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Abstract  

In this study, we propose grain boundary engineering and nanostructuring to enhance the 

thermoelectric performance of SnTe through tri-doping with Mn, Ge, and Bi. The synergistic 

effects on the band structure were analyzed through DFT calculations and validated through a 

series of doping experiments with each dopant. The nonstoichiometrically tri-doped sample 

exhibits a unique microstructure, characterized by Mn-Ge precipitates along the grain 

boundaries and coherently embedded nanostructures within the matrix. These microstructural 

features, combined with the effects of each dopant, synergistically enhanced the thermoelectric 

properties, yielding a maximum zT of 1.32 at 873 K. The thermoelectric generator exhibited a 

maximum output power of 661 μW at ΔT = 485 K, confirming its viability for mid-temperature 

thermoelectric applications. 

 

Keyword: Grain boundary engineering, nano structuring, tri-doping, thermoelectric materials, 

SnTe. 
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1. Introduction 

 Thermoelectric generators (TEG) are a promising technology that directly converts 

heat into electricity, enabling the recovery of waste heat from energy inefficiencies in 

production, transport, and commercial usage [1–3]. In addition to being cost-effective and eco-

friendly, TEGs operate noiselessly and have no moving parts, making them highly reliable [4,5]. 

To achieve high energy conversion efficiency in TEGs, thermoelectric materials with a high zT 

value are essential [6,7]. zT is the dimensionless Figure of merit used to evaluate the 

performance of thermoelectric materials, expressed as 𝑧𝑇 =  𝑆2𝜎𝑇/𝜅 , where S, 𝜎 , 𝜅 , T 

represent the Seebeck coefficient, electrical conductivity, total thermal conductivity, and 

absolute temperature, respectively [8,9].  

Thermoelectric materials with high energy conversion efficiency, such as skutterudites 

[10,11], half-Heusler compounds [12–14], and metal chalcogenides [15–20], are being actively 

studied by research groups worldwide. Among these, group-IV chalcogenides have 

demonstrated high performance as thermoelectric materials for mid-temperature applications 

[21–23]. SnTe is a group-IV chalcogenide thermoelectric material that is less expensive than 

GeTe and, unlike PbTe, does not contain toxic elements [24]. However, SnTe has a low Seebeck 

coefficient and high electronic thermal conductivity, resulting in a low zT value (zT < 0.5) [25]. 

This low performance is linked to the intrinsically high carrier concentration of SnTe-based 

thermoelectric materials (1020–1021 cm–3), which originates from a high density of intrinsic Sn 

vacancies [26,27]. Sn vacancies are easily generated in the SnTe compound, even under Sn-

rich conditions [28]. The low Seebeck coefficient of SnTe is also related to the energy 

separation (ΔEL-Σ) and the small bandgap in its band structure [29]. The conduction band 
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minimum and the valence band maximum of SnTe are located at the L point of the Brillouin 

zone, giving it a small direct bandgap of around 0.18 eV [30].  This narrow bandgap leads to 

the easily occurring bipolar effect, which reduces the Seebeck coefficient while increasing 

thermal conductivity, ultimately deteriorating thermoelectric performance at high temperatures 

[31]. Additionally, the band structure of SnTe has an energy difference (ΔEL-Σ) of 

approximately 0.3 eV [25]. So, narrowing this energy difference is essential to enable 

contributions from the heavy Σ valence band and improve the Seebeck coefficient [25,32]. 

To address these issues, composition control has been widely utilized to suppress 

vacancy formation through the Sn self-compensation [33,34]. Additionally, multielement 

doping has been proposed to enhance thermoelectric performance by optimizing electronic and 

thermal transport properties [35–39]. For band structure modification, In [40] and Zn [41] are 

known to introduce a resonance state near the Fermi level, and Cd [33], Ca [42], and Mg [43] 

are known to introduce a valence band convergence effect. Mn doping in SnTe has been 

reported to induce both effects [44]. Ge doping in SnTe is reported to reduce lattice thermal 

conductivity while increasing the solubility limit of Mn [39,45]. In previous reports, Mn has 

been shown to exhibit a solubility range of 9%–15% (in mole) in SnTe [46–48], whereas Ge 

has been reported to have a solubility limit above 30% [49,50]. Nonetheless, several studies 

have reported the inevitable formation of precipitates when Mn or Ge is doped into SnTe 

[38,44,51]. Previous studies reported that these precipitates can reduce lattice thermal 

conductivity, but they also increase the carrier concentration due to donor loss, which 

deteriorates the thermoelectric properties [44,51,52]. Nonstoichiometric SnTe samples with 

various Mn and Ge doping levels were synthesized, and their thermoelectric properties were 
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investigated, as detailed in the Supplementary Material. Among them, the Sn0.90Mn0.06Ge0.10Te 

composition exhibited the highest thermoelectric performance. Bi doping in SnTe has been 

reported to modify the electronic band structure [53,54] and effectively reduce the carrier 

concentration [55]. Based on these findings, Bi was introduced as an aliovalent dopant at Sn 

sites in Sn0.90Mn0.06Ge0.10Te to further enhance its thermoelectric properties by simultaneously 

optimizing the carrier concentration and inducing additional point defects.  

