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a b s t r a c t 

Metastable cubic SnSe has received extensive attention in terms of theoretical predictions since or- 

thorhombic SnSe was experimentally developed as one of the most promising thermoelectric candidates 

in recent years. In this work, we successfully stabilized the cubic SnSe through AgSbTe 2 alloying, af- 

ter which the thermoelectric transport properties were significantly optimized by simultaneously sup- 

pressing lattice and electronic thermal conductivities via introducing Pb. The maximum power factor 

of (SnSe) 0.6 (AgSbTe 2 ) 0.4 reached to 13 μWcm 

−1 K 

−2 at 723 K, with a high average power factor of ∼
12 μWcm 

−1 K 

−2 at 300–773 K. Based on 40% AgSbTe 2 alloying, the strong phonon-defect scattering and 

low electronic thermal conductivity caused by Pb alloying contribute greatly to the reduction of total 

thermal conductivity, while the excellent electrical transport properties were substantially maintained. 

Finally, the peak ZT value reached to 1.20 and a high average ZT value of ∼ 0.90 over 300–773 K were 

achieved in the cubic phase (SnSe) 0.6 (AgSbTe 2 ) 0.4 with 10% Pb alloyed. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Since the 20th century, the pace of global modernization has 

een accelerated, and the rapid industrial development has led to 

he worse energy crisis. Likewise, fossil fuel combustion caused by 

nvironmental pollution has become increasingly serious [1] . Ex- 

loring green and renewable energy and technology has been im- 

ending. Thermoelectric materials can directly convert heat into 

lectricity and play an important role in waste heat recycling, en- 

ironmental protection, and sustainable development [2–8] . To ex- 

and the utilization of a thermoelectric material, the crucial chal- 

enge is to improve its conversion efficiency, the dimensionless fig- 

reure of merit, defined as ZT = S 2 σT /( κele + κ lat ), where S, T, σ ,

ele , and κ lat are the Seebeck coefficient, absolute temperature, 

lectrical conductivity, electronic thermal conductivity, and lattice 

hermal conductivity, respectively [ 2 , 3 , 9–12 ]. 

The key to optimizing thermoelectric performance is to strike a 

roper balance among the strongly coupled parameters [ 1 , 9 , 13–17 ].

mong these parameters, the most famous and intuitive conflicts 

re between S, σ , and κele , all of which are significantly related to 

he carrier concentration ( n ) [18–23] , while only κ is relatively 
H lat 
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ndependent. Resultantly, reducing κ lat is an effective way to im- 

rove thermoelectric performance, which can greatly simplify the 

ptimization process. Therefore, exploring novel materials with in- 

rinsically low thermal conductivity has received extensive atten- 

ion. SnSe, a nontoxic layered wide-bandgap binary semiconductor 

n IV-VI metal chalcogenides family [24–30] , has aroused the huge 

nterest of researchers due to its ultralow κ lat of 0.23 Wm 

−1 K 

−1 

nd high ZT of 2.6 at 923 K along the crystallographic b axis [31] .

ince then, much more significant achievements have been accom- 

lished in SnSe thermoelectrics for both crystalline [31–38] and 

olycrystalline [39–44] forms. 

Besides the stable orthorhombic ( Pnma ) phase at low tempera- 

ures ( T < 600 K) and the metastable orthorhombic ( Cmcm ) phase 

t high temperatures ( T > 800 K) [ 31 , 32 , 45 ], theoretical calcula-

ions showed that SnSe can also form as a rock-salt cubic struc- 

ure ( Fm ̄3 m ) at room temperature, which has a small difference 

n the formation energy compared with the orthorhombic ( Pnma ) 

hase [46–48] . Unlike Pnma and Cmcm phases, the rock-salt cubic 

nSe can only be stabilized under ultrahigh pressures or through 

nducing large strains [ 47 , 49 ]. Moreover, the rock-salt cubic SnSe 

as also predicted to have an ultralow κ lat , which comes from the 

trong anharmonicity and acoustic phonon mode softens [ 46 , 50 ]. 

esides, the multiple electronic bands character in the high sym- 

etry cubic SnSe is especially facilitated for electrical transport. In 

967, Marino et al. firstly reported that the rock-salt cubic SnSe 
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Fig. 1. The room-temperature powder X-ray diffraction (PXRD) patterns of 

