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 12 

ABSTRACT 13 

In this study, we analyze the change in the thermoelectric properties of a Mgx(Si, Sn) system upon 14 

varying nominal Mg content x (x = 1.8, 1.9, 2.1, 2.2, 2.3). Additional investigations are carried out to elucidate 15 

the mechanism through which Mg-deficient conditions induce point defects, such as Mg vacancies and anion 16 

anti-site defects, and determine the influence of these defects on the thermoelectric properties of a Mgx(Si, Sn) 17 

system. We find that Mg deficiency can induce reduction of band gap through multiple point defects as well as 18 

phase separation of crystal structures. Temperature-dependent measurements of the Seebeck coefficient and the 19 

Hall coefficient indicate that Mg deficiency induces p-type behavior; this is confirmed by an analysis of the 20 

thermoelectric transport properties by using a single parabolic band model at low temperature. The p-type 21 

conduction in the Mg-deficient system suggests that Mg vacancies are the predominant defects. However, the 22 
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efficiency of p-type doping is two to three orders of magnitude lower (~1018 cm−3) than expected when 1 

considering only Mg vacancies as the origin of charge carriers. Density functional theory calculations suggest 2 

that the anion anti-site defect on the Mg site is attributable for the low measured carrier concentration and low 3 

doping efficiency. Moreover, the energy band structure of the Mg-deficient Mgx(Si, Sn) system is shown to 4 

undergo significant deformation and allow the formation of an impurity band at the X point due to the Mg-5 

deficient conditions, enabling the system to have a relatively anion-rich condition. Furthermore, Mg deficiency 6 

minimizes the thermal conductivity to 1–1.5 W/m∙K at room temperature owing to an early bipolar contribution 7 

and separated structural phases. This study provides the Mg deficiency as a new control parameter that can be 8 

utilized to enhance the p-type thermoelectric performance of Mg silicides. 9 

 10 
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1. Introduction 13 

Thermoelectric (TE) materials serve as fundamental building blocks for TE devices, which are solid-14 

state heat engines that directly convert heat to electricity. The efficiency of a TE material is typically evaluated 15 

on the basis of its figure of merit, 2 / ( )zT S T =  [1], where S is the Seebeck coefficient, T is the absolute 16 

temperature, κ is the thermal conductivity, and ρ is the electrical resistivity. A zT of ~ 1.5 is equivalent to an 17 

energy conversion efficiency of ~10% [1,2]. Recently, several TE materials have achieved a zT of ≥ 1 or ≥ 2, 18 

e.g., in Bi-Te-based alloys [3,4], PbTe [5,6], Skutterudite[7,8], and Zintl phase materials[9,10]. However, these 19 

materials contain hazardous or expensive heavy-metal elements. Because these materials increase the 20 

production and power generation cost, research has recently been underway to reduce the power generation cost 21 

from a techno-economic perspective [11]. Si-based TE materials can be used to create nontoxic, lightweight, 22 

and affordable TE devices [12,13]. Mg silicide compounds exhibiting n-type behavior and high TE performance 23 

(zT ~ 1 or zT > 1) have been developed through strategies such as the partial substitution of Si by Sn and a 24 
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convergence of conduction bands [14] and iso-valent substitution of C on a Si site of Mg2Si by Sb doping [15] 1 

and Ge on an anion site of Mg2(Si,Sn) by Bi doping [16]. To ensure the high stability and long lifetime of TE 2 

devices under repeated thermal stress, it is desirable to use n- and p-type materials with similar mechanical 3 

properties. Thus, p-type Mg silicides with the requisite zT values must be developed to match those of n-type 4 

materials. Although the theoretically estimated zT values of p-type Mg2Si systems are as high as ~0.8, which are 5 

comparable to those of their n-type counterparts [17], the highest value experimentally achieved so far is 0.5 for 6 

Li-doped Mg2(Si,Sn) [18] and ~0.3 for Ag, Ga co-doped Mg2(Si,Sn) [19]. This low performance is due to 7 

insufficient doping efficiency and a low carrier concentration of < 1020 cm-3 [20]. To achieve an optimal carrier 8 

concentration of ≥ 5×1020 cm-3 [17], Mg vacancy defects can play an important role as acceptors in the 9 

Mg2(Si,Sn) system [21], thus improving the p-type performance. Mg deficiency and Mg excess are widely 10 

accepted as common sources of Mg vacancies and interstitials, respectively [22,23]. Interestingly, calculations 11 

of the defect-formation energy in a ternary Mg2(Si,Sn) system indicate that p-type behavior can be enhanced 12 

when the Si:Sn ratios is low and Mg-deficient conditions are utilized [17]. Thus, the first consideration in any 13 

strategy for increasing the zT of p-type Mg silicides is the accurate control of the Mg content of the host system. 14 