 This study presents a grain boundary engineering and nanostructuring approach by 

employing a nonstoichiometric tri-doping method to enhance the thermoelectric performance 

of SnTe. We investigated the effect of each dopant on the thermoelectric properties under 

nonstoichiometric doping conditions and assessed their combined contribution to performance 

improvement. Herein, the tri-doping strategy enabled the modulation of anisotropic valence 

bands and the reduction of lattice thermal conductivity, effects that have also been reported in 

previous entropy engineering studies on SnTe [56,57]. In addition, a nonstoichiometric doping 

approach was employed to mitigate donor loss due to secondary phase formation and to 

promote the formation of a unique microstructure. Mn, Ge, and Bi have been studied for their 

distinct roles in SnTe: Mn primarily modifies the band structure [58], Ge reduces lattice thermal 

conductivity [39], and Bi fine-tunes electrical properties [59]. However, their combined effects 

have not been explored.  These synergistic effects lead to a zT value of 1.32 at 873 K in the 

nonstoichiometrically tri-doped sample (Sn0.88Mn0.06Ge0.10Bi0.02Te), which is 23% higher than 

that of the conventionally tri-doped sample (Sn0.82Mn0.06Ge0.10Bi0.02Te). The proposed strategy 

in this study provides a promising pathway for developing high-efficiency thermoelectric 

materials for mid-temperature applications.  
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2. Experimental section 

2.1 Reagents 

Tin (shot, 99.999%), tellurium (lump, 99.999%), germanium (pieces, 99.999%), and 

bismuth (shot, 99.99%) from Alfa Aesar and manganese (powder, 99.9%) from YAKURI were 

used for synthesis. These materials were used as received, without any additional purifications. 

 

2.2 Sample synthesis 

In this study, compositions of Sn1–y–zMnxGeyBizTe (x = 0, 0.05, 0.06, 0.07, 0.10; y = 0, 

0.05, 0.10, 0.15; z = 0, 0.01, 0.02, 0.03) were established for the experiments. The reagents 

were weighed according to the specified ratios and then loaded into quartz tubes. The quartz 

tubes were evacuated to 10–3 torr, purged with Ar gas five times, and sealed using an oxygen 

cutter. The ampoules were heated to 1173 K for 16 hours in a rocking furnace and then 

quenched in cold water. The quenched ingots were annealed at 873 K for 48 h in a box furnace 

to ensure homogeneity. The resulting ingots were hand-milled to a size below 45 μm and then 

sintered using uniaxial hot pressing for 1 h at 823 K under 80 MPa.  

 

2.3 Phase characterization 

X-ray diffraction (XRD) was conducted using a EMPYREAN diffractometer (Malvern 

Panalytical, UK) with Cu Kα radiation (λ = 1.5425 Å). Measurements were conducted at room 

temperature over an angular range of 20° to 80° with 0.02° increments. Microstructural analysis 
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was carried out using a JSM-IT710HR field emission scanning electron microscope (FE-SEM, 

JEOL, japan) equipped with an Ultim Max100 energy dispersive X-ray spectroscopy (EDS, 

Oxford Instruments, UK). Additionally, a JXA-8530F field emission electron probe micro 

analyzer (FE-EPMA, JEOL, japan) with wavelength dispersive X-ray spectroscopy (WDS) 

was employed to determine the precise chemical composition of polished sample surfaces. The 

microstructure and atomic defects were analyzed with a Titan G2 ChemiSTEM Cs probe field 

emission transmission electron microscope (FE-TEM, FEI Company, USA) operated at 200 

kV. 

 

2.4 Thermoelectric measurement 

Electrical properties were measured from room temperature to 873 K using a Seebeck 

coefficient and resistivity measurement system (BS-1, Blue-Sys, Korea). To determine the 

carrier concentration and mobility at room temperature, a four-probe Hall measurement system 

(HMS-3000, Ecopia, Korea) was utilized. The Hall effect measurement was performed using 

the van der Pauw method under a reversible magnetic field of 0.55 T. The bandgap was 

determined by extrapolating a Tauc plot obtained through Fourier transform infrared 

spectroscopy (FT-IR, PerkinElmer, US), following equations from previous studies [60–62]. 

