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Enhanced Thermoelectric Performance of p-type Mg2Sn Single 
Crystals via Multi-scale Defect Engineering† 

Zhicheng Huang,a Kei Hayashi,*a Wataru Saito,a Jun Pei,b Jing-Feng Li,ab and Yuzuru Miyazaki a 

Mg2Sn is a promising mid-temperature thermoelectric (TE) material consisting of earth-abundant, low-cost, and non-toxic 

elements. Currently, the TE performance of p-type Mg2Sn is still poor due to a lower power factor (PF) and a higher lattice 

thermal conductivity (κlat) than those of n-type Mg2Sn. To overcome these disadvantages, we synthesized Li-doped Mg2Sn 

single crystals (SCs) by the melting method. The Li-doping successfully changed the conduction of the Mg2Sn SC from an n-

type to a p-type. The Li-doped Mg2Sn SCs contained Mg vacancy, dislocation cores, and Sn-rich precipitates. These multi-

scale defects in the Li-doped Mg2Sn SCs did not deteriorate carrier mobility, whereas they effectively scattered phonons 

with a wide range of frequencies. Since grain boundaries did not exist in the Li-doped Mg2Sn SC, a higher carrier mobility 

and a higher PF were achieved compared with other p-type Mg2Sn polycrystals (PCs) and SCs. Moreover, the κlat of the Li-

doped Mg2Sn SC was lower than that of the p-type Mg2Sn PCs and SCs. Owing to the enhanced PF and the reduced κlat, a 

maximum dimensionless figure-of-merit zT of ~0.38 at 700 K was achieved for the p-type Li-doped Mg2Sn SC with a Li content 

of 2.5%, the highest value for a p-type Mg2Sn ever reported.

Introduction 

Thermoelectric (TE) materials have attracted increasing 

attention because they can directly convert waste heat to 

electricity via the Seebeck effect.1–4 The performance of a TE 

material is generally gauged by the dimensionless figure-of-

merit zT (= S2σT/κtot) and power factor PF (= S2σ), where S, σ, T, 

and κtot denote the Seebeck coefficient, electrical conductivity, 

absolute temperature, and total thermal conductivity, 

respectively. κtot is the sum of the electronic thermal conductivity 

(κel), bipolar thermal conductivity (κbip), and lattice thermal 

conductivity (κlat). Two aspects should be considered to facilitate 

the application of TE materials: achieving high zT and PF values 

to increase energy conversion efficiency by optimizing the 

interrelationships among the TE properties, and exploring cost-

effective TE materials using earth-abundant, low-cost, and non-

toxic elements. 

Among the considered materials, Mg2Sn and its derivatives 

Mg2(Si,Ge,Sn) are potential TE materials for operation at 

moderate temperatures between 400 K and 800 K.5–34 Good TE 

performances (zT ~ 0.9 at 750 K) have been reported for n-type 

Mg2Sn utilizing point defects and carrier optimization.26,27 

Among the n-type Mg2Sn samples, undoped, B-doped, and Sb-

doped Mg2Sn single crystals (SCs),22–24,34 Bi-doped Mg2Sn 

polycrystals (PCs),26 and Sb-doped Mg2Sn PCs27 prepared by 

applying physical and chemical pressure were found to contain 

Mg vacancy (VMg) as a point defect. The VMg acted as a 

scattering center of phonons, decreasing κlat. For example, the B-

doping introduced VMg at the fraction of 13.4(47)% and 

dislocation cores into the Mg2Sn SC, reducing κlat to a predicted 

minimum value (κmin ~ 0.65 W m-1 K-1 13) at 650 K.24 

Furthermore, the Bi-doping or Sb-doping increased the electron 

carrier concentration up to an optimal value, enhancing 

PF.23,26,27,34 In particular, the Sb-doped Mg2Sn SC exhibited the 

highest PF due to a high Hall carrier mobility (μH),23,24 according 

to a general trend that the absence of grain boundary scattering 

in an SC leads to a higher μH compared to a PC with the same 

composition.35,36 

On the contrary, p-type Mg2Sn has inferior TE properties for 

practical applications. Various elements such as Ag,5 Li,19,20 

Ga,25 Cu,29 and Na30 were used to introduce the hole carriers into 

Mg2Sn. Many efforts have been devoted to enhancing the TE 

performance of p-type Mg2Sn. Chen et al.5 prepared p-type Ag-

doped Mg2Sn large-grain PCs with finely dispersed eutectic 

MgAg phase; its maximum zT value reached ~0.3 at 500 K due 

to the reduction of κlat. Hasbuna et al.19 prepared p-type Li-doped 

Mg2Sn PCs by ball milling with a maximum zT value of ~0.3 at 

700 K by enhancing σ and PF, indicating that Li is an effective 

p-type dopant. More recently, we prepared p-type Ga-doped 

Mg2Sn SCs by melting method.25 Different from the above p-

type Mg2Sn PCs, the Ga-doped Mg2Sn SCs contained VMg at the 

fraction of 7.0(19)-13.4(26)%. Consequently, an Mg2Sn0.98Ga0.02 

SC displayed lower κtot than the Ag-doped and Li-doped Mg2Sn 

PCs. Similar to the Sb-doped Mg2Sn SC,23 the Mg2Sn0.98Ga0.02 

SC had a higher μH than the Li-doped Mg2Sn PC; however, its 

PF was lower due to its lower hole carrier concentration n (Table 

a. Department of Applied Physics, Graduate School of Engineering, Tohoku 

University, Sendai 980-8579, Japan. E-mail address: 

kei.hayashi.b5@tohoku.ac.jp (K. Hayashi) 
b. State Key Laboratory of New Ceramics and Fine Processing, School of Materials 

Science and Engineering, Tsinghua University, Beijing, 100084, China. 

