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Abstract 

Both p- and n-type single crystals SnSe have been reported to possess high performance 

thermoelectric performances, thus highlighting the possibility for commercialization. Polycrystalline 

SnSe that has better mechanical properties however possesses inferior thermoelectric properties 

compared to single crystal SnSe. In this work, n-type polycrystalline SnSe0.95 + x wt% PbBr2 (x = 0, 

0.5, 1, and 1.5) samples were synthesized by combining mechanical alloying and spark plasma 

sintering technology. The effects of PbBr2 doping on thermoelectric performance of SnSe were 

studied in detail. The results show that the carrier concentration was dramatically increased from 

2.51×10
17 

cm
-3

 in pure SnSe0.95 to 1.79×10
19 

cm
-3

 in SnSe0.95 + 1.5 wt% PbBr2, further resulting in an 

enhanced electrical conductivity. Multi-nanoprecipitates are present in the samples, including SnO, 
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SnPb and SnBrxOy, which possibly affect the Seebeck coefficient and the lattice thermal conductivity. 

A peak ZT value of 1.1 was obtained at 773 K for the SnSe0.95 + 1.0 wt% PbBr2 sample. This work 

highlights that PbBr2 is an effective dopant to improve the TE performance of n-type polycrystalline 

SnSe. 

 

Keywords: polycrystalline SnSe; thermoelectric; carrier concentration; PbBr2; 

Multi-Nanoprecipitates. 
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Introduction 

Thermoelectric (TE) devices enable direct conversion between thermal and electrical energy. TE 

effect has thus attracted wide attention as an alternative green power generation methods.
[1]

 In 

addition to power generation, TE materials also have huge potential in the field of solid 

refrigeration.
[2-5]

 In practice, in working TE devices, p-type and n-type semiconductor pellets are 

connected by shunts, in order to form an tandem electric circuit.
[1]

 Therefore, high TE performances 

of both p-type and n-type materials are required to construct efficient TE devices. Conversion 

efficiency of TE materials is generally characterized by a dimensionless figure of merit and can be 

expressed as follows: 

  ZT=
S

2
σ

κ
𝑇,                          (1) 

where S is the Seebeck coefficient, σ is the electrical conductivity, T is the absolute temperature, and 

κ is the total thermal conductivity including contributions from lattice vibration (𝜅lat) and carriers 

transportation (𝜅ele). High ZT therefore requires high power factor (PF=S
2
σ) and low thermal 

conductivity. However, due to the inter-coupling between various TE parameters, it is difficult to 

manipulate each parameter independently. A variety of effective methods have been utilized to 

partially decouple these parameters to achieve the increased PF value and the decreased thermal 

conductivity over the past decades, such as the introduction of crystal defects,
[6,7]

 

nano-crystallization
[8-10]

 and structural disorder
[3,11]

 that could enhance phonon scattering to reduce 

lattice thermal conductivity, or through resonance doping, energy filtering effect and energy band 

degeneracy
 

to achieve the simultaneous increase of Seebeck coefficient and electrical 

conductivity.
[12-18]

 In addition to various optimization strategies, the discovery of materials with 

inherently excellent TE properties is also an effective way. Recently, a large number of new TE 
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material systems have been discovered and attracted great interest, including SnSe,
[19-22]

 

Sb2Si2Te6,
[23,24]

 Cu2Se,
[25-27] 

Mg3Bi2.
[28,29]

 In particular, SnSe has increasingly attracted attention due 

to its intrinsic ultralow thermal conductivity.
 [21,30,31] 

SnSe possesses anisotropy in thermoelectric properties along the a, b and c axes due to its 

layered structure. In 2014, Zhao et al. reported that the ZT of single-crystal SnSe at 923 K was as 

high as 2.6 along the b axis, mainly as a result of the presence of non-harmonic bonds in the SnSe, 

thus leading in its ultra-low thermal conductivity (< 0.4 Wm
−1

K
−1

 at 923 K).
[21]

