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Abstract: 

Lattice defects are typically used to tailor the thermoelectric properties of materials. It is desirable 

that such defects improve the electrical conductivity, while, at the same time, reduce the thermal 

conductivity, for an overall improvement on the thermoelectric properties of materials. Here, we 

report on an extended defect in Sb2Te3 consisting of swapped bilayers with chemical intermixing of 

Sb and Te atoms, which can be generated and effectively manipulated in polycrystalline samples 

through synthetic methods and thermal treatments. The swapped bilayers bridge the spatial gaps 

between the Sb2Te3 quintuple-layer blocks, enhancing the charge carrier mobility and thus the 

electrical conductivity. These defects also result in a reduced lattice thermal conductivity through 

suppressing phonon transport. These synergistic effects contribute together to an improved 

thermoelectric quality factor and an enhanced figure of merit (zT) value in Sb2Te3.  
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1. Introduction 

Thermoelectric materials enable a direct conversion between thermal energy and electricity, 

providing an effective way to recycle waste heat into electrical power or to pump heat for spot 

cooling on integrated circuits.1-3 The energy conversion efficiency is evaluated by the dimensionless 

figure of merit, zT=S2σT/(κele+κlat),
4-6 where S is the Seebeck coefficient, σ the electrical 

conductivity, T the absolute temperature, κele the electronic thermal conductivity, and κlat the lattice 

thermal conductivity. Generally, thermoelectric properties can be predicted by the quality factor, B ∝

(𝑚∗ 𝑚𝑒⁄ )1.5μ/𝜅𝑙𝑎𝑡, where 𝑚∗ is the density-of-states effective mass, me is the free electron mass, 

and μ is the carrier mobility. Band structure and defects engineering are typically employed to 

optimize the quality factor either by increasing the weighted mobility (𝜇𝑤 = (𝑚∗ 𝑚𝑒⁄ )1.5μ)7-8 or by 

decreasing the lattice thermal conductivity.9-14 Yet, these parameters are usually strongly coupled 

with each other.15 Optimizing one of them may degrade the other. For instance, generating lattice 

defects is a typical method to scatter phonons to reduce κlat, while it also impedes the carrier mobility 

μ.  

Layer-structured tellurides, such as Bi2Te3,
16-21 Sb2Te3,

22-23, PbBi2nTe1+3n
24 and GemSb2nTem+3n

25-27, 

are reported to be good thermoelectric materials. These compounds are also known as phase-change 

materials for nonvolatile memory applications.28 Upon thermal annealing at 250 oC and above, a 

layered rhombohedral structure with various types of lattice defects form in GemSb2nTem+3n thin films. 

In particular, a special type of stacking faults – swapped bilayers (SBs) across the structural gaps 

with strong chemical intermixing of Sb and Te atoms is consistently found, which serves as the key 

component for layer-switching in layered GemSb2nTem+3n.
29-33 Stacking faults could effectively alter 

both electrical transport and thermal vibration properties. Taking into account the fact that the 



formation and annihilation of SBs can be effectively manipulated in layered GemSb2nTem+3n thin 

films by the interplay between heating and electron beam irradiation effects at the nanoscale,34-36 it is 

thus intriguing to assess the role of this intrinsic type of defects, which do not affect the chemical 

composition, in shaping the thermoelectric properties of layered telluride compounds.  

In this work, we focus on Sb2Te3, the parent compound of GemSb2nTem+3n, as its structure and 

chemical composition are simpler. This compound serves as an excellent host material for 

phase-change memory applications37-38 and could display good thermoelectric properties, which have 

been linked to the peculiar form of bonding – metavalent bonding (MVB).39-44 In our recent work,45 

we have shown that by annealing the sputtered amorphous Sb2Te3 thin film (~150 nm) at 300 oC, it is 

feasible to obtain SBs in large amounts. We have also elucidated that these swapping bilayers are 

stabilized by the chemical intermixing of Sb and Te near the structural gaps.  

2. Results and discussions 

Here, we carry out density-functional theory (DFT) calculations to assess the impact of SBs on the 

electronic structure (see Methods). We construct and optimize an ideal rhombohedral model and a 

defective model with six SBs, as displayed in Figure 1a and 1b. In the ideal model, three Sb2Te3 

quintuple-layer (QL) atomic blocks and three vacant gaps are alternately stacked along the c-axis. 