† Electronic Supplementary Information (ESI) available: Laue XRD; SC-XRD; TEM 

observation; Electronic Thermal Conductivity; Bipolar Thermal Conductivity; and 

Lattice Thermal Conductivity. See DOI: 10.1039/x0xx00000x 

Page 1 of 9 Journal of Materials Chemistry A



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

1). Thus, the Mg2Sn0.98Ga0.02 SC showed a lower zT (~0.18 at 

450 K) than the Li-doped Mg2Sn PC.  

To further improve the TE performance of p-type Mg2Sn SCs, 

we adopted two strategies; (1) Li element was selected as an 

effective p-type dopant for Mg2Sn SCs to enhance PF; and (2) 

multi-scale defects in addition to VMg were introduced into the 

Mg2Sn SCs to reduce κlat because the lowest κlat of the 

Mg2Sn0.98Ga0.02 SC with VMg (1.8 W m-1 K-1 at 650 K 25) was still 

higher than the κmin. In this study, a series of p-type Li-doped 

Mg2Sn SCs were synthesized by the melting method, a 

convenient and inexpensive method to prepare SCs.22–25,37,38 

Interestingly, the Li-doped Mg2Sn SCs contained VMg as well as 

dislocation cores (DCs) and nanoscale Sn-rich precipitates as 

lattice defects. We found that the Li-doping to Mg2Sn SCs 

exhibited a high μH and a low κlat. The mechanisms for attaining 

high μH and low κlat are discussed from the viewpoint of carrier 

and phonon scattering. Through synergistically optimizing 

electronic and thermal transport properties, we achieved a 

maximum zT of ~0.38 at 700 K for the Li-doped Mg2Sn SC with 

the Li content of 2.5%, which is the record value among the p-

type Mg2Sn SCs and PCs. 

Experimental 

Sample preparation 

Mg grains (4N, Mitsuwa Chemicals Co. Ltd., ~Φ4 × 4t mm), Sn 

powder (4N, Kojundo Chemical Lab., 63 μm pass), and Li rod 

(3N, Sigma-Aldrich Co. Ltd., ~Φ12.7 mm) were weighted 

according to the nominal composition of Mg2-xLixSn (x = 0.005, 

0.015, 0.020, and 0.025). The weighed materials were 

individually loaded into a BN-coated alumina crucible in a glove 

box under an argon atmosphere with an oxygen level below 0.1 

ppm. The alumina crucible was enclosed in a quartz tube 

evacuated to a pressure of ~10-6 Pa and then filled with an Ar 

atmosphere of 0.16 MPa to apply the physical pressure. By 

setting the quartz tube in an electric furnace with a vertical 

temperature gradient, each material was melted at 1123 K, 

cooled at a rate of 2 K/h to 1023 K, and then cooled to room 

temperature (RT) over 9 h. The typical size of the obtained Mg2-

xLixSn ingots was ~Φ10 mm×L20 mm, and their lower part 

ranging from 2 to 7 mm from the bottom was used for the 

evaluation (Figure S1a). 

 

Sample characterization 

The crystalline phase and crystallinity of the Mg2-xLixSn ingots 

were investigated by powder X-ray diffraction (XRD; D8 

ADVANCE, Bruker AXS) and Laue XRD (RINT-IP/S, Rigaku). 

Due to the problematic crystal structure refinement using the 

powder XRD patterns of the Mg2-xLixSn ingots, as in the case of 

Mg2Si,39,40 the lattice parameters and the VMg fraction were 

evaluated by single-crystal XRD (SC-XRD; D8 QUEST, Bruker 

AXS), using a small Mg2-xLixSn SC (typically, 30×60×70 μm3) 

taken from each ingot (see the Supporting Information for details 

of the structural analysis). Single-crystal structure refinement 

was performed using the JANA2006 crystallographic computing 

code.41 The microstructure was observed using a scanning 

electron microscope equipped with an energy-dispersive X-ray 

spectrometer (SEM-EDX; JSM-IT100, JEOL). In addition, 

transmission electron microscopy (TEM), scanning TEM 

(STEM), atomic-resolution high-angle annular dark-field STEM 

(HAADF-STEM) observations, and energy dispersive X-ray 

spectroscopy (EDS) were conducted using an atomic-resolution 

analytical electron microscope (JEM-ARM200F, JEOL). The 

XRD measurements and TEM-EDS observations were all 

performed at RT. 