(SnSe) 1-m (AgSbTe 2 ) m ( m = 0%, 10%, 20%, 30%, 35%, 40%, 45% and 50%) samples. 
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hin films were synthesized on the NaCl substrate through epitax- 

al growth method under high pressure [51] . Subsequently, Wang 

t al. also obtained the rock-salt cubic SnSe thin films grown on 

i 2 Se 3 substrate using molecular beam epitaxy [49] . Nevertheless, 

or real thermoelectric applications, it is imperative to explore a 

ore convenient preparation process and obtain large-size bulk 

amples. Lately, SnSe-AgSbSe 2 and SnSe-AgSbTe 2 alloys have been 

mplemented to obtain the rock-salt cubic SnSe through the hot 

ressing method [52–54] . Whereas the average ZT ( ZT ave ) acquired 

rom SnSe-AgSbSe 2 and SnSe-AgSbTe 2 alloys were still unsatis- 

actory. Entropy engineering is one of the powerful approaches 

o form good thermoelectric materials, which largely lower the 

attice thermal conductivity due to the strong phonon scatter- 

ng that comes from the severe lattice distortions from the mis- 

atch of ionic mass, size, and bond state [ 55 , 56 ]. Liang et al.

eported the sustainable role of strong atomic disorder in sup- 

ressing the detrimental phase transition and enhancing the ther- 

oelectric performance in GeTe via AgSnSe 2 and Sb co-alloying 

57] . Samanta et al. reported ZT ≈ 1.3 at 467 K and ZT ≈ 1.9 at

60 K in (GeTe) 80 (AgBiSe 2 ) 20 and (GeTe) 80 (AgSbSe 2 ) 20 , respectively 

58–60] . Jiang et al. reported ZT ≈ 1.8 at 900 K in high-entropy 

b 0.89 Sb 0.012 Sn 0.1 Se 0.5 Te 0.25 S 0.25 [55] . And Luo et al. reported a peak

hermoelectric figure of merit ZT of 1.14 at 723 K, and a high av- 

rage ZT of ∼1.0 over a wide temperature range of 400–773 K in 

gSnSbSe 1.5 Te 1.5 [53] . 

In this work, the cubic polycrystalline SnSe is implemented 

ia alloying rock-salt phase AgSbTe 2 at ambient temperature and 

ressure. Alloying AgSbTe 2 introduces point defects to strengthen 

honon scattering, which is beneficial for lowering lattice ther- 

al conductivity. Based on the ultrahigh carrier concentrations 

2–5 × 10 21 cm 

−3 ), the electrical conductivity of SnSe-AgSbTe 2 
as significantly improved, exhibiting a metallic conduction be- 

avior. Meanwhile, the Seebeck coefficient correspondingly de- 

lined from ∼ 500 μVK 

−1 for pristine SnSe to ∼ 100 μVK 

−1 for 

gSbTe 2 -alloyed samples at 300 K. Resultantly, the optimization 

f final thermoelectric performance and ZT values can not com- 

arable to expection, which is mainly due to the increase in the 

otal thermal conductivity caused by the enhancement of elec- 

ronic thermal conductivity. Studies have predicted that the opti- 

al carrier concentration for SnSe-AgSbTe 2 system is 1–3 × 10 20 

m 

−3 [ 31 , 32 , 38 , 61 ]. This inspires us to further dedicate the re-

uction of the carrier concentration. Based on 40% AgSbTe 2 al- 

oying, the carrier concentration is reduced by further introduc- 

ng Pb to suppress the Sn vacancy and reduce the band ef- 

ective mass, resulting in a minimum carrier concentration of 

.8 × 10 20 cm 

−3 for 14% Pb alloyed samples. Besides, the ther- 

al conductivity of (Sn 1-x Pb x Se) 0.6 (AgSbTe 2 ) 0.4 was significantly 

uppressed from both the lattice and electronic parts, due to the 

train and mass fluctuations induced by Pb alloying, and the de- 

reased carrier concentration, respectively [37] . Collectively, ben- 

fiting from the highly maintained electrical transport and obvi- 

usly decreased thermal conductivity, a peak ZT of ∼ 1.20 at 723 K 

nd a high ZT ave of ∼ 0.90 between 300 - 773 K were obtained 

n (Sn 0.9 Pb 0.1 Se) 0.6 (AgSbTe 2 ) 0.4 . Our research reveals that high ther- 

oelectric performance can be experimentally realized in the sta- 

ilized cubic-structure SnSe, providing an entirely new under- 

tanding of practical application for this environmentally friendly 

nd inexpensive thermoelectric material. 