The gaps are commonly known as van der Waals (vdW) gaps, but it has been shown recently that the 

bonding in these regions is stronger than vdW bonding42, 46. Therefore, we refer to them as vdW-like 

gaps in the following.  

The charge density of the two models was calculated. Four slices across the vdW-like gaps were 

selected to visualize the charge distribution along the view directions, as indicated by the dashed 

lines in Figure 1a and 1b. The two-dimensional contour plots for these four slices are shown in 



Figure 1c-f. The magnitude of charge density is depicted by a color bar ranging from 0.00 to 0.08 in 

the charge density contour maps. The region with larger value has more charge carriers, while those 

with small values represent marginal electron distribution. For the ideal model, the magnitude of 

charge density inside QL atomic blocks is ~0.04, and gets reduced to ~0.01 in the vdW-like gaps, as 

marked by the blue arrows. Regarding the defective model, the magnitude of charge density inside 

QL atomic blocks is also ~0.04, however, it remains large (0.02~0.04) across the gaps owing to the 

presence of the SBs. Such enriched charge density along the connections of atomic blocks may 

provide additional out-of-plane conducting channels for electron transport, thereby improving the 

overall electrical performance.  

For practical thermoelectric applications, bulk samples are needed. As sketched in Figure 2a, high 

purity Sb and Te beads with the composition of 40 atomic% Sb were melted at 1000 K in an 

evacuated fused silica tube (~10-5 Torr) for 6 hours. The molten phase was then quenched down to 

room temperature by ice water (cooling rate of ~103 K/s) to generate defective Sb2Te3 crystals. Note 

that in nanoscale electronic devices, where very rapid cooling (e.g. ~109 K/s) could be achieved, 

quenching from the melt typically results in amorphous or metastable rocksalt phase of Sb2Te3.
38 The 

X-ray diffraction (XRD) measurement confirms that the quenched (q-) sample is in a single phase 

(Figure S1). The structural details of this q-sample were investigated at atomic level by spherical 

aberration corrected (Cs-corrected) scanning transmission electron microscopy (STEM) (see 

Methods). As shown in Figure 2b and Figure S2, the high angle annular dark field (HAADF) images 

taken along [112̅0] direction reveal a large amount of SBs with a density ~4×106 m-1. These SBs are 

sequentially and uniformly distributed along the out-of-plane direction, connecting two adjacent QL 

blocks, as indicated by the yellow arrows. Figure 2c presents a magnified HAADF image, showing 



the atomic details of the SBs. The electron backscattered diffraction (EBSD) measurements (Figure 

S3) reveal that the q-sample is polycrystalline with grain size ranging mainly from ~1 to ~5 μm. The 

inverse pole figure of the orientation map shows that these grains are randomly oriented in the 

q-sample. The grain size could be adjusted by changing the rotation speed and duration of ball 

milling, the time window for quenching from high temperatures as well as subsequent thermal 

annealing. There is also increasing interest in controlling the grain size in thin film samples, which 

was achieved in GeSb2Te4 thin films by adjusting deposition parameters.47  

The q-sample was annealed to tailor the density and distribution of SBs. We found that a thermal 

annealing at 400 oC over 48 hours is sufficient to remove all the SBs. Figure 2d displays a typical 

HAADF image of the annealed (a-) sample, where SBs are not observed. Massive large-scale STEM 

scans confirm that SBs are rarely observed (Figure S4). The EBSD measurements demonstrate that 

the a-sample also has randomly orientated grains with grain size ranging mainly from ~2 to ~8 μm. 

The average grain size of the q- and a-samples is ~3.4 and ~5.8 μm, respectively (Figure S3). To 

evaluate the potential impact of grain boundaries on thermoelectric performance, we also prepared a 

single-crystal (s-) sample. The s-sample was prepared by re-melting (at ~1000K) and slowly 

unidirectionally solidifying (1mm/h) the a-sample using a Bridgeman furnace (see Methods). The 

single-crystal nature of the s-sample was confirmed by XRD analysis (Figure S1), and SBs were not 

observed in the large-scale HAADF scans (Figure S5). 