The S and σ values of the Mg2-xLixSn ingots were measured 

from 300 K to 700 K under a vacuum using an automated 

thermoelectric tester (RZ2001i, Ozawa Science Co. Ltd.). The 

Hall coefficient RH was measured at RT by sweeping a magnetic 

field from −5.0 T to 5.0 T using a physical properties 

measurement system (PPMS, Quantum Design). The carrier 

concentration n was obtained by n = |1/(eRH)|, and the Hall 

carrier mobility μH was calculated by μH = σRH, where e is the 

electric charge. The typical sample size used for the S and σ 

measurements was 2.5×2.5×8 mm3, and that for the Hall 

measurements was 2.5×6×0.8 mm3. The total thermal 

conductivity κtot was calculated using the relation κtot = ρsDCp, 

where ρs, D, and Cp are the sample density, thermal diffusivity, 

and specific heat capacity, respectively. The density was 

determined by ρs = m/V, where m is the mass and V is the volume. 

The D and Cp of the samples were measured from 300 K to 700 

K under a vacuum using a laser flash apparatus (TC-7000, 

ULVAC-RIKO). The sample size for the D and Cp 

measurements was typically ~Φ10 mm×L2 mm. 

 

Electronic band calculation 

We used the Korringa–Kohn–Rostoker (KKR) method with the 

coherent potential approximation implemented in the AkaiKKR 

package42 to calculate the electronic band structure of undoped 

Mg2Sn and 2% Li-doped Mg2Sn without any vacancy defects. 

The Perdew-Burke-Ernzerhof exchange-correlation potential 

was used for this calculation. The imaginary part at the Fermi 

level (EF) was set to 10−4 Ry. The angular momentum cut-off was 

set at 2, i.e., s-, p-, and d-orbitals were considered. The lattice 

parameter was evaluated by optimizing a unit cell volume to 

have minimum total energy. 

Results and discussion 

Crystal structure 

The crystallinity of the prepared Mg2-xLixSn (x = 025, 0.005, 

0.015, 0.020, and 0.025) ingots was examined with the Laue 

XRD measurements (Figure S2a-e). The clear Laue XRD spots 

were observed as a simulation using a crystal structure with the 

Fm3̅m space group (Figure S2f), demonstrating that the Mg2-

xLixSn ingots were all SCs. 

The powder XRD patterns of the Mg2-xLixSn (x = 025, 0.005, 

0.015, 0.020, and 0.025) SCs are depicted in Figure 1a. All the 

main XRD peaks were well-indexed to a cubic Mg2Sn phase 

(PDF #07-0274; space group: Fm3̅m). A trace of an Sn phase 

(PDF# 04-0673; marked with *) was observed in the enlarged 

XRD patterns at 35-40° for all SCs. SEM observations revealed 
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than the Sn secondary phase existed only at the edge area of each 

ingot (Figures S1b, b1, c, c1, and c2). To avoid an effect of the 

Sn secondary phase, the samples used for the physical-properties 

measurements were obtained from the center of each ingot 

(Figure S1a). As shown in the enlarged XRD patterns at 22.5-

23.0° (Figure 1a(right)), the 111 peak of the Mg2Sn phase slightly 

shifted to a higher angle after introducing Li, meaning that the 

Li-doping made the lattice constant smaller according to Bragg's 

law. It is reasonable because the atomic radius of Li (152 pm43) 

is smaller than that of Mg (160 pm43).  

The lattice constant was determined by the SC-XRD 

measurements; it decreased from 6.7683(7) Å at x = 0 25 to 

6.7644(10) Å at x = 0.025 (Figure 1b). Moreover, the presence 

of VMg in the Mg2-xLixSn SCs was confirmed. The VMg fraction 

increased with increasing x; 7.0(19)% 25, 5.2(12)%, 9.8(18)%, 

10(2)%, and 14(3)% for x = 0, 0.005, 0.015, 0.020, and 0.025 

SCs, respectively (Figure 1c). (Other refined structural 

parameters are summarized in Table S1.) The inverse correlation 

between the lattice constant and VMg fraction can be explained 

by the effect of chemical pressure on the formation energy of 

VMg, as reported for the Sb-doped, B-doped, and Ga-doped 

Mg2Sn SCs.23-25,34 

 

Nanostructure 

To investigate the nanostructure of the Mg2-xLixSn SCs, TEM 

and STEM observations for the x = 0.020 SC were performed. 

