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Abstract 

Previous studies have revealed that Bi element to be a successful n-type dopant in SnTe, 

and can effectively tune its electronic structure. Nevertheless, the understanding of the role of 

Bi and Bi2Te3 in SnTe seems somewhat confused and simplified, without distinctly 

distinguishing the relation between the microstructural characters and thermoelectric properties 

in both cases. Therefore, we try to clarify the roles of Bi- doping and Bi2Te3 alloying on the 

electrical and thermal transport properties in SnTe. We find despite that they both contribute to 

the valence band convergence of SnTe, Bi2Te3 alloying induces little effect on the hole 

concentration unlike the typical n-type feature of Bi- doping; moreover, Bi2Te3 alloying tends 

to produce dense dislocation arrays at micron-scale grain boundaries which differs significantly 

from the substitutional point defects character upon Bi- doping. It was then found that Bi2Te3 

alloying exhibits a relatively higher quality factor (B ~ μw/κlat) at higher temperatures than Bi- 

doping. Subsequent Ge doping in Bi2Te3 alloyed samples results in a further valence band 

convergence and hole concentration optimization, and eventually results in a maximum figure 

of merit ZT of 1.4 at 873 K at the composition of (Sn0.88Ge0.12Te)0.97-(BiTe1.5)0.03. 
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Introduction 

Thermoelectric material owns the capability of directly conversion between electricity and 

low-grade waste heat, which provides an effective solution to relieve the growing energy crisis 

and environmental issues [1-3]. The conversion efficiency of a thermoelectric material is usually 

evaluated by a dimensionless figure of merit defined as ZT = S2T/(κlat + κele), where S refers 

Seebeck coefficient,  denotes electrical conductivity, T is the absolute temperature, and κele, 

κlat are the electronic thermal conductivity and lattice thermal conductivity, respectively. 

Apparently, maximizing the power factor (S2) and simultaneously minimizing the thermal 

conductivity (κ = κlat + κele) are necessary to achieve a high figure of merit ZT. However, the 

intrinsic coupling nature among these thermoelectric parameters implies that it is hard to obtain 

an enhanced ZT value via independent modulation of a single parameter [4].  

To date, among the numerous thermoelectric materials at intermediate temperatures, 

including skutterudites [5-6], GeTe [7-8], SnSe [9-10], PbTe [11-12] and its analogue PbSe [13-14] and 

PbS [15-16] etc., of which, PbTe has been regarded as a promising candidate for its good thermal 

stability, superior mechanical property, and outstanding performance. However, abuse of lead 

might induce growing worldwide concerns of environmental issues [17]. In the last decade, SnTe 

has gradually been taken as a natural replacement for PbTe due to its similar crystal and 

electronic band structures as the latter, although SnTe still faces some intrinsic difficulties as 

follows [18-19]: (i) the intrinsically high hole concentration (~ 1021 cm-3) due to abundant Sn 

vacancies; (ii) the large energy offset (~ 0.3 eV) between light and heavy valence bands; (iii) 

the intrinsically high κlat (~ 3 Wm-1K-1 at room temperature). Extensive efforts were thus 

devoted to overcome these afore-mentioned inferiorities for improved thermoelectric 

performance. For instance, Mn was reported to be quite effective in modulating the valence 

bands offset [20-22]. Providing that the solubility of MnTe is very high in GeTe [23], Pei et al. [24] 

successfully increased the solubility (25 mol%) of MnTe in SnTe with the help of 5% GeTe, 

and realized a significantly enhanced power factor. Doping at Sn site with Cd [25-26], Mg [27], Hg 

[18], Ca [28], and/or co-doping with Bi/Pb [29], In/Cd [30], In/Ag [31], Ag/Mg [32] were also proved 

to exhibit a similar function. In addition, indium doping in SnTe was found able to induce 

resonant levels near valence band maximum (VBM) that is believed to be responsible for the 

extraordinarily large S [32-33]. Moreover, constructing microstructural defects, like point defect 



[22, 34-35], nanostructures [36-39], van der Waals planar defects [40] and hierarchical architecture [41-

42], is also able to improve the overall figure of merit from the aspect of reducing lattice thermal 

conductivity.   