Thermal diffusivity was measured using a laser flash analyzer (LFA467-HT, NETZSCH, 

Germany), with an instrument error margin of less than 3%. Using Archimedes' method, the 

density (ρ) was measured, and all samples were confirmed to achieve over 99% of the 

theoretical density. The specific heat capacity was calculated using the Dulong–Petit law 𝐶P =

3𝑅/𝑀  , where R is the gas constant and M is the molar mass. The electronic thermal 
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conductivity was calculated using the Wiedemann–Franz law. The Lorenz number (L) was 

determined using the equation 𝐿 = 1.5 + exp (
−|𝑆|

116
) [63].  

2.5 Computational details 

The electronic structure and density of states (DOS) was obtained using Quantum 

ESPRESSO package based on first principles density functional theory [64]. To simulate the 

doped and undoped SnTe compositions a √2  √2  2 supercell containing 32 atoms were 

employed. To take into consideration the spin orbit coupling in the atoms of high atomic mass 

relativistic pseudopotentials of Perdew, Burke, and Ernzerhof (PBE) functional type were used 

[65]. 4d10 5s2 5p2, 3s2 3p6 4s2 3d5, 4s2 4p2, 5d10 6s2 6p3, 4d10 5s2 5p4 were considered as valence 

electrons for Sn, Mn, Ge, Bi and Te, respectively through the use of ultrasoft pseudopotentials. 

The total energies were determined for the fully relaxed structures. A 50 Ry energy cut off and 

500 Ry charge density cutoff values were used to truncate the plane wave basis representing 

the wave functions. A k mesh of 1960 points was used for the scf and nscf calculations of the 

supercell. The electronic structure was determined along the high symmetry path of Γ-X-M-Γ-

Z-R-A-Z in the Brillouin zone. 
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3. Result and discussions 

3.1 Crystal and microstructural analysis of tri-doped SnTe 

In Fig. 1a, the XRD patterns of the synthesized samples were measured, and all main 

peaks were indexed to rock salt structure (JCPDS 46–1210, space group 𝐹𝑚3̅𝑚, No. 225). 

Peaks corresponding to Sn precipitates (JCPDS 04–0673) appeared after Mn doping exceeded 

3% (in mole) (SnMn0.03Te), and MnTe phase peaks (JCPDS 18–0814) were observed at the 

SnMn0.10Te sample (Fig. S1a). The formation of Sn precipitates results from the low formation 

energy of Sn vacancies (VSn
′′ ) [28]. This indicates that under Mn-rich doping conditions, Mn is 

well incorporated into Sn sites. After substituting Sn with Ge, the Sn precipitate peaks 

disappeared, and peaks corresponding to pure Ge precipitates (JCPDS 04–0545) emerged (Fig. 

S1b). Even with Bi doping, peaks indexed to pure Ge precipitates were still observed (Fig. 1a). 

Fig. 1b shows the enlarged diffraction peaks of the (024) planes from Fig. 1a, selected from the 

high-angle region for more reliable lattice parameter determination [66], and the calculated 

lattice parameters are summarized in Table S1. The smaller ionic radii of Mn2+ (0.66 Å) and 

Ge2+ (0.73 Å) compared to Sn2+ (0.93 Å), lead to a decrease in the lattice parameter [67]. When 

Bi is doped at the Sn site, the slightly larger ionic radius of Bi3+ (0.96 Å) substituting for Sn2+ 

(0.93 Å) increases the lattice parameter, with a slight peak shift to lower angles observed as the 

Bi doping content increases [67]. As a result, the lattice parameter tends to increase according 

to Vegard’s law, indicating the well incorporation of Bi into SnTe under our experimental 

conditions at concentrations below 3% [55].  

These analyses align with FE-EPMA quantitative results, and WDS point analysis data 

are summarized in Table 1. With increasing Mn doping content, the Mn atomic percent in the 
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matrix increases linearly, while the Sn atomic percent decreases, leading to Sn precipitation. 

As the Ge doping content increases, the Ge concentration in the SnTe matrix increases linearly. 

Bi doping up to 3% exhibits good solubility within the matrix phase. As shown in Fig. S2, the 

BSE images confirm the formation of dark, spherical nanoprecipitates along the grain 

boundaries of the gray matrix phase. According to the EDS line scanning results, Mn-rich 

phases were formed at the grain boundaries of the SnMn0.06Te sample, while peak signals of 

both Mn and Ge were detected at the grain boundaries of the Sn0.90Mn0.06Ge0.10Te and 

Sn0.88Mn0.06Ge0.10Bi0.02Te samples. 

To further investigate the microstructural features, FE-TEM was employed, and Fig. 