. Experimental section 

The polycrystalline samples used in this work were synthe- 

ized by the melting method and densified by spark plasma sinter- 

ng (SPS-211Lx). The more detailed experimental sections including 

ample preparation and synthesis conditions, the introduction of 

hermoelectric measuring instruments, and the experimental char- 
2 
cterizations can all be found in the Supporting Information (SI). In 

he following discussions, the measurement direction of the sam- 

le is perpendicular to the pressing direction. 

. Results and discussion 

.1. Phase structure characterization 

Fig. 1 exhibits the powder X-ray diffraction (PXRD) patterns for 

he (SnSe) 1-m 

(AgSbTe 2 ) m 

( m = 0%, 10%, 20%, 30%, 35%, 40%, 45%

nd 50%) samples. As illustrated in Fig. 1 , unalloyed SnSe are well 

ndexed with the low-temperature orthorhombic ( Pnma ) phase 

PDF No. 53–0527). After AgSbTe 2 alloying, the samples ( m = 10%, 

0% and 30%) show as mixed phases. The Bragg peaks belonging 

o Pnma phase vanished from m ≥ 35%, and the samples can be 

ndexed to the high symmetry rock-salt cubic phase with space 

roup Fm ̄3 m (PDF No. 89–3671). The lattice parameters of the pure 

hases (alloyed 0% and 35–50% AgSbTe 2 ), as shown in Table S1. As 

emonstrated, we successfully stabilized the high symmetry rock- 

alt cubic SnSe at room temperature and ambient pressure through 

lloying certain contents of AgSbTe 2 . 

.2. Microstructures of the (SnSe) 0.6 (AgSbTe 2 ) 0.4 sample 

The stabilized phase from orthorhombic to cubic can also be 

erified by the high-resolution transmission electron microscopy 

HRTEM) and the corresponding selected area electron diffraction 

SAED) patterns along with the [111] and [100] zone axes in Fig. 2 .

ig. 2 a and c elucidate that the sample has the same rock-salt 

 Fm ̄3 m ) structure as AgSbTe 2. A lattice parameter a ≈ 6.055 Å 

as obtained through Rietveld refinement of the room tempera- 

ure PXRD pattern of the cubic (SnSe) 0.6 (AgSbTe 2 ) 0.4 sample, while 

arameters of a ≈ 6.098 Å and a ≈ 6.079 Å were calculated by 

AED patterns along with the [111] and [100] zone axes respec- 

ively, which are well indexed with the standard AgSbTe 2 (PDF 

o. 89–3671). Additionally, the scanning transmission electron mi- 

roscopy (STEM) and energy-dispersive X-ray spectroscopy (EDS) 

lemental maps indicate the homogeneous distribution of Sn, Se, 

g, Sb, and Te elements for the sample (SnSe) 0.6 (AgSbTe 2 ) 0.4 , with 

o second phases detected ( Fig. 3 ). The above microstructure char- 

cterizations provide forceful evidence that we successfully real- 

zed the stable cubic-structure SnSe in the (SnSe) 0.6 (AgSbTe 2 ) 0.4 

ample. 
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Fig. 2. High-resolution transmission electron microscopy (HRTEM) images ((a) and (c)) and corresponding selected area electron diffraction (SAED) patterns ((b) and (d)) 

along the [111] and [100] zone axis, respectively. 

Fig. 3. (a) Annular dark-field scanning transmission electron microscopy (ADF STEM) image of (SnSe) 0.6 (AgSbTe 2 ) 0.4 sample and (b-f) the corresponding elemental mappings 

obtained from the STEM energy-dispersive X-ray spectroscopy (EDS). 

3 



Y. Wang, B. Qin, T. Hong et al. Acta Materialia 227 (2022) 117681 

Fig. 4. Temperature-dependent thermoelectric properties for (SnSe) 1-m (AgSbTe 2 ) m ( m = 0%, 10%, 20%, 30%, 35%, 40%, 45%, 50% and 1) samples: (a) Electrical conductivities; 

(b) Seebeck coefficients; (c) Power factors; (d) Total thermal conductivities; (e) Lattice thermal conductivities; (f) ZT values. 