As shown in Figure 2a, light gray, dark gray, and black regions 

were identified in a low-magnification TEM image. The dark 

gray and black regions were embedded in the light gray region, 

and their sizes were <10 nm and 10-50 nm in diameter, 

respectively. Figure 2b is the medium-magnification TEM image 

of the R1 region in Figure 2a. In the image, light gray and dark 

gray regions are indicated by white dashed squares as an example 

(R2 and R3 regions, respectively). Such light gray and dark gray 

regions are attributed to a single-crystal region and a VMg region, 

respectively, for the undoped, Sb-doped, B-doped, and Ga-doped 

Mg2Sn SCs, which contain VMg as a point defect.22-25,34 It is 

reported that VMg does not exist in the single-crystal region, 

whereas VMg aggregates to form the dark gray regions 

symbolized by a striped pattern, namely, a Moiré pattern.44,45 To 

examine the light gray and dark gray regions in the x = 0.020 SC, 

Figure 1. (a) Powder X-ray diffraction (XRD) patterns, along with the enlarged peaks at 

25° ~ 40° and 22.5° ~ 23.0°. (b) Lattice constant and (c) the fraction of Mg vacancy 

(V
Mg

) of the Mg2-xLixSn (x = 025, 0.005, 0.015, 0.020, and 0.025) SCs. 

 

 

 

 

 

 

 

 

 

Figure 2. (a) Low-magnification transmission electron microscope (TEM) image of the Mg1.980Li0.020Sn (x = 0.020) SC. (b) Mid-magnification TEM image of the R1 region in Figure 2a. 

(c) [Left] high-magnification TEM image and [Right] a fast Fourier transform (FFT) pattern of the single-crystal region (marked as the R2 region in Figure 2b). (d) [Left] high-

magnification TEM image and [Right] an FFT pattern of the VMg region (marked as the R3 region in Figure 2b). (e) Filtered inverse FFT image of the R3 region using the two extra spots 

of the FFT pattern in Figure 2d [Right]. (f) Geometric phase analysis (GPA) image of the R3 region in Figure 2b. (g) High-angle annular dark-field scanning TEM image and (h) a GPA 

image of the R4 region in Figure 2a.
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the R2 region in Figure 2b is magnified in Figure 2c (left), 

showing the regular arrangement of the Mg and Sn atoms in the 

(111) plane of the Mg2Sn phase. Its fast Fourier transform (FFT) 

pattern confirmed a series of spots of the Mg2Sn phase along the 

[111] direction (Figure 2c (right)). Figure 2d (left) shows the 

magnified image of the R3 region in Figure 2b; the dark gray 

region was the Moiré pattern. Therefore, we concluded that the 

light gray and dark gray regions were the single-crystal region 

and the VMg region, respectively.  

An FFT pattern of the R3 region is shown in Figure 2d (right). 

There were extra spots (inside the white circles) near the spots of 

the Mg2Sn phase. A filtered inverse FFT image was reproduced 

using one set of the extra spots (indicated by arrows) (Figure 2e). 

DCs were located around the VMg region, indicating that the 

interface between the single-crystal region and the VMg region 

was semi-coherent, similar to the undoped, Sb-doped, B-doped, 

and Ga-doped Mg2Sn SCs.22-25,34 The density of DCs was 

estimated to be 3.3×1016 m-2. To further investigate strain 

variation around the VMg region, we performed geometric phase 

analysis (GPA), a semi-quantitative lattice image-processing 

approach to reveal spatially distributed strain fields.46,47 Figure 

2f shows the GPA result of the TEM image in Figure 2d (left). 

The high-strain centers (in yellow) were depicted in the vicinity 

of the DCs, indicating that the strain fields were induced by VMg 

and existed around the VMg region.  

The black regions in low-magnification TEM images were 

also investigated. The size of the black regions was 10-50 nm in 

diameter (Figure 2a), confirmed in another low-magnification 

TEM image (Figure S3a). Figure 2g shows a HAADF-STEM 

image of the R4 region in Figure 2a. The contrast gradually 

changed from the bottom (corresponding to the black region) to 

the top (corresponding to the light gray region, i.e., the single-

crystal region). Considering the Z-contrast nature of the 

HAADF-STEM imaging,46,48 the black region can be attributed 

to a precipitate rich in heavier elements compared with the 

single-crystal region. The EDS analysis revealed a ratio of 

Mg:Sn of 1:2 at the black region, suggesting that the Mg2-xLixSn 

SCs contained the Sn-rich precipitate. Figure S3b shows an 

electron diffraction pattern of a selected area inside the white 

dash circle in Figure S3a. Although the selected area contained 

several black regions, only the spots with 3-fold symmetry were 

observed, similarly to the Mg2Sn phase along the [111] direction. 