Temperature-dependent Hall measurements were performed on the three samples. The Hall 

measurements show that all three samples are p-type semiconductors, which is due to the self-doping 

effects by Sb vacancies.48 Figure 3a displays the carrier concentration of the three samples. The q- 

and a-samples show similar level of hole carriers in the measured temperature range. In comparison, 



the s-sample shows higher carrier concentration, probably due to the higher amount of point defects 

on the Sb sublattice. However, as regards the carrier mobility, the q-sample shows higher values than 

the other two samples (Figure 3b), despite its smaller grain size. Clearly, grain boundary scattering 

cannot account for the improvement in mobility, which instead stems from intra-grain mechanisms. 

As predicted by DFT calculations in Figure 1e and 1f, the SBs enhance the out-of-plane transport, 

leading to a higher mobility of the charge carriers. Regarding the two samples that have the same 

perfect rhombohedral lattice, the s-sample without any grain boundary shows a slightly higher 

mobility value, as expected. Overall, the q-sample shows higher electrical conductivity σ values than 

the a-sample but smaller values with respect to the s-sample at all measured temperatures, due to the 

lower carrier concentration (Figure 3c).  

Figure 3d presents the profiles of the Seebeck coefficient S. All the three samples show positive 

values, due to the p-type transport behavior. The Seebeck coefficient presents an inverse trend 

relative to the electrical conductivity, as normally observed in semiconductors. As shown in Figure 

3e, we also analyzed the density-of-states effective mass by calculating the Pisarenko plot based on 

the single parabolic band (SPB) model with acoustic phonon-dominated carrier scattering,49 which 

has been verified by the exponentially decreasing electrical conductivity with a temperature 

dependence of T-1.5 in Figure 3c. The result shows that the q-sample tends to have a lower effective 

mass than the other two samples, while the a- and s-samples show a very similar value. The low 

effective mass of the q-sample is consistent with its measured high carrier mobility. As a result of the 

tradeoff between σ and S, all the three samples show comparable power factor in the measured 

temperature range (Figure 3f). 

We also carried out temperature-dependent thermal conductivity measurements for the three samples 



(Figure 4a). As expected, the s-sample shows much higher values of thermal conductivity κtot 

(κele+κlat) than the other two samples due to its minor amount of defects. The q-sample shows slightly 

smaller κtot values, but much smaller lattice thermal conductivity κlat values, with respect to the 

a-sample. κele is proportional to σ according to the Wiedemann-Franz law, implying that a larger σ 

corresponds to a higher κele. The q-sample presents a much larger σ but slightly lower κtot as 

compared with the a-sample, indicating that phonon transport is significantly suppressed in the 

q-sample. From the Wiedemann-Franz law, we can separate the phonon contribution to the thermal 

transport by subtracting κele from κtot (see Methods). Figure 4b and Figure S6 present the κlat and κele 

profiles, respectively. The q-sample exhibits the expected higher κele (1.93 W m1 K1) compared 

with the a-sample (1.42 W m1 K1) at room temperature due to the higher σ. The annealed sample 

shows a κlat value of 2.05 W m1 K1 at room temperature, while the quenched sample shows a value 

of 1.36 W m1 K1 only, corresponding to a difference of ~35%. This demonstrates that the SBs can 

effectively suppress the lattice thermal conductivity in Sb2Te3.  

To gain further understanding of the bilayer effects on κlat, we use the Debye-Callaway model to fit 

the experimental data50, 

𝜅𝑙𝑎𝑡 =
𝑘B

2𝜋2𝜐
(
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)

3
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𝑑𝑥         Equation 1 

where kB is the Boltzmann constant, υ the average sound velocity, ћ the reduced Plank’s constant, θD 

the Debye temperature, x = ћω/kBT, ω the angular frequency of phonons, and τtot the total relaxation 

time.49 The phonon scattering sources include the Normal (N) and Umklapp (U) processes, grain 

boundaries (GB) and swapped bilayer stacking faults (SF), according to the Matthiessen’s rule τ
-1 

tot = 

τ
-1 

N  + τ
-1 

U  + τ
-1 

GB + τ
-1 

SF (see Methods). The s-sample only involves the N and U terms, and the GB term 

is considered for the a-samples. For the q-sample, we also include the SF term with density of 4×106 



m-1. The purple, green and red dashed lines in Figure 4b represent the calculated results for the s-, a- 

and q-samples, respectively. The calculations fit very well to the experimental data, indicating that 

the observed SBs are indeed responsible for the reduced lattice thermal conductivity κlat. The 

contribution of specific defects can be further revealed by the spectral lattice thermal conductivity 

(κs). Figure 4c shows the calculated κs at 300 K for the q-sample (see Methods). The pink and light 

green areas correspond to the reduced κlat induced by GB and SF, respectively. These calculations 

indicate that grain boundaries have marginal effects on the phonon transport. In contrast, the SBs 

strongly suppress the heat-carrying phonons over the entire phonon spectrum for reduced lat.  