Because the Mg content easily reduces during the annealing/sintering process owing to the high vapor pressure 15 

of Mg, the Mg content of Mg2(Si,Sn) can be typically adjusted by adding excess Mg or controlling the partial 16 

pressure of Mg via the evaporation of additional Mg during the annealing process [24,25]. Thus far, studies on 17 

the effect of Mg content variation on transport properties have mainly focused on n-type Mg silicides. Several 18 

studies have demonstrated the control of Mg vacancies in Mg2Sn by varying the pressure of an Ar atmosphere 19 

during synthesis [26] and by inducing Mg vacancies in Mg2Sn via B-doping [27]. Another study has shown that 20 

the undesirable Mg vacancies in the lattice play a negative role in reducing electron concentration although 21 

reducing the lattice thermal conductivity [28]. These studies have helped elucidate the role of defects induced in 22 

binary Mg2Si, Mg2Sn, and ternary Mg2(Si,Sn). However, they have only focused on n-type properties and 23 

exploited point defects as scattering centers. The effects of variation of the Mg content on p-type Mgx(Si,Sn) 24 

and the reason for the deformation of the electronic band structure although Mg vacancies can serve as holes in 25 
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the system have not yet been elucidated. Furthermore, previous studies did not consider the possibility and 1 

effect of the secondary phase of the host system although Mg silicide can easily unmix, usually in the form of a 2 

host matrix and a secondary phase, owing to the existence of a miscibility gap at a wide range of Si:Sn ratios 3 

[29]. 4 

In this study, we hypothesize that a Mg vacancy could behave as an effective acceptor in Mg silicides, 5 

which has not been considered in previous n-type studies. We thus examine the possibility of utilizing Mg 6 

vacancies for developing high-performance p-type Mg silicides by investigating the effect of the Mg content of 7 

a Mg2(Si,Sn) system by varying the initial Mg content. We first conduct a systematic investigation of the effect 8 

of Mg content on the crystal structure and TE properties of Mgx(Si,Sn) solid solutions (x = 1.8, 1.9, 2.1, 2.2, 9 

2.3) and suggest an approach for improving p-type TE properties using the strategy of point defect control. X-10 

ray diffraction and Rietveld refinement results provide evidence of the existence of a secondary phase in a solid 11 

solution system. The electronic band structure is determined using density functional theory (DFT) calculations, 12 

revealing the possible types of multiple defects and non-rigid band-like behavior by employing the Korringa–13 

Kon–Rostoker (KKR) method with coherent potential approximation (CPA) and support of the Bloch spectral 14 

function (BSF) calculation with local density approximation (LDA). The transport property analysis conducted 15 

using the single parabolic band (SPB) model and considering acoustic phonon and alloy scattering provides 16 

clues regarding the deformation of the electronic band structure and non-rigid band-like behavior.  17 

2. Material and methods 18 

2.1. Material synthesis 19 

Mechanical alloying and cold pressing followed by annealing were conducted to synthesize a series of 20 

Mg2(Si,Sn) samples. Mg chips (99.98%; Sigma-Aldrich), Si granules (99.999%; Alfa Aesar), and Sn shots were 21 

used as starting materials (99.999%; Alfa Aesar). To vary the Mg content, the starting materials were combined 22 

in specific ratios with different nominal Mg contents of MgxSi0.4Sn0.6 (x = 2.3, 2.2, 2.1, 1.9, 1.8). Next, the 23 

samples wher ball-milled in a planetary ball mill (Pulverisette 7, Fritsch) with a ball-to-powder ratio of 30:1 at 24 
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500 rpm for 6 h with 7 mL of n-hexane (~100 wt% of powder) to prevent the particles from sticking to the wall 1 

of the ball mill cup [30,31]. The initial Mg content was chosen based on our empirical investigation, to be x = 2 

2.3, which showed a near-stoichiometric end composition (Mg2Si0.4Sn0.6) while samples with x < 2.3 were Mg 3 

deficient. The lowest Mg content was chosen to be x = 1.8 because it corresponds to the composition where 4 

phase separation (discussed below) starts to appear. The sample mixture was then pressed for 10 min under a 5 

load of 6 tons using a manual cold press (PTJ-15, MTI), sealed in a quartz tube under high vacuum (~10−6 6 