2a presents the selected area electron diffraction (SAED) pattern along the [1̅00] zone axis, 

obtained from a single grain of the Sn0.88Mn0.06Ge0.10Bi0.02Te sample. The diffraction spots 

were indexed as the rock salt structure of SnTe (𝐹𝑚3̅𝑚), with interplanar distances of ~0.315 

nm corresponding to the (002) plane. Additional weak diffraction spots were observed between 

the main diffraction spots (yellow circles). These additional spots were attributed to a 

coherently embedded nanostructure with short-range ordering, ~15 nm in size (white circle), 

observed in the high-resolution TEM (HRTEM) micrograph shown in Fig. 2b. In Fig. 2c, 

forbidden reflections of the rock salt structure at positions such as (001) and (021) were 

observed in the fast Fourier transform (FFT) performed on the embedded nanostructure within 

the red-boxed region in Fig. 2b. These forbidden reflections resulted from the doublet 

periodicity of the (002) planes in the embedded nanostructure. The schematic crystal structure 

and reciprocal lattice of the embedded nanostructure are shown in Fig. S4. These coherently 

embedded nanostructures should be a consequence of excess Mn doping in SnTe. Previous 
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studies on stoichiometric Mn doping have reported the formation of these nanostructures at 

doping contents above 12%, while they were not observed at lower doping contents (<7%) [47]. 

In the Sn0.88Mn0.06Ge0.10Bi0.02Te sample, these coherently embedded nanostructures were 

densely distributed throughout the matrix, even at a Mn doping content of 6%. In addition to 

the embedded nanostructures in the matrix phase, precipitates were also observed along the 

grain boundaries (Fig. S2c). Fig. 2d shows an HRTEM image of one of the precipitates formed 

at the grain boundary, which has a diameter of approximately 30–50 nm. TEM-EDS mapping 

confirmed that these precipitates were Mn–Ge compounds (Fig. 2e), and the line scan result 

suggests that the composition of the precipitate is the Mn2Ge compound (Fig. S5). Geometric 

phase analysis (GPA) was conducted on the region in Fig. 2f to examine the strain distribution 

in the SnTe matrix [68]. The GPA results, illustrated in Fig. 2g–i, represent the strain tensors 

εxx, εyy, and εxy, respectively. The analysis results show a deformation zone localized in the 

embedded nanostructures, with the matrix exhibiting a nearly uniform deformation distribution 

except around the Mn–Ge precipitates. Coherently embedded precipitates promote phonon 

scattering without significantly affecting carrier mobility, while the deformation around the 

Mn–Ge precipitates further enhances phonon scattering. 

 

3.2 Electronic transport properties and band modification 

Initially, SnTe was nonstoichiometrically doped with isovalent dopants Mn and Ge, 

and its electrical transport properties are presented in Fig. S6 and S7. Based on these results, 

the Sn0.90Mn0.06Ge0.10Te composition was selected for further improvement by introducing Bi 

as a don]or dopant. Since Bi ([Xe] 4f14 5d10 6s2 6p3) exists as a Bi3+ at Sn2+ sites [55], it was 
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expected to successfully decrease the hole carrier concentration. In Fig. 3a, the temperature-

dependent electrical conductivity of all samples exhibits degenerated semiconductor behavior, 

decreasing with increasing temperature. As the excess Mn content increases, the electrical 

conductivity decreases and drops from 8734 S/cm in pristine SnTe to 1289 S/cm in SnMn0.10Te 

at room temperature (Fig. S6a). The room temperature electrical conductivity increases to 3195 

S/cm (Sn0.90Mn0.06Ge0.10Te) with increasing Ge doping, while aliovalent Bi doping reduces it 

to 2356 S/cm (Sn0.88Mn0.06Ge0.10Bi0.02Te). Hall measurements at 298 K show that pristine SnTe 

exhibits a high hole carrier concentration of 3.10 1020 cm–3, which decreases to 0.88 1020 cm–

3 in the SnMn0.06Te sample (Fig. 3b). This reduction in carrier concentration is associated with 

a decrease in Sn vacancies, which is due to excess Mn doping. The Hall carrier concentration 

in the Sn0.90Mn0.06Ge0.10Te sample is 1.63 1020 cm–3, while in the Sn0.87Mn0.06Ge0.10Bi0.03Te 

sample, it is reduced to 0.99 1020 cm–3. When Ge is substituted at Sn sites, the carrier 

concentration increases. Although Mn and Ge doping are generally known to increase the 

carrier concentration in SnTe [52,69], the samples presented in this study exhibit a lower carrier 

concentration compared to previous studies with similar compositions (Fig. 3c), demonstrating 

their effectiveness in optimizing carrier concentration. Compared to the 

Sn0.82Mn0.06Ge0.10Bi0.02Te sample and the Sn0.85Mn0.06Ge0.10Bi0.02Te sample, 

Sn0.88Mn0.06Ge0.10Bi0.02Te sample shows a higher Hall mobility of 117 cm2/Vs with a lower 

carrier concentration. These results indicate that coherently embedded nanostructures (Fig. 2c) 

provide effective carrier transport paths and reduce carrier scattering induced by ionized 

impurities and vacancies, thereby enhancing carrier mobility, unlike uniformly dispersed 

dopants in the matrix. 
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Fig. 3d illustrates the temperature-dependent Seebeck coefficient of the synthesized 

samples. The Seebeck coefficient is considerably enhanced after excess Mn doping, recording 

70.2 µV/K at room temperature (SnMn0.06Te). This value increases linearly with temperature, 

reaching 171.2 µV/K at 623 K and gradually approaching saturation at 191.4 µV/K at 823 K. 