The maximum thermoelectric performance can be quantified by the quality factor B described by the 

following expression51-52  

B = 5.745 × 10−6 ∙
𝜇(𝑚∗ 𝑚𝑒⁄ )1.5𝑇2.5

𝜅𝑙𝑎𝑡
= 5.745 × 10−6 ∙ 𝑇2.5 ∙

𝜇𝑤

𝜅𝑙𝑎𝑡
    Equation 2 

Figure 4d shows the weighted mobility 𝜇𝑤 and quality factor B calculated for the three samples at 

room temperature. The three samples show nearly identical 𝜇𝑤, indicating similar power factor. 

However, the q-sample exhibits a much higher quality factor than the s- and a-samples, which is 

mainly contributed by the increased charge carrier mobility and decreased lattice thermal 

conductivity induced by the SBs. We also used a more general model proposed in Ref.53, and the 

calculated 𝜇𝑤 and B are consistent (Figure S7). As a result, the final zT value in the q-sample is the 

highest, especially at high temperatures, see Figure 4e. The swapped-bilayers thus optimize both the 

carrier mobility and the lattice thermal conductivity. Further alloying and doping are expected to lead 

to further improvement on the zT values.54-55 

 

3. Conclusion 



In conclusion, we have proposed a strategy of heat treatment to control the formation and 

annihilation of SBs in bulk Sb2Te3, which was evidenced by the atomic-level resolution 

STEM-HAADF characterization. We also demonstrated that the SBs connect the weakly coupled van 

der Waals-like gaps and thus provide additional conducting channels for electron transport along the 

out-of-plane direction due to the strong Sb-Te chemical intermixing. Thermoelectric performance 

measurements reveal that the bilayers could effectively enhance the carrier transport to improve the 

electrical conductivity, while impeding the phonon transport over the entire phonon spectrum and 

thus lowering the lattice thermal conductivity. As a result, the quality factor is greatly improved and 

an enhanced thermoelectric performance is achieved. We also note that such bilayers are frequently 

observed in IV-V-chalcogenides and binary V-chalcogenides based phase change materials, such as 

Sb2Te3,
45 Bi2Te3,

56 GeSb2Te4,
29-30 and Ge2Sb2Te5

34-35. Our work provides an effective experimental 

procedure to engineer these extended defects in layered chalcogenide materials, which could 

potentially be coupled with other point defects engineering approaches57-59, to achieve improved 

thermoelectric performances for practical applications, such as wearable electrocardiographic 

applications60. 

4. Experimental section 

Sample synthesis： 

The Sb2Te3 ingots were synthesized by melting the precursor beads with appropriate molar ratio of 

constituent elements of Sb, and Te (99.999%, American Elements) in an evacuated fused silica tube 

(~10-5 Torr) at 1000K for 6h. The melts were quenched in ice water (denoted as quenched sample, 

q-sample). The q-samples were subsequently annealed at 673K for 48h and then naturally cooled to 

ambient temperature (marked as annealed sample, a-sample). The obtained ingots were manually 



ground using an agate mortar and pestle to obtain fine powder in an Ar-filled glove box. The 

resulting powder was loaded in a graphite module and densified at 723K for 5 min under an axial 

pressure of 50 MPa in a vacuum using spark plasma sintering (SPS) (SPS-211Lx, Fuji Electronic 

Industrial Co., Japan). Afterwards, a cylindrical sample with a thickness of ~12.7 mm and a diameter 

of 12 mm was obtained. The single crystal sample (s-sample) was prepared from the a-sample, which 

was sealed in an evacuated cone-shaped tube and put into a Bridge man furnace. The tube vertically 

passes through the flat-temperature zone of 1000K in a velocity of 1mm/h, leading to a unidirectional 

solidification of the melts to form large single crystal. The density of the samples was calculated 

from the geometrical volume and masses, and all the samples have density higher than 99.5% of the 

theoretical value. 