In other words, the Sn-rich precipitate had the same crystal 

structure as the Mg2Sn phase. The interplanar spacing was 

determined to be 2.38 Å for both the Sn-rich precipitate and the 

single-crystal region (Figure 2g); this value agreed with the 

interplanar spacing between the (220) planes of the Mg2Sn phase 

(2.41 Å; PDF #07-0274). From the above observations, the Sn-

rich precipitate is an endotaxial nanostructure embedded in the 

single-crystal region; this was observed for the first time among 

the undoped and elementary-doped Mg2Sn SCs prepared by the 

melting method.22–25,34 The emergence of the Sn-rich precipitates 

by the Li-doping may be explained by the decrease of formation 

energy of an antisite defect that an Sn atom substitutes for the 

Mg site, SnMg. In the present case, the prepared Mg2-xLixSn SCs 

contained VMg. In other words, these SCs were grown under Sn-

rich condition. The calculation predicted that, as EF approaches 

the top of the valence band, i.e., Mg2Sn changes to p-type, the 

formation energy of SnMg decreases and becomes even lower 

than that of VMg under the Sn-rich condition.49 Initially, the SnMg 

antisite defects are randomly distributed in the ingots. During the 

long cooling process, these antisite defects diffuse and aggregate 

without fracturing the crystal lattice. For this reason, the single-

crystal region is partly transformed into the Sn-rich precipitate 

with the same crystal structure of the Mg2Sn phase, similar to the 

formation of the VMg region. This mechanism will be examined 

by preparing Li-doped Mg2Sn SCs using different growth 

conditions. The average size of the Sn-rich precipitates could be 

related to the Li-doping level. The GPA result of the R4 region 

in Figure 2a is shown in Figure 2h. Reflecting the endotaxial 

characteristic of the Sn-rich precipitates, no high-strain center 

was observed around the interface between the Sn-rich 

precipitate and the single-crystal region. From the above 

observations, we can conclude that there is no grain boundary in 

the prepared Mg2-xLixSn SCs in the nanoscopic level. The 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. (a) Temperature dependence of the Seebeck coefficient S and (b) electrical conductivity σ of the Mg2-xLixSn (x = 025, 0.005, 0.015, 0.020, and 0.025) SCs, with the data of 2% 

Li-doped Mg2Sn PC19 and 2% Ga-doped Mg2Sn SC.25 (c) Pisarenko plot using S and carrier concentration n at 300 K. In (d) and (e), the electronic band structures of undoped Mg2Sn 

and 2% Li-doped Mg2Sn are shown. (f) Relation between carrier mobility, μH, and n at 300 K. For comparison, the data of Li-doped Mg2Sn PCs19 are plotted in (c) and (f). 
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interfaces between the VMg region/Sn-rich precipitates and the 

single-crystal region were semi-coherent or coherent. 

 

Electronic transport properties 

Figure 3a shows the temperature dependence of S of the Mg2-

xLixSn (x = 0,25 0.005, 0.015, 0.020, and 0.025) SCs, together 

with that of the 2% Ga-doped Mg2Sn SC19 and the 2% Li-doped 

Mg2Sn PC.25 The x = 0 SC exhibited a negative S over the entire 

temperature range. In contrast, the sign of S at RT, SRT, changed 

from negative to positive after doping with Li atoms, 

demonstrating that the Li-doping successfully prepared p-type 

Mg2Sn SCs. Moreover, SRT decreased from x = 0.005 to x = 0.025 

SCs, indicating an increase in the hole carrier concentration. In 

fact, the carrier concentration n increased from 6.95×1019 cm-3 (x 

= 0.005) to 1.74×1020 cm-3 (x = 0.025) as shown in Table 1. The 

Mg2-xLixSn SCs with x ≥ 0.005 presented a higher n than the 2% 

Ga-doped Mg2Sn SC.25 This result indicated that the EF became 

much lower by the Li-doping relative to the Ga-doping, 

supporting that the Sn-rich precipitate was observed only in the 

Mg2-xLixSn SCs. Furthermore, carrier activation rate of the Li 

element in the Mg2Sn SC was found to be higher than in the Ga 

element, as confirmed for the Li-doped Mg2Sn PC.19 However, 

the n of the Mg2-xLixSn SCs was lower than that of Li-doped 

Mg2Sn PCs19,20 when compared at similar Li content. Possible 

reasons for this difference in n are the presence of VMg and Sn-

rich precipitate in the Mg2-xLixSn SCs. Considering that VMg 

induced hole carriers into Mg2Sn SCs at a rate of 1×1017 cm-3 per 

percentage unit of the VMg fraction,22 the lower n in the Mg2-

xLixSn SCs relative to that of Li-doped Mg2Sn PCs19,20 is not due 

to VMg but to the Sn-rich precipitate. This is reasonable because 

the SnMg is reported to induce electron carries into Mg2Sn.49,50 

The above considerations indicate that VMg does not affect the 

electronic transport of hole carries in the Mg2-xLixSn SCs. 

For the temperature dependence, the S first increased and then 

decreased with increasing temperature for the x = 0.005 and 

0.015 SCs and the 2% Ga-doped Mg2Sn SC25 due to the bipolar 

effect. Furthermore, the temperature where the S reached a 

maximum value increased, indicating that the bipolar effect was 

suppressed according to the lowering of the EF by the Li-doping. 

The suppression of the bipolar effect is beneficial to maintain the 

increasing tendency of S. Compared with the 2% Li-doped 

Mg2Sn PC, the x = 0.020 SC exhibited higher S over the whole 

temperature range partly because of its lower n. 