 The n-type single 

crystal SnSe doped with Br has an ultra-high ZT value of 2.8 at 773 K in the out-of-plane.
[22]

 

However, the inferior mechanical performances of SnSe single crystal, as well as its time-consuming 

fabrications prevent its further developments and applications. Great effort has therefore been 

devoted to synthesize and optimize of TE performances of polycrystalline SnSe. For example, in 

p-type polycrystalline SnSe, cation doping has been adopted to increase the carrier concentration 

effectively.
[32,33]

 Halogens, such as Cl, Br and I, have proven to be the effective dopants for n-type 

SnSe.
[34-36]

 Br doping can greatly increase the carrier concentration of n-type polycrystalline SnSe 

and is considered to be the most effective doping strategy. In addition, the doping of I and Cl has also 

been attempted as a feasible optimization method. Zhang et al. and Cha et al. have reported that with 

an increasing content of I and Cl, the carrier concentration changes from 2.3×10
17 

cm
-3

 (p-type) to 

2.4×10
17 

cm
-3

 (n-type) in SnSe0.96I0.04, and the carrier concentration of SnSe0.95Cl0.05 increases to 

4.5×10
18 

cm
-3

 when Cl is used.
[35,36]

 Similarly, halide doping is also a feasible method to optimize 

n-type SnSe. Li et al. and Wang et al. have reported significant increases in carrier concentration 

through PbBr2 and BiCl3 doping, ranging from 10
17

 to 10
19 

cm
-3

.
[37,38]

 Chang et al. has reported that 

through Br doping and Pb alloying, the PF can be improved with the thermal conductivity 
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unchanged, thus leading to a maximum ZT value of 1.2 at 773 K for Sn0.9Pb0.1Se0. 97Br0.03 samples.
[39]

 

However, the mechanism of enhanced TE properties of PbBr2 doped SnSe was not discussed in detail, 

in particular on the microstructural evidence. Due to a small electronegativity difference between Pb 

and Sn, it is expected that the doping of Pb will result in a higher carrier concentration.
[40]

 The mass 

fluctuation caused by the introduction of Pb atoms simultaneously enhance phonon scattering in 

SnSe.
[37]

 In addition, the introduction of cation and anion at both Sn and Se sites by multi-step 

doping or co-doping is also an effective way to improve the ZT value of SnSe.
[37,39] 

 

Similar to the previous work, the introduction of Se vacancies before doping enables the switch 

from p-type to n-type of polycrystalline SnSe. In this study, polycrystalline SnSe0.95 + x wt% PbBr2 (x 

= 0, 0.5, 1, and 1.5) samples were synthesized by a fast process, mechanical alloying (MA) 

combined with spark plasma sintering (SPS). SnSe undergoes a displacive (shear) phase transition at 

~780 K, switching between a high-temperature higher symmetry phase (Cmcm, #63) and a 

low-temperature lower symmetry (Pnma, #62).
[41]

 Results show that the carrier concentration has 

been enhanced remarkably from 2.51×10
17 

cm
-3

 for undoped SnSe to 1.79×10
19 

cm
-3

 for SnSe0.95 + 

1.5 wt% PbBr2. The peak value of PF lifts up prominently from 17.9 Wm
−1

K
−2

 for SnSe0.95 to 532.2 

Wm
−1

K
−2

 for SnSe0.95 + 1.5 wt% PbBr2 at 773 K. The microstructures of SnSe samples have then 

been investigated in detail by spherical-aberration-corrected scanning transmission electron 

microscopy (CS-STEM), revealing multi-nanoprecipitates in SnSe samples after PbBr2 doping. With 

the increasing content of PbBr2, the thermal conductivity reduces from 0.39 Wm
-1

K
-1

 to 0.32 

Wm
-1

K
-1

. These improvements thus lead to a maximum ZT of 1.1 for the SnSe0.95 + 1.0 wt% PbBr2 at 

773 K.  

Materials and Methods 
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Polycrystalline SnSe0.95 + x wt% PbBr2 (x = 0, 0.5, 1, and 1.5) samples were synthesized by 

mechanical alloying with a mole ratio of high-purity Sn (powder, 99.99%) and Se (powder, 99.99%). 