Table 1 

The carrier concentration n H and carrier mobility μH at 300 K of the (SnSe) 1-m (AgSbTe 2 ) m ( m = 0%, 10%, 20%, 30%, 35%, 40%, 45% and 50%) 

samples. 

m 0% 10% 20% 30% 35% 40% 45% 50% 

n H (10 20 cm 

−3 ) 0.0028 1.24 5.34 8.31 22.0 25.9 27.5 46.1 

μH (cm 

2 V −1 s −1 ) 71.7 0.10 0.54 0.70 1.74 1.48 1.51 1.01 

3

m

t

a

i

f

o

t

n

t

(

t

s

u

c

t

t

c

h

o

t

e

i

o

C

e

b

t

.3. Thermoelectric properties of (SnSe) 1-m 

(AgSbTe 2 ) m 

The introduction of AgSbTe 2 substantially optimized the ther- 

oelectric performance of polycrystalline SnSe. Electrical conduc- 

ivities with rising temperature for (SnSe) 1-m 

(AgSbTe 2 ) m 

samples 

re depicted in Fig. 4 a. It has been reported that AgSbTe 2 alloy- 

ng can reduce the bandgap and increase the density of state ef- 

ective mass ( m 

∗) of SnSe, and thus slightly flattened the edge 

f valence and conduction bands [52] . Compared with the pris- 

ine SnSe, the electrical conductivity of the samples has been sig- 

ificantly improved by alloying AgSbTe 2 , which originates from 

he sharply increased carrier concentration at room temperature 

shown in Table 1 ) derived from cation vacancies. With small frac- 

ions of AgSbTe 2 (m < 35%) alloyed, the samples exhibit intrin- 

ic semiconducting behavior, and the electrical conductivity grad- 
4 
ally increases with rising temperature. With AgSbTe 2 fraction in- 

reases, the samples show completely different electrical conduc- 

ivity curves over the whole temperature range. Below ∼ 700 K, 

he electrical conductivity experiences a linearly downward pro- 

ess as temperature increases, showing the metallic conduction be- 

avior, afterwards it goes up at temperatures above 700 K. Upturn 

f electrical conductivity at high temperatures can be derived from 

he thermal excitation of minority carriers resulting from bipolar 

ffect. Due to the higher electrical conductivity through activat- 

ng more hole carriers, the Seebeck coefficient is relatively low 

ver the measured temperature range, as presented in Fig. 4 b. 

ontrary to the trend of electrical conductivity, the Seebeck co- 

fficient decreases at high temperatures. The power factor can be 

oosted approximately 10 times from ∼ 0.9 μWcm 

−1 K 

−2 for pris- 

ine SnSe to ∼ 9.0 μWcm 

−1 K 

−2 after introducing 40% AgSbTe 
2 
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Fig. 5. (a) PXRD patterns and (b) Lattice parameters of (Sn 1-x Pb x Se) 0.6 (AgSbTe 2 ) 0.4 ( x = 0%, 8%, 10%, 12%, and 14%) samples. 
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t 300 K, as displayed in Fig. 4 c, which is originated markedly 

nhanced electrical conductivities and carrier concentrations. The 

otal thermal conductivities ( κ tot ) as a function of temperature 

re shown in Fig. 4 d, related parameters including sample den- 

ity ( ρ), specific heat ( C p ), thermal diffusivity coefficient ( D ), elec-

ronic thermal conductivity ( κele ), and Lorentz number ( L ) are dis- 

layed in Table S2 and Fig. S1, respectively. The κ tot of rock-salt 

ubic phase ( m ≥ 35%) increased significantly with increasing of 

gSbTe 2 -alloyed fraction, while the κ lat declined effectively since 

he introduction of AgSbTe 2 ( Fig. 4 e), which is due to the es-

ablishment of multiple phonon scattering mechanisms incorpo- 

ating phonon-boundary scattering, phonon-dislocation scattering 

nd phonon-nanoparticle scattering, as already demonstrated be- 

ore [52] . Thus, the increment of κ tot is mainly contributed from 

ele (Fig. S1c). Fig. 4 f depicts the temperature-dependent ZT values 

or (SnSe) 1-m 

(AgSbTe 2 ) m 

samples. The (SnSe) 0.6 (AgSbTe 2 ) 0.4 sample 

xhibits a maximum ZT ( ZT max ) of 0.94 at 723 K, and the average

T ( ZT ave ) reaches 0.69 in the temperature region of 300 - 773 K,

hich is nearly 6 times higher than that of pristine SnSe ( ZT ave ∼
.13 between 300 K and 773 K). 

