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ABSTRACT 

Here, a new route is proposed for the minimization of lattice thermal conductivity in 

MnTe through considerable increasing phonon scattering by introducing dense lattice 

distortions. Dense lattice distortions can be induced by Cu and Ag dopants possessing 

large differences in atom radius with host elements, which causes strong phonon 

scattering and results in extremely low lattice thermal conductivity. DFT calculations 

reveal that Cu and Ag codoping enables multiple valence band convergence and 

produces a high density of state values in the electronic structure of MnTe, contributing 

to the large Seebeck coefficient. Cu and Ag codoping not only optimizes the Seebeck 

coefficient but also substantially increases the carrier concentration and electrical 

conductivity, resulting in the significant enhancement of power factor. The maximum 

power factor reaches 11.36 μWcm−1K−2 in Mn0.98Cu0.04Ag0.04Te. Consequently, an 

outstanding ZT of 1.3 is achieved for Mn0.98Cu0.04Ag0.04Te by these synergistic effects. 

This study provides guidelines for developing high-performance thermoelectric 

materials through the rational design of effective dopants. 
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INTRODUCTION 

Thermoelectric (TE) materials can realize the reversibly direct conversion of heat and 

electrical energy without moving parts and noise, which have unique advantages in 

energy harvesting and solid-state refrigeration.[1–3] The energy conversion efficiency of 

a thermoelectric material depends on the dimensionless figure of merit ZT defined as 

ZT=S2T/(e + L), where S is the Seebeck coefficient,  is the electrical conductivity, 

e is the electronic thermal conductivity, L is the lattice thermal conductivity and T is 

absolute temperature.[4,5] High thermoelectric conversion efficiency requires high 

power factor S2 and low thermal conductivity T. However, it is challenging to 

decouple the intrinsic connection between thermoelectric parameters for maximizing 

the final ZT and energy conversion efficiency. Band structure engineering,[6–8] resonant 

levels,[9–11] phonon anharmonicity,[12–14] all-scale hierarchical architecture[15–17] and 

nanostructuring[18–20] have been demonstrated to be very effective for optimizing 

thermoelectric performance in different thermoelectric systems including GeTe,[21] 

PbTe,[22] Mg2Si,[23] SnSe,[24–27] AgSnSbSe3, SnTe,[28–30] Cu2Se,[31,32] and half-Heusler 

alloys.[33,34] 

 Among chalcogenide semiconductors, the lead-free MnTe compound is expected 

to be a potential medium-temperature thermoelectric material due to its 
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environmentally friendly constituent and earth-abundant elements.[35] MnTe is a p-type 

semiconductor with a crystal structure of the NiAs type, which has a direct band gap of 

1.27 eV and an indirect band gap of 0.8 eV at room temperature.[36] Such a band gap 

width can ensure reasonable electrical conductivity while reducing the adverse effect 

of bipolar effect on the Seebeck coefficient.[37] Due to the high structural symmetry and 

flattening of the top of the valence band, pristine MnTe exhibits a high Seebeck 

coefficient and a large DOS effective mass, making it a promising thermoelectric 

material.[38] However, the strong optical phonon scattering deteriorates the carrier 

mobility due to the large electronegativity difference between Mn (1.55) and Te 

(2.10).[35] Its low carrier mobility (~6 cm2 V-1 s-1) and low carrier concentration 

(~1018cm-3) result in inferior thermoelectric performance in MnTe.[39]  

 Various strategies have been explored to improve the thermoelectric performance 

of MnTe. Chemical doping, replacing Mn at the cation site with a hetero valent metal 

(e.g., Li,[40] Na,[41] Ag,[42] Cu,[43] Sb[38]) or Te at the anion site with an equivalent element 

(e.g., S,[37] Se[44]) was demonstrated as effective approach for enhance thermoelectric 

performance by modulating the carrier concentration. Xu et al. reported a ZT of 1.0 at 

873 K by substituting Mn with Na.[42] Introducing high density of dislocations[45] and 

nanostructuring[41] have been proved as effective methods to reduce lattice thermal 
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conductivity because of the enhanced phonon scattering. Although optimizing the 

carrier concentration can greatly improve the electrical conductivity, it also severely 

deteriorates the Seebeck coefficient. No remarkable improvement can be achieved in 

power factor due to the strong coupling between the electrical conductivity and Seebeck 

coefficient. There is still a huge room to reduce lattice thermal conductivity because 

most of the reported doped MnTe maintains high lattice thermal conductivity. 

