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Abstract: 

In this study, we, for the first time, introduce p-type two-dimensional (2D) WSe2 nanoinclusions 

in n-type Pb/I co-doped SnSe matrix to form WSe2/SnSe p-n junctions. These p-n junctions act 

as energy barriers and effective phonon scattering sources, leading to a high figure-of-merit (ZT) 

of ~1.35 at ~790 K in n-type polycrystalline SnSe. First-principles density functional theory 

calculation results indicates that I-doping shifts Fermi level up into conduction bands of SnSe, 

making the system n-type behavior, while both Pb and I dopants act as point-defect-based short-

wavelength phonon scattering centers. The introduced p-type 2D WSe2 nanoinclusions induce 

high-density WSe2/SnSe interfaces that act as p-n junctions, which block the electron carriers 

and rationally tune the carrier density, contributing to a high absolute Seebeck coefficient of 

~470.7 μV K-1 and a high power factor of ~5.9 μW cm-1 K-2. Meanwhile, the dense phase 

boundaries and considerable lattice strains by the introduced 2D WSe2 nanoinclusions 

significantly strengthen the mid- and long-wavelength phonon scattering, giving rise to a much 

low thermal conductivity of 0.35 W m-1 K-1 and in turn a high ZT of ~1.35. This study provides 

a new strategy to achieve high thermoelectric performance in n-type polycrystalline SnSe. 

Keywords: thermoelectric; SnSe; n-type; p-n junction; doping. 
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1. Introduction 

Owing to the capability for direct energy conversion between heat and electricity, 

thermoelectric materials have been attracted significant attentions with full potentials for 

solving the issues of fossil fuel depletion and environmental pollutions by waste-heat recovery 

[1, 2]. The energy conversion efficiency of thermoelectric materials is evaluated by the 

dimensionless figure-of-merit ZT, defined as ZT = S2σT/κ = S2σT/(κe + κl) [3], where σ is the 

electric conductivity, S is the Seebeck coefficient, S2σ is the power factor, T is the absolute 

temperature, κ is the total thermal conductivity, κe is the electronic thermal conductivity, and κl 

is the lattice thermal conductivity. In general, a high S2σ and a low κ are both required to achieve 

a high ZT value [4, 5]. To date, many thermoelectric materials have exhibited excellent 

thermoelectric performance with ZT values >2 by rational thermoelectric designs, such as 

AgSbTe2 (ZT = ~2.1 at 573 K by Se-doping) [6], PbTe (ZT = ~2.51 at 823 K by doping with 

Na, Eu, and Sn) [7], GeTe (ZT = ~2.4 at 600 K by doping with Pb and Bi) [8], liquid-like Cu2-

xSe (ZT = ~2.62 at 1029 K by 2 % Al-doping) [9, 10], and SnSe crystals (ZT = ~2.8 at 773 K 

by Br-doping) [11]. 

Among these state-of-the-art thermoelectric materials, SnSe-based bulk materials have 

drawn considerable attention due to their suitable bandgap (~0.9 eV) [3], cost-effectiveness 

[12], and low-toxic feature [13], making them good candidates with great potentials for 

applications in low-cost thermoelectric devices [14, 15]. Especially, n-type SnSe single crystals 

were reported to exhibit a record-high ZT of ~2.8 at 773 K [11], owing to their high S2σ and 

remarkably low κ. However, the undesirable mechanical properties make the single crystals 

easy to cleave along the b- or c-directions [12], and the issues of high-cost and time-consuming 

in the production of SnSe single crystals severely limit their applications in thermoelectric 

devices at an industrial scale [11, 12, 16]. Therefore, mechanically robust and low-cost 

polycrystalline SnSe becomes a promising alternative candidate, and has gained significant 

attention in recent years. 
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Because pristine polycrystalline SnSe possess a relatively low S2σ and high κ [17], many 

strategies have been employed to improve their thermoelectric performance [18], such as 

vacancy engineering [19-21], doping [22-25], multi-phase alloying [26-28], anisotropy 

strengthening [29, 30], and nanoporosity design [31, 32]. The peak ZT values have been 

improved from ~0.5 to ~2.5 for p-type polycrystalline SnSe [3, 18, 33, 34]. However, it is still 

challenging with only few works to achieve a high ZT of >1.0 in the n-type polycrystalline SnSe 

due to the p-type nature of pristine SnSe [35-40], and the mechanisms for the n-type 

thermoelectric behaviors in SnSe are still unclear. Moreover, developing high-performance n-

type SnSe-based polycrystalline is urgent because same material systems are the best for the 

assembly of thermoelectric devices due to their similar thermodynamics, mechanical and 

welding properties. 

I- can release extra electrons into the system when substituting Se-sites (Se2-) in SnSe, 

realizing n-type doping. By controlling the I-doping level, a well-tuned electron concentration 

can be achieved to optimize S2σ. In addition, because Pb2+ possesses a much larger ionic radius 

of 1.20 Å than Sn2+ (0.93 Å) while I- also possesses a larger ionic radius of 2.16 Å than Se2- 

(1.84 Å), both Pb and I can act as point-defect-based phonon scattering centers to reduce κ (κl) 

by strengthening the short-wavelength phonon scattering. Based on Pb/I co-doping, to further 

realize high S2σ and low κl, one of the most effective strategies is introducing suitable 

nanoinclusions in the SnSe matrix [3]. The nanoinclusions should possess low dimensions to 

provide more phase boundaries as energy barriers to filter or block carriers and in turn improve 

S, and act as phonon scattering sources to strengthen the phonon scattering and in turn reduce 

κl. To realize this objective, we found p-type two-dimensional (2D) WSe2 nanoinclusions are 

good candidates. WSe2 possesses a high melting point of >1473 K [41], which is much higher 

than that of SnSe (1134 K) [3], therefore WSe2 can be well maintained in SnSe matrix. WSe2 is 

a typical p-type semiconductor that possesses a typical bandgap of ~1.5 eV and a unique 2D 

crystal structure [42], which can form high-density WSe2-SnSe interfaces with the n-type SnSe 
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phase, acting as p-n junctions. Such a strong energy barrier can block the electron carriers and 

rationally tune the carrier density, contribute to a high S. Besides, 2D WSe2 was pointed out to 

has an ultralow intrinsic κ of only 0.05 W m-1 K-1 [41]. In addition, the introducing of 2D WSe2 

nanoinclusions provides extra phonon scattering sources in the polycrystals, including the high-

density phase boundaries that target to scatter the long-wavelength phonons, and significant 

strain fields in the surrounding SnSe lattices. Therefore, we combine Pb/I co-doping that enable 

an n-type thermoelectric behavior and introduce 2D WSe2 nanoinclusions to achieve high-

performance n-type polycrystalline SnSe, as illustrated in Figure 1(a). 

2. Experimental Details 

Fabrication. n-type polycrystalline SnSe pellets were fabricated by a combination of solid-state 

reaction and sparkle plasma sintering (SPS) technique. High-purity Sn chunk (99.99 %), Se 

chunk (99.99 %), PbI2 powders (99.99 %), and WSe2 nanopowders (99.9 %) were weighed as 

precursors, in which PbI2 acted as dopant sources, and WSe2 nanopowders acted as 

nanoinclusions. To reduce the native Sn vacancy concentration in pristine SnSe for promoting 

the n-type doping, the ratio of Se to Sn was set as 0.95:1, described as SnSe0.95 (nominal 

composition). Two sets of compositions, namely Sn1-xSe0.95-2x(PbI2)x (x = 0, 0.01, 0.03, and 

0.05) and Sn0.97Pb0.03Se0.89I0.06-y % WSe2 (y = 0.5, 1.0, 2.0, and 4.0), were determined. The 

mixed precursors were loaded and sealed into evacuated quartz tubes with a pressure of <10-4 

Pa, and carefully sealed. The quartz tubes were placed in a box furnace and heated up to 1223 

K with a heating rate of 100 K h-1, soaking for 24 h. The tubes were slowly cooling down and 

broken. The obtained ingots were ground into powders by mortar-pestle and consolidated by 

using a SPS system (LABOX-325, Japan) at 773 K for 5 min under the pressure of 50 MPa. 

The sintered pellets were cylindric with dimensions of 10 mm × 12 mm, as shown in Figure 

1(b) (top). 

Characterization. For our fabricated n-type polycrystalline SnSe, the phases were confirmed 

by X-ray diffraction (XRD, CuKα, Riguku, Japan), the morphologies were investigated by field 
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emission scanning electron microscopy (FE-SEM, Zeiss Merlin, Germany), the nanostructures 

were studied by spherical aberration-corrected (Cs-corrected) scanning transmission electron 

microscopy (STEM, Titan Cubed Themis G2 300, FEI, USA), and the real compositions were 

determined by electron probe micro-analyzer (EPMA, JXA8230, JEOL) and energy dispersive 

spectrometer (EDS) embedded in the FE-SEM and Cs-corrected STEM. 

Performance. Polycrystalline SnSe is a typical anisotropy material due to its 2D orthorhombic 

crystal structure with strong anharmonic bonding [43, 44]. To evaluate the thermoelectric 

performance of our fabricated n-type polycrystalline SnSe, the pellets were cut into small pieces 

to measure the properties along the direction perpendicular (abbreviated as ⊥) and parallel 

(abbreviated as //) to the sintering pressure, as illustrated in Figure 1(b) (bottom). S and σ were 

measured from 300 to 790 K using an Ulvac-Riko ZEM-3 instrument in a thin helium 

atmosphere. κ was calculated using the relationship of κ = DρCp [19], in which the density ρ 

was measured using the Archimedes method [19], as shown in Table S1, and thermal diffusivity 

D was measured using laser flash equipment (NETZSCH Laser Flash Apparatus LFA 457, 

Germany). Specific heat Cp were taken from the literature [11]. The carrier concentrations n 

were derived from the formula n =1/eRH, where e is the electronic charge, and RH is the Hall 

coefficient. RH was measured by the Van der Pauw method using a Hall measurement system 

(Lake Shore 8400 Series, Model 8404, USA) under a reversible magnetic field (0.8 T) in a wide 

temperature range from 300 to 773 K. The carrier mobility μ was calculated by μ = σRH. In 

terms of the determination of error bars, the combined uncertainty for the experimental 

determination of ZT is about 15%–20% and is caused by the five respective measurement 

including σ, S, D, and ρ. 