Figure 3b plots the temperature-dependent σ of the Mg2-xLixSn 

(x = 0,25 0.005, 0.015, 0.020, and 0.025) SCs. The data of the 2% 

Li-doped Mg2Sn PC19 and the 2% Ga-doped Mg2Sn SC25 are also 

presented for comparison. The temperature dependence of σ 

changed from an increasing tendency at x = 025 to a decreasing 

tendency for x ≥ 0.005, suggesting that the Li-doping made the 

semiconducting Mg2Sn SC degenerate semiconductors. With 

increasing the Li content x, σ increased mainly due to the 

increasing n (see Table 1). Compared with the 2% Li-doped 

Mg2Sn PC,25 the x = 0.020 SC showed higher σ from 300 K to 

500 K and the x = 0.025 SC showed higher σ in the entire 

measurement temperature range. This is due to the higher μH of 

the Mg2-xLixSn SCs despite their lower n relative to the 2% Li-

doped Mg2Sn PC. Furthermore, all the Mg2-xLixSn SCs exhibited 

higher σ than the 2% Ga-doped Mg2Sn SC,25 attributed to the 

higher n and μH. 

Table 1. Crystallinity/conduction type, carrier concentration n, carrier mobility μH, and 

existing secondary phase(s) of the prepared Mg2-xLixSn ingots and previously reported 

Mg2Sn-based samples.5,19,20,25,30 The abbreviations SC and PC stand for 'single crystal' and 

'polycrystal', respectively. 

 

We investigated scattering mechanisms in their electronic 

transports to understand the difference in S and σ between the 

prepared SCs and reported PCs. The temperature dependence of 

σ of the x = 0.020 SC was well fitted by a relation 𝜎 ∝ 𝑇−3/2 (a 

bold black curve; Figure 3b), indicating that the dominant 

scattering mechanism for the x = 0.020 SC is acoustic phonon 

scattering (APS). On the other hand, the σ of the 2% Li-doped 

Mg2Sn PC does not seem to obey such relation. In particular, the 

increasing trend of σ with decreasing temperature below 500 K 

is weakened compared to the x = 0.020 SC. A similar 

phenomenon is observed for several TE materials.51–54 It is 

reported that the temperature dependence of σ is changed from 

an increasing trend into a decreasing one by reducing the grain 

size in a sample. This is because low energy carriers are scattered 

by a potential barrier at grain boundaries,55,56 which is more 

pronounced at low temperatures. The so-called “energy filtering 

effect” causes the shallow increasing trend in σ of the 2% Li-

doped Mg2Sn PC, i.e., its electronic transport is governed by 

mixed scattering mechanisms of APS and grain boundary 

scattering (GBS). 

We further examined the carrier scattering mechanisms using 

the Pisarenko plot, as shown in Figure 3c. The relation between 

S and n at 300 K of the Mg2−xLixSn (x = 0.005, 0.015, 0.020, and 

 
Crystallinity / 

conduction 

type 

n (cm-3) μH  

(cm2∙V-1∙s-1) 

Secondary 

phase(s) 

x = 025 SC / n-type 1.68×1018 93 Sn (edge area) 

x = 0.005 SC / p-type 6.95×1019 160 Sn (edge area) 

x = 0.015 SC / p-type 8.94×1019 158 Sn (edge area) 

x = 0.020 SC / p-type 1.56×1020 152 Sn (edge area) 

x = 0.025 SC / p-type 1.74×1020 124 Sn (edge area) 

Ga (2%)25 SC / p-type 5.92×1019 101 Sn 

Ag (0.5%)5 Large-grain PC 

/ p-type 

5.9×1019 ~130 Mg+MgAg 

eutectic 

microstructure

s 

Li (2%)19  PC / p-type 2.37×1020 77 Not reported 

Li (2.5%)20 PC / p-type 3.1×1020 69 Sn, MgO 

Na 

(2.5%)20 

PC / p-type 1.1×1020 82 Sn, MgO,  

t-Mg9Sn5+o-

Mg2Sn 

Na (7%)30 PC / p-type 1.1×1020 69 - 
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0.025) SCs and Li-doped Mg2Sn PCs19 is plotted, together with 

calculated curves derived from an equation for a degenerate 

semiconductor expressed as:  

 

       𝑆 = [
8𝜋2/3𝑘B

2(𝑟+3/2)

35/3𝑒ℎ2
] (

𝑚∗

𝑛2/3
)𝑇,      …(1) 

 

where kB, r, h, and m* are the Boltzmann constant, scattering 

parameter (e.g., r = -1/2 for APS, 0 for neutral impurity 

scattering, 3/2 for ionized impurity scattering, …), Plank 

constant, and carrier effective mass, respectively. The data of the 

prepared SCs is on a curve with m* = 0.8m0 (m0 is the free 

electron mass) and r = -1/2, verifying that APS is dominant in 

the prepared SCs. This result also indicates that the effective 

mass does not change much with the increase in the Li content, 

supported by calculation showing that valence band structures of 

undoped and 2% Li-doped Mg2Sn are similar except for the EF 

position (Figures 3d and 3e). Thus, we calculated S according to 

eq. (1), using m* = 0.8m0 and different r values (Figure 3c).  As 

a result, the r values for the Li-doped Mg2Sn PCs19 are estimated 

to be between -0.3 and 0.1. These values are higher than r = -1/2, 

verifying that APS and GBS affect the electronic transport of the 

Li-doped Mg2Sn PCs. It should be noted that the S value of the 

prepared SCs is lower than that of the Li-doped Mg2Sn PCs19 

when compared at similar n values. From the above 

considerations, we can conclude that the lower S value is due to 

the absence of GBS and no energy filtering effect occurs in the 

prepared SCs. 