Among the mentioned strategies, the n-type Bi- doping can simultaneously modulate the 

valence band offset for an enhanced density of state (DOS) effective mass and strengthen the 

point defect scattering for a reduced lattice thermal conductivity. In this work, we found that 

Bi2Te3 alloying in SnTe plays quite a different function as Bi-doping mainly in the aspects of 

charge carrier modulation and phonon scattering mechanism, and exhibits a substantially higher 

quality factor (B ~ μw /κlat) at 773 K. A follow-up Ge doping at Sn site in the optimized Bi2Te3 

alloyed sample provides a further tuning on hole concentration and valence band alignment, 

and results in a maximum ZT of 1.4 at 873 K at the composition of (Sn0.88Ge0.12Te)0.97-

(BiTe1.5)0.03. 

Experimental 

Material synthesis 

High-purity Sn shots (Alfa Aesar, 99.99%), Te chunks (Aladdin, 99.999%), Bi shots 

(Aladdin, 99.999%) and Ge shots (Aladdin, 99.99%) were weighed according to the nominal 

compositions and then sealed in quartz tubes under a vacuum of 10-4 Pa. Subsequently, the 

sealed materials were heated in a furnace; the temperature was slowly raised to 673 K within 

200 min, then dwelled for 240 min, after which the ampoules were further heated to 1173 K at 

a speed of 1 K/min, soaked for 720 min here and quenched in cool water. Finally, obtained 

ingots were hand-ground into fine powders, and followed by spark plasma sintering (LABOX-

212, Japan) at 773 K for 5 min under a uniaxial pressure of ~ 50 MPa.  

Structure characterizations 

The crystal structures of the specimens were characterized by X-ray diffractometer 

(MiniFlex600, Rigaku, Tokyo, Japan) at a scanning rate of 10º min-1 from 2θ = 20º to 80º. The 

microstructures were observed by transmission electron microscopy (TEM) (Thermo Fisher 

Talos F200X microscope) operated at 200 kV. 

Thermoelectric property characterizations 

The ZEM-3 apparatus (Ulvac-Riko, Japan) was used to measure the Seebeck coefficient S 

and the electrical conductivity σ at a helium atmosphere. The uncertainties of the S and σ are 



both estimated to be about 5%. The thermal diffusivity (D) was obtained by the LFA-457 

(Netzsch, Germany) laser flash apparatus. The total thermal conductivity κ was calculated 

according to κ = DCpρ, where ρ is mass density of the sample measured using the Archimedes 

method (Mettler Toledo, Model XSE105DU), Cp is the heat capacity which was estimated by a 

theoretical Dulong-Petit limit. The uncertainty of thermal conductivity was estimated to be 

about 8%. Considering the uncertainties of all the parameters, the uncertainty of calculated ZT 

is about 15%. Room-temperature nH and carrier mobility (μH) of all samples were measured by 

a Hall system (Lake Shore 8400 Series, Model 8404, USA), whose uncertainty being about 

10%. 

 

Results and discussion 

Figure 1a and c show the room temperature X-ray diffraction patterns of as-synthesized 

Sn1-xBixTe (x = 0, 0.01, 0.03, 0.05) and Sn1-yBiyTe1+0.5y (y = 0, 0.01, 0.03, 0.05) samples. In both 

cases, the main diffraction peaks match well with the cubic rock-salt crystal structure of SnTe 

(Fm3̅m). Weak diffraction peaks corresponding to a secondary Bi phase were observed in Bi-

doped samples as x ≥ 0.03, while Bi2Te3 alloyed samples retain single cubic phase all the way 

from y = 0.01 to 0.05. The calculated lattice parameter of Bi-doped samples, as shown in figure 

1b, increases with Bi doping ratio x but quickly saturates at x = 0.03, due to the relatively 

smaller Sn2+ (0.93 Å) ionic radii than Bi3+(0.96 Å). The very small solubility limit of Bi in SnTe 

was also reported in literature [43]. In contrast, the lattice parameter for Bi2Te3 alloyed Sn1-

yBiyTe1+0.5y family gradually increases till y = 0.03 and starts to drop thereafter (see supporting 

information figure S1 for XRD patterns of y > 0.05). This unusual behavior of calculated lattice 

parameter with Bi2Te3 alloying ratio y may be attributed to a compensation between the 

expanding trend due to Bi/Sn substitution and the shrinking trend as the number of cation 

vacancies grows [44]. The Bi- doped and Bi2Te3 alloyed in SnTe can be expressed as Eqn. (1) 

and (2), respectively. And the corresponding scheme of the process that Bi- doped and Bi2Te3 

alloyed in SnTe as shown in figure 1e. 