Calculation. The calculations in this work were based on first-principles density functional 

theory (DFT). The structural relaxations and electronic structures were carried out using the 

projector augmented wave (PAW) method as implemented in the VASP code [45], and the 

exchange-correlation functional was approximated using the generalized gradient 
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approximation (GGA) [46] with Perdew-Burke-Ernzerhof (PBE) parametrization [47]. The cut-

off energy of the plane-wave was set to be 500 eV to ensure convergence. The convergence 

criteria of the force and the energy were 1 × 10-3 eV Å-1 and 1 × 10-7 eV, respectively. The 2D 

Brillouin zone integration was done with a k-mesh density of 100/a [48]. The doping SnSe 

systems were constructed by a 2 × 2 ×2 (64 atoms) supercell. 

3. Results and Discussions 

In order to optimize the thermoelectric performance of our n-type polycrystalline SnSe pellets, 

the best concentrations of Pb, I, and 2D WSe2 nanoinclusions are firstly explored. Two sets of 

compositions, namely Sn1-xPbxSe0.95-2xI2x (x = 0, 0.01, 0.03, and 0.05) and Sn0.97Pb0.03Se0.89I0.06-

y % WSe2 (y = 0.5, 1.0, 2.0, and 4.0), were determined. Figure 1(c) compares the temperature-

dependent ZT of our fabricated n-type polycrystalline SnSe pellets doped with different content 

of Pb, I, and 2D WSe2 nanoinclusions, in which a promising ZT of ~0.9 at 773 K can be achieved 

by co-doping with 3 % Pb and 6 % I (x = 0.03), and a high ZT of ~1.35 at 790 K can be further 

achieved by introducing 1 % 2D WSe2 nanoinclusion (y = 1.0). Such an outstanding 

thermoelectric performance possesses full potentials for applying in thermoelectric devices as 

n-type “legs” for the high-temperature power generation. 



8 

 

 

Figure 1. (a) Schematic diagrams of the strategies for boosting the thermoelectric performance 

of n-type polycrystalline SnSe, including Pb/I co-doping and alloying with WSe2 

nanoinclusions. (b) Optical images of the n-type polycrystalline SnSe pellets doped with 3 % 

Pb and 6 % I and alloyed with 1 % WSe2 nanoinclusions (top). The bulk samples are cut for 

evaluating their thermoelectric performance along the direction parallel (//, bottom-left) and 

perpendicular (⊥, bottom-right) to the sintering pressure. (c) Temperature-dependent ZT of n-
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type polycrystalline SnSe pellets doped with different content of Pb, I, and WSe2 

nanoinclusions. 

 

Because the real compositions may be slightly different from the nominal compositions 

during the solid-state reaction and SPS processing, we determined the real compositions of our 

fabricated Sn1-xPbxSe0.95-2xI2x pellets by using EPMA, and the results are listed in Table 1. As 

can be seen, the solubility of I should be ~0.5 % since the real I contents for x = 0.03 and 0.05 

are almost the same, while the Pb has not reached its upper limit of solubility in SnSe. 

 

Table 1. Comparison of nominal and real compositions of the as-fabricated Sn1-xPbxSe0.95-2xI2x 

bulk samples. 

x 

value 

Nominal 

composition 

Real composition Sn 

(at%) 

Se 

(at%) 

Pb 

(at%) 

I 

(at%) 

0 SnSe0.95 SnSe 50.01 49.99 0 0 

0.01 Sn0.99Pb0.01Se0.93I0.02 Sn0.989Pb0.011Se0.962I0.001 50.37 48.99 0.56 0.08 

0.03 Sn0.97Pb0.03Se0.89I0.06 Sn0.974Pb0.026Se0.957I0.005 49.66 48.77 1.32 0.25 

0.05 Sn0.95Pb0.05Se0.85I0.10 Sn0.958Pb0.042Se0.954I0.005 48.92 48.68 2.14 0.26 

 

Figure 2(a) shows XRD patterns of Sn1-xPbxSe0.95-2xI2x (x = 0, 0.01, 0.03, and 0.05) along 

the // direction in a 2θ range from 20° to 70°. All the peaks can be indexed as α-SnSe with a 

space group of Pnma (PDF#48-1224) [20], and no impurity phase can be observed within the 

detection limit of the XRD spectrometer, indicating all samples have a single SnSe phase with 

an orthorhombic crystal structure and lattice parameters of a = 11.37 Å, b = 4.19 Å, and c = 

4.44 Å. The strongest peak corresponds to the (111) plane, which is different from the XRD 

results along the ⊥ direction (refer to Figure S1(a) in the Supporting Information that the (400) 

is the strongest peak), indicating the anisotropy of polycrystalline SnSe. The magnified XRD 

patterns of (111) peaks are shown in Figure 2(b). As can be seen, the peaks of the doped samples 

slightly shift toward a small angle, suggesting an expansion of the crystal cell. Because Pb2+ 

has a much larger ionic radius of 1.20 Å than Sn2+ (0.93 Å) while I- possesses a larger ionic 
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radius of 2.16 Å than Se2- (1.84 Å), such an expansion in the crystal cell is reasonable, 

confirming the successful doping of Pb and I. In addition, a similar left-shift of (400) peaks can 

also be observed in the XRD patterns along the ⊥ direction (refer to Figure S1(b)), double 

confirming the expansion of the crystal cell by Pb and I co-doping. 

Figure 2(c) shows a FE-SEM image of Sn0.97Pb0.03Se0.89I0.06 pellet fractured along the // 

direction (x = 0.03). The fractured surface shows a typical layered morphology, which explains 

the anisotropy observed in XRD patterns. SEM images of pellets along the // direction for x = 

0, 0.01 and 0.05 are shown in Figure S2(a-c), and SEM image of pellet (x = 0.05) along the ⊥ 

direction can be referred to Figure S2(d). Figure 2(d) shows a Cs-corrected STEM high-angle 

annular dark-field (HAADF) image of Sn0.97Pb0.03Se0.89I0.06, from which grain boundaries can 

be clearly observed. Figure 2(e) shows corresponding EDS maps for Sn, Se, Pb, and I, 

confirming the homogeneous doping of both Pb and I at a microscale. EDS maps based on SEM 

back-scattered electron (BSE) image taken from the polished surface of Sn0.97Pb0.03Se0.89I0.06 

pellet can be referred to Figure S3, double confirming the homogeneous distribution of Sn, Se, 

Pb, and I. Figure 2(f) is a high-resolution Cs-corrected STEM-HAADF image of 

Sn0.97Pb0.03Se0.89I0.06, in which a typical grain boundary is clearly seen. Some lattice contrast 

can be seen in the grains, which may be caused by the doping of Pb and I. Figure 2(g) shows a 

high-resolution transmission electron microscopy (HRTEM) image of Sn0.97Pb0.03Se0.89I0.06, in 

which a typical lattice contrast can be observed. The insets show the corresponding fast Fourier 

transform (FFT) pattern (top-right) and an intensity line profile (bottom-right) taken from the 

pink dashed line. The FFT pattern indicates that the lattice is viewed along the [001] direction, 

confirming the crystal nature of SnSe; while the intensity line profile confirms the lattice 

contrast that caused by the Pb/I co-doping. Figure 2(h) shows a high-resolution Cs-corrected 

STEM-HAADF image of Sn0.97Pb0.03Se0.89I0.06, in which the lattice contrasts can be clearer 

observed as indicated by the arrows. These results confirm that Pb and I were successfully 

doped into the SnSe lattice. 
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Figure 2. (a) X-ray diffraction (XRD) patterns of Sn1-xPbxSe0.95-2xI2x (x = 0, 0.01, 0.03, and 0.05) 

along the // direction in a 2θ range from 20° to 70°. (b) Magnified XRD patterns of (111) peaks. 

(c) Field emission scanning electron microscopy (FE-SEM) images of Sn0.97Pb0.03Se0.89I0.06 

along the // direction (x = 0.03). (d) Spherical aberration-corrected (Cs-corrected) scanning 

transmission electron microscopy (STEM) high-angle annular dark-field (HAADF) image of 

Sn0.97Pb0.03Se0.89I0.06. (e) Corresponding energy dispersive spectrometer (EDS) maps for Sn, Se, 

Pb, and I. (f) High-resolution Cs-corrected STEM-HAADF image of Sn0.97Pb0.03Se0.89I0.06 

showing a typical grain boundary. (g) High-resolution transmission electron microscopy 

(HRTEM) image of Sn0.97Pb0.03Se0.89I0.06 showing a typical lattice contrast. The insets show the 

corresponding fast Fourier transform (FFT) pattern (top-right) and an intensity line profile 
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(bottom-right) taken from the pink dashed line. (h) High-resolution Cs-corrected STEM-

HAADF image of Sn0.97Pb0.03Se0.89I0.06 showing typical lattice contrasts indicated by arrows. 

 

Figure 3(a) compares temperature-dependent S of Sn1-xPbxSe0.95-2xI2x (x is 0, 0.01, 0.03, and 

0.05), measured along the // direction. It is clearly seen that after doping with Pb and I, n-type 

SnSe is successfully realized. A high absolute S value of ~429.0 μV K-1 at 773 K can be seen 

when x = 0.01. Figure 3(b) shows temperature-dependent σ of Sn1-xPbxSe0.95-2xI2x (x is 0, 0.01, 

0.03, and 0.05). With increasing the doping concentration of Pb and I, σ is significantly 

enhanced, mainly derived from the extra electron carriers provided by the I- that substitute Se-

sites. Figure 3(c) shows the determined S2σ of Sn1-xPbxSe0.95-2xI2x (x is 0, 0.01, 0.03, and 0.05). 