 In this study, effective Cu and Ag dopants were used to significantly enhance the 

thermoeletric performance of MnTe. Cu and Ag dopants, which possess large 

differences in atom radii with host Mn element, can introduce dense lattice distortions 

into MnTe matrix. Dense lattice distortions result in ultralow lattice thermal 

conductivity through strengthening phonon scattering. The multiple valence band 

convergence promoted by the Cu and Ag doping elements contributes to the large 

Seebeck coefficient. The electrical conductivity increases due to significant 

enhancement of carrier concentration. We achieve remarkable improvement in power 

factor by decoupling electrical conductivity and Seebeck coefficient. As a result, a 

remarkably high ZT of 1.3 was achieved for Mn0.98Cu0.04Ag0.04Te at 873 K. The synergy 

of multiple valence band convergence and lattice distortions provides a new pathway 

for designing prospective thermoelectrics.  
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EXPERIMENTAL SECTION 

The powders of highly pure manganese (99.99%), tellurium (99.99%), copper (99.99%) 

and silver (99.99%) elements were first stoichiometrically weighed according to the 

nominal compositions of Mn1.06-2xCuxAgxTe (x=0, 0.02, 0.04, 0.06, 0.1) and then sealed 

in vacuum quartz tubes. The addition of extra 6 % Mn helps to reduce the production 

of the second phase of MnTe2.
[45]

 The tubes were heated to 1273 K in 10 h, soaked for 

30 h and then rapidly cooled to room temperature by water quenching. The synthesized 

ingots were manually ground into fine powder by using a mortar and then sintered by 

the spark plasma sintering (SPS) method ((HPD 10, FCT System GmbH)) in vacuum 

at 873 K for 6 min under an axial compressive stress of 50 MPa.  

X-ray diffraction (D8 Advance, Bruker, Germany) with Cu-Kα radiation was 

performed on the power samples. A high-resolution Scanning electron microscope 

Geminisem 500 was used to characterize the morphology of Mn1.06-2xCuxAgxTe 

samples and its built-in energy dispersive spectrometer was used to obtain energy 

dispersive x-ray spectroscopy (EDS) mappings. High-angle annular dark-field scanning 

transmission electron microscopy (HAADF STEM) images were acquired on a FEI 

Titan G2 60-300 STEM.  

The Seebeck coefficient (S) and electrical conductivity () from 300 to 873K were 
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measured in the helium atmosphere with the Ulvac-Riko ZEM-3 instrument system. 

Thermal diffusivity (D) from 300 to 873K was measured in argon with a laser flasher 

(Netzsch LFA-457). Both the thermal and electrical transport properties of the samples 

were measured along the pressing direction. The specific heat capacity (Cp) was taken 

from the reference.[39] The densities () of the bulk samples were obtained by using 

Archimedes method on a density meter (ME204E). The thermal conductivity () was 

derived from the formula  = DCp. The Hall coefficient (RH) was measured on a Hall 

measuring instrument (HMS-3000) by the van der Pauw method. The room-

temperature Hall carrier concentration (n) was obtained by formula n = 1/(eRH) and 

mobility (μ) was obtained by the relationship of  μ = RH. The uncertainty of 

measurement for electrical conductivity and Seebek coefficient is 5%, total thermal 

conductivity is 12%. The total uncertainty of the calculated ZT is about 20%. 

The density functional theory calculations (DFT) are performed with the projector 

augmented wave (PAW) method as implemented in the Vienna ab initio simulation 

package (VASP).[46–48] The generalized gradient approximation (GGA) with the 

parametrization of Perdew, Burke, Ernzerhof (PBE) is used for the electronic exchange-

correlation (EXC) function.[49] The plane-wave expansion kinetic energy cutoff of 450 

eV is found to be sufficient for the total energy convergence 10-5 eV. To obtain the 



 

8 

 

reliably electrical properties, the spin-polarized calculation is included in the MnTe 

compound. To illustrate the effects of Cu and Ag doping on the electrical properties of 

MnTe, a large (4 × 4 × 2) MnTe supercell (a = 16.58 Å, b = 16.58 Å, c = 13.42 Å, 

containing 64 cations and 64 anions) is built to simulate the experimentally suggested 

doping concentrations. Based on the experimentally suggested the doping 

concentrations of Cu (4%) and Ag (4%) with the highest zT values, we construct the 

