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Abstract 

Microstructure control is crucial for thermoelectrics since it is intimately related to the 

scattering mechanism of both electrons and phonons. Herein, we propose a new strategy 

to modify microstructure by phase regulation that simultaneously induces high carrier 

mobility and low lattice thermal conductivity. As demonstrated in layered SnSe2, the 

addition of Cu can induce a phase transition from space group P3̅m1 to P63mc. Due to 

the enlarged formation energy of stacking faults in the later phase, the stacking fault 
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density is greatly reduced after heat treatment that leads to an increased grain size. 

Accordingly, the carrier mobility of SnSe1.97Br0.03-3% Cu sample is enhanced by 100% 

at room temperature. Furthermore, the reduction of stacking fault density is 

accompanied by the formation of pores in the matrix, which results in low lattice 

thermal conductivity. As a result, a record peak zT of 1.13 for SnSe2-based materials is 

achieved at 773 K, and the attained ZTave of 0.62 is a record-high value among n-type 

polycrystalline layered materials working in intermediate-to-high temperature region. 

This work provides a feasible strategy to decouple the electron and phonon transport in 

layered thermoelectric compounds by phase-dependent microstructure modification. 
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1. Introduction 

Thermoelectric (TE) materials can convert waste heat into electricity without 

harmful emission, offering a promising pathway to reduce the carbon footprint [1-3]. 

The performance of TE materials is determined by the thermoelectric figure of merit 

zT, defined as zT = S2σT/κ. S and σ represent the Seebeck coefficient and electrical 

conductivity, respectively; T is the absolute temperature, and κ stands for the thermal 

conductivity consisting of lattice thermal conductivity (κl) and electronic thermal 

conductivity (κe). In addition to the intrinsic characteristics of materials including 

electronic band structures and phonon dispersion, the extrinsic factors such as different 

types of defects also profoundly affect the TE transport properties by inducing external 

scattering [4,5]. Therefore, the TE performance optimization of a certain material is 

closely related to the scattering of electrons and phonons [6]. In recent years, a variety 

of elaborate microstructures featured by rationally designed crystal defects such as 

point defects, line defects and planar defects have been frequently applied to strengthen 
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the phonon scattering for lowering κl to promote TE performance [7-10]. However, in 

most cases, the intentionally created defects would scatter electrons as well and impede 

the access to high TE power factor (PF = S2σ). Thus, the competition between carrier 

mobility (μ) and lattice thermal conductivity makes us consider the balance between 

the scattering strengths of electrons and phonons when performing defect engineering 

on TE materials. As one typical type of planar defect, stacking faults, which can be 

generated by quenching, impurities, and high density of dislocations, have been utilized 

to reduce κl especially in TE materials holding cubic structure, resulting in significantly 

improved zT [4,11]. For example, in Ge0.9V0.02Bi0.08Te sample, high-density stacking 

faults can be obtained by V and Bi co-doping, leading to a low κl of ∼0.59 W m−1 K−1 

and a high zT of ∼2.1 at 773 K [12]. Zou et al. successfully suppressed κl of 

AgSbTe2−xSex to ∼0.3 W m−1 K−1 by introducing dense stacking faults to achieve a high 

zT > 2 [13]. However, as pointed out by Ziman, such planar defects not only scatter 

phonons but also electrons with even greater intensity, which would largely reduce 

carrier mobility and potentially surpass the effect of enhanced phonon scattering [14]. 

Therefore, we are motivated to reveal if the high density of stacking faults is always 

beneficial to promote the performance of other types of TE materials, and if not, how 

we can effectively control the density of stacking faults to optimize TE performance. 

Recently, layered compounds have attracted extensive research interest in the TE 

field for waste heat recovery owing to their intrinsically low κl, as well as anisotropic 

phonon and electron transport properties [15-18]. Besides, some layered compounds 

with wide van der Waals (vdW) gaps can accommodate a variety of substances 

including metal atoms, MXene, and carbon based nanostructures, which would have 

great influence on both structure and transport properties [2,4]. The weak interlayer 

interaction force between vdW gaps may also lead to the occurrence of interlayer slip 

during the solidification process and eventually creates plenty of stacking faults. 

Therefore, layered compounds are suitable candidates to explore the raised question 

above. In fact, the carrier mobility of most layered TE compounds is greatly affected 

by their microstructure [19-21]. For instance, in the intensively studied SnSe, the room 
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temperature carrier mobility along the b-axis is ~250 cm2 V−1 s−1 in n-type single-crystal 

but only ~14.5 cm2 V−1 s−1 in polycrystalline n-type SnSe [22,23]. In contrast, the 

thermal conductivity of layered compounds is generally low due to the weak interlayer 

interactions, leaving not much room for further reduction in lattice thermal conductivity. 

Therefore, the planar defects in layered compounds tend to scatter electrons more 

strongly than phonons, which is clearly not favorable for TE performance. To this end, 

the core issue for the enhancement of TE performance for layered compounds is to 

promote a carrier mobility through diminishing planar defects.  