The SnSe0.95 powders were obtained by planetary ball mill (QM-3SP2, Nanjing University, China) 

with a rotating speed of 425 rpm for 8 hours. SnSe0.95 and PbBr2 powders were then mixed by 

planetary ball mill for 1 hour. The mixture was filled moderately into graphite die with a diameter of 

Φ15 mm, followed by spark plasma sintering (Sumitomo SPS211-X, Japan) that was used to process 

the mixed powders with 50 MPa at 773 K for 5 min. 

The density ρ was measured by an Archimedes method, and the phase structure of the sample 

was analyzed by X-ray diffraction (XRD, MiniFlex600 Rigaku, Japan). Microstructures of the 

samples were investigated by high-angle annular dark-field imaging (HAADF) STEM in a 

CS-corrected FEI Titan microscope operated at 200 kV. The chemical information of the samples was 

further studied using energy dispersive X-ray spectroscopy (EDX, Bruker Super-X). The Hall 

coefficients of all samples were measured using the van der Pauw technique under a reversible 

magnetic field of 0.80 T (8400 Series, Model 8404, Lake Shore, Watertown, IL, USA). The carrier 

concentration n and mobility 𝜇 were calculated by 𝑛 = 1 (𝑒𝑅𝐻)  and 𝜇 = 𝜎𝑅𝐻, respectively. The 

electrical conductivity (σ) and Seebeck coefficient (S) of all samples were measured (ZEM-3, 

ULVAC-RIKO, Japan) in a rarefied helium atmosphere from 323 to 773 K. The total thermal 

conductivity was calculated using the formula κ=DρCp, where D and Cp are the thermal diffusivity 

and the heat capacity, respectively. The thermal diffusivity (D) was measured by laser flash method 

(LFA 457, NETZSCH LFA, Germany) in an argon atmosphere using Cowan model plus pulse 

correction. The heat capacity (Cp) was taken from previously reported literature.
[21] 

The uncertainty 

of each measurement was around 5%, resulting in an error of about 20% in ZT. 
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Results and discussions 

Figure 1 shows the XRD patterns of SnSe0.95 + x wt% PbBr2 (x = 0, 0.5, 1, and 1.5) of all 

samples that were measured at room temperature. All the patterns can be indexed to the low 

temperature SnSe phase (JCPDS #48-1224) with an orthorhombic structure. It belongs to space 

group #62, Pnma and lattice constants are a=11.49 Å, b=4.135Å and c=4.44Å.
[7]

 The diffraction 

peaks around 32º and 45º of SnSe0.95 sample are indexed to elemental Sn (JCPDS #86-2264),
[35]

 but 

disappeared in the doped samples. The diffraction peak belonging to SnO (JCPDS #24-1342) was 

observed in each doped sample, indicating that the PbBr2 doping may make the Sn oxidization in the 

synthesis process. The XRD results also reveal that the diffraction peaks continuously shift towards 

the lower angles with the increasing PbBr2 content, suggesting that Pb
2+

 enters the matrix lattice and 

then substitute Sn
2+

, thus causing the lattice to expand, as the ion radius of Pb
2+

 (1.49 Å) is larger 

than that of Sn
2+

 (1.22 Å). Since the ionic radii of Se
2-

 (1.98 Å) and Br
-
 (1.96 Å) are pretty close, Br 

has little effect on the lattice parameters.
[39]

 In addition, it is obvious that the (400) peak is obviously 

stronger than the (111) peak, indicating anisotropy in the sample with a preferred orientation along 

the (400) plane.
[42]

 The orientation factor of (400) crystal plane, F(400), can be calculated using the 

Lotgering method
[43,44]