An optimized S2σ of ~5.1 μW cm-1 K-2 at 773 K can be observed when x = 0.03, derived from 

the coupling of S and σ. Figure 3(d) shows x-dependent n and μ of Sn1-xPbxSe0.95-2xI2x (x is 0, 

0.01, 0.03, and 0.05). With increasing the doping concentration of Pb and I, n is significantly 

enhanced, while μ is first decreased due to the p-n transition from x = 0 to x = 0.01, and then 

increased due to the increase of n. Figure 3(e) shows calculated effective mass m* and 

deformation potential Edef of Sn1-xPbxSe0.95-2xI2x as a function of x value. As can be seen, with 

increasing the x until x = 0.03, m* reaches to the maximized value while Edef reach to the 

minimized value in our samples, indicating that a couple of S and σ has been realized, leading 

to an optimized S2σ. Figure 3(f) compares temperature-dependent κ of Sn1-xPbxSe0.95-2xI2x (x is 

0, 0.01, 0.03, and 0.05) measured along the // direction. A low κ of ~0.43 W m-1 K-1 at 773 K 

can be observed when x = 0.01, indicating a significant reduction of κ compared with pristine 

SnSe (κ of 0.54 W m-1 K-1). Figure 3(g) shows determined temperature-dependent κl of Sn1-

xPbxSe0.95-2xI2x (x is 0, 0.01, 0.03, and 0.05). The achieved κl is close to the corresponding κ, 

indicating that κl dominates κ. The reduction of κl can be attributed to the Pb and I co-doping, 

since both Pb and I act as point-defect-based phonon scattering centers to strengthen the short-

wavelength phonon scattering. The calculated temperature-dependent Lorenz number L and κe 
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are shown in Figure S4. Figure 3(h) shows 1000/T-dependent κl of Sn1-xPbxSe0.95-2xI2x (x is 0, 

0.01, 0.03, and 0.05). It is clearly seen that all the plots show a linear relationship, indicating 

that the Umklapp phonon scattering dominates the phonon scattering [19, 22, 24, 35]. Figure 

3(i) compares determined temperature-dependent ZT of Sn1-xPbxSe0.95-2xI2x (x is 0, 0.01, 0.03, 

and 0.05). A promising ZT of 0.9 at 773 K can be achieved by co-doping with 3 % Pb and 6 % 

I (x = 0.03), indicating that Pb and I co-doping benefit the high thermoelectric performance of 

n-type SnSe. The thermoelectric performance of Sn1-xPbxSe0.95-2xI2x measured or determined 

along the ⊥ direction can be referred to Figure S5 in the supporting information. A peak ZT of 

~0.6 can be seen in Sn0.97Pb0.03Se0.89I0.06 (x = 0.3), which is lower than that achieved along the 

// direction. In addition, the real compositions for the Pb/I co-doped SnSe samples after 

electrical and thermal property test can be referred to Table S2 in the supporting information, 

evaluated by EPMA, and the differential scanning calorimetry (DSC) test of the sample 

Sn0.97Pb0.03Se0.89I0.06 is also shown in Figure S6(a). These results indicate that our samples 

possess high thermal stability. 
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Figure 3. T-dependent (a) S, (b) σ, and (c) S2σ of Sn1-xPbxSe0.95-2xI2x. x-dependent room-

temperature (d) n and μ, and (e) m* and Edef of Sn1-xPbxSe0.95-2xI2x. T-dependent (f) κ and (g) κl 

of Sn1-xPbxSe0.95-2xI2x. (h) 1000/T-dependent κl of Sn1-xPbxSe0.95-2xI2x, and (i) T-dependent ZT of 

Sn1-xPbxSe0.95-2xI2x. Here x is 0, 0.01, 0.03, and 0.05, respectively. All properties are measured 

or determined along the // direction. 

 

To illustrate the mechanism of the increased n and σ by Pb/I co-doping, we performed DFT 

calculations on the electronic band structures for SnSe before and after Pb-doping, I-doping, 

and Pb/I co-doping. Figure 4(a-d) show calculated band structures of pristine, Pb-doped, I-

doped, and Pb/I co-doped SnSe, respectively, and Figure 4(e-h) show their corresponding DOS. 

Interestingly, before and after Pb2+ replacing Sn2+, the band structures and DOS are almost 
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identical with the only difference being that the bands in the pristine SnSe lattice slightly split 

after Pb atoms are introduced. In contrast, after I- replacing Se2-, Fermi level moves into the 

conduction band, making the material n-type with significantly increased electron 

concentration. Therefore, it can be concluded that I dopant can introduce more electrons in 

SnSe. 

 

Figure 4. Calculated band structures of (a) pristine, (b) Pb-doped, (c) I-doped, and (d) Pb/I co-

doped SnSe, and corresponding DOS of (e) pristine, (f) Pb-doped, (g) I-doped, and (h) Pb/I co-

doped SnSe, respectively. 

 

To further improve the thermoelectric performance of n-type polycrystalline SnSe, we 

introduce 2D WSe2 nanoplates with an average size of ~393.8 nm (refer to Figure S7) as 

nanoinclusions in the Sn0.97Pb0.03Se0.89I0.06 matrix with different contents, described as 

Sn0.97Pb0.03Se0.89I0.06-y % WSe2 (y = 0, 0.5, 1.0, 2.0, and 4.0). Because WSe2 has a much higher 

melting point of >1473 K than SnSe (1134 K) [3], WSe2 nanoinclusions can be well maintained 
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during solid-state reaction and SPS process. The DSC test of the sample Sn0.97Pb0.03Se0.89I0.06 + 

1 % WSe2 is shown in Figure S6(b), indicating high thermal stability. Figure 5(a) shows XRD 

patterns of Sn0.97Pb0.03Se0.89I0.06-y % WSe2 along the // direction in a 2θ range from 10° to 60°. 

For the samples with y < 4.0, all the peaks can be indexed as α-SnSe with a space group of 

Pnma (PDF#48-1224) and lattice parameters of a = 11.37 Å, b = 4.19 Å, and c = 4.44 Å [20], 

and no obvious impurity phase can be observed within the detection limit of the XRD 

spectrometer. In contrast, WSe2 nanophase can be detected only when y = 4, indicating the 

lower-content of WSe2 nanoinclusions in SnSe may be out of the detection limit of the XRD 

spectrometer. The XRD patterns of Sn0.97Pb0.03Se0.89I0.06-y % WSe2 along the ⊥ direction can 

be referred to Figure S8(a). Figure 5(b) shows FE-SEM image of Sn0.97Pb0.03Se0.89I0.06-1 % 

WSe2 fractured along the // direction, from which typical layered morphology can be seen, 

similar to the samples before embedding WSe2 nanoinclusions. However, it is still failed to 

observe the WSe2 nanoinclusions under such a “large” scale by SEM, therefore TEM-based 

characterizations are needed. FE-SEM images of Sn0.97Pb0.03Se0.89I0.06-y % WSe2 for y = 0.5, 

2.0, and 4.0 can be referred to Figure S8(b-d). Figure 5(c) shows a Cs-corrected STEM-

HAADF image of Sn0.97Pb0.03Se0.89I0.06-1 % WSe2, from which a typical inclusion with different 

contrast from the surrounding area can be clearly seen. Figure 5(d) shows a Cs-corrected 

STEM-HAADF image magnified from Figure 5(c) (the square area). The inclusion has an 

irregular shape with a dimension of <300 nm, indicating a typical nanoinclusion. Figure 5(e) 

shows a high-resolution Cs-corrected STEM-HAADF image magnified from Figure 5(d) (the 

square area). Clearly, the lattice of the secondary phase is distinct from the dominant phase, and 

the dominant phase can be indexed as SnSe viewed along the [021] direction by the inset FFT 

pattern. There are also obvious lattice distortions found in the secondary phase. Figure 5(f) 

shows a high-resolution Cs-corrected STEM-HAADF image of SnSe phase viewed along the 

[021] direction, in which the overlays show Se or I atoms in blue and Sn or Pb atoms in yellow, 

all indicating the typical orthorhombic α-SnSe phase. Figure 5(g-j) show EDS maps on the 
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interface for total elements, Sn, W, and Se, respectively. As shown in the contrast, the secondary 

nanophase can be indexed as WSe2. The EDS results of Sn0.97Pb0.03Se0.89I0.06-2 % WSe2 can be 

referred to Figure S9. 

 

Figure 5. (a) XRD patterns of Sn0.97Pb0.03Se0.89I0.06-y % WSe2 (y = 0, 0.5, 1.0, 2.0, and 4.0) 

along the // direction in a 2θ range from 10° to 60°. (b) FE-SEM image of Sn0.97Pb0.03Se0.89I0.06-

1 % WSe2 along the // direction. (c) Cs-corrected STEM-HAADF image of 

Sn0.97Pb0.03Se0.89I0.06-1 % WSe2. (d) Magnified Cs-corrected STEM-HAADF image taken from 

(c) to show the nanoinclusion. (e) Magnified high-resolution Cs-corrected STEM-HAADF 

image taken from (d) to show the interface between SnSe phase and the secondary phase. The 

SnSe phase can be indexed as viewed along the [021] direction, indicated by the inset FFT 
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pattern. (f) HR-STEM-HAADF image of the SnSe phase along the [021] direction, and EDS 

maps on the interface for (g) total, (h) Sn, (i) W, and (j) Se, respectively. 

 

Figure 6(a-c) compares temperature-dependent S, σ, and S2σ of Sn0.97Pb0.03Se0.89I0.06-y % 

WSe2 (y = 0, 0.5, 1.0, and 2.0.) measured along the // direction. As can be seen, after introducing 

WSe2 nanoinclusions, the absolute S is significantly enhanced, benefiting from the “depletion 

layer effect” driven by the p-n junction and potentially reduced n. A high absolute S value of 

~470.7 μV K-1 at 790 K is observed when y = 1. With increasing the content of 2D WSe2 

nanoinclusions, σ is reduced. Considering that 2D WSe2 nanoinclusions obviously increase the 

density of phase boundary, most of the low-energy carriers were scattered at these phase 

boundaries, leading to a lower σ. As a result, an optimized S2σ of ~5.9 μW cm-1 K-2 at 790 K 

can be observed when y = 1, derived from the coupling of S and σ. Figure 6(d) shows n and μ 

of Sn0.97Pb0.03Se0.89I0.06-y % WSe2 as a function of y value. With increasing the content of WSe2 

nanoinclusions, n is reduced, explaining the reduction of σ and the improvement of S; while μ 

is fluctuated. The introduction of p-type 2D WSe2 nanoinclusions induces high-density 

WSe2/SnSe interfaces that act as p-n junctions, which arises the “depletion layer effect” and 

leads to the decrease of n. Figure 6(e) shows calculated effective mass m* and deformation 

potential Edef of Sn0.97Pb0.03Se0.89I0.06-y % WSe2 as a function of y value. It can be seen that with 

increasing the y, m* is reduced, indicating an enhanced absolute S (for n-type); while Edef is 

increased, indicating the increase of μ. In fact, the calculated m* and Edef for 

Sn0.97Pb0.03Se0.89I0.06-y % WSe2 can only be used for reference since the samples have more than 

one phase. Figure 6(f) illustrates the mechanism of depletion layer effect by WSe2/SnSe phase 

boundaries that act as p-n junctions, in which the bandgap value of p-type WSe2 (0.87 eV) 

comes from the calculated band structure of WSe2 (refer to Figure S10), and the bandgap value 

of n-type SnSe (0.59 eV) comes from the calculated band structure of Pb/I co-doped SnSe (refer 

to Figure 4). The p-n junctions result in build-in electric fields around the phase boundaries, 
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which are responsible for the fluctuation of μ. In addition, the band alignment at the interface 

between the p-type WSe2 and n-type Pb/I co-doped SnSe results in an ultrahigh interface 

potential, which act as a type of “depletion layer”, significantly block the carriers and in turn 

reduce n and enhance S. Besides, the increased m* also confirms the strong blocking effect 

since the carriers with relatively low energy are considerably blocked. 