In this work, we propose a stacking fault modulation strategy based on phase 

structure regulation to simultaneously tune the electron and phonon transport properties. 

Cu is chosen as the insertion element to be added into the SnSe2 matrix, aiming to 

modulate its structure. As shown in Figure 1a, the addition of Cu can induce a phase 

transition from space group (SG) P3̅m1 to P63mc in SnSe2. The formation of stacking 

faults in the P63mc phase is more thermodynamic disadvantageous than that in the 

original P3̅m1 phase, making the stacking faults in P63mc phase more easily eliminated 

by heat treatment. Therefore, the density of stacking faults of SnSe2 is markedly 

reduced in the P63mc phase compared with the original P3̅m1 phase, after the heat 

treatment (AHT) at 823 K for 20 min. Consequently, the room temperature mobility is 

promoted by 100% in Cu-added SnSe1.97Br0.03-AHT sample, which significantly 

improves electrical transport performance. At the same time, an ultra-low κl of 0.29 W 

m−1 K−1 at 773 K is obtained in porous SnSe1.97Br0.03-3% Cu-AHT sample. As a result, 

the highest peak zT of 1.13 for SnSe2-based materials (Figure 1b) is obtained in 

SnSe1.97Br0.03-3% Cu-AHT sample at 773 K in the out-of-plane direction [24-30]. 

Moreover, a record-high average ZT (ZTave) of 0.62 for n-type polycrystalline layered 

materials working in intermediate-to-high temperature region (Figure 1c) is achieved 

[29-36]. Here, we have unveiled the internal connection between crystal structure and 

micromorphology, opening a new avenue for defect engineering and an efficient way 

to balance carrier and phonon scattering for layered TE materials. 
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Figure 1. a) Schematic diagram showing the different crystal structures and 

microstructures of SnSe2-based samples and the change of stacking fault density after 

heat treatment, b) the comparison of peak zT among SnSe2-based materials [24-30], and 

c) the comparison of ZTave among n-type polycrystalline layered compounds working 

in intermediate-to-high temperature region [29-36]. 

 

2. Experimental Section 

2.1. Synthesis 

Firstly, Cu-added SnSe2 powders were synthesized by a hydrothermal method. 

Here, CuCl (99%, Aladdin, China) powders were mixed together with Sn and Se 

precursors at atomic ratios of x% (x = 0, 2, 3, 4) SnCl2·2H2O, and the remaining steps 

can be seen in our previous work [37]. Secondly, 5.5 g Cu-added SnSe2 powders and 

0.092 g SnBr2 were sealed in high vacuum quartz tubes and held at 723 K for 1 h to 

prepare SnSe1.97Br0.03-x% Cu samples. All reagents were of analytical grade and used 
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directly. Finally, the as-prepared samples were consolidated into cylinders with a 

diameter of 10 mm using conventional hot pressing (673 K for 30 min, 50 MPa) under 

vacuum. The bulk samples obtained by only hot pressing are labeled as BHT samples. 

Afterward, the hot-pressed samples were placed in a tube furnace with Ar gas flow and 

heat-treated at 823 K for 20 min. The obtained samples are denoted as AHT samples. 

The densities (ρ) of all samples were obtained by the Archimedes method and listed in 

Table S2.  

2.2. Characterization  

Powder X-ray diffraction (XRD) patterns were collected at room temperature in 

Bragg-Brentano geometry using Cu Kα radiation either on PANalytical X’Pert 

diffractometer or Bruker D8 advance diffractometer equipped with a Ge(111) 

monochromator and a LynxEye detector. Rietveld refinement was performed on the 

XRD patterns by using either TOPAS-Academic V6 software or FullProf software 

included in the WinPlotr package [38,39]. The morphology characterization was 

performed on the scanning electron microscopy (SEM, Quattro S), where the focus is 

on cross sections of samples parallel to the pressure direction. In order to reveal the 

microstructure and elemental composition of samples, the BHT/AHT-samples were 

thinned along the plane parallel to the pressure direction using an ultramicrotome (Leica 

EM RES 102) for transmission electron microscopy (TEM, FEI Talos F200S G2) and 

spherical aberration-corrected scanning transmission electron microscopy (Cs-STEM, 

Spectra 300) characterization. Herein, the HRTEM, SAED, EDX and HAADF represent 

high-resolution TEM, selected area electron diffraction, energy-dispersive X-ray 

spectroscopy and high-angle annular dark field, respectively. Thermogravimetric 

analysis (TGA) was carried out to detect the thermal stability of samples from 300 K to 

773 K using a thermo-gravimetric analyzer (TGA2). The averaged actual chemical 

composition of SnSe1.97Br0.03-3% Cu-AHT pellet was characterization by electron 

probe microscopic analysis (EPMA, JXA-8530 Plus Hyper Probe). SnSe1.97Br0.03-3% 

Cu-AHT pellet for SEM was prepared using a focused ion beam (FIB, Thermoscientific 