Torr), and allowed to diffuse for 22 h at 973 K to obtain a stable phase. Next, the heat-treated compound was 7 

pulverized in an agate mortar and repressed for 10 min under a load of 6 tons. Next, the as-obtained pellets were 8 

sintered in a sealed quartz tube at 973 K for 4 h under a vacuum. We found that this two-step process is 9 

essential to obtain a stable phase in an ambient atmosphere. Ball milling and pulverization were conducted in an 10 

Ar-filled glove box wherein O2 and H2O concentration were < 0.1ppm. 11 

 12 

2.2. Crystal structure and composition  13 

The bulk crystal structure was determined through powder X-ray diffraction (XRD) in the θ–2θ scan 14 

mode (D/MAX-2500-PC, Rigaku) using a Cu-Kα beam source at 1.5418 Å. Lattice constants were calculated 15 

by referring to the hkl planes of Mg2Si and Mg2Sn. The phase ratio of Mg2(Si,Sn) was estimated via Rietveld 16 

refinement using the open software MAUD by applying the  Rwp < 15% criterion based on the XRD pattern (see 17 

Table 1) [32]. The crystal structure of Mg2(Si,Sn) were constructed by Free software, VESTA, with a refined 18 

.cif file from Crystallographic Open Database (COD) (Fig. 1b). Moreover, the composition was quantified 19 

Through inductively coupled plasma (ICP)-optical emission spectroscopy (OES) (Spectro, Arcos FHM22). For 20 

ICP-OES, the samples were dissolved in HCl, and a 0.001 ppm standard solution of each element was used. 21 

ICP-OES provides information about the elemental composition of the samples, while Rietveld refinement 22 

results reveal the atomic occupancies of each element through fitting parameters. The combination of these two 23 

techniques enables cross-verification of the results, leading to a more reliable assessment of the chemical 24 

composition than either alone. It is important to consider that the ICP-OES result indicates the remnants of Si 25 
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and secondary phases. To overcome this, the Mg occupancy from the Rietveld refinement was set as a fixed 1 

value and used to infer the number of other anions, including the remnants of Si. This inferred value was then 2 

cross-checked with the ICP-OES result to obtain a reasonable composition. Furthermore, the morphology and 3 

elemental distribution were analyzed through FE-SEM analysis (HITACHI, SU6600) at an accelerating voltage 4 

of 15 kV. The surface of all samples chemically polished to obtain cleaner images using a 0.01 μm alcohol-5 

based diamond suspension. 6 

 7 

2.3. Transport properties  8 

The TE properties of the samples were determined using a custom liquid nitrogen cryostat (JANIS 9 

Cryostat, Lake Shore Cryotronics Inc.) with a rectangular bar-shaped geometry (1.5 × 1.5 × 7 mm). Two 10 

custom T-type thermocouples were attached to the surface of each sample to determine the temperature 11 

difference and Seebeck voltage. Two additional copper electrodes were attached to opposite surfaces to record 12 

the Hall resistance and Nernst voltage in a magnetic field. The Seebeck coefficient (S), the Nernst coefficient 13 

(N), and the thermal conductivity (κ) were measured under steady-state conditions using a 120 Ω resistive 14 

heater (SGD1.5/120, OMEGA Engineering Inc.). The electrical resistivity (ρ), and Hall resistivity were 15 

recorded using the four-wire method. To minimize the electrical and thermal contact resistances, the majority of 16 

the electrodes were attached via spot welding, which takes advantage of the rapid release of charge at the instant 17 

of electrical contact. Convective and radiative heat losses were minimized during the measurements using a 18 

high vacuum (<10−6 Torr) and gold-plated radiation shield. Finally, the Seebeck noise from the copper electrode 19 

between each sample point was eliminated using a reference junction on the same temperature heat sink, which 20 

canceled the Seebeck voltage of the copper wire. Measurement errors, including geometrical, random, and 21 

systematic errors, were analyzed (detailed in Supplementary Materials). The geometric error in our 22 

measurements, with a dimensional scale of a few millimeters, was approximately 2%, accounting for the typical 23 

uncertainty of the micrometer (0.02 mm). The random error was attributed to equipment noise from the 24 

nanovoltmeter and AC bridge. The largest error was ≤ 1.5%, while most errors were ≤ 0.3%. Systematic errors 25 
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for each parameter were determined by comparing data measured by our cryostat with those measured by ZEM-1 