 

Figure 6. T-dependent (a) S, (b) σ, and (c) S2σ of Sn0.97Pb0.03Se0.89I0.06-y % WSe2. y-dependent 

room-temperature (d) n and μ, and (e) m* and Edef of Sn0.97Pb0.03Se0.89I0.06-y % WSe2. (f) 

Illustration of build-in electric field and depletion layer effect at the phase boundaries (p-n 

junctions) between the p-type WSe2 and n-type Pb/I co-doped SnSe. 
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Figure 7(a-b) compare temperature-dependent κ and κl of Sn0.97Pb0.03Se0.89I0.06-y % WSe2 

measured along the // direction. The calculated temperature-dependent Lorenz number L and κe 

can be referred to Figure S11. A low κ of ~0.35 W m-1 K-1 at 790 K can be seen when y = 1, 

indicating a significant reduction compared with the samples without WSe2. The reduction of 

κl can be attributed to the introducing of WSe2 nanoinclusions, since 2D WSe2 has an ultralow 

intrinsic κ (only 0.05 W m-1 K-1) [41], and these nanoinclusions provide high-density phase 

boundaries that act as extra phonon scattering sources targeting to scatter the long-wavelength 

phonons. In addition, these nanoinclusions can also act as phonon scattering centers and cause 

significant strain fields in the surrounding SnSe lattices, further strengthening the phonon 

scattering and in turn reducing the κl. Callaway model was employed to calrify for the specific 

frequency range with phonon-scattering centers for mid-to-long-wavelength phonons: 

𝜅𝑙  =
4π 𝑘𝐵

4 𝑇3

𝜈ℎ3  ∫
𝑧4exp (𝑧)

τ𝑇
−1[exp(𝑧)−1]2

𝜃𝐷
𝑇

0
d𝑧    (1) 

where kB is the Boltzmann constant, ν is the sound speed, and h is the Planck's constant. In this 

system, phonon scattering mechanism influences the phonon transport, including 

impurity/point defect phonon scattering, phonon-phonon Umklapp scattering, phonon 

scattering by nanoinclusions, and phase boundary phonon scattering. In calculation process, 

only dominating scattering mechanisms are considered in this work, including the 

impurity/point defect phonon scattering τ𝑖𝑚
−1

 (PD), phonon-phonon Umklapp scattering τ𝑈
−1 (U), 

phase boundary phonon scattering τ𝑝𝑏
−1 (PB) and electron-phonon scattering τ𝑒𝑝

−1 (E). Therefore, 

the total phonon relaxation time can be simplified as: 

τ𝑇
−1 =  τ𝑖𝑚

−1 + τ𝑈
−1 + τ𝑒𝑝

−1+ τ𝑝𝑏
−1     (2) 

or: 

τ𝑇
−1 = 𝐴𝜔4 + B𝜔2T exp (−

𝜃𝐷

3𝑇
) + 𝐶𝜔2 +

𝑣

𝑑
    (3) 

where  and d are the phonon frequency and the average spatial distance among the WSe2 

nanoinclusions in n-type Pb/I co-doped SnSe matrix. The value of ν was measured and θD was 
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calculated based on the measured ν value (see Table S3 in the supporting file). The parameters 

A and B were determined by fitting κl data, as listed in Table S3. By using the obtained 

parameters, κl for the typical composites of n-type Pb/I co-doped SnSe matrix with p-type 2D-

WSe2 nanoinclusion were calculated through Formula 1 and Formula 2. It can be clearly seen 

that calculated κl is in good agreement with experimental results. It is noted that the obtained 

average spatial distance d among the nanoinclusions is around 218 nm for the composite sample 

with y = 1 wt.%, which could be underestimated since we neglected some other scattering 

mechanisms in the calculations as mentioned above. The parameters used in the calculations 

for Debye model are given in Table S3. It is noted that the obtained average spatial distance d 

among the nanoinclusions is in good agreement for the composite sample with y = 0.5 and 1.0 

wt.%. However, further increase in content y causes to increase the average spatial distance, 

which could be ascribed to the agglomeration effect of high quantity of content in matrix. 

Figure 7(c) shows 1000/T-dependent κl of Sn0.97Pb0.03Se0.89I0.06-y % WSe2. All plots show a 

linear relationship, indicating that the Umklapp phonon scattering still dominate the phonon 

scattering after introducing WSe2 [19, 22, 24, 35]. 

Figure 7(d) compares determined temperature-dependent ZT of Sn0.97Pb0.03Se0.89I0.06-y % 

WSe2. A high ZT of ~1.35 at 790 K can be achieved by introducing 1 % WSe2 nanoinclusions, 

which ranks as one of the highest values compared to the previously reported works, as shown 

in Table 2 and Figure S12 [35-40, 49-61]. The thermoelectric performance of 

Sn0.97Pb0.03Se0.89I0.06-y % WSe2 (y = 0 and 1) measured or determined along the ⊥ direction can 

be seen in Figure S13 in the supporting information. As can be seen, a peak ZT of ~0.65 can be 

observed in Sn0.97Pb0.03Se0.89I0.06-1 % WSe2, which is lower than that achieved along the // 

direction. Furthermore, our results show significantly high repeatability, as confirmed by 

Figure S14. 
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Figure 7. T-dependent (a) κ and (b) κl of Sn0.97Pb0.03Se0.89I0.06-y % WSe2. The calculated κl 

using Callaway model are included in (b), including impurity/point defect phonon 

scattering  τ𝑖𝑚
−1  (PD), phonon-phonon Umklapp scattering τ𝑈

−1  (U), phase boundary phonon 

scattering  τ𝑝𝑏
−1  (PB) and electron-phonon scattering τ𝑒𝑝

−1  (E). (c) 1000/T-dependent κl of 

Sn0.97Pb0.03Se0.89I0.06-y % WSe2. (d) T-dependent ZT of Sn0.97Pb0.03Se0.89I0.06-y % WSe2. Here y 

is 0, 0.5, 1.0, and 2.0, respectively. All the properties are measured or determined along the // 

direction. 
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Table 2. A summary of n-type polycrystalline bulk SnSe. 

Materials ZT 
T 

(K) 

σ 

(S 

cm-1) 

S 

(μV 

K-1) 

S2σ 

(μW cm-1 

K-2) 

κ 

(W m-1 

K-1) 

Ref. 

SnSe0.87S0.1I0.03 ~1.0 773 ~16 ~-500 ~4.0 ~0.36 [49] 

SnSe0.95-0.4 % BiCl3 0.7 793 ~29 ~-414 ~5.0 ~0.6 [50] 

SnSb0.02Se0.96 1.1 773 ~39 -247 ~2.4 ~0.17 [35] 

SnSe0.95-3 % PbBr2 0.54 793 ~36 ~-360 ~4.7 ~0.72 [51] 

Sn0.97Re0.03Se0.93Cl0.02 1.5 798 ~30 ~-430 ~5.8 ~0.3 [36] 

Sn0.90Pb0.15Se0.95Cl0.05 1.2 823 ~50 ~-360 ~6.7 ~0.46 [37] 

Sn0.90Pb0.10Se0.97Br0.03 1.2 773 ~35 ~-400 ~5.6 ~0.37 [38] 

Sn0.74Pb0.20Ti0.06Se 0.4 773 ~15 -450 3.0 ~0.58 [52] 

SnSe0.9Br0.1 1.3 773 ~28 ~-400 ~4.5 ~0.26 [39] 

Sn1.005Se0.94Br0.06 1.5 783 ~32 ~-460 ~6.8 ~0.36 [40] 

Oxygen-isolated SnSe0.97Br0.03 1.0 773 ~20 ~-500 ~5.0 ~0.36 [53] 

(SnSe)0.1(PbSe)0.9 1.0 773 ~490 ~-180 ~16.5 ~1.20 [54] 

Sn0.97Bi0.03Se - 723 ~3.0 ~-390 ~0.45 - [55] 

Sn0.94Bi0.06Se 0.025 723 ~5.5 ~-190 ~0.2 ~0.53 [56] 

SnSe0.9375Te0.0625 - 673 ~3.6 ~-280 ~0.3 - [57] 

SnSe0.98 ~0.07 773 ~3.0 ~-380 ~0.4 ~0.5 [58] 

Sn0.8Sb0.2Se 0.3 908 ~100 ~-125 ~1.0 ~0.46 [59] 

SnSe + SiC 0.125 300 ~7.3 -581 ~2.5 ~0.6 [60] 

SnSe0.94Cl0.06 + SnSe2 0.56 773 ~32 ~-300 ~2.9 ~0.43 [61] 

Sn0.97Pb0.03Se0.89I0.06-y % 

WSe2, This work 
1.35 790 26.6 -470.7 5.9 0.35  

 

4. Conclusion 

In this work, a high ZT of ~1.35 at 790 K has been realized in n-type polycrystalline SnSe by a 

combination of Pb/I co-doping and introducing 2D WSe2 nanoinclusions to form WSe2/SnSe 

p-n junctions. Calculation results confirm the I-doping shifts the Fermi level up into the 

conduction bands, making the system n-type. A high S2σ of ~5.9 μW cm-1 K-2
 is achieved by 

tuning a n of 3.34×1018 cm-3 through 3 % I-doping and carrier blocking by introducing 

WSe2/SnSe p-n junctions (1 % WSe2). Meanwhile, a low κ of ~0.35 W m-1 K-1 is obtained, 

benefited from the strengthened phonon scattering at Pb and I that act as point defects, as well 

as the high-density phase boundaries by introducing WSe2 nanoinclusions. This study indicates 
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that rational band engineering and nanostructural design possess great potential for securing 

high thermoelectric performance in n-type polycrystalline SnSe. 
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Abstract: 

In this study, we, for the first time, introduce p-type two-dimensional (2D) WSe2 nanoinclusions 

in n-type Pb/I co-doped SnSe matrix to form WSe2/SnSe p-n junctions. These p-n junctions act 

as energy barriers and effective phonon scattering sources, leading to a high figure-of-merit (ZT) 

of ~1.35 at ~790 K in n-type polycrystalline SnSe. First-principles density functional theory 

calculation results indicates that I-doping shifts Fermi level up into conduction bands of SnSe, 

making the system n-type behavior, while both Pb and I dopants act as point-defect-based short-

wavelength phonon scattering centers. The introduced p-type 2D WSe2 nanoinclusions induce 

high-density WSe2/SnSe interfaces that act as p-n junctions, which block the electron carriers 

and rationally tune the carrier density, contributing to a high absolute Seebeck coefficient of 

~470.7 μV K-1 and a high power factor of ~5.9 μW cm-1 K-2. Meanwhile, the dense phase 

boundaries and considerable lattice strains by the introduced 2D WSe2 nanoinclusions 

significantly strengthen the mid- and long-wavelength phonon scattering, giving rise to a much 

low thermal conductivity of 0.35 W m-1 K-1 and in turn a high ZT of ~1.35. This study provides 

a new strategy to achieve high thermoelectric performance in n-type polycrystalline SnSe. 