Helios 5 CX). 
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2.3. Transport property measurements 

The BHT/AHT-samples were cut into ~1.1 mm thick discs and 2.2 mm×2.2 

mm×8.5 mm rectangular blocks for measuring thermal diffusivity D on a Netzsch LFA 

457 and electrical transport data on a Linseis LSR-3 parallel to the pressure direction at 

323-773 K. According to the equation κ = DCpρ, the thermal conductivity κ can be 

obtained, where Cp is the heat capacity estimated by the Dulong-Petit law. n was 

obtained by a home-made Hall apparatus with magnetic field of 1 T from 323 K to 773 

K. μ was calculated via the formula μ = σ/ne (σ is electrical conductivity, and e is 

electron charge). The estimated uncertainties of κ, σ, S, and zT are about 3%, 5%, 5% 

and 10%, respectively.  

2.4. DFT calculations 

All the first-principles calculations were implemented in the Quantum Espresso 

package [40]. The total energy of all the structures and the formation energy of stacking 

faults in different structures were calculated based on supercells containing 32 Sn atoms 

and 64 Se atoms, which can be used to model the results with 3% Cu addition. The 

lattice thermal conductivity was computed by solving the phonon Boltzmann transport 

equation as coded in ShengBTE program [41]. The harmonic properties were studied 

by density functional perturbation theory and anharmonic properties were calculated by 

considering three-phonon scattering and grain boundary scattering. More 

computational details can be seen in the SM. 

3. Results and Discussion  

3.1. Crystal Structure and Microstructure  

As a metal dichalcogenide with a structure unit resembling MoS2, SnSe2 exhibits 

different crystal structures via changing the stacking forms of the monolayer 

counterparts [42-44]. In this work, Cu-introduced SnSe2 powders were synthesized by 

a hydrothermal method. By comparing the phases synthesized at a relatively low 

temperature of 473 K by hydrothermal method, with/without the addition of Cu, it is 

found that the addition of Cu can induce a phase transition from the space group (SG) 
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P3̅m1 to SG P63mc in SnSe2 (Figure S1a). The diffraction peaks of pristine SnSe2 and 

solely Br-doped samples are consistent, and they can be indexed to standard card of 

SnSe2 (P 3̅ m1, PDF 89-3197) in the form of 2H-SnSe2 polytype. In contrast, the 

collected patterns of SnSe2-3% Cu sample show some redundant diffraction peaks, 

especially at 2θ ~ 35° and 45°, which can be matched to the simulated pattern of 4H-

SnSe2 in the form of SG P63mc. Therefore, it is inferred that in the low temperature 

hydrothermal synthesis of SnSe2, the composition plays important role in phase 

transition. As shown in Figure 2a, the two polytypes are characterized by different 

stacking of the Se-Sn-Se layers along the c-axis, and their lattice parameters are listed 

in Table S3. The structure of the 2H-SnSe2 polytype (i.e. P3̅ m1) is formed by the 

stacking of the same monolayer (AAA) with a stacking vector [0, 0, 1]. The structure 

of the 4H-SnSe2 polytype (i.e. P63mc) is composed of two types of chemically 

equivalents layers alternating each other (ABAB), related one to another by mirror 

transformation m (x, y, 0), and both characterized by a stacking vector [0, 0, 1] in respect 

to P3̅m1 crystal cell. Such layered structures are well known to favor the existence of 

stacking faults. The diffraction peaks of pristine SnSe2 and solely Br-doped samples 

can be indexed to the standard polytype of SnSe2 (P3̅m1, PDF 89-3197, Figure S1a-c) 

with a clear difference in ratio intensities due to the presence of a strong preferential 

orientation along the [001] direction. Such preferential orientation is taken into account 

during the Rietveld fit by the March-Dollase function (alignment factor 0.699(1) and 

0.671(1) for SnSe1.97Br0.03-0% Cu-BHT and -AHT samples respectively) and is due to 

a platelet crystalline habit of crystallite that is reflected in a small anisotropy in peaks 

broadening. Upon thermal treatment, the solely Br-doped samples present minimal 

differences. In contrast, the powder diffraction patterns of SnSe1.97Br0.03-3% Cu-BHT 

and -AHT samples, shown in Figure 2b, present a more complex behavior. As a first 

observation, the present peaks match with the simulated pattern of SnSe2 in the form of 

SG P63mc, another polytype (i.e. 4H-SnSe2) that could be encountered by changing the 

synthesis temperature in SnS2 [42,45]. It is inferred that, for the low-temperature 

hydrothermal synthesis of SnSe2, the addition of Cu plays an important role in the phase 
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transition from P3̅m1 to P63mc. Indeed, the presence of some spurious peaks on both 

patterns of Cu added samples may be ascribed to a few percent of sphalerite-derivative 

Cu-Sn-Se phase (i.e. Cu2SnSe3) and CuxSe in the Cu-containing samples. The electron 

probe microscopic analysis (EPMA) quantitative analysis in SnSe2 matrix, shows that 

still a significative amount (0.65%) of Cu enters into SnSe2 matrix, (Table S4). Note 

that powder XRD patterns of SnSe1.97Br0.03-x% Cu-BHT (x = 2, 4) samples (Figure S1d) 

also reveal the presence of the 4H-SnSe2 polytype, supporting the importance of Cu in 

the stabilization of this structure.  