3 (ZEM-3, ULVAC) and LFA (LFA 467 HyperFlash, NETZSCH), both of which are accepted in the field as 2 

standard measurement instruments for TE properties. For comparison, standard materials with well-known TE 3 

properties were employed. The resistance measurement had a systematic error of 10%, the Seebeck coefficient 4 

measurement had a systematic error of 12%, and the thermal conductivity measurement had a systematic error 5 

of 7%. 6 

 7 

2.4. Electronic structure calculations 8 

Electronic structure calculations were performed using the DFT and the KKR method. The CPA [33,34] 9 

was used to simulate the effects of Si-Sn alloying and the presence of point defects, which were randomly 10 

distributed in the crystalline material. The experimental crystal structure with a lattice parameter (a) of 6.604 Å 11 

and a Si:Sn ratio of 3:7 was used because the overall experimental composition of the sample with high Mg 12 

deficiency (x = 1.9 and 1.8) could be similar to that ratio (Table 1). A regular k-point mesh was used in the 13 

calculations, with 1500 k-points for the self-consistent cycle and 105 k-points for the BSF calculations (number 14 

of points given in the irreducible part of the Brillouin zone). The crystal potential was constructed in the 15 

framework of the LDA using the Vosko, Wilk, and Nussair [35] formula for the exchange-correlation part, and 16 

full-potential full-relativistic calculations were performed. The position of EF was obtained using the Lloyd 17 

formula [33]. To describe the band gap more accurately, it is necessary to adopt advanced methods such as the 18 

semi-local exchange-correlation potentials that go beyond the standard LDA or generalized gradient 19 

approximation (GGA) treatments of exchange-correlation effects. Unfortunately, no such methods are currently 20 

available in conjunction with the KKR-CPA method, which allows us to calculate the electronic structure in the 21 

presence of multiple defects and Si-Sn alloying effects. Due to this limitation, we employed the LDA in this 22 

study. 23 

3. Results and discussion 24 
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3.1. Phase separation due to Mg deficiency 1 

Table 1 lists the nominal and measured compositions. Mg was lost during the synthesis at a fraction of 2 

2–10 at. %. The Mg loss increased when the starting Mg content was increased. The XRD results of all samples, 3 

except the sample with the highest Mg deficiency (x = 1.8), indicate the formation of a solid solution of 4 

Mg2(Si,Sn). This is indicated by the location of the XRD peaks between those of the references Mg2Si and 5 

Mg2Sn peaks. In contrast, the x = 1.8 sample has two distinct peaks, indicating unmixed phases (Fig. 1a). An 6 

asymmetric (skewed to the left) main XRD peak is observed between 23° and 23.5° in Fig. 1b, as well 7 

as an additional shoulder on the left-hand side of this peak in higher-Mg-deficient systems indicate the 8 

presence of a Sn-rich Mg2(Si,Sn) phase in the matrix [25,29]. In principle XRD peak broadening could be due 9 

to microstrain in the crystallites and the different sizes of the individual crystallites. However, as visible in the 10 

Scherrer equation, these two factors cause the peak shape to remain symmetrical. Hence, the asymmetric shape 11 

of the XRD peaks, which could not be distinguished separately, predominantly indicated a mixed phase [29]. 12 

Rietveld refinement revealed that the crystal structure might comprise at least two dominant phases. The peak 13 

shift toward a lower 2θ value along the Mg deficiency axis indicates an enlargement of the lattice constant (Fig. 14 

1d), suggesting that ternary Mg2(Si,Sn) contains more Sn [27,36]. As shown in Table 1, the higher the Mg 15 

deficiency, the higher the Sn content in the secondary phase, as indicated by the shoulder peak. While all 16 

samples show some amount of the Sn-rich secondary phase, we find that this amount increases drastically at x < 17 

1.8, indicating a threshold beyond which unmixing is much more relevant. This agrees with the previous 18 

investigation, wherein the Mg loss leads to clear phase separation owing to the miscibility gap in the Mg silicide 19 

system [25,37]. As shown in Table 1, the highly Mg-deficient samples (x=1.8, 1.9) contain remnant anions in 20 

their composition. This remnant Si was confirmed by investigating the elemental distribution through scanning 21 

electron microscopy (SEM)/energy-dispersive X-ray spectroscopy (EDS) mapping (Fig. 2 and S3–S6). In 22 

addition, a higher content of Sn was observed in the vicinity of the Si islands, suggesting that a Sn-rich phase 23 

and Si as a single element coexist. This is supported by the SEM/EDS image shown in Fig. 2, which reveals 24 

higher Sn content in the area around the Si islands, where remnants of Si are possibly mixed with the Sn-rich 25 
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phase. Conversely, the sample with the highest Mg content (x = 2.3) exhibited a relatively homogeneous 1 