Mn0.908Cu0.046Ag0.046Te, Mn0.954Cu0.046Te and Mn0.954Cu0.046Te supercells to simulate 

the electronic properties of Cu and Ag codoped MnTe compound. Since the Cu and Ag 

concentration we considered is 4.6% each, totally ~10%. Such high doping 

concentration would modify the band structures of MnTe. We test all possible 

configurations of Cu and Ag doping in the MnTe matrix, and select the most stable one 

depicted in Figure S1. Brillouin zones are sampled using a (15 × 15 × 10) and (3 × 3 × 

3) Monkhorst-Pack[50] k-point grid for the pristine and supercell MnTe systems, 

respectively. The geometry structures are fully optimized until all the forces and 

components of the stress tensor are below 0.01 eV/Å2 and 0.2 kbar, respectively. 

Considering the created supercell structure results from the pristine primitive cell, the 

band folding is inevitable in the band structure of it. Then, we apply a band unfolding 

methodology (the BandUP code) along the high symmetry directions of the primitive 
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cell and then recover the effective primitive picture.[51] 

 

RESULTS AND DISCCUSSION 

Powder X-ray diffraction (XRD) patterns of Mn1.06-2xCuxAgxTe samples are shown in 

Figure 1. The majority of the diffraction peaks of all samples can be well indexed to 

the MnTe standard card (PDF#18-0814) with hexagonal symmetry (P63/mmc space 

group). A small amount of MnTe2 impurity phase was observed as the doping level x 

reaches above 0.06. Lattice parameters extracted from XRD cell refinement increase 

with raising the Ag and Cu content (Figure 1b), which can be ascribed to larger ion 

radius of Ag+ (126 pm) and Cu+ (77 pm) than Mn2+ (66 pm). Energy dispersive 

spectroscopy (EDS) elemental mapping clearly indicates the uniform distribution for 

individual elements (Figure S2). No evidence of silver- or copper-rich second phases 

can be found, which suggests that Ag and Cu are fully dissloved into the lattices of 

MnTe. High density of micro/nanopores can be observed in the sample (Figure S2a). 

Micro/nanopores can be clearly found in the fracture surface of Mn0.98Cu0.04Ag0.04Te 

sample (Figure S3). The relative densities of bulk samples reach above 90% (Table S1). 

The temperature dependence of electrical conductivities () for Mn1.06-2xCuxAgxTe 

samples are shown in Figure 2a. As temperature increases, compared with the pristine 

Mn1.06Te,  of Mn1.06-2xCuxAgxTe samples enhance considerably in the whole 
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temperature range. In particular,  of Mn1.02Cu0.02Ag0.02Te reaches a maximum value 

of 17731 S m−1 at 873 K, which is more than three times higher than that of pristine 

Mn1.06Te (5700 S m−1).  of Ag and Cu codoped Mn1.06Te samples decreases with 

elevating temperature in the temperature of 300-523 K, showing a heavily doped 

semiconductor behavior.[52] It then increases sharply above 523 K because of well-

known intrinsic excitation.[37] The Hall carrier concentration and mobility were 

measured to further investigate the electrical transport behavior. Room temperature 

carrier concentration (nH) is greatly enhanced after Ag and Cu codoping as compared 

to the pristine Mn1.06Te (Figure 2b). nH first increases and then decreases with the 

increase of Cu and Ag doping content. Notably, Mn0.98Cu0.04Ag0.04Te shows the highest 

nH of 2.48×1020 cm−3, which is two orders of magnitude higher than pristine Mn1.06Te 

(5.5×1018 cm−3). The slight decrease of nH for x>0.04 can be attributed to the presence 

of MnTe2 second phase. The formation of MnTe2 will lead to non-stoichiometry of Te 

and deficiency, thereby reducing hole concentration. The carrier mobility gradually 

decreases with the increase of Cu and Ag doping content because of enhanced point 

defect scattering induced by Ag and Cu codoping. Therefore, the substantial 

enhancement of   for Mn1.06-2xCuxAgxTe samples mainly originates from the 

significant increase of nH. 
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 Figure 2c presents the temperature dependence of the Seebeck coefficient (S) for 

Mn1.06-2xCuxAgxTe samples. Cu and Ag codoped samples show lower S than that of 

pristine Mn1.06Te over the entire temperature range. It is observed that S exhibits the 

same temperature-dependence trend for all Mn1.06-2xCuxAgxTe samples. S first 

increases to a peak at around 600 K and then begins to decrease with the increase in 

temperature. The peak of S indicate the onset of bipolar conduction behavior after Cu 

and Ag codoping.[35] However, the peaks of the Cu and Ag codoped MnTe shift to a 

higher temperature compared with that of undoped Mn1.06Te, which are attributed to 

the enlarging band gap (Table 1). Bipolar carrier diffusion gives rise to minority carriers 