 

Figure 2. a) The crystal structure models of SnSe2, and b) XRD patterns of 

SnSe1.97Br0.03-3% Cu-BHT/AHT samples. 

 

To gain insight into the difference between the two structures, we investigated the 

microstructure for SnSe1.97Br0.03-x% Cu-BHT/AHT samples (x = 0, 3) by transmission 

electron microscopy (TEM) and spherical aberration-corrected scanning transmission 

electron microscopy (Cs-STEM). First, based on the selected area electron diffraction 

(SAED) patterns obtained from the different samples (Figure 3) and the simulated 

SAED patterns visualized along [010] zone axis (Figure S2), it can be concluded that 

the addition of Cu favors a phase transition from P3̅m1 to P63mc in SnSe2, which is 

consistent with the powder XRD results. Second, for the SnSe1.97Br0.03-BHT and -AHT 

samples, the SAED patterns are characterized by diffuse streaks along the c axis and 

typical liner contrast can be seen in the TEM images (Figure 3a and 3b) suggesting the 

presence of stacking faults. Interestingly, the SnSe1.97Br0.03-3% Cu-BHT sample also 

presents typical liner contrast in the TEM images (Figure 3c) with significant strikes on 
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its SAED pattern, supporting the presence of stacking faults. On the opposite, for 

SnSe1.97Br0.03-3% Cu-AHT sample, SAED patterns appear quite clean, composed of 

well-separated peaks (Figure 3d). Finally, after the heat treatment, the stacking faults 

are retained in the SnSe1.97Br0.03 sample (Figure 3b), while they are significantly 

reduced in the SnSe1.97Br0.03-3% Cu sample (Figure 3d). Furthermore, the reduction of 

stacking fault density facilitated by addition of Cu can be directly observed in the TEM 

images shown in Figure 3. Both samples are after heat treatment, but the one without 

Cu shows a plenty of stacking faults while the one with Cu barely shows a significant 

number of stacking faults.  

Now, we need to explain why the addition of Cu can induce a phase transition and 

the heat treatment has different effects on stacking fault density of SnSe1.97Br0.03 and 

SnSe1.97Br0.03-3% Cu samples. The total energy of different SnSe2 samples was 

calculated by density functional theory (DFT) based on different structure models as 

listed in Table 1, in which the value of pristine SnSe2 (Ep) with SG P3̅m1 was set to be 

0 meV. It is found that when Cu is added into SnSe2, the total energy (ECu) of the 

structure with SG P3̅m1 has higher energy than that with SG P63mc, which implies that 

the latter case is more stable. Namely, the addition of Cu facilitates the phase transition 

from SG P3̅m1 to SG P63mc. In addition, the formation energy of stacking faults ∆E of 

SnSe1.97Br0.03-3% Cu sample (173 meV) with SG P63mc is much higher than that of the 

SnSe1.97Br0.03 sample (75 meV) with SG P3̅m1. These results are in agreement with the 

experimental TEM observation showing that the stacking faults in Cu-added samples 

with P63mc structure are more easily to be eliminated by heat treatment than those with 

P3̅m1 structure. 
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Table 1. The calculated Ep (the total energy of pristine SnSe2), Esf (the total energy of 

SnSe2 with stacking faults), ECu (the total energy of SnSe2 with Cu), and ∆E (= Esf - Ep, 

the formation energy of stacking faults) of SnSe2 in different configurations. 

Space group Ep (meV) Esf  

(meV) 

ECu (meV) ∆E 

(meV) 

P3̅m1 0 75 23 75 

P63mc 22 195 8 173 

 

The energy-dispersive X-ray spectroscopy (EDX) mapping of SnSe1.97Br0.03-3% 

Cu-AHT sample (Figure S3) reveals that all elements are uniformly distributed in the 

matrix. High-angle annular-dark field (HADDF)-STEM images of the SnSe1.97Br0.03-

AHT and SnSe1.97Br0.03-3% Cu-AHT samples are presented in the inset of Figure 3b,d, 

respectively. From the insets, the triatomic (i.e. Se-Sn-Se) layers of SnSe2 and the vdW 

gaps between them can be clearly observed. As the higher atomic number indicates the 

stronger signal for HAADF-STEM image, Sn50 atoms should be placed in larger and 

brighter spots in the central atomic layer, while dimmer spots in the outer atomic layers 

should be assigned to Se34 or Br35 atoms. Several dots with weak signals are traced in 

the vdW gaps, which should be the insertion of Cu29 atoms (Figure S3b) [30]. Notably, 

for the SnSe1.97Br0.03-3% Cu-AHT sample, two adjacent triatomic layers are aligned in 

the opposite directions for each other and stacked through vdW interactions to form the 