distribution (Fig S6). Moreover, the Si islands had no discernible effect on the XRD patterns owing to their 2 

highly localized distribution. 3 

 4 

3.2. Transport properties in Mg-deficient systems 5 

For all samples, the electrical resistivity decreased with increasing temperature, which is typical 6 

behavior of intrinsic semiconductors (Fig. 3a) [38]. However, the resistivity decreased (Fig. 3a) and the carrier 7 

concentration increased (Fig. 4b) with increasing Mg deficiency, suggesting that Mg deficiency induces a 8 

doping effect. The temperature-dependent Seebeck coefficient indicates that Mg deficiency suppresses the p–n 9 

sign transition of the carrier type in the system (Fig. 3b). Given that the sample with the highest excess of Mg (x 10 

= 2.3) exhibited a relatively pure intrinsic behavior at 300 K with an n-type Seebeck coefficient [39], it was 11 

deduced that Mg deficiency led to the generation of holes in the system and enhancement of the power factor by 12 

more than an order of magnitude in relation to that of the less Mg-deficient system (Fig. 3c). Because the 13 

electrical TE properties vary with Mg deficiency, the systems can be divided into three categories: 14 

stoichiometric (x = 2.3), less deficient (x = 2.2, 2.1), and more deficient (x = 1.9, 1.8) systems. Samples with 15 

similar deficiencies show similar behavior presumably because the difference in the total deficiency is not very 16 

large. For the measured transport data, an influence of the secondary phase cannot be typically ruled out; 17 

however, one can assume that the transport is dominated by the matrix phase, with the secondary phases mainly 18 

affecting scattering rates of electrons and phonons [40]. This is supported by the observation that the Seebeck 19 

coefficient at low temperatures is within a factor of three for all samples, while the electrical resistivity differs 20 

by orders of magnitude. 21 

The temperature had a different effect on the dominant carrier type depending on the degree of Mg 22 

deficiency (Fig. 4a). The Hall coefficient drops to zero (inset of Fig. 4a) for the samples with p-n transitions. 23 

The Seebeck coefficient sign changed because of a higher mobility of the electrons compared to the holes and 24 

the thermal excitation of electron-hole pairs. Essentially, faster electrons overcompensate the initially dominant 25 
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holes with increasing thermal excitation, with the degree of compensation (and the temperature of sign change) 1 

depending on the initial hole concentration because of the formation of defects (Mg vacancies) [18,39,41,42]. 2 

The Hall coefficient is relatively constant for low temperatures in the temperature window where |S| increases, 3 

i.e., where transport is still hole dominated. The carrier concentration at 100 K increased as the Mg content 4 

decreased (Fig. 4b). The samples with excess Mg (x = 2.3, 2.2, and 2.1) had comparable carrier concentrations. 5 

In contrast, the carrier concentration increased slightly when Mg deficiency was relatively high (x = 1.9, 1.8). 6 

Mg vacancies (VMg) are a source of p-type conduction in Mg2(Si,Sn) systems [41,42]; hence, it is inferred that 7 

VMg contributes significantly to the carrier concentration. To achieve the optimal p-type TE performance 8 

suggested by DFT calculations, the carrier concentration must be in a mid-range of 1020 cm-3 [43,44]. If VMg can 9 

be completely ionized in the unit cell, resulting in two holes per VMg [41,45], the carrier concentration calculated 10 

using the lattice constant via XRD is likely to be on the order of 1020 cm−3 (Fig. 4b, and detailed in 11 

Supplementary Materials). However, the observed contribution was two to three orders of magnitude lower than 12 

that expected for the fully ionized case. Also, the 1017–18 cm-3 range corresponds to the carrier 13 

concentration of intrinsic n- and p-type Mg silicides [18,39]. The low doping efficiency indicates that 14 

additional compensatory factors were present in the system. The ternary Mg2(Si,Sn) system with a Si:Sn ratio of 15 

3:7 had a negligible p-type conduction probability owing to the presence of a favorable donor, such as 16 

interstitial Mg (IMg), and a relatively high defect-formation energy of VMg, even under Mg-deficient conditions 17 

[17,46]. In previous studies, p-type conduction was eventually observed for ternary Mg2(Si,Sn) with a Si:Sn 18 

ratio of 2:8 under Mg-deficient conditions [17,45]. Theoretical and experimental data suggest that p-type 19 

conduction is favorable at a higher Sn content of the Mg2(Si,Sn) systems [17,44].  Thus, the charge 20 

compensation factor must be considered, which is likely the result of defects in the undoped system. Such 21 

possible defects include acceptors such as VMg and donors such as IMg, as well as the anti-site of an anion on the 22 