Bi + SnTe → Bi˙Sn + e′ + TeTe                                                                      (1) 

Bi2Te3 + SnTe  → 2/3 Bi˙Sn + 1/3 V″Sn+ TeTe                                                     (2) 

In brief, our XRD results revealed that there is obvious difference in lattice configuration 



between Bi- doped and Bi2Te3 alloyed SnTe samples. 

 

Figure 1 (a) (c) The powder XRD patterns for Sn1-xBixTe (x = 0, 0.01, 0.03, 0.05) and Sn1-yBiyTe1+0.5y (y = 0, 0.01, 

0.03, 0.05). (b) (d) Calculated lattice parameters obtained from (a) and (c), respectively. (e) The scheme of the 

process that Bi- doped and Bi2Te3 alloyed in SnTe. 

In Figure 2 we present the thermoelectric properties comparison between Bi- doped Sn1-

xBixTe and Bi2Te3 alloyed Sn1-yBiyTe1+0.5y series. As shown in figure 2a, the electrical 

conductivity for both series decreases monotonically with increasing temperature, manifesting 

a typical degenerated semiconductor feature. In addition, σ decreases with increasing Bi- 

doping ratio x, as it does in Bi2Te3 alloyed samples; nevertheless, the underlying mechanisms 

are quite different in these two cases. For Bi- doped Sn1-xBixTe series, the Hall carrier 

concentration (as seen in figure S2a) decreases markedly as Bi concentration increases, which 

can be attributed to the neutralization of Sn vacancies upon Bi doping according to Eqn. (1). In 

the meanwhile, measured carrier mobility decreases because Bi substituting Sn also introduces 

BiSn point defects and Bi-rich nanoparticles, both contributing negatively to the charge carrier 

mobility. This mechanism was also revealed by Zhou et al. [45]. Therefore, in the case of Sn1-

xBixTe family, the reduction of σ comes from simultaneous decrease carrier concentration and 

carrier mobility. In contrast, room temperature Hall measurements reveal that hole 



concentration barely changes when Bi2Te3 is alloyed into SnTe as in Sn1-yBiyTe1+0.5y series, as 

shown in figure S2b; the decreasing σ with Bi2Te3 alloying ratio in Sn1-yBiyTe1+0.5y samples then 

comes solely from the obvious reduction of carrier mobility. The nearly unaltered carrier 

concentration and decreased carrier mobility could be related to the growing “neutral” cation 

vacancies upon Bi2Te3 alloying [40]. Seebeck coefficients S in both series exhibit an opposite 

trend with electrical conductivity σ as expected, figure 2b. A Pisarenko plot using two band 

kane (TBK) model [38] is presented to help analyze the valence band configuration upon Bi- 

doping and Bi2Te3 alloying, figure 2c. Previously reported experimental results of undoped [46] 

and Bi- doped SnTe [45] are also plotted in the figure as references. As shown, pristine (undoped) 

SnTe data are well located on the calculated Pisarenko curve with a light-heavy valence band 

separation ΔEL-Σ = 0.35 eV, indicating the validity of our TBK model. As Bi is doped into SnTe 

matrix, the experimental S versus nH points then deviate gradually off the Pisarenko curve with 

ΔEL-Σ = 0.35 eV and approaching the one with ΔEL-Σ = 0.10 eV, suggesting that Bi- doping in 

SnTe could produce a valence band convergence as also revealed by Zhou et al. [45]. As for 

Bi2Te3 alloying into SnTe, a similar valence band convergence behavior was also suggested as 

seen in figure 2c. In both cases, the valence band convergence leads to enhanced density-of-

state (DOS) effective mass, explaining the large Seebeck coefficient values but also resulting 

in the reduction of carrier mobility as observed. Eventually, the substantially enhanced S well 

compensates the reduction of σ, yielding an overall improved PF in the entire temperature range 

as shown in figure S3a. 

