrix, we conduct a scan-
ning transmission electron microscopy (STEM) study with a 
Cs-corrected TEM. Figure  4a shows the microscopic morpho-
logical phases of the PbTe-0.1%In4SnSe4 sample, and Figure 4b 
demonstrates the presence of a large number of nano-
precipitates in it. Figure 4c shows the elemental analysis of the 

corresponding energy dispersive spectroscopy (EDS) mapping 
images of Figure 4b, which display the enrichments of In and 
Sn elements. However, the energy difference between Sn and 
In peaks is less than the energy resolution of the EDS mapping 
probe, since the characteristic peaks of Lα1 and Lα2 of In are at 
3.286 and 3.487 keV, which are very close to the characteristic 
peak of Sn at 3.444 keV (see Table S4, Supporting Information). 
This is why the enrichments of Sn and In almost overlap with 
each other. To distinguish the characteristics of these nano-pre-
cipitates, a more detailed study and description are needed.

An annular dark-field STEM (ADF-STEM) image of a nano-
precipitate in PbTe-0.1%In4SnSe4 is shown in Figure  4d. A 
laminar arrangement can be founded in it, which possesses a 
much lower crystallographic spacing. Figure  4e depicts a Fast 
Fourier Transform (FFT) image of Figure 4d, which clearly indi-
cates the electron diffraction spots in the [100] axis of the PbTe 
matrix and some additional diffraction spots belonging to the 
nano-precipitate. The calculated crystal spacing of the nano-
precipitate is ≈0.70 Å, which is consistent with that of InSe. 
Combined with the layered structure in Figure 4d, these extra 
spots are calibrated and judged as diffraction spots of InSe in 
the [100] direction.

Figure  4f shows the high-angle annular dark-field STEM 
(HAADF-STEM) image at the boundary between another nano-
precipitate and the PbTe matrix in PbTe-0.1%In4SnSe4, and 
the region around the boundary is enlarged in Figure 4g. The 
inset in Figure 4g indicates the crystal structure of In4SnSe4 in 
the [111] axis, which agrees well with the experimental atomic 
arrangements at most sites but deviates to some extent at other 
sites due to the distortion. It can be seen in Figure 4f that the 
arrangement of the In4SnSe4 precipitates at the boundary is 
different from which inside because the PbTe matrix exerts 
high stress on the nano-precipitates and the arrangement of 
In4SnSe4 is distorted around the boundary. As a result, it can be 
proved that In4SnSe4 also exists in PbTe-0.1%In4SnSe4.

In order to further distinguish the different precipitates and 
remedy the insufficient energy resolution of the EDS map-
ping, we have performed an electron energy loss spectroscopy 
(EELS) analysis on a nano-precipitate at the edge, as shown 
in Figure  4h. It can be seen that the outer layer of the nano-
precipitate has a clear laminar arrangement (marked by the 

Figure 3. The research of the decomposition process in In4SnSe4: a) the differential scanning calorimetry (DSC) curve of In4SnSe4 from 400 to 1300 K; 
b) the refined XRD pattern of after-heated In4SnSe4, the inset is the photo of the In4SnSe4 which has been heated to 1300 K and cooled.

Adv. Energy Mater. 2022, 2202539
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blue area), while the inner green area does not possess such a 
laminar structure. The EELS spectra are shown in Figure 4i1,i2. 
The energy loss peaks of Sn M and O K are visible in Figure 4i1, 
since the decomposition product Sn around the edge is oxi-
dized by the oxygen in the air. Figure 4i2 shows the EELS spec-
trum of the lamellar region in Figure 4h. There is a distinctive 
energy loss peak of In M (enlarged in the inset), which can be 
determined as InSe in combination with the previous results. 
This is also consistent with the results in Figure  4d,e. Thus, 
the region in Figure 4h shows the coexistence of InSe and Sn, 
which can be considered as direct evidence for the decomposi-
tion of In4SnSe4 in the PbTe matrix.

In summary, the results of thermal analysis, phase refinement, 
and microstructure observation collectively confirm that an 
incomplete decomposition of In4SnSe4 (In4SnSe4 → 4InSe + Sn)  
happens at high temperatures. This dynamic process can also 

proceed in the PbTe matrix and the products (InSe, Sn, and 
residual In4SnSe4) all exist in PbTe-0.1% In4SnSe4.