Mg site (XMg, X: Si, Sn). The calculation of the band structure with three possible defects indicates the charge 23 

compensation as the dominant factor. Fig. 5(a) shows the calculated electronic band structure represented in 24 

terms of the BSF of Mg2Si0.3Sn0.7, which is the approximate composition of the main phase from the Rietveld 25 
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refinement (Table 1). The spectral functions were plotted on a logarithmic scale, where the high intensity of the 1 

BSF (black region) represents the position of the band center. In contrast, the color scale shows the band-2 

smearing effect due to scattered and disordered electrons, where the bands gained a finite bandwidth. The 3 

stronger the electron scattering, the more smeared the bands and the larger the bandwidth. As discussed in 4 

previous studies, local-density-type exchange-correlation functionals tend to underestimate the value of the 5 

bandgap, particularly for Sn-rich materials [47,48], in which even a band overlap was observed. This explains 6 

why a bandgap close to zero is observed in the investigated samples. For undoped Mg2Si0.3Sn0.7, the Fermi level 7 

was located at the valence band maximum (VBM) (Fig. 5a). When the material becomes Mg-deficient due to 8 

the formation of VMg, as illustrated in Fig. 5(b), the Fermi level moves down into the valence band, proving that 9 

VMg can act as a strong acceptor, delivering two holes per vacancy. The shape of the spectral functions did not 10 

change significantly, confirming that VMg behaves as a rigid band dopant, leading only to a shift in the Fermi 11 

level with a slightly strengthened band-smearing effect. As already mentioned, if VMg were the only defect in 12 

the material, the carrier concentration would reach 1020 cm−3 at VMg concentrations of the order of 1%, contrary 13 

to the experimental observations herein. The most likely compensatory factors for VMg were IMg and SnMg. Fig. 14 

5(c)–(e) illustrates the Fermi level shift in the Mg-deficient system toward the bandgap as a result of additional 15 

SnMg. This charge compensation effect was accompanied by the non-rigid band-like behavior of SnMg, leading to 16 

a stronger band-smearing effect and the formation of additional impurity states in the Brillouin zone. The SnMg 17 

impurity states had a large spectral weight at the X point, growing in k-space with increasing defect 18 

concentration (Fig. 5c, d). Owing to the shortcomings of LDA in estimating the bandgap, whether these extra 19 

impurity states are, in reality, located parallel to the VBM rather than in the gap cannot be confirmed. The 20 

charge donor effect of SnMg is much weaker than that of the anti-site defect, which follows the rigid band model. 21 

Because of the formation of the additional "cloud" of electronic states of the original bands, the Fermi level 22 

slowly shifted toward the VBM; thus, even 5% SnMg was insufficient to compensate for 2% VMg defects. A large 23 

amount of SnMg (approximately 8% of SnMg) was required to compensate for 2% of VMg (Fig. 5e). Owing to the 24 

high Mg deficiency of the present system, the amount of formed IMg is expected to be much less. Nevertheless, 25 



12 

 

IMg atoms are considered an additional source of compensation in the present system, as illustrated in Fig. 5(f). 1 

However, IMg could not effectively compensate for VMg. The Fermi level remained within the valence band. 2 

Thus, we propose that Mg deficiency can induce p-type doping and phase separation, but at the expense of the 3 

doping efficiency (i.e., inducing low doping efficiency) owing to charge compensation between VMg and SnMg 4 

[29,49].  5 

The application of an appropriate band model can enhance understanding of the impact of Mg 6 

deficiency on TE properties. The transport properties in the Mg2(Si,Sn) samples exhibit in some temperature 7 

range the behavior of non-degenerate semiconductors. As shown in Fig. 3(b), the temperature-dependent 8 

Seebeck coefficient reveals two distinct regimes in the system: (1) the extrinsic regime and (2) the intrinsic 9 

regime, with the latter beginning at 150 K for the sample with the lowest hole concentration (x=2.3) and at 300 10 

K for the samples with the highest Mg deficiency. The intrinsic regime of the transport properties can be 11 

identified by the simplified S-ln(σ) plot suggested by G. H. Jonker [50,51]: 12 

( )lnBkS b
e

= − ,      (1) 13 

where b is the value related with effective mass m* and carrier mobility μ, such that b ≈ (m*)3/2μ. According to 14 