The total thermal conductivity (κ) versus temperature for Sn1-xBixTe and Sn1-yBiyTe1+0.5y 

are outlined in figure 2d. The electrical contribution to thermal conductivity κele is evaluated by 

the Wiedemann-Franz law κele = LσT [47] (L is the Lorenz number which can be approximately 

derived from S [48]) and shown in figure S3b. Subtracting κele from κ gives the lattice thermal 

conductivity κlat as displayed in figure 2e. Although both Bi- doping and Bi2Te3 alloying result 

in a considerable reduction of lattice thermal conductivity at lower temperatures (T < 500 K), 

Bi2Te3 alloyed samples exhibit relatively lower κlat values than Bi- doped ones at higher 

temperatures (T > 550 K). For instance, κlat for Sn0.97Bi0.03Te1.015 gets down to 0.83 Wm-1K-1 at 

~ 723 K while pristine SnTe is as high as ~ 0.93 Wm-1K-1 at ~ 723 K. The difference of lattice 

thermal conductivity at higher temperature between Bi- doped and Bi2Te3 alloyed samples can 



be explained in two aspects: (i) the reduced hole concentration due to Bi- doping aggravates 

the bipolar conduction in the narrow-gap SnTe (0.18 eV at 300 K [49]); (ii) Bi- doping 

strengthens phonon scattering mainly via Bi/Sn substitutional point defects and Bi-rich nano-

precipitates [45], while Bi2Te3 alloying in this work generates dense dislocation arrays at grain 

boundaries as will be discussed later. The advance of Bi2Te3 alloyed samples Sn1-yBiyTe1+0.5y 

over Bi- doped Sn1-xBixTe samples could be further understood by comparing their 

corresponding quality factors B (~μw/κlat) [50], where the temperature-dependent weighted 

mobility (μw) was derived from the experimental electrical conductivity σ and Seebeck 

coefficient S [50] (as shown in figure S3c). As shown in figure 2f, despite that the μw /κlat value 

of Sn1-yBiyTe1+0.5y samples at 323 K is systematically lower than that of Sn1-xBixTe samples, the 

condition confronts a reversal at 773 K suggesting that a higher overall figure of merit ZT shall 

be realized in the former samples. Indeed, thermoelectric characterizations demonstrates that 

Bi2Te3 alloyed Sn1-yBiyTe1+0.5y samples exhibit consistently higher peak ZT at 773 K than Bi- 

doped Sn1-xBixTe ones, as seen in figure S3d, a maximal ZT value of 0.75 was realized at 773 

K in the composition of Sn0.97Bi0.03Te1.015 sample with y = 0.03. 

 

Figure 2 Temperature variation of thermoelectric properties for Sn1-xBixTe (x = 0, 0.01, 0.03, 0.05) and Sn1-



yBiyTe1+0.5y (y = 0, 0.01, 0.03, 0.05) samples. (a) Electrical conductivity; (b) Seebeck coefficient. (c) Seebeck 

coefficient as a function of carrier concentration (nH) versus Pisarenko plots according to the TBK model with a 

band offset of 0.35 eV and 0.10 eV respectively. (d) Total thermal conductivity; (e) lattice thermal conductivity. (f) 

The ratio of weighted carrier mobility to lattice thermal conductivity (μw /κlat) at 323K and 773 K, respectively, the 

unit of μw /κlat is (cm2 V-1s-1) / (Wm-1K-1). 

Transmission electron microscopy (TEM) and scanning transmission electron microscopy 

(STEM) were used to investigate the microstructural characters of the Sn0.97Bi0.03Te1.015 sample. 

Low-magnification TEM images as shown in Figure 3a-b reveal very dense dislocation arrays 

located at micron-sized grain boundaries, suggesting that lattice mismatching across a grain 

boundary is of the low-angle feature. These dislocation arrays at low-angle grain boundaries 

exhibit discriminately scattering efficiency for charge carrier and heat-carrying phonons, thus 

are beneficial for the decoupling of electron-phonon transports and the overall thermoelectric 

performance [51-53]. Further STEM images (figure 3c-d) show that the Sn0.97Bi0.03Te1.015 sample 

is physically homogeneous in grains and across grains with Z-contrast, and following energy 

dispersive spectroscopy (EDS, figure 3e-h) confirms that elements (Bi, Sn and Te) are evenly 

distributed all over. The combined microstructural characters of homogeneous element 

distribution and dense dislocation arrays at grain boundaries are believed to be the origin of 

superior B factor (~μw/κlat) at 773 K in Bi2Te3 alloyed Sn1-yBiyTe1+0.5y samples.  