Keywords: thermoelectric; SnSe; n-type; p-n junction; doping. 
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1. Introduction 

Owing to the capability for direct energy conversion between heat and electricity, 

thermoelectric materials have been attracted significant attentions with full potentials for 

solving the issues of fossil fuel depletion and environmental pollutions by waste-heat recovery 

[1, 2]. The energy conversion efficiency of thermoelectric materials is evaluated by the 

dimensionless figure-of-merit ZT, defined as ZT = S2σT/κ = S2σT/(κe + κl) [3], where σ is the 

electric conductivity, S is the Seebeck coefficient, S2σ is the power factor, T is the absolute 

temperature, κ is the total thermal conductivity, κe is the electronic thermal conductivity, and κl 

is the lattice thermal conductivity. In general, a high S2σ and a low κ are both required to achieve 

a high ZT value [4, 5]. To date, many thermoelectric materials have exhibited excellent 

thermoelectric performance with ZT values >2 by rational thermoelectric designs, such as 

AgSbTe2 (ZT = ~2.1 at 573 K by Se-doping) [6], PbTe (ZT = ~2.51 at 823 K by doping with 

Na, Eu, and Sn) [7], GeTe (ZT = ~2.4 at 600 K by doping with Pb and Bi) [8], liquid-like Cu2-

xSe (ZT = ~2.62 at 1029 K by 2 % Al-doping) [9, 10], and SnSe crystals (ZT = ~2.8 at 773 K 

by Br-doping) [11]. 

Among these state-of-the-art thermoelectric materials, SnSe-based bulk materials have 

drawn considerable attention due to their suitable bandgap (~0.9 eV) [3], cost-effectiveness 

[12], and low-toxic feature [13], making them good candidates with great potentials for 

applications in low-cost thermoelectric devices [14, 15]. Especially, n-type SnSe single crystals 

were reported to exhibit a record-high ZT of ~2.8 at 773 K [11], owing to their high S2σ and 

remarkably low κ. However, the undesirable mechanical properties make the single crystals 

easy to cleave along the b- or c-directions [12], and the issues of high-cost and time-consuming 

in the production of SnSe single crystals severely limit their applications in thermoelectric 

devices at an industrial scale [11, 12, 16]. Therefore, mechanically robust and low-cost 

polycrystalline SnSe becomes a promising alternative candidate, and has gained significant 

attention in recent years. 
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Because pristine polycrystalline SnSe possess a relatively low S2σ and high κ [17], many 

strategies have been employed to improve their thermoelectric performance [18], such as 

vacancy engineering [19-21], doping [22-25], multi-phase alloying [26-28], anisotropy 

strengthening [29, 30], and nanoporosity design [31, 32]. The peak ZT values have been 

improved from ~0.5 to ~2.5 for p-type polycrystalline SnSe [3, 18, 33, 34]. However, it is still 

challenging with only few works to achieve a high ZT of >1.0 in the n-type polycrystalline SnSe 

due to the p-type nature of pristine SnSe [35-40], and the mechanisms for the n-type 

thermoelectric behaviors in SnSe are still unclear. Moreover, developing high-performance n-

type SnSe-based polycrystalline is urgent because same material systems are the best for the 

assembly of thermoelectric devices due to their similar thermodynamics, mechanical and 

welding properties. 

I- can release extra electrons into the system when substituting Se-sites (Se2-) in SnSe, 

realizing n-type doping. By controlling the I-doping level, a well-tuned electron concentration 

can be achieved to optimize S2σ. In addition, because Pb2+ possesses a much larger ionic radius 

of 1.20 Å than Sn2+ (0.93 Å) while I- also possesses a larger ionic radius of 2.16 Å than Se2- 

(1.84 Å), both Pb and I can act as point-defect-based phonon scattering centers to reduce κ (κl) 

by strengthening the short-wavelength phonon scattering. Based on Pb/I co-doping, to further 

realize high S2σ and low κl, one of the most effective strategies is introducing suitable 

nanoinclusions in the SnSe matrix [3]. The nanoinclusions should possess low dimensions to 

provide more phase boundaries as energy barriers to filter or block carriers and in turn improve 

S, and act as phonon scattering sources to strengthen the phonon scattering and in turn reduce 

κl. To realize this objective, we found p-type two-dimensional (2D) WSe2 nanoinclusions are 

good candidates. WSe2 possesses a high melting point of >1473 K [41], which is much higher 

than that of SnSe (1134 K) [3], therefore WSe2 can be well maintained in SnSe matrix. WSe2 is 

a typical p-type semiconductor that possesses a typical bandgap of ~1.5 eV and a unique 2D 

crystal structure [42], which can form high-density WSe2-SnSe interfaces with the n-type SnSe 
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phase, acting as p-n junctions. Such a strong energy barrier can block the electron carriers and 

rationally tune the carrier density, contribute to a high S. Besides, 2D WSe2 was pointed out to 

has an ultralow intrinsic κ of only 0.05 W m-1 K-1 [41]. In addition, the introducing of 2D WSe2 

nanoinclusions provides extra phonon scattering sources in the polycrystals, including the high-

density phase boundaries that target to scatter the long-wavelength phonons, and significant 

strain fields in the surrounding SnSe lattices. Therefore, we combine Pb/I co-doping that enable 

an n-type thermoelectric behavior and introduce 2D WSe2 nanoinclusions to achieve high-

performance n-type polycrystalline SnSe, as illustrated in Figure 1(a). 

2. Experimental Details 

Fabrication. n-type polycrystalline SnSe pellets were fabricated by a combination of solid-state 

reaction and sparkle plasma sintering (SPS) technique. High-purity Sn chunk (99.99 %), Se 

chunk (99.99 %), PbI2 powders (99.99 %), and WSe2 nanopowders (99.9 %) were weighed as 

precursors, in which PbI2 acted as dopant sources, and WSe2 nanopowders acted as 

nanoinclusions. To reduce the native Sn vacancy concentration in pristine SnSe for promoting 

the n-type doping, the ratio of Se to Sn was set as 0.95:1, described as SnSe0.95 (nominal 

composition). Two sets of compositions, namely Sn1-xSe0.95-2x(PbI2)x (x = 0, 0.01, 0.03, and 

0.05) and Sn0.97Pb0.03Se0.89I0.06-y % WSe2 (y = 0.5, 1.0, 2.0, and 4.0), were determined. The 

mixed precursors were loaded and sealed into evacuated quartz tubes with a pressure of <10-4 

Pa, and carefully sealed. The quartz tubes were placed in a box furnace and heated up to 1223 

K with a heating rate of 100 K h-1, soaking for 24 h. The tubes were slowly cooling down and 

broken. The obtained ingots were ground into powders by mortar-pestle and consolidated by 

using a SPS system (LABOX-325, Japan) at 773 K for 5 min under the pressure of 50 MPa. 

The sintered pellets were cylindric with dimensions of 10 mm × 12 mm, as shown in Figure 

1(b) (top). 

Characterization. For our fabricated n-type polycrystalline SnSe, the phases were confirmed 

by X-ray diffraction (XRD, CuKα, Riguku, Japan), the morphologies were investigated by field 
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emission scanning electron microscopy (FE-SEM, Zeiss Merlin, Germany), the nanostructures 

were studied by spherical aberration-corrected (Cs-corrected) scanning transmission electron 

microscopy (STEM, Titan Cubed Themis G2 300, FEI, USA), and the real compositions were 

determined by electron probe micro-analyzer (EPMA, JXA8230, JEOL) and energy dispersive 

spectrometer (EDS) embedded in the FE-SEM and Cs-corrected STEM. 

Performance. Polycrystalline SnSe is a typical anisotropy material due to its 2D orthorhombic 

crystal structure with strong anharmonic bonding [43, 44]. To evaluate the thermoelectric 

performance of our fabricated n-type polycrystalline SnSe, the pellets were cut into small pieces 

to measure the properties along the direction perpendicular (abbreviated as ⊥) and parallel 

(abbreviated as //) to the sintering pressure, as illustrated in Figure 1(b) (bottom). S and σ were 

measured from 300 to 790 K using an Ulvac-Riko ZEM-3 instrument in a thin helium 

atmosphere. κ was calculated using the relationship of κ = DρCp [19], in which the density ρ 

was measured using the Archimedes method [19], as shown in Table S1, and thermal diffusivity 

D was measured using laser flash equipment (NETZSCH Laser Flash Apparatus LFA 457, 

Germany). Specific heat Cp were taken from the literature [11]. The carrier concentrations n 

were derived from the formula n =1/eRH, where e is the electronic charge, and RH is the Hall 

coefficient. RH was measured by the Van der Pauw method using a Hall measurement system 

(Lake Shore 8400 Series, Model 8404, USA) under a reversible magnetic field (0.8 T) in a wide 

temperature range from 300 to 773 K. The carrier mobility μ was calculated by μ = σRH. In 

terms of the determination of error bars, the combined uncertainty for the experimental 

determination of ZT is about 15%–20% and is caused by the five respective measurement 

including σ, S, D, and ρ. 