Eq. (1), we can infer that for intrinsic conduction a linear relation between S and log of  with a slope of -kB/e is 15 

expected. Fig. 3(d) shows that such behavior is observed in all our samples, confirming the presence of an 16 

intrinsic transport regime in the temperature range under consideration. In contrast, the SPB model can be 17 

employed in cases where S increases with temperature, i.e., below 200 K for most samples as seen in Fig. 3b. 18 

By using the SPB model at low temperatures, we can better understand how the transport properties change 19 

with Mg deficiency.  20 

Below 200 K, the dominant electron scattering mechanism can be identified by calculating the scattering 21 

parameter using galvanomagnetic and thermomagnetic measurements [52–54] within the non-degenerate and 22 

parabolic band model [55]. The resulting values of the scattering parameter, r, for the Mg-deficient samples are 23 

found to be close to zero (Fig. S2), indicating that the primary scattering sources for the charge carriers are 24 

acoustic phonons and alloy scattering (r = 0) below 200 K [18]. Thus, we analyzed other transport properties 25 
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using the SPB model with the assumption that the dominant scattering factors are acoustic phonons and alloy 1 

scattering [45,56]. The transport data based on the SPB model when r = 0 are described below [18] and the 2 

results of the calculations using Eqs. 2–5 are listed in Table 2. 3 
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where η is the reduced Fermi level and h is the Planck’s constant. The η of the samples with higher Mg 8 

deficiency (x = 1.8, 1.9) has a positive value, indicating that transport could be conducted inside the band, 9 

whereas the η of the relatively homogeneous samples (x = 1.9, 2.1, 2.2) has a negative value, indicating that the 10 

Fermi level should be on the band gap. In contrast, the previously studied Li-doped Mg2(Si,Sn) system has an η 11 

value of ≥ 2.3, indicating efficient doping [18]. The η indicates that the developed systems are minimally 12 

affected by defects or impurities, which may be due to compensatory defects. It is also inferred that the change 13 

in η may follow the volume fraction of the secondary phase (Tables 1 and 2), indicating that p-type transport 14 

behavior may also be strongly affected by the secondary phase. These negative η values are also in good 15 

agreement with the electrical transport properties at low temperatures (Figs. 3 a and b). At relatively high 16 

temperatures, near room temperature (~300 K), the Seebeck coefficient shows that the transport property is not 17 

governed by a SPB, and minority carriers must be taken into account. This effect could be presented by the 18 

almost zero bandgap of the Mg-deficient Mg2(Si,Sn) system (Fig. 5). Thus, our system, which can have an 19 

impurity band at the X point, thereby reducing the band gap, can induce an early bipolar effect. However, the 20 

electrical TE properties of the Mg-deficient system did not match those of the two-band model, which showed a 21 

large deviation between the experimental and fitting data at 400 K [57]. Hence, the transport properties may be 22 
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strongly affected by the secondary phase or other unknown reasons, at least in terms of the electrical properties. 1 

The transport properties observed in the investigated samples may originate from the multi-phase and non-rigid 2 

band behavior.  Considering the carrier concentration of ≤ 1017 cm−3 and the possible defects in the system, we 3 

inferred that the multiple defects caused by the probability of a higher-order perturbation lead to the distortion 4 

of the band structure [58–60] as the phase inhomogeneity increases, where Mg deficiency in the system (Fig. 5 

1c) or an anion on the Mg site causes the electronic band structure to become non-rigid like a band (Fig. 5f). 6 

 7 

3.3. Thermal conductivity and early bipolar contribution 8 

The lattice thermal conductivity was determined by combining the Wiedemann–Franz law, e L T = , 9 

and the Lorentz number from Eq. (5). Owing to the low carrier concentration, all samples had negligible 10 

electrical charge contributions of ≤ 0.5% of the total thermal conductivity (Fig. 6a). This indicated that phonons 11 

are responsible for most of the thermal energy transfer [55]. Regardless of the electrical contribution, the 12 

thermal conductivity was 40%–50% lower than that of the Li-doped Mg2(Si, Sn) system [18,56] and other 13 

Mg2(Si, Sn) systems, including the intrinsic system [39]. The low thermal conductivity could be a result of both 14 

alloy scattering and additional scattering due to the phase separation caused by Mg deficiency, granular 15 

morphology, and presence of Si impurities, which might exert energy-filtering effects and impart of interfacial 16 

resistance (Fig. 2 and S3–S6) [61–63]. It is observed that thermal conductivity generally reduces with 17 

increasing Mg deficiency. Given that the measured densities of all samples are ≥ 96% of the theoretical 18 

densities (Table S2), the reduction of thermal conductivity with increasing Mg deficiency could be attributed to 19 

the enhanced degree of phase separation and the increased number of intrinsic defects. To confirm the effect of 20 