 

                                            𝐹 =
𝑃−𝑃0

1−𝑃0
                           (2) 

 𝑃 =
𝐼(400)

 𝐼(ℎ𝑘𝑙)
                         (3) 

 𝑃0 =
𝐼0(400)

 𝐼0(ℎ𝑘𝑙)
                        (4)                                                            

where P and P0 are the ratio between integrated intensities of the (400) planes and the intensities of 

all (hkl) planes for preferentially- and randomly-oriented samples, within the range of 20-60°, 

respectively. When the value of F(400) is 1, it indicates that the a axis in the grain is just in the 
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direction of the parallel pressure.
[42]

 In this work, the calculated value of F(400) is about 0.3, 

suggesting that the axial plane is slightly preferentially oriented in the bc plane. 

The microstructure of the sample (SnSe0.95 + 1.0 wt% PbBr2) with the highest TE performance 

was investigated using CS-STEM. The measured lattice spacings are 0.287 and 0.4 nm, respectively, 

which are consistent with the (400) and (01 1) planes of SnSe, as shown in Figure 2a. In the enlarged 

part of Figure 2b and Figure 2c, the green and red spheres represent Sn and Se, respectively. In 

Figure 2c, a partially-coherent grain boundary is observed and marked by a dashed line. Such grains 

can effectively scatter phonons. Figures 2d-f are HAADF image and corresponding elemental maps 

of SnSe0.95 + 1.0 wt% PbBr2. It is evident that Sn and O are clustered in the same region, as inferred 

from XRD, indicating that SnO precipitates aggregate in the sample SnSe0.95 + 1.0 wt% PbBr2 

substrate. According the XRD results, the PbBr2 doping is the main reason for the formation of SnO 

because that there is not SnO but only element Sn in the SnSe0.95 sample. The Pb and/or Br doping 

may decrease the formation energy from Sn to SnO, that is, the Pb and/or Br doping make Sn easier 

to be oxidized in the synthesis process. Figure 3 shows HAADF STEM images together with EDX 

elemental maps. The aggregation of O and Sn can be seen as marked by the red solid line in Figure 

3c and 3f, respectively, indicating that SnO mainly existed in the grain boundaries. Besides SnO, 

there are also multi-precipitates at grain boundaries as shown in Figure 3. These precipitates can act 

as phonon scattering centers and further reduce the lattice thermal conductivity. The enrichment of 

Sn and Pb can be observed as shown in Figure 3d and 3f (see white lines), indicating that there is a 

small quantity of two-phase alloying of Sn and Pb in the sample. In addition, the three-phase 

compound of SnBrxOy can be observed in Figure 3b, 3c and 3f (see yellow lines). It can be seen in 

Figure 3g-3k that Pb and Br uniformly distribute in the SnSe0.95 + 1.0 wt% PbBr2 sample, suggesting 
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that PbBr2 is effectively doped into the matrix by atomic diffusion. 

The electrical transport properties of SnSe0.95 + x wt% PbBr2 (x = 0, 0.5, 1, and 1.5) samples 

were measured along the direction parallel to the SPS pressing direction. As shown in Figure 4a, the 

electrical conductivities of all samples increases with the temperature, indicating typical 

semiconductor characteristics. In particular, the electrical conductivity of undoped SnSe0.95 sample 

increases from 8.53 × 10
−4

 Scm
−1

 at room temperature to 6.38 Scm
−1

 at 773 K. Such a giant 

increase of electrical conductivity with four orders of magnitude is similar to previous reports.
[45]

 

With PbBr2 doping, the electrical conductivity of the sample is further improved. The maximum 

electrical conductivity at room temperature is boosted to approximately 0.2 Scm
−1

 in the SnSe0.95 + 

1.5 wt % PbBr2 sample. The electrical conductivity of all doped samples increases sharply in the 

range between 573 and 773 K. The maximum electrical conductivity of SnSe0.95 + 1.5 wt % PbBr2 is 