.4. Phase structure characterization of (Sn 1-x Pb x Se) 0.6 (AgSbTe 2 ) 0.4 

As discussed above, the lattice thermal conductivity is relatively 

igh and a further reduction of κ lat is performed by using Pb alloy- 

ng to introduce the point defect scattering based on the optimized 

SnSe) 0.6 (AgSbTe 2 ) 0.4 . Fig. 5 a demonstrates the PXRD patterns of 

Sn 1-x Pb x Se) 0.6 (AgSbTe 2 ) 0.4 ( x = 0%, 8%, 10%, 12%, and 14%) sam-

les, indicating that we acquired a hexatomic single-phase with 

he rock-salt cubic structure system without any impurity phases. 

he lattice parameters increased with the rising content of Pb, 

hich is caused by the larger ionic radius of Pb 2 + (1.19 Å) com- 

ared to Sn 

2 + (0.87 Å), as depicted in Fig. 5 b. 

.5. Thermal transport properties of (Sn 1-x Pb x Se) 0.6 (AgSbTe 2 ) 0.4 

Introducing Pb can effectively reduce the total thermal con- 

uctivity and the thermal diffusivity over the entire temperature 

ange, as shown in Fig. 6 a and b. The relevant parameters to de-

ermine κ tot can be found in Fig. S2 and Table S3. An extremely 

ow κ tot of ∼ 0.6 Wm 

−1 K 

−1 is achieved in the 14% Pb-alloyed 

ample at 300 K, originating from the significant reduction of κ lat 

 Fig. 6 c) and κele ( Fig. 6 d), respectively. The increment of κ tot can

e found at high temperature, which is resulting from the bipo- 

ar effect of carrier displayed in Fig. 6 d. To further reveal the 

echanism of the reduction in κ lat , the crystal structure of the 

b-alloyed SnSe-AgSbTe and octahedral coordination of different 
2 

5 
toms in the lattice was investigated based on the special quasi- 

andom structure, depicted in Fig. S3 and Fig. 7 respectively. As 

llustrated in Fig. S3, Pb alloying causes strong hierarchical bond- 

ng structures in the whole lattice. Obvious off-centering atoms 

nd distorted octahedrons lead to consequent local bonding het- 

rogeneity between the atoms due to Pb allying, as shown in Fig. 7 ,

hich increases the anharmonicity of the lattice [62] . Meanwhile, 

he fluctuations in mass and strain fields are induced by Pb alloy- 

ng [37] . All of the above mentioned mechanisms will enhance the 

honon scattering and hinder the phonon transport, which is cru- 

ial for the decline of lattice thermal conductivity. Specifically, the 

lat at 300 K demonstrates an approximately 30% reduction from 

0.61 Wm 

−1 K 

−1 for (SnSe) 0.6 (AgSbTe 2 ) 0.4 to ∼ 0.43 Wm 

−1 K 

−1 

or (Sn 0.9 Pb 0.1 Se) 0.6 (AgSbTe 2 ) 0.4 , as shown in Fig. 6 c. Furthermore,

 minimum κ lat ∼ 0.31 Wm 

−1 K 

−1 at 773 K was achieved, which 

s an extremely low value compared with other cubic-structure 

romising thermoelectrics [63–68] . The κele depicted in Fig. 6 d fol- 

ows the same trend as κ tot , meanwhile, it has a nearly 55% de- 

rease from ∼ 0.35 Wm 

−1 K 

−1 to ∼ 0.16 Wm 

−1 K 

−1 at 300 K. The 

ecrease in κele is mainly derived from the reduction of electrical 

onductivity by Pb-alloying, which will be discussed comprehen- 

ively in the following part. 