Mg deficiency on thermal conductivity, the Klemens-Callaway model was considered [64,65]. The lattice 21 

thermal conductivity can be expressed as follows: 22 

max 2

0

1 ( ) ( ) ( )
3L p gC v d



     =  ,        (6) 23 

where, ω is the phonon frequency, CP is the heat capacity, vg is the group velocity, and τ is the relaxation time. 24 
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With an assumption that deviations of CP and vg are negligible between the samples, the effect of τ with varying 1 

degree of Mg deficiency on the lattice thermal conductivity can be considered. τ can be expressed by 2 

Matthiessen’s rule, 1 1
total i

i
 − −= , where i represents a type of scattering mechanism. In our samples, boundary 3 

scattering, Umklapp scattering, and point defect scattering can be considered. Assuming that τ of boundary 4 

scattering and Umklapp scattering are comparable between the samples at a given temperature, the scattering 5 

rate for point defect scattering can be expressed as below [65]: 6 

4
1 0

24 ( ) ( )PD
p g

V
v v




  

− 
= ,          (7) 7 

where V0 is the volume per atom, vp is the phase velocity, and Γ is the scattering parameter. Γ is affected by the 8 

mass difference between each elemental site, which also includes the case in which an atomic vacancy exists 9 

[65]. Because the atomic vacancies in our system are largely determined by Mg deficiency, we can conclude 10 

that the lattice thermal conductivity is a function of the degree of Mg deficiency at a given temperature. The 11 

inset of Fig. 6(a) shows that there is a strong correlation between Mg deficiency and lattice thermal 12 

conductivity, suggesting the dominant contribution of point defect scattering to thermal conductivity reduction 13 

in the Mg deficient systems. 14 

Temperature-dependent thermal conductivity typically increases exponentially above 500 K because of 15 

the bipolar effect induced by the thermal excitation of the Mg2(Si,Sn) system in the intrinsic regime [36,39]. 16 

However, the thermal conductivity of the Mg-deficient system increased slightly over the entire temperature 17 

range (even below 100 K), whereas the excess Mg system with no lattice elongation in its crystalline structure 18 

exhibited a temperature-dependent reduction of thermal conductivity. This is because excess Mg did not affect 19 

the lattice as the composition was relatively stoichiometric. Because of the effects of Mg deficiency on the 20 

lattice constant and band structure, an early bipolar contribution to the thermal conductivity was induced, which 21 

could be attributed to the reduced bandgap [66] caused by the formation of multiple point defects VMg and SnMg. 22 

 23 

3.4. Dimensionless figure-of-merit, zT 24 
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The temperature dependence of zT (Fig. 6b) varied with the Mg content. The second most Mg-deficient 1 

Mg2(Si,Sn) sample had the largest zT value among the intrinsic level systems. The results indicate that 2 

controlling Mg content, as a factor governing both electronic band structure and phase separation, can 3 

effectively improve TE performance. Mg deficiency can lower thermal conductivity by causing increased 4 

phonon scattering and altering the electronic band structure. However, it may result in charge compensation due 5 

to multiple defects. 6 

4. Conclusions 7 

Changes and trends in the TE properties of Mg-deficient Mg2(Si,Sn) solid solutions were investigated. 8 

Mg deficiency can induce unmixing and the formation of a second phase which has a higher Sn content than the 9 

main phase. Mg deficiency also causes p-type conduction in the material system owing to the formation of 10 

charged defects such as VMg. However, we observed that Mg deficiency allows inefficient doping, probably 11 

because of the formation of compensating defects such as XMg. Non-rigid band-like deformation and possible 12 

defects due to Mg deficiency were confirmed via DFT-based electronic band structure calculations. All Mg-13 

deficient samples were p-type at low temperatures with a carrier concentration range of 1018 cm-3, while they 14 

showed mixed conduction at higher temperatures. Moreover, the additional impurity electronic states around the 15 

X point could be responsible for the early bipolar contribution to the thermal conductivity, despite the fact that 16 

the deformed lattice resulted in the thermal conductivity that was approximately half that of a previously studied 17 

system. Because the Mg content of the Mg2(Si,Sn) system could affect the impurity state in the band structure 18 

and induce an extremely low thermal conductivity of 1–1.5 W/m∙K, the Mg content should be carefully 19 

controlled to maximize the doping efficiency and phonon scattering in the Mg2(Si,Sn) system. As a future work, 20 

searching for a more efficient dopant in the Mg-deficient Mg2(Si,Sn) system could effectively enhance p-type 21 

TE properties. 22 
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