32.8 Scm
−1

, which is 5 times higher than that of undoped sample at the same temperature. In order 

to further explain the reason why the electrical conductivity increases with the PbBr2 doping 

concentration, the Hall carrier concentration and mobility are then measured at room temperature, as 

displayed in Figure 4b. Compared with the undoped sample, the carrier concentration of the 1.5 wt% 

PbBr2-doped sample is enhanced by two orders of magnitude, from 2.51×10
17

 cm
−3

 to 1.79×10
19

 

cm
−3

. This is mainly because Br
-
 enters the matrix lattice to replace Se

2-
 and release an electron, and 

the doping mechanism can be described using the following formula.  

𝑆𝑛 + 𝑂 + 𝑉𝑆𝑛
.. + 2𝑉𝑆𝑒

.. +𝑃𝑏𝐵𝑟2 → 𝑃𝑏𝑆𝑛
× + 2𝐵𝑟𝑆𝑒

. +SnO                      (5) 

The result further evidences that PbBr2 is an effective dopant to increase the electrical conductivity 

of n-type SnSe. 

Figure 4c shows the relationship between Seebeck coefficient and temperature for all samples. 
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The matrix sample underwent p-n switch at 523 K, as reported elsewhere.
[37] 

In the whole measured 

temperature range,
 
the Seebeck coefficient of all the doped samples are negative, indicating n-type 

semiconductors. The SnSe0.95 + 0.5 wt% PbBr2 sample exhibits an optimal S value of – 466 μVK
-1

 at 

323 K, which is dramatically enhanced compared with that of the undoped SnSe0.95. In addition, in 

the whole measurement temperature range, the PF of all the doped samples increases with 

temperature, as shown in Figure 4d. The maximum PF of the sample SnSe0.95 with 1.5 wt% PbBr2 

doping at 773 K is 532 µWm
−1

K
−2

, which is about 30 times higher than that of the undoped sample 

and also higher than that in other polycrystalline n-type SnSe.
[34,39]

 

Figure 5 shows the thermal transport properties of all samples SnSe0.95 + x wt% PbBr2 (x = 0, 

0.5, 1, and 1.5) as a function of temperature. The total thermal conductivity (κtot) comprises 

contributions from carriers and phonons and can be expressed by the formula 𝜅tot =𝜅lat+𝜅ele, where 

the electron thermal conductivity (𝜅ele) can be calculated by the Wiedemann–Franz law 𝜅ele = LσT (L 

is the Lorenz number).
[46-48] 

The lattice thermal conductivity, as shown in Figure 5c, is seen to be 

dominant in the total thermal conductivity, as a result of a low carrier concentration, only 10
19

 cm
-3

 

after doping. The thermal conductivity (Figure 5a) of all samples decreases with temperature due to 

the intrinsic excitations of phonons. For the undoped SnSe0.95 sample, the thermal conductivity 

reduces from 1.06 Wm
-1

K
-1

 at room temperature to 0.39 Wm
-1

K
-1

 at 773 K. After introducing PbBr2, 

the thermal conductivity drops, with a minimum of 0.32 Wm
-1

K
-1

 at 773 K in the SnSe0.95 + 0.5 wt % 

PbBr2 specimen. Such reduction in PbBr2-doped samples can be ascribed to the introduction of 

multiple nano-precipitates, as hinted from microstructural observations. Although the SnO phase 

with high thermal conductivity is detected, there are also other types of associated precipitates in the 

samples, such as the Sn-Pb alloy and SnBrxOy compound. The introduced extra phase boundaries 
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could be regarded as phonon scattering centers to significantly inhibit the propagation of phonons, 

thus reducing the lattice thermal conductivity. Furthermore, the introduced point defects by doping 

could distort the lattice symmetry, especially by the heavier and larger Pb
2+

 ions doping, which is 

beneficial for scattering the short-wavelength phonons and results in a low thermal conductivity.  