Calculation. The calculations in this work were based on first-principles density functional 

theory (DFT). The structural relaxations and electronic structures were carried out using the 

projector augmented wave (PAW) method as implemented in the VASP code [45], and the 

exchange-correlation functional was approximated using the generalized gradient 
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approximation (GGA) [46] with Perdew-Burke-Ernzerhof (PBE) parametrization [47]. The cut-

off energy of the plane-wave was set to be 500 eV to ensure convergence. The convergence 

criteria of the force and the energy were 1 × 10-3 eV Å-1 and 1 × 10-7 eV, respectively. The 2D 

Brillouin zone integration was done with a k-mesh density of 100/a [48]. The doping SnSe 

systems were constructed by a 2 × 2 ×2 (64 atoms) supercell. 

3. Results and Discussions 

In order to optimize the thermoelectric performance of our n-type polycrystalline SnSe pellets, 

the best concentrations of Pb, I, and 2D WSe2 nanoinclusions are firstly explored. Two sets of 

compositions, namely Sn1-xPbxSe0.95-2xI2x (x = 0, 0.01, 0.03, and 0.05) and Sn0.97Pb0.03Se0.89I0.06-

y % WSe2 (y = 0.5, 1.0, 2.0, and 4.0), were determined. Figure 1(c) compares the temperature-

dependent ZT of our fabricated n-type polycrystalline SnSe pellets doped with different content 

of Pb, I, and 2D WSe2 nanoinclusions, in which a promising ZT of ~0.9 at 773 K can be achieved 

by co-doping with 3 % Pb and 6 % I (x = 0.03), and a high ZT of ~1.35 at 790 K can be further 

achieved by introducing 1 % 2D WSe2 nanoinclusion (y = 1.0). Such an outstanding 

thermoelectric performance possesses full potentials for applying in thermoelectric devices as 

n-type “legs” for the high-temperature power generation. 
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Figure 1. (a) Schematic diagrams of the strategies for boosting the thermoelectric performance 

of n-type polycrystalline SnSe, including Pb/I co-doping and alloying with WSe2 

nanoinclusions. (b) Optical images of the n-type polycrystalline SnSe pellets doped with 3 % 

Pb and 6 % I and alloyed with 1 % WSe2 nanoinclusions (top). The bulk samples are cut for 

evaluating their thermoelectric performance along the direction parallel (//, bottom-left) and 

perpendicular (⊥, bottom-right) to the sintering pressure. (c) Temperature-dependent ZT of n-
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type polycrystalline SnSe pellets doped with different content of Pb, I, and WSe2 

nanoinclusions. 

 

Because the real compositions may be slightly different from the nominal compositions 

during the solid-state reaction and SPS processing, we determined the real compositions of our 

fabricated Sn1-xPbxSe0.95-2xI2x pellets by using EPMA, and the results are listed in Table 1. As 

can be seen, the solubility of I should be ~0.5 % since the real I contents for x = 0.03 and 0.05 

are almost the same, while the Pb has not reached its upper limit of solubility in SnSe. 

 

Table 1. Comparison of nominal and real compositions of the as-fabricated Sn1-xPbxSe0.95-2xI2x 

bulk samples. 

x 

value 

Nominal 

composition 

Real composition Sn 

(at%) 

Se 

(at%) 

Pb 

(at%) 

I 

(at%) 

0 SnSe0.95 SnSe 50.01 49.99 0 0 

0.01 Sn0.99Pb0.01Se0.93I0.02 Sn0.989Pb0.011Se0.962I0.001 50.37 48.99 0.56 0.08 

0.03 Sn0.97Pb0.03Se0.89I0.06 Sn0.974Pb0.026Se0.957I0.005 49.66 48.77 1.32 0.25 

0.05 Sn0.95Pb0.05Se0.85I0.10 Sn0.958Pb0.042Se0.954I0.005 48.92 48.68 2.14 0.26 

 

Figure 2(a) shows XRD patterns of Sn1-xPbxSe0.95-2xI2x (x = 0, 0.01, 0.03, and 0.05) along 

the // direction in a 2θ range from 20° to 70°. All the peaks can be indexed as α-SnSe with a 

space group of Pnma (PDF#48-1224) [20], and no impurity phase can be observed within the 

detection limit of the XRD spectrometer, indicating all samples have a single SnSe phase with 

an orthorhombic crystal structure and lattice parameters of a = 11.37 Å, b = 4.19 Å, and c = 

4.44 Å. The strongest peak corresponds to the (111) plane, which is different from the XRD 

results along the ⊥ direction (refer to Figure S1(a) in the Supporting Information that the (400) 

is the strongest peak), indicating the anisotropy of polycrystalline SnSe. The magnified XRD 

patterns of (111) peaks are shown in Figure 2(b). As can be seen, the peaks of the doped samples 

slightly shift toward a small angle, suggesting an expansion of the crystal cell. Because Pb2+ 

has a much larger ionic radius of 1.20 Å than Sn2+ (0.93 Å) while I- possesses a larger ionic 
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radius of 2.16 Å than Se2- (1.84 Å), such an expansion in the crystal cell is reasonable, 

confirming the successful doping of Pb and I. In addition, a similar left-shift of (400) peaks can 

also be observed in the XRD patterns along the ⊥ direction (refer to Figure S1(b)), double 

confirming the expansion of the crystal cell by Pb and I co-doping. 

Figure 2(c) shows a FE-SEM image of Sn0.97Pb0.03Se0.89I0.06 pellet fractured along the // 

direction (x = 0.03). The fractured surface shows a typical layered morphology, which explains 

the anisotropy observed in XRD patterns. SEM images of pellets along the // direction for x = 

0, 0.01 and 0.05 are shown in Figure S2(a-c), and SEM image of pellet (x = 0.05) along the ⊥ 

direction can be referred to Figure S2(d). Figure 2(d) shows a Cs-corrected STEM high-angle 

annular dark-field (HAADF) image of Sn0.97Pb0.03Se0.89I0.06, from which grain boundaries can 

be clearly observed. Figure 2(e) shows corresponding EDS maps for Sn, Se, Pb, and I, 

confirming the homogeneous doping of both Pb and I at a microscale. EDS maps based on SEM 

back-scattered electron (BSE) image taken from the polished surface of Sn0.97Pb0.03Se0.89I0.06 

pellet can be referred to Figure S3, double confirming the homogeneous distribution of Sn, Se, 

Pb, and I. Figure 2(f) is a high-resolution Cs-corrected STEM-HAADF image of 

Sn0.97Pb0.03Se0.89I0.06, in which a typical grain boundary is clearly seen. Some lattice contrast 

can be seen in the grains, which may be caused by the doping of Pb and I. Figure 2(g) shows a 

high-resolution transmission electron microscopy (HRTEM) image of Sn0.97Pb0.03Se0.89I0.06, in 

which a typical lattice contrast can be observed. The insets show the corresponding fast Fourier 

transform (FFT) pattern (top-right) and an intensity line profile (bottom-right) taken from the 

pink dashed line. The FFT pattern indicates that the lattice is viewed along the [001] direction, 

confirming the crystal nature of SnSe; while the intensity line profile confirms the lattice 

contrast that caused by the Pb/I co-doping. Figure 2(h) shows a high-resolution Cs-corrected 

STEM-HAADF image of Sn0.97Pb0.03Se0.89I0.06, in which the lattice contrasts can be clearer 

observed as indicated by the arrows. These results confirm that Pb and I were successfully 

doped into the SnSe lattice. 
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Figure 2. (a) X-ray diffraction (XRD) patterns of Sn1-xPbxSe0.95-2xI2x (x = 0, 0.01, 0.03, and 0.05) 

along the // direction in a 2θ range from 20° to 70°. (b) Magnified XRD patterns of (111) peaks. 

(c) Field emission scanning electron microscopy (FE-SEM) images of Sn0.97Pb0.03Se0.89I0.06 

along the // direction (x = 0.03). (d) Spherical aberration-corrected (Cs-corrected) scanning 

transmission electron microscopy (STEM) high-angle annular dark-field (HAADF) image of 

Sn0.97Pb0.03Se0.89I0.06. (e) Corresponding energy dispersive spectrometer (EDS) maps for Sn, Se, 

Pb, and I. (f) High-resolution Cs-corrected STEM-HAADF image of Sn0.97Pb0.03Se0.89I0.06 

showing a typical grain boundary. (g) High-resolution transmission electron microscopy 

(HRTEM) image of Sn0.97Pb0.03Se0.89I0.06 showing a typical lattice contrast. The insets show the 

corresponding fast Fourier transform (FFT) pattern (top-right) and an intensity line profile 



12 

 

(bottom-right) taken from the pink dashed line. (h) High-resolution Cs-corrected STEM-

HAADF image of Sn0.97Pb0.03Se0.89I0.06 showing typical lattice contrasts indicated by arrows. 

 

Figure 3(a) compares temperature-dependent S of Sn1-xPbxSe0.95-2xI2x (x is 0, 0.01, 0.03, and 

0.05), measured along the // direction. It is clearly seen that after doping with Pb and I, n-type 

SnSe is successfully realized. A high absolute S value of ~429.0 μV K-1 at 773 K can be seen 

when x = 0.01. Figure 3(b) shows temperature-dependent σ of Sn1-xPbxSe0.95-2xI2x (x is 0, 0.01, 

0.03, and 0.05). With increasing the doping concentration of Pb and I, σ is significantly 

enhanced, mainly derived from the extra electron carriers provided by the I- that substitute Se-

sites. Figure 3(c) shows the determined S2σ of Sn1-xPbxSe0.95-2xI2x (x is 0, 0.01, 0.03, and 0.05). 