(electrons), which deteriorates S in the intrinsic temperature range. The Pisarenko 

relationship between the Seebeck coefficient (S) and the carrier concentration (nH) 

reveals band structure modification by Ag and Cu incorporation. As shown in Figure 

3a, the experimental data of previously reported undoped and Na, Cu doped 

MnTe[35,41,43] fall on the theoretical Pisarenko line, demonstrating the validity of the 

SPB model for MnTe.[53] Cu and Ag doped samples shows higher S than the Pisarenko 

line, indicating that introduction of Cu and Ag modify the band structure of MnTe.  

To explore the underlying reasons for the enhanced thermoelectric performance of 

Cu and Ag codoped MnTe, we further examine their electronic band structures. Due to 

https://fanyi.so.com/#deteriorate
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the well-known of underestimated the band gap in the PBE calculations, we corrected 

the PBE calculated MnTe band structures using the HSE (Heyd–Scuseria–Ernzerhof) 

calculations, as following the strategy used in Ref.[35]. Figure 3b displays the 

corrected band structures of pristine MnTe compound, the band gap is 0.71 eV and the 

energy differences of valence band maxima of E(Γ-M), E(Γ-H) and E(Γ-A) are 0.04, 

0.26 and 0.34 eV in Table 1, respectively, which are very close to the HSE results in 

Ref. [35]. We found that Cu or Ag single doping shows an evident convergence effect 

of the valance bands (Γ, H and A high symmetry points in Figure 3c and Figure 3d) as 

compared with pristine MnTe. Figure 3e depicts the unfolded band structures of 

supercells constructed by experimental doping concentration (Mn0.908Cu0.046Ag0.046Te). 

It is obvious that Cu (~4%)-Ag (~4%) codoped MnTe matrix shows an evident 

convergence effect of the valance bands (Γ, H and A high symmetry points in Figure 

3e): the energy difference of E(Γ-M), E(Γ-H) and E(Γ-A) decreases to 0.04, 0.17 

and 0.12 eV, respectively, which is visibly smaller than the single doping effects of Cu 

or Ag in Figure 3c, d and Table 1. This indicates that Cu and Ag codoping can further 

converge valance bands of Cu or Ag single doped MnTe. The high valance band 

degeneracy generates the steeply increased DOS around the Fermi level (Figure 3f) and 

would enhance the Seebeck coefficient. DFT calculations reveal that Cu and Ag 
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codoping enables multiple valence band convergence and produce a high DOS values 

in the electronic structure of MnTe, contributing to the large Seebeck coefficient in Cu 

and Ag codoped MnTe. 

The temperature dependence of power factor (PF) for Mn1.06-2xCuxAgxTe  

samples is shown in Figure 2d. Compared to pristine Mn1.06Te, the power factor of Cu- 

and Ag-doped samples increases significantly over the entire temperature range due to 

the increase in carrier concentration. A PF of 11.36 μWcm−1 K−2 is achieved at 873 K 

for heavily Cu- and Ag-doped Mn0.98Cu0.04Ag0.04Te with high thermoelectric 

performance, which is increased by ∼92% compared to that of pure Mn1.06Te (5.93 

μWcm−1 K−2). Although the Seebeck coefficient decreases after doping, the greatly 

improved conductivity results in a significant increase in the power factor of the final 

doped Cu and Ag samples. 

The total thermal conductivity (T) for Mn1.06-2xCuxAgxTe samples as a function 

of temperature is presented in Figure 4a. T of Mn1.06-2xCuxAgxTe is suppressed as 

compared with Mn1.06Te below 673 K. Above 673 K, T of Mn1.06-2xCuxAgxTe (x>0.04) 

is larger than that of Mn1.06Te (Figure 4a). This can be ascribed to larger contribution 

of the electronic thermal conductivity (e) due to the sharp increase of electrical 

conductivity at high temperature. e is calculated based on the Wiedemann−Franz 
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relation, e = LT , where L is the Lorenz number,  is the electrical conductivity and 

T is absolute temperature. Considering acoustic phonon scattering, The Lorenz number 