Experimental methods: 

Transmission electron microscopy (TEM): The TEM specimens were prepared by a dual beam 

focused ion beam (FIB) system (Helios NanoLab 600i, FEI) with a Ga ion beam at 30 kV beam 

energy, the specimens were further polishing under 5 and 2 kV to clean the surface and remove the 

gallium ion damage61. Atomic-resolution STEM-HAADF imaging experiments were performed on a 

JEOL ARM200F STEM with a probe aberration corrector, operated at 200 keV.  

Electron back-scatter diffraction (EBSD): The samples for EBSD measurements were mechanically 

polished by SiC paper and diamond paste (1 μm in roughness) and fine polished using silica and 30% 

H2O2. The EBSD measurements were carried out on a dual beam focused ion beam (FIB) system 

(Helios NanoLab 600i, FEI) using a Hikari S/N 1040 camera (TSL/EDAX) with OIM Data 

Collection software for the data acquisition and OIM Analysis 7 software for the data analysis. 

X-ray Diffraction (XRD): XRD patterns for q- and a-samples were collected on a SmartLab Rigaku 



powder X-ray diffractometer equipped with a Cu Kα (l = 1.5418 Å) graphite monochromator 

operating at 40 kV and 20 mA. For the s-sample, the XRD pattern was recorded on a cleaved piece 

along the (0003) direction. The XRD measurements confirm the single-phase nature of the three 

samples. 

Thermoelectric property measurements: The thermal conductivity for polycrystalline samples were 

measured along the direction perpendicular the pressure direction, and thermal conductivity for 

s-sample was determined along the cleavage plane (in-plane). The thermal diffusivities were 

measured using laser flash method in a Netsch LFA 457 equipment, and the samples are in form of 

disk form with a diameter of 8 mm and a thickness of ~2 mm. The thermal conductivity was 

calculated by  = DCp, where D is the diffusivity,  is the sample density measured by mass and 

volume, and Cp is the heat capacity obtained using Dulong-Petit limit.  

The measurements of electrical conductivities were carried out in a ZEM-3 apparatus using standard 

four-probe methods in an inert Helium atmosphere. The samples were cut and polished into 

rectangular columns with a size about 12 × 2 × 2 mm3. Electrical contacts were made using Pt/Rh 

and Pt that were mechanically contacted to the rectangular columns without application of a paste 

that typically contains organic solvents. 

Hall effect were measured as a function of temperature using van der Pauw method on a Lakeshore 

8407 system from 300 to 773 K under an ultrahigh vacuum (<105 Pa) with a reversible 1.5 T 

magnetic field and 15 mA excitation current. The samples were in form of a disk with diameter of 8 

mm and a thickness below 1mm. 

Theoretical calculations of thermal conductivities: We used Debye-Callaway model to fit the 

experimental data. According to the Matthiessen’s rule, to calculate the total relaxation time 𝜏𝑡𝑜𝑡, we 



firstly calculated the relaxation time associated with Umklapp (𝜏𝑈) and Normal (𝜏𝑁) phonon-phonon 

scattering from 

𝜏𝑈
−1 + 𝜏𝑁

−1 = 𝐴𝑁
2

(6𝜋2)1/3

𝑘B𝑉̅1/3𝛾2𝜔2𝑇

𝑀̅𝜐3
           Equation 2 

where 𝐴𝑁 is an additional factor (=1.1 in this case fitted with the single crystal data) for integrating 

(𝜏𝑈) and (𝜏𝑁), 𝑉̅ is the average atomic volume of Sb2Te3, 𝛾 is the Grüneisen parameter (2.3), 𝑀̅ is 

the average atomic mass. 

The relaxation time associated with grain boundary scattering is given by 

𝜏𝐺𝐵
−1 = 𝜐/𝑑                    Equation 3 

where d is the average grain size. The d values of q- and a- samples are measured as 3.4 µm and 5.8 

µm through EBSD analyses, respectively (Figure S3b and d). 