Figure 3f shows the relation between carrier mobility, μH, and 

n at 300 K of the Mg2-xLixSn (x = 0.005, 0.015, 0.020, and 0.025) 

SCs and Li-doped Mg2Sn PCs.19 Due to the absence of GBS, the 

μH of the SCs in this work was higher than that of the PCs with 

comparable n. For example, the x = 0.005 SC and the 0.5% Li-

doped Mg2Sn PC had similar n, but the μH value for the former 

(160 cm2V-1s-1) was 1.3 times higher than that for the latter (~ 

120 cm2V-1s-1). Here, we discuss the effect of the multi-scale 

defects on μH of the Mg2-xLixSn SCs. (1) The amount of Li is 

smaller than 2.5%, and hence the Li dopants have little effect on 

carrier scattering; (2) Although the VMg fraction in the Mg2-

xLixSn SCs increased by the Li-doping (Figure 1c), VMg should 

not decrease μH because VMg is irrelevant to the electronic 

transport as mentioned before. In fact, in the case of undoped 

Mg2Sn SCs, μH rather increased in spite of the increase of the 

VMg fraction.22,34 The aggregation of VMg, i.e., the 

inhomogeneous distribution of VMg may help the transport of 

hole carriers in the single-crystal region without scattered by 

VMg; (3) Dislocations do not significantly reduce μH, because 

their density is as low as 3.3×1016 m-2, which enables to form 

semi-coherent interface between the VMg region and the single-

crystal region; (4) The Sn-rich precipitates do not scatter carriers, 

because the interface between the Sn-rich precipitate and the 

single-crystal region was coherent. Since the multi-scale defects 

did not deteriorate μH, the decrease of μH of the SCs and PCs with 

increasing the Li content can be ascribed to the increase of 

carrier-carrier scattering accompanied by the increase of hole 

carrier concentration. Thus, the high μH of the Mg2-xLixSn SCs is 

achieved by their high crystallinity without grain boundaries and 

ineffective nanostructures for electronic transport. 

The PF of the Mg2-xLixSn (x = 0,25 0.005, 0.015, 0.020, and 

0.025) SCs are depicted as a function of temperature in Figure 4. 

Compared with the 2% Ga-doped Mg2Sn SC25, their PFs showed 

significant improvement except for the x = 0.025 SC at T < 450 

K. The PF of the x = 0.020 SC was higher than that of the 2% Li-

doped Mg2Sn PC.19 This increase can be attributed to higher S 

and σ. The x = 0.025 SC showed higher PF than the 2% Li-doped 

Mg2Sn PC19 above 550 K, reflecting the higher σ. Owing to the 

synergistic optimization of S and σ, we achieved maximum PF 

values of 2.2 mW∙m−1∙K-2 at 500 K for the x = 0.020 SC and 1.9 

mW∙m-1∙K-2 at 650 K for the x = 0.025 SC. 

 

Thermal transport properties 

Figure 5a shows the temperature dependence of κtot of the Mg2-

xLixSn (x = 0,25 0.005, 0.015, 0.020, and 0.025) SCs. At RT, κtot 

of all Mg2-xLixSn SCs was 6-6.5 W·m 1·K-1, which was lower 

than the 2% Li-doped Mg2Sn PC19 but higher than that of the 2% 

Ga-doped Mg2Sn SC.25 The x = 0.020 and 0.025 SCs exhibited 

lower κtot than the 2% Li-doped Mg2Sn PC19 over the entire 

temperature range. κel and κbip were calculated as a function of 

temperature using S, σ, and n (Figures S4 and S5, respectively). 

By subtracting κel and κbip from κtot, we obtained κlat, as shown in 

Figure 5b. The κlat decreased with x increased, and the x = 0.020 

and 0.025 SCs showed a lower κlat than the 2% Ga-doped Mg2Sn 

SC.25 The lowest κlat was 1.2 W·m-1·K-1 at 650 K for the 0.025 

SC. 

To quantitatively understand the obtained low κlat, various 

phonon scattering processes were examined to calculate κlat for 

the x = 0.020 SC, based on the Debye Model.57 We considered 

the Umklapp process (UP), and phonon scattering by point 

defects (PD), dislocation cores (DC), and nanoscale precipitate 

(NP). From the TEM observations described above, the strain 

fields were induced by the VMg in the x = 0.020 SC, and its effect 

was incorporated with the mass fluctuation to calculate a 

scattering parameter at the Mg site (Eq. (S18) in the Supporting 

Information). For the calculation of scattering parameters of DC 

and NP, the density of DCs and the average radius of NPs were 

used, respectively (Eqs. (S20) and (S21) in the Supporting 

Information). As shown in Figure 5c, the calculated κlat 

considering all phonon scatterings from UP, PD, DC, and NP 

agreed with the experimental κlat. The contribution of PD 

 

 

 

 

 

 