P63mc structure. However, for the SnSe1.97Br0.03-AHT sample, the arrangement of each 

layer is the same, as the common P3̅m1 structure. These interesting findings inspired 

us to explore the feasibility of tuning the density of stacking faults through phase 

manipulation to optimize the TE performance of SnSe2. 
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Figure 3. TEM images and corresponding SAED patterns for a) SnSe1.97Br0.03-BHT 

sample, b) SnSe1.97Br0.03-AHT sample, c) SnSe1.97Br0.03-3% Cu-BHT sample, and d) 

SnSe1.97Br0.03-3% Cu-AHT sample (inset: HAADF-STEM images).  

 

3.2. Electrical Transport Properties and Origin of Enhanced Carrier 

Mobility 

Referring to our previous study on SnSe2 [37], the optimal Br doping concentration 

is 3 at.%. Accordingly, Cu was introduced into the samples with the nominal 

composition of SnSe1.97Br0.03 to regulate its structure. Electrical and thermal transport 

data for all samples in this study were collected along the hot-pressing orientation 

because of the better TE performance along the c-axis reported in literature [24]. The 

temperature-dependent σ is plotted in Figure 4a for bulk SnSe2 and SnSe1.97Br0.03-x% 

Cu-BHT (x = 0, 2, 3, 4) samples. The σ of the pristine SnSe2 is very low due to the low 

carrier concentration (n), which is dramatically boosted by Br doping. The 

SnSe1.97Br0.03 sample shows a degenerate semiconductor behavior where σ decreases 

with increasing temperature. This situation can be ameliorated by Cu addition, since 

more charge carriers are excited for Cu-added samples as the temperature increases [30]. 

Consequently, σ increases in SnSe1.97Br0.03-x% Cu (x = 2, 3, 4) samples from 523 K as 

shown in Figure 4a, and reached values are nearly five times of that for Br-doped 

sample at 773 K. In Figure 4b, the negative S values for all samples indicate n-type 

conducting behavior, and the variation in |S| can be attributed to the difference in n 
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values [37]. The conduction band minimum (CBM) moves from L to M point after the 

phase transition, indicating the band degeneracy of 3 for both phases as shown in Figure 

4c,d. Besides, in spite of the diminished band gap, the band dispersion curve near the 

CBM is almost unchanged, which indicates that the phase transition can hardly affect 

the intrinsic electrical properties of SnSe2 [15,26]. The Pisarenko curve shows the 

experimental values of |S| fall on the curve with an effective mass (m*) of ~1.8 me, 

where the me is the mass of free electron, indicating that the addition of Cu has 

negligible influence on the band dispersion of the conduction band edge (Figure S4). 

The temperature-dependent κ and κl of all BHT-samples are plotted in Figure S4b,c, 

respectively, and the inset is κe. The details for estimation of κe are given in the 

supporting materials (SM). The decrease in κ with increasing temperature for all 

samples suggests a common phonon-phonon scattering-dominated thermal transport 

behavior. Although κe values increase resulting from the enlarged σ, the electronic 

contribution to the total heat transport is still negligibly small. Therefore, κl is dominant 

in total κ. For both the Br-doped sample and the Cu-Br co-doped samples, the κl values 

do not vary significantly, which indicates that the Cu-induced structural phase transition 

and microstructural defects have a negligible effect on κl. The power factors (PF = S2σ) 

for bulk SnSe2 and BHT samples are displayed in Figure 4e. It is found that an enhanced 

PF of 6.1 μW cm−1 K−2 at 773 K is obtained in the SnSe1.97Br0.03-3% Cu-BHT sample, 

which would be attributed to the enlarged n (Figure 4f) triggered by Cu addition 

compared to that of Br-doped sample in Ref. 43. Based on the first-principles 

calculation results in our previous work [37], the obtained n approaches the optimal 

value. On that account, further improvement of the power factor should rely on 

increasing the mobility of polycrystalline samples, which can be achieved by the heat 

treatment. 
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Figure 4. Temperature-dependent a) σ, b) S, and e) S2σ for bulk SnSe2, SnSe1.97Br0.03-

x% Cu-BHT (x = 0, 2, 3, and 4) and SnSe1.97Br0.03-x% Cu-AHT (x = 0, 3) samples. c,d) 

The electronic band structures of SnSe2 with SG P3̅m1 and SG P63mc, respectively. f) 

Temperature-dependent μ and n of SnSe1.97Br0.03-3% Cu-BHT/AHT samples. 