Compared with the s-sample, the slightly decreased lattice thermal conductivity in the a-sample is 

mainly due to the increased density of grain boundaries. For q-sample, the total phonon relaxation 

time of swapped bilayers stacking fault (SF) phonon scattering was considered. The SF scattering 

rate for phonons is: 

𝜏𝑆𝐹
−1 = 0.7

𝑎2𝛾2𝑁𝑆𝐹

𝜐
𝜔2               Equation 4 

where a is the lattice parameter, 𝑁𝑆𝐹 is the density of bilayer stacking fault, which is determined to 

be 4×106 m-1. 

DFT calculations:  

The models of Sb2Te3 rhombohedral ideal structure and defective structure with swapped bilayers 

(SBs) were built in an orthorhombic unit-cell with experimentally determined lattice parameter 

(a=12.78 Å, b=25.51 Å, c=30.45 Å), containing 15 atomic layers with 144 Sb and 216 Te atoms. 

Three Sb2Te3 quintuple-layer (QL) atomic blocks and three vacant gaps are alternatively stacked 



along c axis. In the model of defective structure, we constructed the SBs by swapping parts of 

outmost Te and sub-outer Sb layers of QL blocks, which connects two adjacent QL atomic blocks 

horizontally. Each bilayer was constructed with 2 Sb-Te units and the Sb-Te intermixing is made in 

the bilayer regions. DFT calculations were performed utilizing the Perdew-Burke-Ernzerhof 

functionals and the projected augmented plane-wave (PAW) pseudopotentials, which is implemented 

in the Vienna ab initio simulation package (VASP). The cut-off energy for the plane-wave basis 

expansion was set to be 500 eV. The Brillouin zoom was only sampled at Γ point. Self-consistent 

calculations and relaxation calculations were carried out with a Gaussian smearing width of 0.1 eV 

and a convergence tolerance of 1×10-7 eV. The van der Waals correction was implemented using 

DFT-D3 method. 
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Figure 1. Atomic models and charge density maps. (a) The ideal atomic model of Sb2Te3. (b)The defective 

model with three pairs of swapped bilayer defects. (c)-(f) The two-dimensional charge density contour maps 

for slices 1-4 in (a) and (b), respectively. The blue and red arrows mark similar regions in two models, 

corresponding to vdW-like gaps in the ideal model and the SBs in the defective model, respectively. Due to 

the Sb-Te intermixing, the charge density between the adjacent blocks increases in bilayer regions, indicating 

that the electron transport is enhanced by the bilayers along the out-of-plane direction. 

 

Figure 2. Synthesis protocol and atomic-resolution imaging of Sb2Te3 samples. (a) Schematic diagram of 

the sample synthesis protocol for quenched and annealed samples. (b) The large scale STEM-HAADF image 

of the q-sample recorded along the [112̅0] direction. A series of continuous bilayers can be observed, as 

marked by yellow arrows. (c) The atomic-resolution HAADF image of the bilayers in the q-sample. The 

vdW-like gaps are indicated by yellow arrows. (d) The large scale HAADF image of the annealed 

polycrystalline sample: no obvious bilayers can be observed in the sample.  



 

Figure 3. Hall effect measurements and temperature-dependent electrical transport properties for the 

three samples. (a) Hall carrier concentration as a function of temperature; (b) Hall carrier mobility; (c) 

Temperature-dependent electrical conductivity; (d) Seebeck coefficient; (e) Pisarenko plot calculated based on 

the SPB model; (f) Temperature-dependent power factor. The electrical conductivity of the single crystal 

sample follows the trend of T1.5, indicating that the acoustic phonons dominated the charge carrier scattering. 

 

Figure 4. Thermal conductivity as a function of temperature and thermoelectric performances. (a) Total 

thermal conductivity. (b) Lattice thermal conductivity. The dashed lines depict the results calculated by the 



Debye-Callaway’s model. (c) Spectral lattice thermal conductivity at room temperature showing the 

individual contributions of grain boundaries (GB) and swapped bilayer stacking faults (SF) to the reduced 

lattice thermal conductivity. The pink region indicates the thermal conductivity reduced by GB, and the cyan 

region indicates that reduced by SF. (d) Weighted mobility and quality factor at room temperature. The quality 

factor of the q-sample shows a significant improvement, although the weighted mobility is similar to the other 

two samples. (e) zT values as a function of temperature. 