The gradual saturation of the Seebeck coefficient above 623 K is associated with the bipolar 

effect [38]. When Ge is substituted at Sn sites, the Seebeck coefficient decreases to 38.3 µV/K 

in Sn0.90Mn0.06Ge0.10Te sample, primarily due to an increase in carrier concentration (Fig. 3b). 

However, beyond 623 K, the Seebeck coefficient increases linearly with temperature, reaching 

175.4 µV/K at 873 K (Sn0.90Mn0.06Ge0.10Te) and indicating suppressed bipolar effect. With 

increasing Bi doping contents, the Seebeck coefficient increased across all temperature ranges. 

In the Sn0.88Mn0.06Ge0.10Bi0.02Te sample, the Seebeck coefficient increased within the 

measurement range without exhibiting a saturation trend, reaching its highest value of 202.8 

µV/K at 873 K. Consequently, the SnMn0.06Te sample recorded a higher power factor than the 

other samples below 623 K (Fig. 3e). At higher temperatures, the suppression of the bipolar 

effect by Ge doping led to increased power factors in Ge-doped samples. Through the 

synergistic effect of Mn, Ge, and Bi doping, the Sn0.88Mn0.06Ge0.10Bi0.02Te sample achieved a 

maximum power factor of 24.0 µW/(cm⸱K2) at 873 K. Fig. 3f compares the proposed 

Sn0.88Mn0.06Ge0.10Bi0.02Te sample with the Sn0.82Mn0.06Ge0.10Bi0.02Te and the 

Sn0.85Mn0.06Ge0.10Bi0.02Te sample. It also includes comparisons with other high-performance 

SnTe-based materials featuring similar compositions, such as Mn–Ge [52], Ge–Bi [70], Mn–

Sb–Bi [38], Mn–Bi [44], Ge–Bi–Sb [39], and Bi–Cu–In [35]. In this comparison, the 

Sn0.88Mn0.06Ge0.10Bi0.02Te sample recorded the peak power factor slightly lower than the ~25 

µW/(cm⸱K2) observed in Ge–Bi–Sb [39], Bi–Cu–In doped SnTe [35], and the 

Jo
urn

al 
Pre-

pro
of



 

14 

 

Sn0.85Mn0.06Ge0.10Bi0.02Te sample. This slight difference originates from reduced electrical 

conductivity, leading to lower electronic thermal conductivity. 

To understand the trend in the transport properties we studied the electronic structures 

of SnTe and the doped compositions. For the simulated supercell we find the principal band 

gap appearing at Γ point instead of L point and heavy carrier bands appearing at Z+δ in Z→R 

direction instead of Σ point due to folding of the Brillouin zone as reported previously [71,72]. 

The electronic structure of Sn16Te16 reveals a direct band gap of 0.081 eV (Fig. 4a). This 

underestimation of band gap is well known during DFT calculations [41]. The energy offset 

between the valence sub-bands is estimated to be 0.297 eV and that between the conduction 

sub-bands is estimated to be 0.241 eV. Hence, these heavy carrier bands do not contribute to 

transport properties making SnTe a poor thermoelectric material [73]. We observe in partial 

density of states (pDOS) plot that the conduction band has predominant contribution from the 

‘p’ orbitals of Sn, while ‘p’ orbitals of Te along with ‘s’ orbitals of Sn form the valence band 

(Fig. 4b). When we dope Mn in SnTe, we see a prominent increase in the band gap with a set 

of bands with width of 0.208 eV appearing 0.2 eV above the valence band maximum (Fig. 4c). 

This set of bands has major contribution from the ‘d’ orbitals of Mn (Fig. 4d). The energy offset 

between the light hole valence band at Γ point and heavy hole valence band at Z+δ in Z→R 

direction decreases to 0.075 eV. Such drastic convergence leads to increase in Nv from 4 (fro

m light hole valence sub-bands) to 16 (4 from light hole valence sub-bands and 12 from heav

y hole valence sub-bands) while increase in DOS at the Fermi level increases the band effective 

mass mb* [74]. Both these lead to increase in the DOS effective mass, m* and in turn Seebeck 

values as observed experimentally [72]. Further doping of Ge leads to decrease in the width of 
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the flat bands introduced by the ‘d’ orbitals of Mn to 0.194 eV and hence increase in the band 

gap leading to suppression of the bipolar effect which is also observed experimentally (Fig. 5a 

and b). The energy offset between the valence sub-bands increases to 0.136 eV leading to 

decrease in the DOS effective mass which is also observed experimentally. Further doping of 

Bi leads to introduction of resonance states as previously reported with decrease in the band 

gap (Fig. 5c and d) [53,54]. We also observe that decrease in the DOS effective mass is due to 

the Ge doping as in the multi-doped composition as number of Ge atoms increase from 1 (Fig. 