 

The temperature-dependent σ and S of SnSe1.97Br0.03-x% Cu-AHT (x = 0, 3) 

samples are presented in Figure 4a,b, respectively. The σ and |S| values of the solely Br-

doped samples are not affected by the heat treatment. The variation in σ and S of 

SnSe1.97Br0.03-3% Cu-AHT sample over the entire temperature range is consistent with 

that of SnSe1.97Br0.03-3% Cu-BHT sample. Unexpectedly, the σ values of Br-doped 

samples with addition of Cu are significantly improved from 51 S cm−1 to 129 S cm−1 

at 323 K by heat treatment, while |S| values are basically unchanged owing to the similar 

n as shown in Figure 4f. This implies that the heat treatment can effectively improve 

the carrier mobility of Cu-Br co-doped samples. It is worth mentioning that the Cu-

introduced SnSe1.97Br0.03 samples show strong temperature dependent carrier 

concentration, which can offer us an opportunity to dynamically regulate the carrier 

density close to the optimized value especially in the high-temperature region and thus 

is beneficial to obtaining high power factors and also high average ZT [46,47]. As 

shown in Figure 4f, the carrier concentration in Cu-introduced SnSe1.97Br0.03 samples 
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continuously increases from 323 K to 773 K, in which the dynamic Cu intercalates into 

the van der Waals gap in SnSe2 as temperature rises. This is completely different from 

the static doping by Br [48]. Consequently, high PF values close to 6.3 and 6.7 μW 

cm−1 K−2 are obtained at 323 K and 773 K for the SnSe1.97Br0.03-3% Cu-AHT sample, 

respectively (Figure 4e). It is worth mentioning that SnSe1.97Br0.03-3% Cu-AHT sample 

has the highest average power factor (PFave) of 6.9 μW cm−1 K−2 along out-of-plane 

direction in the entire temperature range among n-type SnSe2-based TE materials, 

which is even superior to that of n-type polycrystalline SnSe, as shown in Figure S5 

[23,25,29,30,36,49]. In order to probe this favorable "decoupling" phenomenon in the 

SnSe1.97Br0.03-3% Cu-AHT sample, the μ values of these samples before and after a heat 

treatment were calculated by the formula  = /𝑛𝑒 and the results are displayed in 

Figure 4f. Strikingly, with similar n before and after the heat treatment, the μ of 

SnSe1.97Br0.03-3% Cu samples is improved from 11 cm2 V−1 s−1 to 22 cm2 V−1 s−1 at 323 

K after the heating, which is highly beneficial to improve the PFave. To account for the 

greatly increased μ, we consider both acoustic phonon (ac) and grain boundary (b) 

scattering processes for carriers. Here, the charge carrier transport is analyzed using 

Matthiessen's rule [50]: 

−1 = 
𝑏
−1 + 

𝑎𝑐
−1  (1) 


𝑏

(𝑇) = 𝐴𝑇−
1
2𝑒−

𝐵
𝑇  (2) 


𝑎𝑐

(𝑇) = 𝐶 (
𝑇

300
)

−
3
2

  (3) 

where A and B represent parameters positively related to grain size and energy barrier 

height for crossing the grain boundaries, respectively. C stands for room temperature μ 

only considering phonon scattering. By fitting these equations with experimental μ data, 

it is found that the A value is enlarged from 192 to 424 for SnSe1.97Br0.03-3% Cu sample 

after the heat treatment. Therefore, the significantly increased mobilities in the 

temperature region of 323 K-523 K can be attributed to a reduction of the stacking fault 

density in SnSe1.97Br0.03-3% Cu-AHT sample after the heat treatment possibly coupled 

to a larger grain size. The relationship between the density of stacking faults and grain 
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size will be discussed in the next section. Above 523 K, the mobilities of the samples 

before and after heat treatment are similar, where the electron-phonon interaction 

dominates the carrier scattering. 

To further elucidate the relationship between microstructure and enhanced μ, 

HAADF-STEM images of SnSe1.97Br0.03-3% Cu-BHT (Figure 5a) and SnSe1.97Br0.03-3% 

Cu-AHT (Figure 5c) samples were further analyzed. Through image processing, the 

stacking (or displacement) maps are obtained and presented in Figure 5b,d. The image 

processing can be found in the SM (the section of HAADF image processing methods 

and Figure S6). As depicted in Figure 5d, the Sn layers (which represent the stacking 

sequence of Se-Sn-Se layers) show periodic stacking sequence with alternatively blue 

and red layers, which is well consistent with the structure of the 4H-SnSe2 polytype 

(P63mc). In contrast, the stacking sequence seems to be irregular in Figure 5b, 

suggesting the existence of stacking faults. The stacking sequence maps of whole 

images of Figure 5a,c are shown in Figure S6e,h, which further stress that the density 

of stacking faults of Cu-introduced SnSe1.97Br0.03 sample is significantly reduced after 

the heat treatment, which coincides with the above discussion (Figure 3). It is worth 

noting that this image process is valuable for the identification of stacking faults based 

on the atomic-resolved HAADF images. Commonly, the stacking faults should be 

identified carefully on the HAADF (or HRTEM) images, as seen in the middle panel of 