.6. Electrical transport properties of (Sn 1-x Pb x Se) 0.6 (AgSbTe 2 ) 0.4 

Fig. 8 depicts the electrical performance of Pb alloyed 

amples. Fig. 8 a exhibits the electrical conductivities of 

Sn 1-x Pb x Se) 0.6 (AgSbTe 2 ) 0.4 ( x = 0%, 8%, 10%, 12%, and 14%)

amples with increasing temperature. Due to the decreased Sn 

acancies (V Sn ) by the introduction of Pb [ 37 , 69 ], the electrical

onductivities distinctly declined from ∼ 614 S cm 

−1 ( x = 0%) 

o ∼ 330 S cm 

−1 ( x = 14%) at 300 K. The decrease in electri-

al conductivities directly causes the reduction of κele over the 

hole temperature range, as demonstrated in Fig. 6 d. Specifi- 

ally, the carrier concentration ( n H ) at 300 K decreases from ∼
.6 × 10 21 cm 

−3 for (SnSe) 0.6 (AgSbTe 2 ) 0.4 to ∼ 3.8 × 10 20 cm 

−3 for 

Sn 0.86 Pb 0.14 Se) 0.6 (AgSbTe 2 ) 0.4 , while the carrier mobility ( μH ) sig- 

ificantly improved because of the decreased carrier concentration 

s well as the suppressed Sn vacancies induced by Pb alloying, 

s clearly shown in Fig. 8 b. The decreased n H significantly opti- 

ize the Seebeck coefficients over the entire temperature range 

 Fig. 8 c). The inflections of the electrical conductivity and Seebeck 

oefficient at high temperatures can be attributed to the bipolar 

ffect. As Fig. 8 d demonstrates, the experimental carrier mobility 

s located above the theoretical line for (SnSe) 0.6 (AgSbTe 2 ) 0.4 

black solid line) from the single band model, which indicates 

hat the increase of carrier mobility not only arises from the loss 

f carrier concentration but also the suppression of scattering 
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Fig. 6. Temperature-dependent thermal properties for (Sn 1-x Pb x Se) 0.6 (AgSbTe 2 ) 0.4 ( x = 0%, 8%, 10%, 12%, and 14%) samples: (a) Total thermal conductivities; (b) Thermal 

diffusivity coefficient; (c) Lattice thermal conductivities; (d) Electronic thermal conductivities. 

Fig. 7. Distorted octahedral coordination around different center atoms in Sn 7 PbAg 4 Sb 4 Se 8 Te 8 at room temperature. 
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etween carrier and vacancy defects. The blue dotted line for 

 -type polycrystalline Pnma -SnSe was plotted for comparison. 

imilarly, the Pisarenko lines calculated by the single band model 

t 300 K with different effective mass ( m 

∗ = 0.8 m 0 and 12.05 m 0 )

nd experimental Seebeck coefficients are depicted in Fig. 8 e. The 

xperimental data for Pb-alloyed samples was located between 

he black solid line and blue dotted line. While m 

∗ is still much 

igher than that of Pnma -SnSe, Pb alloying significantly lowers the 

and effective mass m 

∗ of cubic (SnSe) 0.6 (AgSbTe 2 ) 0.4 . To further 

nvestigate the effects on the Seebeck coefficient from Pb alloying, 

e conducted first-principal calculations of the electronic density 

f state (DOS) for (SnSe) 0.667 (AgSbTe 2 ) 0.333 with and without Pb 
6 
lloying, as shown in Fig. S4a. Compared with the Pb-free sample, 

t is found that introducing Pb can make the DOS curves more 

omplanate near the Fermi level, thereby reducing the effective 

ass. The relatively smaller band effective mass m 

∗ can give rise 

o higher carrier mobility since the relationship μH = e τ /m 

∗ ( e 

s the charge of electron, τ is the relaxation time). As the result, 

he optimized carrier mobility originates from both the obvious 

iminution on carrier concentration and the reduction on band ef- 

ective mass. The Pb-alloyed (SnSe) 0.6 (AgSbTe 2 ) 0.4 exhibits slightly 

ower electrical conductivity but significantly higher Seebeck 

oefficient, leading to the maintained high power factors over a 

ide temperature range, as depicted in Fig. 8 f. 
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Fig. 8. Electrical transport properties for (Sn 1-x Pb x Se) 0.6 (AgSbTe 2 ) 0.4 ( x = 0%, 8%, 10%, 12%, and 14%) samples as a function of temperature (a) Electrical conductivi- 

ties; (b) Carrier concentration and carrier mobility at 300 K; (c) Seebeck coefficients; (d) Carrier mobility as a function of carrier concentration; (e) Pisarenko plots of 

(Sn 1-x Pb x Se) 0.6 (AgSbTe 2 ) 0.4 with different m 

∗ and experimental data at 300 K; (f) Power factors. 