 

Figure 3 S/TEM analyses of the Sn0.97Bi0.03Te1.015 sample. (a) and (b) Low magnification TEM image of 

Sn0.97Bi0.03Te1.015 sample. (c) STEM image showing the grain boundary structure. (d) STEM image of dislocation 

arrays. (e) Enlarged view obtained of rectangular region shown in from (d), and corresponding EDS elemental maps 



of (f) Sn, (g) Bi, and (h) Te. 

It is gratifying that Ge alloying in Sn1-xGexTe could obtaine ultralow κlat by inducing 

ferroelectric instability near room temperature [54], we achieved in this work an optimal 

thermoelectric performance based on Sn0.97Bi0.03Te1.015 composition (written as 

(SnTe)0.97(BiTe1.5)0.03 hereafter) by Ge alloying, due to combined effects of the highly converged 

valence band and ultralow κlat as discussed below. 

The powder X-ray diffraction (XRD) patterns of (Sn1-zGezTe)0.97(BiTe1.5)0.03 (z = 0, 0.04, 

0.08, 0.12 and 0.15) are shown in figure S5a. As shown, all diffraction peak indexed to the 

cubic rock salt crystal structure of SnTe (Fm3̅ m), and no secondary phase observed within 

detecting limitation of XRD instrument. The calculated lattice parameter (figure S5b) decreases 

almost linearly with the increasing amount of Ge concentration, demonstrating that smaller 

atomic radii of Ge (0.87 Å) successfully substitute on the Sn (0.93 Å) site in the face centered 

cubic SnTe structure.  

Figure 4 presents the thermoelectric properties for (Sn1-zGezTe)0.97(BiTe1.5)0.03 (z = 0, 0.04, 

0.08, 0.12 and 0.15) samples. The temperature dependence of σ manifests a degenerate 

semiconducting behavior, as shown in figure 4a. σ slightly decreases as increasing Ge 

concentration for the whole temperature range. Specifically, the values of σ at 323 K gradually 

decreases from ~ 4755 Scm−1 for (SnTe)0.97(BiTe1.5)0.03 to ~ 3880 Scm−1 for 

(Sn0.85Ge0.15Te)0.97(BiTe1.5)0.03. The reduction of σ mainly arise from the decrease in carrier 

concentration caused by progressive substitution of Sn by Ge fills the Sn vacancies as shown 

Meanwhile, the room temperature carrier mobility (figure S6) shows an obvious upward trend 

with increases amount of Ge, which possibly due to the diminished scattering rate caused by 

the reduced carrier concentration. It is interestingly noted that the high value of carrier mobility 

in Sn1-xGexTe was ascribed to a dielectric screening effect by Banik et al. [54] Seebeck coefficient 

S gets gradually enhanced with Ge content, corresponding well to the variation of carrier 

concentration, as shown in figure 4b. The combination of substantially enhanced S with optimal 

carrier concentration eventually yields an enhanced PF plateaus over a broad temperature range. 

As shown in figure 4c, the value of PF at 323 K is ~ 8.2 μWcm-1K-2 for 

(Sn0.88Ge0.12Te)0.97(BiTe1.5)0.03 sample, and further rises with increasing temperature to ~ 32 

μWcm-1K-2 at 873 K. Total thermal conductivity κ decreases with increasing amounts of Ge, 



from ~ 5.21 Wm−1K−1 in (SnTe)0.97(BiTe1.5)0.03 drop to ~ 4.21 Wm−1K−1 in 

(Sn0.88Ge0.12Te)0.97(BiTe1.5)0.03 at 323 K, as shown figure 4d. After subtracting the electrical 

contribution, the calculated lattice thermal conductivity κlat experiences drastic reduction upon 

Ge substitution over the entire temperature range of our measurements (323-873 K), as shown 

in figure 4e. Specifically, κlat at 323 K significantly decrease from ~ 1.68 Wm-1K-1 for pristine 