An optimized S2σ of ~5.1 μW cm-1 K-2 at 773 K can be observed when x = 0.03, derived from 

the coupling of S and σ. Figure 3(d) shows x-dependent n and μ of Sn1-xPbxSe0.95-2xI2x (x is 0, 

0.01, 0.03, and 0.05). With increasing the doping concentration of Pb and I, n is significantly 

enhanced, while μ is first decreased due to the p-n transition from x = 0 to x = 0.01, and then 

increased due to the increase of n. Figure 3(e) shows calculated effective mass m* and 

deformation potential Edef of Sn1-xPbxSe0.95-2xI2x as a function of x value. As can be seen, with 

increasing the x until x = 0.03, m* reaches to the maximized value while Edef reach to the 

minimized value in our samples, indicating that a couple of S and σ has been realized, leading 

to an optimized S2σ. Figure 3(f) compares temperature-dependent κ of Sn1-xPbxSe0.95-2xI2x (x is 

0, 0.01, 0.03, and 0.05) measured along the // direction. A low κ of ~0.43 W m-1 K-1 at 773 K 

can be observed when x = 0.01, indicating a significant reduction of κ compared with pristine 

SnSe (κ of 0.54 W m-1 K-1). Figure 3(g) shows determined temperature-dependent κl of Sn1-

xPbxSe0.95-2xI2x (x is 0, 0.01, 0.03, and 0.05). The achieved κl is close to the corresponding κ, 

indicating that κl dominates κ. The reduction of κl can be attributed to the Pb and I co-doping, 

since both Pb and I act as point-defect-based phonon scattering centers to strengthen the short-

wavelength phonon scattering. The calculated temperature-dependent Lorenz number L and κe 
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are shown in Figure S4. Figure 3(h) shows 1000/T-dependent κl of Sn1-xPbxSe0.95-2xI2x (x is 0, 

0.01, 0.03, and 0.05). It is clearly seen that all the plots show a linear relationship, indicating 

that the Umklapp phonon scattering dominates the phonon scattering [19, 22, 24, 35]. Figure 

3(i) compares determined temperature-dependent ZT of Sn1-xPbxSe0.95-2xI2x (x is 0, 0.01, 0.03, 

and 0.05). A promising ZT of 0.9 at 773 K can be achieved by co-doping with 3 % Pb and 6 % 

I (x = 0.03), indicating that Pb and I co-doping benefit the high thermoelectric performance of 

n-type SnSe. The thermoelectric performance of Sn1-xPbxSe0.95-2xI2x measured or determined 

along the ⊥ direction can be referred to Figure S5 in the supporting information. A peak ZT of 

~0.6 can be seen in Sn0.97Pb0.03Se0.89I0.06 (x = 0.3), which is lower than that achieved along the 

// direction. In addition, the real compositions for the Pb/I co-doped SnSe samples after 

electrical and thermal property test can be referred to Table S2 in the supporting information, 

evaluated by EPMA, and the differential scanning calorimetry (DSC) test of the sample 

Sn0.97Pb0.03Se0.89I0.06 is also shown in Figure S6(a). These results indicate that our samples 

possess high thermal stability. 
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Figure 3. T-dependent (a) S, (b) σ, and (c) S2σ of Sn1-xPbxSe0.95-2xI2x. x-dependent room-

temperature (d) n and μ, and (e) m* and Edef of Sn1-xPbxSe0.95-2xI2x. T-dependent (f) κ and (g) κl 

of Sn1-xPbxSe0.95-2xI2x. (h) 1000/T-dependent κl of Sn1-xPbxSe0.95-2xI2x, and (i) T-dependent ZT of 

Sn1-xPbxSe0.95-2xI2x. Here x is 0, 0.01, 0.03, and 0.05, respectively. All properties are measured 

or determined along the // direction. 

 

To illustrate the mechanism of the increased n and σ by Pb/I co-doping, we performed DFT 

calculations on the electronic band structures for SnSe before and after Pb-doping, I-doping, 

and Pb/I co-doping. Figure 4(a-d) show calculated band structures of pristine, Pb-doped, I-

doped, and Pb/I co-doped SnSe, respectively, and Figure 4(e-h) show their corresponding DOS. 

Interestingly, before and after Pb2+ replacing Sn2+, the band structures and DOS are almost 
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identical with the only difference being that the bands in the pristine SnSe lattice slightly split 

after Pb atoms are introduced. In contrast, after I- replacing Se2-, Fermi level moves into the 

conduction band, making the material n-type with significantly increased electron 

concentration. Therefore, it can be concluded that I dopant can introduce more electrons in 

SnSe. 

 

Figure 4. Calculated band structures of (a) pristine, (b) Pb-doped, (c) I-doped, and (d) Pb/I co-

doped SnSe, and corresponding DOS of (e) pristine, (f) Pb-doped, (g) I-doped, and (h) Pb/I co-

doped SnSe, respectively. 

 

To further improve the thermoelectric performance of n-type polycrystalline SnSe, we 

introduce 2D WSe2 nanoplates with an average size of ~393.8 nm (refer to Figure S7) as 

nanoinclusions in the Sn0.97Pb0.03Se0.89I0.06 matrix with different contents, described as 

Sn0.97Pb0.03Se0.89I0.06-y % WSe2 (y = 0, 0.5, 1.0, 2.0, and 4.0). Because WSe2 has a much higher 

melting point of >1473 K than SnSe (1134 K) [3], WSe2 nanoinclusions can be well maintained 
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during solid-state reaction and SPS process. The DSC test of the sample Sn0.97Pb0.03Se0.89I0.06 + 

1 % WSe2 is shown in Figure S6(b), indicating high thermal stability. Figure 5(a) shows XRD 

patterns of Sn0.97Pb0.03Se0.89I0.06-y % WSe2 along the // direction in a 2θ range from 10° to 60°. 

For the samples with y < 4.0, all the peaks can be indexed as α-SnSe with a space group of 

Pnma (PDF#48-1224) and lattice parameters of a = 11.37 Å, b = 4.19 Å, and c = 4.44 Å [20], 

and no obvious impurity phase can be observed within the detection limit of the XRD 

spectrometer. In contrast, WSe2 nanophase can be detected only when y = 4, indicating the 

lower-content of WSe2 nanoinclusions in SnSe may be out of the detection limit of the XRD 

spectrometer. The XRD patterns of Sn0.97Pb0.03Se0.89I0.06-y % WSe2 along the ⊥ direction can 

be referred to Figure S8(a). Figure 5(b) shows FE-SEM image of Sn0.97Pb0.03Se0.89I0.06-1 % 

WSe2 fractured along the // direction, from which typical layered morphology can be seen, 

similar to the samples before embedding WSe2 nanoinclusions. However, it is still failed to 

observe the WSe2 nanoinclusions under such a “large” scale by SEM, therefore TEM-based 

characterizations are needed. FE-SEM images of Sn0.97Pb0.03Se0.89I0.06-y % WSe2 for y = 0.5, 

2.0, and 4.0 can be referred to Figure S8(b-d). Figure 5(c) shows a Cs-corrected STEM-

HAADF image of Sn0.97Pb0.03Se0.89I0.06-1 % WSe2, from which a typical inclusion with different 

contrast from the surrounding area can be clearly seen. Figure 5(d) shows a Cs-corrected 

STEM-HAADF image magnified from Figure 5(c) (the square area). The inclusion has an 

irregular shape with a dimension of <300 nm, indicating a typical nanoinclusion. Figure 5(e) 

shows a high-resolution Cs-corrected STEM-HAADF image magnified from Figure 5(d) (the 

square area). Clearly, the lattice of the secondary phase is distinct from the dominant phase, and 

the dominant phase can be indexed as SnSe viewed along the [021] direction by the inset FFT 

pattern. There are also obvious lattice distortions found in the secondary phase. Figure 5(f) 

shows a high-resolution Cs-corrected STEM-HAADF image of SnSe phase viewed along the 

[021] direction, in which the overlays show Se or I atoms in blue and Sn or Pb atoms in yellow, 

all indicating the typical orthorhombic α-SnSe phase. Figure 5(g-j) show EDS maps on the 



17 

 

interface for total elements, Sn, W, and Se, respectively. As shown in the contrast, the secondary 

nanophase can be indexed as WSe2. The EDS results of Sn0.97Pb0.03Se0.89I0.06-2 % WSe2 can be 

referred to Figure S9. 

 

Figure 5. (a) XRD patterns of Sn0.97Pb0.03Se0.89I0.06-y % WSe2 (y = 0, 0.5, 1.0, 2.0, and 4.0) 

along the // direction in a 2θ range from 10° to 60°. (b) FE-SEM image of Sn0.97Pb0.03Se0.89I0.06-

1 % WSe2 along the // direction. (c) Cs-corrected STEM-HAADF image of 

Sn0.97Pb0.03Se0.89I0.06-1 % WSe2. (d) Magnified Cs-corrected STEM-HAADF image taken from 

(c) to show the nanoinclusion. (e) Magnified high-resolution Cs-corrected STEM-HAADF 

image taken from (d) to show the interface between SnSe phase and the secondary phase. The 

SnSe phase can be indexed as viewed along the [021] direction, indicated by the inset FFT 
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pattern. (f) HR-STEM-HAADF image of the SnSe phase along the [021] direction, and EDS 

maps on the interface for (g) total, (h) Sn, (i) W, and (j) Se, respectively. 

 

Figure 6(a-c) compares temperature-dependent S, σ, and S2σ of Sn0.97Pb0.03Se0.89I0.06-y % 

WSe2 (y = 0, 0.5, 1.0, and 2.0.) measured along the // direction. As can be seen, after introducing 

WSe2 nanoinclusions, the absolute S is significantly enhanced, benefiting from the “depletion 

layer effect” driven by the p-n junction and potentially reduced n. A high absolute S value of 

~470.7 μV K-1 at 790 K is observed when y = 1. With increasing the content of 2D WSe2 

nanoinclusions, σ is reduced. Considering that 2D WSe2 nanoinclusions obviously increase the 

density of phase boundary, most of the low-energy carriers were scattered at these phase 

boundaries, leading to a lower σ. As a result, an optimized S2σ of ~5.9 μW cm-1 K-2 at 790 K 

can be observed when y = 1, derived from the coupling of S and σ. Figure 6(d) shows n and μ 

of Sn0.97Pb0.03Se0.89I0.06-y % WSe2 as a function of y value. With increasing the content of WSe2 

nanoinclusions, n is reduced, explaining the reduction of σ and the improvement of S; while μ 

is fluctuated. The introduction of p-type 2D WSe2 nanoinclusions induces high-density 

WSe2/SnSe interfaces that act as p-n junctions, which arises the “depletion layer effect” and 

leads to the decrease of n. Figure 6(e) shows calculated effective mass m* and deformation 

potential Edef of Sn0.97Pb0.03Se0.89I0.06-y % WSe2 as a function of y value. It can be seen that with 

increasing the y, m* is reduced, indicating an enhanced absolute S (for n-type); while Edef is 

increased, indicating the increase of μ. In fact, the calculated m* and Edef for 

Sn0.97Pb0.03Se0.89I0.06-y % WSe2 can only be used for reference since the samples have more than 

one phase. Figure 6(f) illustrates the mechanism of depletion layer effect by WSe2/SnSe phase 

boundaries that act as p-n junctions, in which the bandgap value of p-type WSe2 (0.87 eV) 

comes from the calculated band structure of WSe2 (refer to Figure S10), and the bandgap value 

of n-type SnSe (0.59 eV) comes from the calculated band structure of Pb/I co-doped SnSe (refer 

to Figure 4). The p-n junctions result in build-in electric fields around the phase boundaries, 
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which are responsible for the fluctuation of μ. In addition, the band alignment at the interface 

between the p-type WSe2 and n-type Pb/I co-doped SnSe results in an ultrahigh interface 

potential, which act as a type of “depletion layer”, significantly block the carriers and in turn 

reduce n and enhance S. Besides, the increased m* also confirms the strong blocking effect 

since the carriers with relatively low energy are considerably blocked. 