Figure 5, which is usually time-consuming and hard to distinguish. However, using this 

image processing, we can map the stacking sequence of the images quickly, accurately, 

and observably, which is beneficial to the rapid identification of stacking faults. Thus, 

this method is expected to be used in other materials, particularly in layered structures. 
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Figure 5. High-magnification atomic-resolution HAADF-STEM images and 

corresponding simulation diagrams for SnSe1.97Br0.03-3% Cu samples: a,b) BHT sample 

and c,d) AHT sample. 

 

Considering that thermal energy favors grain growth and reduces the stacking 

faults density, an increase of μ in SnSe2 sample after heat treatment is expected [51]. 

The SEM images presented in Figure S7, show a clear increase in thickness along the 

stacking direction of SnSe2 layers. Both the SnSe1.97Br0.03 (Figure S7a) and 

SnSe1.97Br0.03-3% Cu (Figure S7c) samples before the heat treatment exhibit a distinct 

layered feature, which is responsible for the anisotropic thermal and electrical transport 

properties. In detail, the bulk samples consist of layers arranged almost in the same 

direction. The thickness of layers for the sample without Cu addition remains at the 

same order of magnitude after the heat treatment (Figure S7b). On the contrary, as 

shown in Figure S7d, the thickness of layers for the SnSe1.97Br0.03-3% Cu sample seems 

to be increased to several micrometers after the heat treatment, suggesting that the 

grains further grow with the 4H-SnSe2 polytype stabilized by Cu with possibly a less 

inhibition from stacking faults during the heat treatment [52]. Interestingly, some pores 

emerge as the grains grow (Figure S7d,e), and the thermogravimetric analysis (TGA) 

shows that there is no thermal decomposition from 300 to 773 K (Figure S7f). So, the 

reduction in relative density is mainly related to volume change during the heat 

treatment rather than weight loss. It is worth mentioning that this pore structure can not 

only contribute to the further reduction in thermal conductivity, but also provide better 
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portability [53]. 

 

3.3. Thermal Conductivity and Figure of Merit for AHT Samples  

Figure 6a presents the temperature-dependent κ of SnSe1.97Br0.03-x% Cu samples 

(x = 0, 3) before and after the heat treatment. Obviously, the κ of all samples decreases 

with increasing temperature as expected. The κ of SnSe1.97Br0.03-3% Cu-AHT sample 

declines from 1.2 W m−1 K−1 at 323 K to 0.45 W m−1 K−1 at 773 K, which is 33% and 

35% lower than that of SnSe1.97Br0.03-3% Cu-BHT sample, respectively. In contrast, the 

κ of the SnSe1.97Br0.03 sample is unchanged by the heat treatment. Although the number 

of stacking faults and grain boundaries are reduced, the κ of the SnSe1.97Br0.03-3% Cu-

AHT sample can be significantly suppressed by the formation of pores. As shown in 

Figure 6b, the decrease in κ of the porous SnSe1.97Br0.03-3% Cu-AHT sample mainly 

stems from the greatly suppressed κl, and its calculation details are provided in the SM. 

An ultra-low κl of 0.29 W m−1 K−1 has been achieved in porous SnSe1.97Br0.03-3% Cu-

AHT sample, which is closed to the predicted minimum lattice thermal conductivity 

given by the Cahill-Pohl model. Besides, the elevated μ leads to a larger κe of 

SnSe1.97Br0.03-3% Cu-AHT sample than those of the others, manifested markedly in the 

inset of Figure 6b.  

 

Figure 6. a) κ and b) κl (inset: κe) with respect to temperature for SnSe1.97Br0.03-x% Cu-

BHT/AHT samples (x = 0, 3), c) the experimental and the predicted EMT-corrected κl 

based on the Debye-Callaway model, which considers the Umklapp process (U), 

Normal process (N), point defects (PD), and grain boundaries (B), d) temperature-
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dependent zT of SnSe1.97Br0.03-x% Cu-BHT/AHT samples (x = 0, 3). 