2.3. The Comparison of PbTe-0.1%In4SnSe4 and 
PbTe-0.4%InSe-0.1%Sn

As discussed above, InSe and Sn are produced in PbTe after 
In4SnSe4 adding, and the undecomposed In4SnSe4 also remains 
in the matrix. To methodically clarify the complex mechanism 
generated by the In4SnSe4 additive, the decomposition products 
InSe and Sn are successively added to PbTe.

First, the PbTe-y%InSe (y = 0, 0.2, 0.3, 0.4, 0.5) samples are 
prepared and the XRD patterns are showed in Figure S2c,d, 
Supporting Information. The addition of InSe strongly scatters 
phonons and leads to a decreased κlat, from ≈2.7 W m−1 K−1 in 

Figure 4. Microstructure observation in PbTe-0.1%In4SnSe4: a) low-magnification ADF-STEM image showing the morphology of the sample; b) middle-
magnification ADF-STEM image showing the formation of considerable nanoprecipitates; c1–c4) the corresponding energy-dispersive X-ray spectros-
copy (EDS) mappings of (b); d) ABF-STEM image showing the presence of a layered structure nanoprecipitate in the PbTe matrix; e) the Fast Fourier 
Transform (FFT) image shows the diffraction spots in the [100] direction of the PbTe matrix, but also the diffraction spots in the [100] axis of the layered 
InSe (marked by the white circles); f) atomic-scale HAADF-STEM image demonstrating a In4SnSe4 nanoprecipitate in the PbTe matrix; g) the enlarged 
image of (f) displaying the semi-coherent interface between the In4SnSe4 and the PbTe matrix, the inset is the In4SnSe4 crystal structure from [111] axis; 
h) ADF-STEM image illustrating the decomposition products Sn (oxidized to SnOx at the edge) and InSe of In4SnSe4; i1–i2) the electron energy loss 
spectra (EELS) separately collected from the region of (h), (i1) exhibits the distinct energy loss peaks for Sn M and O K, and (i2) exhibits energy loss 
peaks for In M.
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InSe-free PbTe to ≈2.0 W m−1 K−1 in PbTe-0.4%InSe as shown 
in Figure S11e, Supporting Information. Meanwhile, as a poor 
conductor, InSe causes the reduction of electrical conductivity 
and the concomitantly increased Seebeck coefficient.[26] The 
carrier concentration is adjusted to a more appropriate value 
for n-type PbTe and the power factors of PbTe-y%InSe are 
enhanced at room and middle temperature ranges. With the 
optimized carrier concentration and suppressed lattice thermal 
conductivity, the ZT values of InSe-added PbTe are obviously 
enhanced. The thermoelectric properties and densities of  
PbTe-y%InSe samples are shown in Figures S10 and S11; and 
Table S2, Supporting Information.

Subsequently, another decomposition product Sn is added 
to PbTe-0.4%InSe. The XRD patterns of all PbTe-0.4%InSe-
z%Sn (z = 0, 0.05, 0.1, 0.2, 0.3) samples show no abnormality in 
Figure S2e,f, Supporting Information. The Sn atoms enter the 
PbTe matrix and fill in the natural Pb vacancies, decreasing the 
concentration of holes.[27] Thus, the addition of Sn realizes an 

n-type alloying, leading to the slightly increased carrier concen-
tration in Figure S12c, Supporting Information. The occupied 
Pb vacancies attenuate the scattering of carriers (electrons), 
thereby boosting the carrier mobility. Meanwhile, the total 
thermal conductivities become higher due to the increased 
electronic thermal conductivities. Finally, the ZT value is fur-
ther enhanced in PbTe-0.4%InSe-0.1%Sn. More details of PbTe-
0.4%InSe-z%Sn samples are shown in Figures S12 and S13; 
and Table S3, Supporting Information.