S9) to 2 (Fig. 5c) the valence band offset increases from 0.199 eV to 0.225 eV. The resonance 

states formed due to ‘p’ orbitals of Bi is seen to cap the valence band edge in both the conf

igurations. As the resonance states formed due to hybridization of ‘p’ orbitals of the dopant li

ke Bi is quite broader and less intense than those formed due to ‘s’ orbitals of the dopants like 

In or Zn, here we see the effect of ‘p’ orbitals of Bi in the range of 0 to 0.5 eV (compare, Fig 5

b and Fig 5d) [53,54,75]. At the Fermi level and slightly below it the intense DOS resulting d

ue to ‘d’ orbitals of Mn overpowers the contribution from ‘p’ orbitals of bismuth.  These 

simulation results were further supported by experimental measurements, as shown in Fig. S10. 

In Fig. S10a, a Pisarenko plot was constructed to analyze the effect of each dopant on the 

effective mass, with a theoretical prediction line based on the valence band model (VBM) 

applied [29,76]. In Fig. S10b, FT-IR transmittance measurements were conducted to investigate 

the band gap variations induced by each dopant in SnTe [77]. Based on both experimental and 

theoretical results, it was confirmed that, under our synthesis conditions, Mn was the most 

effective dopant for increasing the effective mass and promoting band structure convergence, 

while Ge mainly contributed to further band gap widening. The effect of Bi doping on the band 

gap was not clearly observed in the Tauc plot, and the increase in the Seebeck coefficient upon 
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Bi doping is attributed to a reduction in carrier concentration. 

 

3.3 Thermal transport properties 

The pristine SnTe sample exhibits intrinsically high thermal conductivity [78]. This 

characteristic primarily arises from its high electronic thermal conductivity [78]. In all samples, 

the reduced carrier concentration diminishes the contribution of electronic thermal conductivity, 

leading to a significant decrease in total thermal conductivity, in Fig. 6a. The decrease in total 

thermal conductivity resulting from Bi doping is mainly caused by a notable reduction in 

electronic thermal conductivity, as illustrated in Fig. 6b. At lower temperatures, the lattice 

thermal conductivity of Sn0.90-zMn0.06Ge0.10BizTe samples decreases with increasing Bi content 

(Fig. 6c). However, at 873K, the Sn0.89Mn0.06Ge0.10Bi0.01Te sample exhibits the lowest lattice 

thermal conductivity of 0.721 W/(m⸱K), while the lattice thermal conductivity increases with 

Bi doping content, reaching 0.899 W/(m⸱K) for the Sn0.87Mn0.06Ge0.10Bi0.03Te sample. Plotting 

the lattice thermal conductivity as a function of the reciprocal of temperature allows for the 

separation of lattice thermal conductivity contributions from other factors, as shown in Fig. 6d 

[79]. The SnMn0.06Te sample exhibits a linear decreasing trend at low temperatures but begins 

to saturate above 523 K, suggesting the onset of the bipolar effect. For the 

Sn0.88Mn0.06Ge0.10Bi0.02Te sample, the lattice thermal conductivity decreases linearly up to 773 

K as a result of the increased band gap and higher carrier concentration. The 

Sn0.82Mn0.06Ge0.10Bi0.02Te sample was compared with the Sn0.88Mn0.06Ge0.10Bi0.02Te sample. In 

the Sn0.88Mn0.06Ge0.10Bi0.02Te sample, the lattice thermal conductivity significantly decreases 

in the low-temperature region, with Mn-Ge precipitates along the grain boundaries and the 
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embedded nanostructures causing deformation in the matrix, thereby contributing as phonon 

scattering sites.  

To further understand the lattice thermal conductivity, we analyzed the spectral lattice 

thermal conductivity using the Debye–Callaway model (Fig. 7a) [79]. Details of the calculation 

method are provided in the Supplementary material. In the low- to mid-frequency range, 

phonon scattering was primarily governed by grain boundaries and Mn–Ge nanoprecipitates. 