 

To elucidate the scattering mechanism of phonons, the lattice thermal conductivity 

was analyzed considering different scattering sources. First, the lattice thermal 

conductivity of theoretically fully dense SnSe1.97Br0.03-3% Cu-AHT sample (κl,f) is 

acquired by Equation (4-5) based on the effective medium theory (EMT) [53,54]: 

𝜅l,f  =
𝜅l,p

(1 −
3𝜀
2

)
  (4)

 

𝜀 =  1 −
𝜌

𝜌0 
  (5) 

where κl,p,  and ρ/ρ0 refer to the lattice thermal conductivity, porosity and relative 

density for porous materials, respectively. Second, κl,f was calculated using the Debye-

Callaway model considering Umklapp (U) and Normal (N) processes, point defects 

(PD), and grain boundaries (B), and the details are provided in the SM. It can be seen 

from Figure 6c that the U+N process is the main scattering mechanism, while point 

defects and grain boundaries have almost negligible effect on the lattice thermal 

conductivity of these samples. This is mainly because the low lattice thermal 

conductivity of SnSe2 originates from the inherent small phonon group velocity and 

strong lattice anharmonicity [26,55]. Furthermore, the grain size dependent κl was 

calculated by DFT and depicted in Figure S8a. The results show that κl can only be 

reduced when minimizing the grain size to below 5 nm, which is consistent with the 

fitting results of the Debye-Callaway model. By analyzing the scattering mechanism of 

phonons, it is further demonstrated that the ultra-low κl observed in the experiment 

benefits from porosity, which can be seen clearly in Figure S7d. Consequently, the κl of 

porous SnSe1.97Br0.03-3% Cu-AHT sample drops by 37% and 46% compared with the 

dense SnSe1.97Br0.03-3% Cu-BHT sample at 323 K and 773 K, respectively. Although 

the pores lead to noticeable reduction in lattice thermal conductivity, the electron 

mobility of porous SnSe1.97Br0.03-3% Cu-AHT sample is unexpectedly well maintained 

(Figure 4f), possibly benefiting from the large grain size and good crystallinity. In 

general, there are two types of pores in the materials: pores exist in “in-grain” and “out-
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grain” region. In the case of SnSe1.97Br0.03-3% Cu-AHT sample, the pores exist in out-

grain region (Figure S9a-b), similar to those reported by Wu et al [53]. Their results 

also show a reduced thermal conductivity but the electrical performance has not been 

deteriorated, indicating that the introduction of pores existing in out-grain region may 

also be beneficial to improve TE performance. It may be questioned that these grains 

are not well packed due to the pores existing in out-grain region and the mechanical 

properties may be worsened. Additional SEM analysis was performed by collecting the 

images of the FIB-cut specimen from the SnSe1.97Br0.03-3% Cu-AHT sample. The 

results show that the sample is well-packed, indicating that mechanical property of the 

sample after heat treatment is not worsened as suggested by the Vickers hardness 

measurement (shown in Table S5). As a result, a greatly improved peak zT of 1.13 is 

obtained at 773 K in SnSe1.97Br0.03-3% Cu-AHT sample (Figure 6d), which is more than 

700% enhancement compared to pristine SnSe2 sample (Figure S4d). It is worth noting 

that, as shown in Figure 1b, the peak zT is the record-high value for SnSe2-based 

materials. Figure S8b-f and Figure S9 present good reproducibility and stability, which 

were obtained from the reversible measurements of SnSe1.97Br0.03-3% Cu-AHT sample 

upon thermal cycling. Besides, the thermoelectric properties of SnSe1.97Br0.03-x% Cu-

AHT samples (x = 2, 4) along the direction parallel to hot press and SnSe1.97Br0.03-x% 

Cu-BHT/AHT samples (x = 0, 3) along the perpendicular direction to hot press have 

been plotted in Figure S11 and S12, respectively. More importantly, benefiting by the 

greatly improved μ especially near room temperature, a record-high ZTave of 0.62 is 

achieved in SnSe1.97Br0.03-3% Cu-AHT sample from 323 K to 773 K, exceeding all the 

other state-of-the-art n-type polycrystalline layered compounds working in 

intermediate-to-high temperature region (Figure 1c).  

4. Conclusion 

In conclusion, stacking faults are most likely not beneficial for layered TE 

compounds with intrinsically low lattice thermal conductivity as demonstrated in the 

case of SnSe2. A crystal structure modification from the 2H-SnSe2 polytype (SG P3̅m1) 

to the 4H-SnSe2 polytype (SG P63mc) is triggered by introducing Cu into SnSe2 matrix. 
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A low stacking fault density is found in SnSe1.97Br0.03-3% Cu sample holding P63mc 

structure, in which the formation energy of stacking faults is high compared to P3̅m1 

structure. After heat treatment, the reduced stacking fault density and enlarged grain 

size result in a significantly improved μ and thereby a remarkable enhancement of PF. 

Combined with the ultralow κl in SnSe1.97Br0.03-3% Cu-AHT sample, a record-high 

peak zT and ZTave are attained. These findings provide a new strategy to synergistically 

optimize the electron and phonon transport towards excellent TE performance for 

layered compounds through phase-dependent microstructure modification.  
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Graphical Abstract 

 

A new phase (SG P63mc) of SnSe2 with a larger stacking fault formation energy 

can be formed by the addition of Cu, which leads to significantly reduced 

stacking fault density and thereby increased carrier mobility after heat treatment, 

finally resulting in a record ZTave value among n-type polycrystalline layered TE 

materials working in mediate-to-high temperature region. 
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