To further comprehend the role of In4SnSe4 additive in n-type 
PbTe, the properties of three optimal samples, PbTe-0.4%InSe, 
PbTe-0.4%InSe-0.1%Sn, and PbTe-0.1%In4SnSe4 are exhibited 
in Figure 5, and the In4SnSe4-free PbTe is also shown as a com-
parison. As discussed above, InSe suppresses the heat trans-
port and Sn accelerates the electron transport in n-type PbTe. 
However, it is counterintuitive that PbTe-0.1%In4SnSe4 and 
PbTe-0.4%InSe-0.1%Sn, which possess nominally the same com-
position, present a huge difference in both electrical and thermal 

Figure 5. The comparison of thermoelectric properties among PbTe, PbTe-0.4%InSe, PbTe-0.4%InSe-0.1%Sn, and PbTe-0.1%In4SnSe4: a) electrical 
conductivity; b) Seebeck coefficient; c) carrier concentration and carrier mobility; d) power factor; e) total thermal conductivity; f) lattice thermal 
conductivity.
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transport properties. In Figure 5c, the carrier concentrations of 
the two samples are similar, while the carrier mobility surges 
abnormally, which is ≈674 cm2 V−1 s−1 in PbTe-0.4%InSe-0.1%Sn 
but ≈1209  cm2  V−1  s−1 in PbTe-0.1%In4SnSe4. The high carrier 
mobility of PbTe-0.1%In4SnSe4 leads to an increment in electrical 
conductivity as shown in Figure  5a. Consequently, the power 
factor is promoted from ≈20 µW cm−1  K−2 in PbTe-0.4%InSe-
0.1%Sn to ≈33 µW  cm−1  K−2 at 300 K in PbTe-0.1%In4SnSe4. 
Meanwhile, the heat transport in PbTe-0.1%In4SnSe4 is further 
impeded as shown in Figure  5e,f. The lattice thermal conduc-
tivity of PbTe-0.1%In4SnSe4 is ≈1.5  W m−1  K−1, which is ≈30% 
lower than that of PbTe-0.4%InSe-0.1%Sn.

Combining with the above discussion of incomplete decom-
position of In4SnSe4, it can be seen that the only difference 
between the two samples is that some undecomposed In4SnSe4 
exists in PbTe-0.1%In4SnSe4. Therefore, the residual In4SnSe4 
may rationalize the different properties between the two sam-
ples. Figure 6a exhibits the crystal structure of In4SnSe4, whose 
lattice parameter (≈12.66 Å) is approximately twice that of PbTe 
(≈6.45 Å), and both of them are crystallized in cubic structures. 
As shown in Figure 4g, it can be clearly seen that the boundary 
between the In4SnSe4 nano-precipitate and the PbTe matrix 
presents a semi-coherent interface (white dotted circle) due to 
the structural commonality of In4SnSe4 and PbTe. A schematic 
diagram of In4SnSe4 embedded in the PbTe matrix is shown in 
Figure 6b. The formation of semi-coherent interfaces can sub-
stantially weaken the scattering of carriers, compared to the 
InSe precipitates in PbTe-0.4%InSe-0.1%Sn. Simultaneously, 
the inlaid In4SnSe4 induces the distortion of the PbTe lattice 
and shortens the phonon relaxation time (τ) of PbTe, resulting 
in a lower lattice thermal conductivity in PbTe-0.1%In4SnSe4.[28] 
On the whole, the residual In4SnSe4 realizes the synergistic 
optimization of electrical and thermal transports.[29] In addi-
tion, the anomalous trend of electrical conductivity shown in 
Figure 1a can be explained by the combined effect of InSe, Sn, 
and undecomposed In4SnSe4.

To conclude, the carrier mobility (μ) and the inverse of 
the lattice thermal conductivity (1/κlat) are shown together in 
Figure  7a. It is visualized that the undecomposed In4SnSe4 
can strike a balance between the transports of carriers 
and phonons. Compared with PbTe-0.4%InSe-0.1%Sn and 

other n-type PbTe-based thermoelectric materials, the faster 
carrier mobility and further blocked phonons are presented 
in PbTe-0.1%In4SnSe4.[2c,7c,30] As a result, the ZT curve of 
PbTe-0.1%In4SnSe4 is more saturated than that of PbTe-
0.4%InSe-0.1%Sn in Figure 7b. A high ZT value of ≈0.4 at room 
temperature and ZTave of ≈0.83 at 300–573 K are achieved, 
which is superior to other reported n-type PbTe as shown in 
Figure  7c,d.[2c,7c,18g,30b–d,31] Finally, based on the high-perfor-
mance sample PbTe-0.1%In4SnSe4, a single-leg device is fabri-
cated, and the maximum thermoelectric conversion efficiency 
(η) of ≈2.5% (ΔT ≈ 400 K) is obtained, as shown in Figure 7e,f.