Figure 6a shows the temperature-dependent ZT for the SnSe0.95 + x wt% PbBr2 (x = 0, 0.5, 1, and 

1.5) samples. For the undoped SnSe0.95, the maximum ZT (ZTmax) value is 0.03 at 773 K, while for 

the SnSe0.95 + 1.0 wt% PbBr2 sample, the ZTmax was 1.1 at 773 K, two orders of magnitude compared 

with that of the undoped SnSe0.95. The SnSe0.95 + 1.0 wt% PbBr2 sample was re-prepared, and its 

thermoelectric properties were measured during heating and cooling. The sample with good stability 

has been confirmed by the TE performance cycling measurement results (see Fig. S1-S2). Figure 6b 

shows ZTmax comparison with reported values of other n-type polycrystalline SnSe in the 

literature.
[35-39,45,49-54] 

It is seen that PbBr2-doping is also an effective approach for n-type SnSe that 

can optimize its TE performances. 

Conclusion 

In summary, n-type polycrystalline SnSe0.95 + x wt% PbBr2 (x = 0, 0.5, 1, and 1.5) samples were 

prepared by combing MA process and SPS technique. With the increase of PbBr2 content, the carrier 

concentration of SnSe sample increases from 2.51×10
17 

cm
-3 

in the undoped SnSe0.95 to 1.79×10
19

 

cm
-3 

in SnSe0.95 + 1.0 wt % PbBr2, showing the PbBr2 is an effective electron dopant for SnSe system. 

Benefiting from the increased carrier concentration, the electrical conductivity and power factor are 

thus enhanced. The introduction of multi-nanoprecipitates, including SnO, SnPb and SnBrxOy, 

further reduces the lattice thermal conductivity. The maximum ZT value of 1.1 at 773 K is therefore 

achieved in SnSe0.95 + 1.0 wt % PbBr2 along the direction of parallel SPS pressure.  
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Figure captions 

Figure 1. a) The XRD patterns of SnSe0.95 + x wt% PbBr2 (x = 0, 0.5, 1, and 1.5) samples and b) 

enlarged XRD patterns in the 2θ range from 30º to 32º. 

Figure 2. a, b, c) High-angle annular dark-field images of SnSe0.95 + 1.0 wt% PbBr2 samples 

recorded along the a,b) [011] and c) [001] axes. The inset to a) shows indexed electron diffraction 

patter and the insets to b, c) are magnified atomic images. d-g) High-angle annular dark-field image 

and corresponding energy dispersive X-ray spectroscopic maps of SnSe0.95 + 1.0 wt% PbBr2 showing 

the coexistence of SnSe and SnO precipitate. 

Figure 3. a) High-angle annular dark-field image and b-f) corresponding EDX elemental maps for Br, 

O, Pb, Se and Sn were taken from a) for SnSe0.95 + 1 wt% PbBr2 sample, respectively, showing the 

presence of SnO, Pb-Sn and SnBrxOy multi-precipitates. g) HAADF and h-k) corresponding 

elemental maps of SnSe0.95 + 1 wt% PbBr2 grain showing a uniform distribution of dopants. 

Figure 4. Electrical transport properties as a function of temperature for all the samples SnSe0.95 + x 

wt% PbBr2 (x = 0, 0.5, 1, and 1.5). a) electrical conductivity, b) carrier concentration and mobility, c) 

Seebeck coefficient, d) PF. 

Figure 5. Thermal transport properties as a function of temperature for all the samples SnSe0.95 + x 

wt% PbBr2 (x = 0, 0.5, 1, and 1.5). a) Thermal conductivity, b) electrical thermal conductivity, c) 

lattice thermal conductivity. 

Figure 6. a) Temperature dependence of TE properties for the SnSe0.95 + x wt% PbBr2 (x = 0, 0.5, 1, 

and 1.5) samples and b) the ZTmax of the n-type polycrystalline Sn–Se system TE 

materials.
[35-39,45,49-54]
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