 

Figure 6. T-dependent (a) S, (b) σ, and (c) S2σ of Sn0.97Pb0.03Se0.89I0.06-y % WSe2. y-dependent 

room-temperature (d) n and μ, and (e) m* and Edef of Sn0.97Pb0.03Se0.89I0.06-y % WSe2. (f) 

Illustration of build-in electric field and depletion layer effect at the phase boundaries (p-n 

junctions) between the p-type WSe2 and n-type Pb/I co-doped SnSe. 
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Figure 7(a-b) compare temperature-dependent κ and κl of Sn0.97Pb0.03Se0.89I0.06-y % WSe2 

measured along the // direction. The calculated temperature-dependent Lorenz number L and κe 

can be referred to Figure S11. A low κ of ~0.35 W m-1 K-1 at 790 K can be seen when y = 1, 

indicating a significant reduction compared with the samples without WSe2. The reduction of 

κl can be attributed to the introducing of WSe2 nanoinclusions, since 2D WSe2 has an ultralow 

intrinsic κ (only 0.05 W m-1 K-1) [41], and these nanoinclusions provide high-density phase 

boundaries that act as extra phonon scattering sources targeting to scatter the long-wavelength 

phonons. In addition, these nanoinclusions can also act as phonon scattering centers and cause 

significant strain fields in the surrounding SnSe lattices, further strengthening the phonon 

scattering and in turn reducing the κl. Callaway model was employed to calrify for the specific 

frequency range with phonon-scattering centers for mid-to-long-wavelength phonons: 

𝜅𝑙  =
4π 𝑘𝐵

4 𝑇3

𝜈ℎ3  ∫
𝑧4exp (𝑧)

τ𝑇
−1[exp(𝑧)−1]2

𝜃𝐷
𝑇

0
d𝑧    (1) 

where kB is the Boltzmann constant, ν is the sound speed, and h is the Planck's constant. In this 

system, phonon scattering mechanism influences the phonon transport, including 

impurity/point defect phonon scattering, phonon-phonon Umklapp scattering, phonon 

scattering by nanoinclusions, and phase boundary phonon scattering. In calculation process, 

only dominating scattering mechanisms are considered in this work, including the 

impurity/point defect phonon scattering τ𝑖𝑚
−1

 (PD), phonon-phonon Umklapp scattering τ𝑈
−1 (U), 

phase boundary phonon scattering τ𝑝𝑏
−1 (PB) and electron-phonon scattering τ𝑒𝑝

−1 (E). Therefore, 

the total phonon relaxation time can be simplified as: 

τ𝑇
−1 =  τ𝑖𝑚

−1 + τ𝑈
−1 + τ𝑒𝑝

−1+ τ𝑝𝑏
−1     (2) 

or: 

τ𝑇
−1 = 𝐴𝜔4 + B𝜔2T exp (−

𝜃𝐷

3𝑇
) + 𝐶𝜔2 +

𝑣

𝑑
    (3) 

where  and d are the phonon frequency and the average spatial distance among the WSe2 

nanoinclusions in n-type Pb/I co-doped SnSe matrix. The value of ν was measured and θD was 
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calculated based on the measured ν value (see Table S3 in the supporting file). The parameters 

A and B were determined by fitting κl data, as listed in Table S3. By using the obtained 

parameters, κl for the typical composites of n-type Pb/I co-doped SnSe matrix with p-type 2D-

WSe2 nanoinclusion were calculated through Formula 1 and Formula 2. It can be clearly seen 

that calculated κl is in good agreement with experimental results. It is noted that the obtained 

average spatial distance d among the nanoinclusions is around 218 nm for the composite sample 

with y = 1 wt.%, which could be underestimated since we neglected some other scattering 

mechanisms in the calculations as mentioned above. The parameters used in the calculations 

for Debye model are given in Table S3. It is noted that the obtained average spatial distance d 

among the nanoinclusions is in good agreement for the composite sample with y = 0.5 and 1.0 

wt.%. However, further increase in content y causes to increase the average spatial distance, 

which could be ascribed to the agglomeration effect of high quantity of content in matrix. 

Figure 7(c) shows 1000/T-dependent κl of Sn0.97Pb0.03Se0.89I0.06-y % WSe2. All plots show a 

linear relationship, indicating that the Umklapp phonon scattering still dominate the phonon 

scattering after introducing WSe2 [19, 22, 24, 35]. 

Figure 7(d) compares determined temperature-dependent ZT of Sn0.97Pb0.03Se0.89I0.06-y % 

WSe2. A high ZT of ~1.35 at 790 K can be achieved by introducing 1 % WSe2 nanoinclusions, 

which ranks as one of the highest values compared to the previously reported works, as shown 

in Table 2 and Figure S12 [35-40, 49-61]. The thermoelectric performance of 

Sn0.97Pb0.03Se0.89I0.06-y % WSe2 (y = 0 and 1) measured or determined along the ⊥ direction can 

be seen in Figure S13 in the supporting information. As can be seen, a peak ZT of ~0.65 can be 

observed in Sn0.97Pb0.03Se0.89I0.06-1 % WSe2, which is lower than that achieved along the // 

direction. Furthermore, our results show significantly high repeatability, as confirmed by 

Figure S14. 
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Figure 7. T-dependent (a) κ and (b) κl of Sn0.97Pb0.03Se0.89I0.06-y % WSe2. The calculated κl 

using Callaway model are included in (b), including impurity/point defect phonon 

scattering  τ𝑖𝑚
−1  (PD), phonon-phonon Umklapp scattering τ𝑈

−1  (U), phase boundary phonon 

scattering  τ𝑝𝑏
−1  (PB) and electron-phonon scattering τ𝑒𝑝

−1  (E). (c) 1000/T-dependent κl of 

Sn0.97Pb0.03Se0.89I0.06-y % WSe2. (d) T-dependent ZT of Sn0.97Pb0.03Se0.89I0.06-y % WSe2. Here y 

is 0, 0.5, 1.0, and 2.0, respectively. All the properties are measured or determined along the // 

direction. 
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Table 2. A summary of n-type polycrystalline bulk SnSe. 

Materials ZT 
T 

(K) 

σ 

(S 

cm-1) 

S 

(μV 

K-1) 

S2σ 

(μW cm-1 

K-2) 

κ 

(W m-1 

K-1) 

Ref. 

SnSe0.87S0.1I0.03 ~1.0 773 ~16 ~-500 ~4.0 ~0.36 [49] 

SnSe0.95-0.4 % BiCl3 0.7 793 ~29 ~-414 ~5.0 ~0.6 [50] 

SnSb0.02Se0.96 1.1 773 ~39 -247 ~2.4 ~0.17 [35] 

SnSe0.95-3 % PbBr2 0.54 793 ~36 ~-360 ~4.7 ~0.72 [51] 

Sn0.97Re0.03Se0.93Cl0.02 1.5 798 ~30 ~-430 ~5.8 ~0.3 [36] 

Sn0.90Pb0.15Se0.95Cl0.05 1.2 823 ~50 ~-360 ~6.7 ~0.46 [37] 

Sn0.90Pb0.10Se0.97Br0.03 1.2 773 ~35 ~-400 ~5.6 ~0.37 [38] 

Sn0.74Pb0.20Ti0.06Se 0.4 773 ~15 -450 3.0 ~0.58 [52] 

SnSe0.9Br0.1 1.3 773 ~28 ~-400 ~4.5 ~0.26 [39] 

Sn1.005Se0.94Br0.06 1.5 783 ~32 ~-460 ~6.8 ~0.36 [40] 

Oxygen-isolated SnSe0.97Br0.03 1.0 773 ~20 ~-500 ~5.0 ~0.36 [53] 

(SnSe)0.1(PbSe)0.9 1.0 773 ~490 ~-180 ~16.5 ~1.20 [54] 

Sn0.97Bi0.03Se - 723 ~3.0 ~-390 ~0.45 - [55] 

Sn0.94Bi0.06Se 0.025 723 ~5.5 ~-190 ~0.2 ~0.53 [56] 

SnSe0.9375Te0.0625 - 673 ~3.6 ~-280 ~0.3 - [57] 

SnSe0.98 ~0.07 773 ~3.0 ~-380 ~0.4 ~0.5 [58] 

Sn0.8Sb0.2Se 0.3 908 ~100 ~-125 ~1.0 ~0.46 [59] 

SnSe + SiC 0.125 300 ~7.3 -581 ~2.5 ~0.6 [60] 

SnSe0.94Cl0.06 + SnSe2 0.56 773 ~32 ~-300 ~2.9 ~0.43 [61] 

Sn0.97Pb0.03Se0.89I0.06-y % 

WSe2, This work 
1.35 790 26.6 -470.7 5.9 0.35  

 

4. Conclusion 

In this work, a high ZT of ~1.35 at 790 K has been realized in n-type polycrystalline SnSe by a 

combination of Pb/I co-doping and introducing 2D WSe2 nanoinclusions to form WSe2/SnSe 

p-n junctions. Calculation results confirm the I-doping shifts the Fermi level up into the 

conduction bands, making the system n-type. A high S2σ of ~5.9 μW cm-1 K-2
 is achieved by 

tuning a n of 3.34×1018 cm-3 through 3 % I-doping and carrier blocking by introducing 

WSe2/SnSe p-n junctions (1 % WSe2). Meanwhile, a low κ of ~0.35 W m-1 K-1 is obtained, 

benefited from the strengthened phonon scattering at Pb and I that act as point defects, as well 

as the high-density phase boundaries by introducing WSe2 nanoinclusions. This study indicates 
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that rational band engineering and nanostructural design possess great potential for securing 

high thermoelectric performance in n-type polycrystalline SnSe. 
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