3. Conclusion

In this work, an unstable additive In4SnSe4 with intrinsic low 
thermal conductivity was introduced into n-type PbTe. We 
experimentally observed the incomplete decomposition of 
In4SnSe4, during which ≈80% of In4SnSe4 dissolved into InSe 
and Sn, and ≈20% of undecomposed In4SnSe4 second phases 
remained in the PbTe matrix. By further conducting the ther-
moelectric performance analysis and Cs-corrected STEM 
characterizations, we discovered the synergistic effects of the 
partially decomposed In4SnSe4 on decoupling the electron and 
phonon transports in n-type PbTe. First, as the decomposition 
products, InSe alloying and the precipitates lowered the lattice 
thermal conductivity, and Sn enhanced the carrier mobility 
by occupying the intrinsic Pb vacancies. Second, the unde-
composed In4SnSe4 was embedded into the PbTe matrix. The 
semi-coherent interfaces simultaneously expedited the carrier 
transport and blocked the phonons. Resultantly, the high per-
formance in PbTe-0.1%In4SnSe4, with the room-temperature 
ZT of ≈0.4 and a state-of-the-art ZTave of ≈0.83 at 300–573 K 
were achieved. And an experimental maximum thermoelec-
tric conversion efficiency (η) of ≈2.5% (ΔT ≈ 400 K) is obtained 
by the single-leg device. This work proved that the decom-
position behavior of In4SnSe4 can significantly promote the 
thermoelectric properties in n-type PbTe. Moreover, the strategy 
of introducing unstable additives into thermoelectric mate-
rials proved effective. Based on the new strategy, more multi-
element compounds with intrinsic low thermal conductivity 

Figure 6. a) The crystal structure of In4SnSe4; b) the schematic diagram of the In4SnSe4 embedded in the PbTe matrix. The red dashed lines refer to 
the crystal lattice.
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are noteworthy to be selected as unstable additives. And the 
dynamic behaviors can also be utilized in other thermoelectric 
material systems by seeking additives that match the matrix, 
which possess a suitable decomposition temperature and rate, a 
similar crystal structure to the matrix, and so on.
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Supporting Information is available from the Wiley Online Library or 
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Figure 7. The experimental figure of merit and power generation of PbTe-0.1%In4SnSe4: a) the synergistic optimization of carrier mobility and lat-
tice thermal conductivity in this work (PbTe, PbTe-0.4%InSe, PbTe-0.4%InSe-0.1%Sn, PbTe-0.1%In4SnSe4) and other n-type PbTe samples (PbTe-I-
GaSb,[30d] PbTe-S-I,[30b] PbTe-InSb,[2c] PbTe-Ag-In,[30c] PbTe-Sb,[30e] PbTe-Ga-ZnTe,[30a] and PbTe-Nb-Sb-Cu2Te[7c]); b) the ZT values at 300–773 K of PbTe, 
PbTe-0.4%InSe, PbTe-0.4%InSe-0.1%Sn, and PbTe-0.1%In4SnSe4; c) the ZT values at 300–573 K of PbTe-0.1%In4SnSe4 and other n-type PbTe samples 
(PbTe-S-I,[30b] PbTe-Ga,[31b] PbTe-Ag-In,[30c] PbTe-I-GaSb,[30d] PbTe-Cu2Te,[31a] PbTe-InSb,[2c] PbTe-Gd-Cu2Te,[18 g] and PbTe-Nb-Sb-Cu2Te[7c]); d) the ZTave 
at 300–573 K of PbTe-0.1%In4SnSe4 and other n-type PbTe samples (PbTe-InSb,[2c] PbTe-Ga,[31b] PbTe-Cu2Te,[31a] PbTe-S-I,[30b] and PbTe-I-GaSb[30d]);  
e) image of the power generation measurement for high performance PbTe-0.1%In4SnSe4 sample; f) experimental power generation efficiency (η) of 
PbTe-0.1%In4SnSe4.
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