(L) is calculated by fitting the Seebeck coefficient values with an assumption of a 

single-band model,[54,55] as illustrated in Figure S4. e of the Cu and Ag codoped 

samples are significantly higher than that of pristine Mn1.06Te throughout the 

temperature range due to enhanced  (Figure 4b). The lattice thermal conductivity (L) 

was calculated by subtracting e from T. L of the Cu and Ag codoped samples (Figure 

4c) is obviously lower than that of pristine Mn1.06Te. The Mn0.98Cu0.04Ag0.04Te sample 

exhibits the lowest L among all Cu- and Ag-doped samples. An ultralow L of ≈0.55 

W m−1 K−1 is obtained in the composition of Mn0.98Cu0.04Ag0.04Te at 873 K, and this 

value is remarkably decreased compared with that of pristine Mn1.06Te (0.77 W m−1 

K−1). L increases as Cu and Ag doping level x reach above 0.04. The presence of MnTe2 

exhibiting high lattice thermal conductivity induces the enhanced L.[56]    

 The microstructure analysis of the typical Mn0.98Cu0.04Ag0.04Te sample was carried 

out on a FEI Titan G2 60-300 STEM equipped with double aberration correctors to 

investigate the underlying mechanism of the reduction in L. Nanoprecipitates 

appearing as dark quasi-circular shape can be clearly observed in the MnTe matrix 

(Figure 5a and 5b). The locations of these nanoprecipitates are coincident with the Mn 
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enrichment areas as shown in the STEM-EDS elemental mappings, which indicates the 

dark domains are Mn-rich nanoprecipitates.[57–59] Atomically resolved HAADF-STEM 

images of the nanoprecipitate (Figure 5c) and matrix phase (Figure S5) are obtained, 

indicating obviously different atomic structures for the MnTe matrix and 

nanoprecipitate. In addition to Mn-rich nanoprecipitates, dislocations (marked with T) 

can be clearly found in the matrix, which are indicated as yellow symbols (Figure 5d 

and Figure. S6). Dense lattice distortions were induced by Ag and Cu codoping, as 

illustrated in HAADF-STEM image (Figure 5e and S7a). To analyze the lattice strain 

induced by lattice distortions, geometric phase analysis (GPA) was performed on the 

corresponding HAADF-STEM image. GPA is a semi-quantitative lattice image 

processing method that can reveal spatially distributed strain fields. The corresponding 

strain maps and distributions can be found in Figure 5f and Figure S7b. Larger 

fluctuations in average lattice strain indicate a broader distribution of static lattice strain 

around lattice distortions. Ag and Cu dopants possesses large differences in atom radius 

with the host Mn elements, as illustrated in Figure 4d. Dense lattice distortions are 

induced by the large difference in atom radius between dopants and host atoms. Dense 

lattice distortions cause strong phonon scattering and significantly depress the L. 

Furthermore, large mass fluctuation can be induced by Ag and Cu codoping, as shown 
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in Fig. 4d. Theoretically, the L can be calculated as:[60,61] 

L =
1

3
 ∫ 𝐶𝑣

𝜔0

0
(𝜔)𝜈2𝜏𝑑𝜔                     (1) 

where Cv is the specific heat, ν is the phonon velocity, ω is the angular frequency, ω0 is 

the cut-off frequency, and τ is the phonon scattering relaxation time, which is expressed 

as:[62–64] 

𝜏−1 = 𝜏𝜀
−1 + 𝜏𝑀

−1 = 𝛾2𝜀2 + (
𝛥𝑀

𝑀
)2                (2) 

𝛾  is the Grüneisen parameter, ε is the static lattice strain and 𝑀 /�̅�  is the mass 

fluctuations. Based on formula (2), the large mass fluctuation will shorten the phonon 

relaxation time, resulting in a reduction on L. The increased interfaces arising from 

micro/nanopores cause strong phonon scattering[65,66]. Combining extra phonon 

scattering from Mn-rich nanoprecipitates and dislocations, Mn0.98Cu0.04Ag0.04Te sample 

shows significantly reduced L. 

The temperature-dependent ZT values for Mn1.06-2xCuxAgxTe are presented in 

Figure 6a. The ZT value of Mn1.06-2xCuxAgxTe samples increases with elevating 

temperature and is significantly enhanced compared with pristine Mn1.06Te. An 

outstanding ZT of ∼1.3 is achieved in Mn0.98Cu0.04Ag0.04Te at 873 K through 

decoupling electrical and thermal transport properties. Multiple valence band 

convergence and lattice distortions induced by large difference in atom radii between 
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dopants and host atoms successfully accumulate the ZT enhancement to 113%. Peak 

ZT of Mn0.98Cu0.04Ag0.04Te are one of the highest peak ZT for MnTe system reported 

so far[42,44,53,67–69] (Figure 6b).  