Fig. 9. (a) Temperature-dependent ZT values for (Sn 1-x Pb x Se) 0.6 (AgSbTe 2 ) 0.4 ( x = 0%, 8%, 10%, 12%, and 14%) samples; (b) ZT ave of this work and other p -type polycrystalline 

SnSe systems at 300 - 773 K[ 40,52,70,71 ] and printine AgSbTe 2 at 300 - 623 K. 
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.7. ZT values and remarkable average ZT ( ZT ave ) for 

Sn 1-x Pb x Se) 0.6 (AgSbTe 2 ) 0.4 

The temperature-dependent dimensionless ZT values of 

Sn 1-x Pb x Se) 0.6 (AgSbTe 2 ) 0.4 ( x = 0%, 8%, 10%, 12%, and 14%)

amples demonstrated in Fig. 9 a. Limited by the high total thermal 

onductivity, the maximum ZT ( ZT max ) of (SnSe) 0.6 (AgSbTe 2 ) 0.4 

nly reaches ∼ 0.94 at 723 K. Pb alloying contributes greatly to 

he decreased total thermal conductivity while having no harmful 

ffect on the electrical transports, leading to much higher ZT and 

T ave in the measurement temperature range. Specifically, a peak 

T ∼ 1.20 is achieved by alloying 10% Pb in (SnSe) 0.6 (AgSbTe 2 ) 0.4 

ystem, with a high ZT ave approaching ∼ 0.90. For thermoelectric 

aterials, ZT max and ZT ave are both essential for higher energy 

onversion efficiency. The (Sn 0.9 Pb 0.1 Se) 0.6 (AgSbTe 2 ) 0.4 sample 

btained in this study demonstrates comparable ZT max but much 

igher ZT ave at 300-773 K compared with the previously reported 

 -type polycrystalline SnSe systems [ 40,52,70,71 ], as depicted 

n Fig. 9 b. The Pb alloying optimize visibly ZT ave due to the si-

ultaneous suppression on both lattice and electronic thermal 

onductivities. The ZT ave of ∼ 0.90 rivals those of other p -type 

olycrystalline SnSe systems as well as the pristine AgSbTe 2 . The 

nergy conversion efficiency ( η) can be calculated based on the 

T ave by the following formula [32] : 

= 

T h − T c 

T h 
×

√ 

1 + Z T a v e − 1 √ 

1 + Z T a v e + T c / T h 
(1) 

here T h represents the hot side temperature, T c represents cold 

ide temperature. The projected conversion efficiency of the 10% Pb 

lloyed sample exceeds 13% at a temperature difference of 473 K, 

hich is much higher than other p -type polycrystalline SnSe sys- 

ems (Fig. S5). 

. Conclusions 

In this work, we successfully realized the stable cubic-structure 

nSe-based bulk samples by alloying AgSbTe 2 using the melt- 

ng and SPS method. Alloying AgSbTe 2 can significantly opti- 

ize the electrical transport properties of the cubic SnSe. The 

aximum average power factor reaches ∼ 12 μWcm 

−1 K 

−2 for 

SnSe) 0.6 (AgSbTe 2 ) 0.4 , which is 10 times higher than that of pristine 

nSe (300–773 K). Pb alloying on Sn sites can further suppress the 

hermal transport, which can resultantly reduce both the lattice 

hermal conductivity by inducing mass and strain field fluctuations 

nd electronic thermal conductivity due to the significant reduc- 

ion in hole carrier concentration. Moreover, Pb alloying retains rel- 

tively high electrical transport properties besides the prominent 

eduction in thermal conductivity. Resultantly, the 10% Pb-alloyed 

ample demonstrates the final ZT max and ZT ave values approach- 

ng ∼ 1.20 and 0.90, respectively. Present results confirm that the 

ubic-structure SnSe shows desirable thermoelectric performance 

ompared to orthorhombic SnSe, and will broaden the applications 

or SnSe-based thermoelectrics in the field of waste heat recovery. 
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