At higher frequencies, point defect scattering became dominant, with Mn dopant contributing 

the most and Bi dopant the least. Although Bi has a large atomic mass difference from Sn, its 

minimal ionic radius mismatch and low doping concentration limited its contribution to phonon 

scattering in the Debye–Callaway model. Raman spectroscopy was performed to investigate 

the effect of each dopant on the lattice thermal conductivity, as shown in Fig. 7b. The results 

revealed peaks corresponding to the longitudinal optical phonon modes (A1) at 124 cm–1 and 

the transverse optical phonon modes (ETO) at 142 cm–1 in pristine SnTe, consistent with 

previous reports [80,81]. In the excess Mn doped sample (SnMn0.06Te), the peaks shifted to 

lower frequencies compared to the pristine sample, while the Ge-doped sample 

(Sn0.90Mn0.06Ge0.10Te) exhibited no significant changes. In the Sn0.88Mn0.06Ge0.10Bi0.02Te 

sample, a significant redshift was observed, with Al at 119 cm–1 and ETO at 139 cm–1, indicating 

a weakening of bonding strength, which can lead to lattice softening and reduced sound 

velocity [27,35]. This behavior is explained by the relationship 𝑓 ~ (𝐾/𝜇)0.5, where f is the 

phonon frequency, K is the force constant of a bond, and 𝜇 is the reduced mass [80,82]. Lattice 

softening caused by Bi doping, which reduced sound velocity [35,59], was the primary factor 

lowering the lattice thermal conductivity.  
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3.4 Figure of Merit zT and Output Performance  

The maximum zT value of ~1.32 at 873 K was achieved in the 

Sn0.88Mn0.06Ge0.10Bi0.02Te sample, as shown in Fig. 8a. Below 573 K, the SnMn0.06Te sample 

exhibited a higher zT than the other samples, achieving a tenfold increase (~0.01) over the 

pristine SnTe sample (~0.001) at room temperature. This improvement in zT is attributed to 

excess Mn doping in SnTe, which enhanced the Seebeck coefficient through the formation of 

a resonance states and band convergence. Above 573 K, the tri-doping method significantly 

increased zT. Ge doping in SnTe expanded the band gap, suppressing the bipolar effect, while 

Bi doping reduced sound velocity and optimized carrier concentration. In Fig. 8b, the 

thermoelectric performance of the synthesized samples in this study was compared to that of 

other high-performance SnTe-based materials with similar compositions to our samples 

[35,38,39,44,52,70]. Although the Sn0.88Mn0.06Ge0.10Bi0.02Te sample had a slightly lower power 

factor than Ge–Bi–Sb [39], Bi–Cu–In doped SnTe [35], and Sn0.85Mn0.06Ge0.10Bi0.02Te (Fig. 3f), 

it achieved the highest zT by reducing electronic thermal conductivity through optimized 

carrier concentration. In addition, the formation of nanoprecipitates through grain boundary 

engineering and nanostructuring effectively scattered mid-frequency phonons, significantly 

reducing thermal conductivity from low to mid temperatures. As a result, the 

Sn0.88Mn0.06Ge0.10Bi0.02Te sample achieved an improved average zT of ~0.53, which is higher 

than the ~0.44 observed for the Sn0.82Mn0.06Ge0.10Bi0.02Te sample.  

To investigate the energy conversion efficiency of the fabricated thermoelectric 

materials, we measured the output voltage, current, and power from a heterogeneous two-pair 
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leg-based TEG (Fig. S11a), consisting of a p-type Sn0.88Mn0.06Ge0.10Bi0.02Te block and an n-

type Pb0.92Bi0.08Te block (Fig. S12), under various temperature gradients (ΔT) using a home-

built measurement system (Fig. S11b) [83]. The p-type and n-type legs exhibit less than 5% 

difference in thermal expansion coefficients (CTE) across the temperature range (Fig. S13), 

indicating good CTE compatibility. As shown in the voltage-current-power curves of Fig. 9, 

the fabricated TEG converted a maximum output power of 661 μW at ΔT = 485 K (Thot = 773 

K). Previous studies on SnTe-based TEGs have explored single-leg TEGs [84,85] simulations 

[86], and Bi2Te3-based n-type materials [37,87]. In this study, we employed PbTe as the n-type 

material, allowing measurements up to 773 K. Despite the comparable thermal and electrical 

transport properties of SnTe and PbTe (Fig. S12), the measured output power was lower than 

the simulated value of ~1400 μW at ΔT = 300 K. The simulation result is shown in Fig. S14. 

This discrepancy is mainly due to oxidation-induced degradation in PbTe, as shown in Fig. S15. 

For the practical commercialization of thermoelectric generators, further research on oxidation-

resistant barrier layers for mid-temperature operation is required. This work further expands 

upon existing research, proposing a novel approach for mid-temperature thermoelectric 

applications. 