 

CONCLUSIONS 

In summary, we achieve high ZT of ~ 1.3 in Cu and Ag codoped MnTe 

thermoelectrics, deriving from markedly reduced lattice thermal conductivity and 

significantly increased PF. It is found that Cu and Ag dopants cause dense lattice 

distortions due to large differences in atom radii between the dopants and host elements. 

Combining Mn-rich nanoprecipitates and dislocations, dense lattice distortions lead to 

ultralow lattice thermal conductivity (0.55 W m−1 K−1). Cu and Ag codoping achieves 

optimal carrier concentration and facilitates multiple valence band convergence and 

high density of states values in the electronic structure, which leads to sharp increase 

of power factor. The demonstrated strategy of screening suitable elements according to 

large atom redius difference for introducing dense lattice distortions highlights the 

importance of phonon engineering in advancing high-performance thermoelectrics. 
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Table 1. Energy differences between four valence maxima (the , M, H and A points 

in the BZ) and the calculated band gaps for pristine MnTe and Mn0.908Cu0.046Ag0.046Te 

samples. 

 MnTe Mn0.954Cu0.046Te Mn0.954Ag0.046Te Mn0.908Cu0.046Ag0.046Te 

Γ-M 0.04 0.05 0.04 0.04 

Γ-H 0.26 0.20 0.19 0.17 

Γ-A 0.34 0.27 0.28 0.12 

Band 

gap(eV) 

0.71 0.87 0.86 0.91 
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Figure. 1. (a) The XRD patterns for Mn1.06Te and Mn1.06-2xCuxAgxTe samples; (b) 

Calculated lattice parameters as a function of Cu and Ag content. 
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Figure. 2. (a) Temperature dependent electrical conductivity , (b) Carrier 

concentration n and carrier mobility μ at room temperature, (c) Temperature dependent 

Seebeck coefficient S, (d) Temperature dependent Power factor PF for Mn1.06Te and 

Mn1.06-2xCuxAgxTe. 

 

  



 

28 

 

Figure. 3. (a) The carrier concentration dependent Seebeck coefficient of Mn1.06-

2xCuxAgxTe samples at room temperature and Pisarenko relation [53]. (b) The corrected 

PBE calculated electronic band structures of pristine MnTe based on HSE calculations. 

Electronic band structures of (c) Mn0.954Cu0.046Te, (d) Mn0.954Ag0.046Te, (e) 

Mn0.908Cu0.046Ag0.046Te. The scale bar is the magnitude of the spectral weight, which 

characterizes the probability of the primitive cell eigenstates contributing to a particular 

supercell eigenstate of the same energy. (f) Electronic density of states of 

Mn0.908Cu0.046Ag0.046Te. The insert panel zooms in the region around the Fermi level.  
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Figure. 4. Temperature dependent thermal transport properties for Mn1.06Te and Mn1.06-

2xCuxAgxTe samples:(a) Total thermal conductivity (T), (b) Lattice thermal 

conductivity (L)，(c) Electronic thermal conductivity (e) as a function of temperature 

for Mn1.06Te and Mn1.06-2xCuxAgxTe samples, (d) Atom radius difference 𝑟 /�̅�  and 

mass difference 𝑀/�̅� of typical dopants in MnTe for comparison. 

  



 

30 

 

Figure. 5. Microstructural characterization of Mn0.98Cu0.04Ag0.04Te:(a) Typical 

HAADF-STEM image showing the distribution of plenty nanoprecipitates.(b) An 

enlarged view of the zone in the yellow rectangle in Figure 5a. (b1-b4) Elemental 

mappings of nanoparticles taken from (b). (c) Atomic resolution HAADF-STEM image 

of nanoprecipitates. (d) Image showing dislocations in the matrix phase. (e,) HAADF-

STEM images showing details of lattice distortions in matrix phase and (f) the 

corresponding strain mapping. 
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Figure. 6. (a) Temperature-dependent ZT values for Mn1.06Te and Mn1.06-2xCuxAgxTe 

samples; (b) Comparison of peak ZT with other reported MnTe systems including 

MnTe-0.5% Na2S, MnTe-0.75% Na, Mn0.93Ag0.07Te, MnTe0.92Se0.08, MnTe- 4% Ag2S, 

MnTe-1.5% Sb2Te3. 

 