Figure 4. Power factor (PF) of the Mg2-xLixSn (x = 025, 0.005, 0.015, 0.020, and 0.025) SCs 

as a function of temperature. The data of 2% Li-doped Mg2Sn PC19 and 2% Ga-doped 

Mg2Sn SC25 are also shown. 
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scattering to the reduction of κlat was more significant than that 

of DC and NP scatterings. The contributions of PD, DC, and NP 

scattering at RT are 84%, 4%, and 12%. Thus, the additional NP 

scattering is the main reason for the lower κlat of the Mg2-xLixSn 

SCs compared to the 2% Ga-doped Mg2Sn SC.25 

To obtain further insight into the effect of each phonon 

scattering process on the κlat reductio, the frequency-dependent 

spectral lattice thermal conductivity (κs) was calculated 

according to: 

 

𝜅s(𝜔) =
𝑘B

2𝜋2𝑣
(
2𝜋𝑘B𝑇

ℏ
)
3
𝜏(𝜔)

𝑥4𝑒𝑥

(𝑒𝑥−1)2
, 𝑥 ≡

ℏ𝜔

𝑘B𝑇
,    …(2) 

where v, ℏ, τ, and ω are the sound velocity, reduced Planck 

constant, relaxation time for phonon scattering, and phonon 

frequency, respectively. For the calculation, τ for UP or phonon 

scattering by PD, DC, or NP (eqs. (S14)-(S21) in the Supporting 

Information) was used. Figure 5d shows the κs curves of the x = 

0.020 SC. The area between the two adjacent κs curves is equal 

to the reduction of κlat originating from the corresponding 

phonon scattering process. The κs of the UP showed a slight 

decrease with increasing ω. The PDs scattered the high-

frequency phonons, as pointed out in the literature.58 On the other 

hand, the DCs and NPs decreased κlat by scattering mid-

frequency and low-frequency phonons, respectively. From these 

results, we can conclude that multi-scale defects in the Mg2-

xLixSn SCs individually scattered phonons in a different 

frequency range. PDs, including VMg, played an important role 

in achieving the significant reduction of κlat. 

 

Dimensionless figure-of-merit 

Figure 6a shows the temperature dependence of zT of the Mg2-

xLixSn (x = 0,25 0.005, 0.015, 0.020, and 0.025) SCs. The peak zT 

value increased with increasing the Li content x due to the 

optimization of the PF and κtot. Maximum zT values of 0.34 and 

0.38 at 700 K were obtained for the x = 0.020 and x = 0.025 SCs, 

which were respectively 13% and 26% higher than that of p-type 

Mg2Sn ever reported (the maximum zT ~ 0.3 5,19; Figure 6b). This 

study demonstrated that Mg2Sn SCs with multi-scale defects are 

promising for n-type and p-type TE materials. The zT value of 

the Mg2-xLixSn SCs can be further enhanced by increasing the 

amount of VMg and subsequent dislocation cores, and the kind of 

nanoscale precipitates; for the former, additional B-doping 

should be an effective way, as reported for the B-doped Mg2Sn 

and Mg2Si SCs.24 

Conclusions 

We prepared Mg2-xLixSn single crystals (SCs) and investigated 

the Li-doping effect on their crystal structure, nanostructure, and 

TE properties. All Mg2-xLixSn SCs contained VMg as a PD, and 

its fraction increased from 7.0(19)% to 14.0(30)% with the Li 

content x. In addition, dislocation cores and nanoscale Sn-rich 

precipitates existed in the Mg2-xLixSn SCs. These multi-scale 

defects did not deteriorate the electronic transport properties, i.e., 

S and σ. Rather, the Mg2-xLixSn SCs exhibited a high carrier 

mobility and a high PF benefiting from the absence of grain 

boundaries. The maximum PF for the x = 0.020 and 0.025 SCs 

were 2.2 mW∙m-1∙K-2 at 500 K and 1.9 mW∙m-1∙K-2 at 650 K, 

respectively. On the other hand, the κlat was significantly affected 

by the multi-scale defects. PDs, DCs, and NPs scattered the 

phonons with different frequencies making the κlat of the Mg2-

xLixSn SCs lower than the undoped and elementary-doped 

Mg2Sn PCs and SCs. Consequently, the highest zT value among 

the p-type Mg2Sn was achieved for the x = 0.025 SC (zT = 0.38 

at 700 K). This study demonstrates that multi-scale defects 

engineering enhanced the TE performance of p-type Mg2Sn. 
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lat
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Frequency-dependent accumulative reduction in κlat (κs) of the Mg1.980Li0.020Sn (x = 0.020) 
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Figure 6. (a) Temperature dependence of the dimensionless figure-of-merit, zT, of the 

Mg2-xLixSn (x = 025, 0.005, 0.015, 0.020, and 0.025) SCs. The data of 2% Li-doped Mg2Sn 

PC19 and 2% Ga-doped Mg2Sn SC25 are also shown. (b) Comparison of maximum zT values 

zTmax of the x = 0.020 and 0.025 SCs with that of other p-type Mg2Sn samples. 
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