(SnTe)0.97(BiTe1.5)0.03 to ~ 1.12 Wm-1K-1 for (Sn0.96Ge0.04Te)0.97(BiTe1.5)0.03. Noted that the 

reduction of κlat is more profound at high temperatures, e.g., minimal κlat for 

(Sn0.96Ge0.04Te)0.97(BiTe1.5)0.03 even drops to 0.39 Wm-1K-1 at 673 K. Due to the synergetic effects 

of reduced thermal conductivity, substantially enhanced S and PF upon Ge doping, a maximum 

ZT values of 1.4 can then be achieved in the composition of (Sn0.88Ge0.12Te)0.97(BiTe1.5)0.03 at 

873 K as presents in figure 4f.  

 

Figure 4 The thermoelectric properties for (Sn1-zGezTe)0.97 (BiTe1.5)0.03 (z = 0, 0.04, 0.08, 0.12 and 0.15) samples. (a) 

Electrical conductivity; (b) Seebeck coefficient; (c) power factor; (d) total thermal conductivity; (e) lattice thermal 

conductivity; (e) ZT values. 



Besides, the Ge doping can effectively reduce the lattice thermal conductivity of Bi2Te3 

alloyed (SnTe)0.97(BiTe1.5)0.03, we also found that it helps to promote valence bands convergence 

by fitting experimental data with calculated Pisarenko plot with a TBK model, Figure 5a; S 

versus carrier concentration nH of others SnTe-based series [25, 32, 54-55] were also illustrated. As 

seen, the band offset between light and heavy valence bands gradually approaches 0.1 eV with 

increases amount of Ge (as the red arrow shows). Knowing that Bi2Te3 alloying also contribute 

to the valence band convergence, we plotted a schematic figure showing the valence band 

evolution with Bi2Te3 alloying and Ge doping in figure 5b. To have a comprehensive 

understanding of the merits of our work, we compared the thermoelectric properties of the 

present work with state-of-art SnTe-based systems [22, 30-31, 37-38, 40-41, 56-57] in figure 5c and d. 

Among these advanced p-type SnTe compositions, our (Sn0.88Ge0.12Te)0.97(BiTe1.5)0.03 sample 

shows a competitively high ZT value especially at high temperature range shown in figure 5c. 

The maximum ZT values of 1.4 at 873 K and the average ZTave of ~ 0.61 between 323 K and 

873 K are seemingly among the highest ones in all SnTe-based p-type thermoelectrics. 

Evidently, these merits demonstrated the extraordinariness of (Sn0.88Ge0.12Te)0.97(BiTe1.5)0.03 

thermoelectric materials for efficient waste heat recovery and power generation applications at 

intermediate temperature. 

 

Figure 5 (a) Pisarenko plot with a TBK model showing the band convergence in (Sn1-zGezTe)0.97(BiTe1.5)0.03 (z = 0, 

0.04, 0.08, 0.12 and 0.15). (b) The schematic image of valence band evolution due to Bi2Te3 alloying and Ge doping. 

(c) and (d) The thermoelectric properties for present work as compared with other reported state-of-art SnTe systems 



[22, 30-31, 37-38, 40-41, 56-57]. 

 

Conclusions 

To summarize, we distinguished in this work the contrasting roles of Bi- doping and Bi2Te3 

alloying in SnTe, which are mainly reflected in two aspects. First, the solubility of Bi- doping 

in SnTe is far smaller than that of Bi2Te3 alloying, coming probably from the difference lattice 

occupations of Bi atoms in the two cases. Second, the B factors (~μw/κlat) in Bi2Te3 alloyed 

samples are higher than that in Bi- doped ones at 773 K, originating from the low-angle grain 

boundary (and dense dislocation arrays thereon) character for the former. Additional Ge doping 

in 3 mol% Bi2Te3 alloyed composition (SnTe)0.97(BiTe1.5)0.03 leads to a further valence bands 

convergence and a reduced lattice thermal conductivity, eventually an enhanced thermoelectric 

performance (ZTmax ≈ 1.4 at 873 K; ZTave ≈ 0.61 from 323 - 873 K) in the composition of 

(Sn0.88Ge0.12Te)0.97(BiTe1.5)0.03. 
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