 

4. Conclusions 

 

In summary, we have successfully introduced grain boundary engineering and 

nanostructuring in SnTe. This was achieved through tri-doping of Mn, Ge, and Bi in the 

nonstoichiometrically synthesized SnTe. Mn–Ge precipitates and coherently embedded 

nanostructures effectively scattered mid-frequency phonons, reducing lattice thermal 
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conductivity. The tri-doping of Mn, Ge, and Bi synergistically modified the band structure, 

while reducing the carrier concentration without compromising Hall mobility. As a result of 

the unique microstructures and the synergistic effect of each dopant, the 

Sn0.88Mn0.06Ge0.10Bi0.02Te sample achieved a high zT of 1.32 at 873K, which is higher than that 

of previously reported samples with similar compositions. Additionally, compared to 

conventionally tri-doped samples, the zTmax increased by about 23%, and the zTavg increased 

by approximately 20%. This study highlights the grain boundary engineering and 

nanostructuring through the tri-doping of Mn, Ge, and Bi as an effective strategy for enhancing 

the thermoelectric performance of SnTe-based materials. 
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Figure 

Fig. 1. (a) XRD patterns of Sn0.90–zMn0.06Ge0.10BizTe samples, (b) enlarged diffraction peaks 

corresponding to the (024) planes in (a). 

Fig. 2. (a) SAED pattern along the [𝟏̅𝟎𝟎]  zone axis from a single grain of the 
Sn0.88Mn0.06Ge0.10Bi0.02Te sample and (b) corresponding HRTEM micrograph showing 

embedded nanostructures within the grain. (c) FFT image of the embedded nanostructure, (d) 

HRTEM micrograph showing nanoprecipitate along the grain boundary. (e) HAADF image 

with corresponding EDS elemental mapping of Sn, Te, Mn, Ge, and Bi. (f) HRTEM micrograph 

with GPA mappings: (g) εxx, (h) εyy, and (i) εxy. 

Fig. 3. (a) Temperature-dependent electrical conductivity, (b) Hall measurement data at room 

temperature of Sn0.90–zMn0.06Ge0.10BizTe samples. (c) Hall mobility as a function of carrier 

concentration compared with previously reported data. Temperature-dependent (d) Seebeck 

coefficient, and (e) power factor of of Sn0.90–zMn0.06Ge0.10BizTe samples. (f) comparison of the 

maximum power factor obtained in this work with other high-performance SnTe-based 

materials. 

Fig. 4. Electronic structure and pDOS of (a–b) Sn16Te16, (c–d) Sn15MnTe16. Energies are shifted 

with respect to Fermi level which is set to zero. 

Fig. 5. Electronic structure and pDOS of (a–b) Sn13MnGe2Te16, (c–d) Sn12MnGe2BiTe16. 

Energies are shifted with respect to Fermi level which is set to zero. 

Fig. 6. Temperature-dependent (a) total thermal conductivity, (b) electronic thermal 

conductivity, and (c) lattice thermal conductivity of synthesized Sn0.90–zMn0.06Ge0.10BizTe 

samples, and (d) lattice thermal conductivity plotted against the reciprocal of temperature for 

representative samples. 

Fig. 7. (a) Spectral lattice thermal conductivity calculated as a function of phonon frequency 

based on various phonon scattering processes. (b) Raman spectroscopy results of representative 

samples. 

Fig. 8. (a) Temperature-dependent zT of Sn0.90-zMn0.06Ge0.10BizTe samples. (b) Comparison of 

maximum and average zT values of the synthesized samples with previously reported SnTe-

based compounds. 

Fig. 9. Voltage-current-power curves measured from the Sn0.88Mn0.06Ge0.10Bi0.02Te-based two-

pair TEG under various ΔT. 
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Table 1  EPMA analyzed composition of the matrix of the samples. 

Sample EPMA analyzed composition (%, in mole) 

SnMn0.05Te Sn49.10Mn2.29Te48.61 

SnMn0.06Te Sn48.91Mn3.64Te47.45 

SnMn0.07Te Sn47.09Mn4.36Te48.55 

SnMn0.10Te Sn46.30Mn5.13Te48.57 

Sn0.95Mn0.06Ge0.05Te Sn46.72Mn2.41Ge1.34Te49.53 

Sn0.90Mn0.06Ge0.10Te Sn44.26Mn3.47Ge2.45Te49.82 

Sn0.85Mn0.06Ge0.15Te Sn43.59Mn3.48Ge3.94Te48.99 

Sn0.89Mn0.06Ge0.10Bi0.01Te Sn44.73Mn3.11Ge1.86Bi0.52Te49.78 

Sn0.88Mn0.06Ge0.10Bi0.02Te Sn44.44Mn2.87Ge2.07Bi1.05Te49.57 

Sn0.87Mn0.06Ge0.10Bi0.03Te Sn43.95Mn3.13Ge2.00Bi1.53Te49.39 
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Highlights 

⚫ A Sn0.88Mn0.06Ge0.10Bi0.02Te sample achieved a zT of 1.32 at 873K, outperforming 

conventionally tri-doped samples by ~23% in zTmax. 

⚫ Mn-Ge precipitates and coherently embedded nanostructures reduce lattice thermal 

conductivity. 

⚫ The two-pair thermoelectric generator recorded a maximum output power of 661 μW at ΔT = 

485 K. 
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