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A B S T R A C T   

α-MgAgSb is a promising near-room temperature thermoelectric material, characterized by its intrinsically low 
lattice thermal conductivity, a feature attributed to the significant atomic mass contrast and complex crystal 
structure. In this work, we achieved respective zTavg values of 0.58 in the temperature range of 150–300 K and 
1.22 in the range of 300–550 K for α-MgAgSb, indicating exceptional potential for both cooling and power 
generation applications. Additionally, through the reduction of cross-sectional size, the stability of MgAgSb/Ag 
interface was enhanced under high temperature, which is crucial for the practical application of thermoelectric 
module. To verify the property of α-MgAgSb material, a 7-pair MgAgSb/Bi2Te3 module was fabricated, 
demonstrating a maximum cooling temperature difference ΔTmax of 60 K at hot-side temperature of 300 K and a 
power generation efficiency ηmax of 7.2 % with ΔT of 275 K. This work paves the way for the application of Mg- 
based thermoelectric materials.   

Thermoelectric (TE) cooling, the most significant solid-state cooling 
technique, is the primary application in the thermoelectric field, offering 
advantages such as precise temperature control, directional heat trans-
fer, compact structure and quiet operation [1,2]. The crucial parameters 
such as cooling capacity and efficiency of thermoelectric modules are 
related to the performance of thermoelectric materials. In particular, the 
cooling temperature difference is directly determined by the dimen-
sionless figure of merit zT, defined as zT = S2σ

κ T, where S, σ, κ and T are 
the Seebeck coefficient, electrical conductivity, thermal conductivity 
and absolute temperature, respectively [3–5]. Among them, the S2σ, 
named as power factor PF, plays a crucial role in the maximum cooling 
capacity of a thermoelectric module. Bi2Te3-based materials have 
traditionally been the primary option for near-room temperature ther-
moelectric cooling applications. However, achieving breakthrough in 
Bi2Te3-based modules to increase the cooling temperature difference 
remains challenging [6–8]. Consequently, the development for novel 
materials capable of superior performance at room temperature has 

emerged as a pivotal frontier in thermoelectric research. 
In thermoelectric cooling systems, high thermal conductivity can 

result in undesirable heat and energy loss, significantly contributing to 
low efficiency of TE modules. Thus, it is essential to develop new ther-
moelectric materials through establishing new search strategies that 
focus on materials with low thermal conductivity [9–11]. The thermal 
conductivity of a material mainly comes from two components: the 
electronic contribution (κe) and the lattice contribution (κL). The former 
can be calculated by the Wiedemann–Franz law, which reveals a pro-
portional relationship with electrical conductivity and temperature. The 
correlation between electronic thermal conductivity and electrical 
conductivity, carrier concentration, and Seebeck coefficient contributes 
to the challenge of optimizing thermoelectric properties through ad-
justments in electronic thermal conductivity. In contrast, the lattice 
thermal conductivity is relatively independent of other transport pa-
rameters which is dominated by lattice vibrations, i.e. the propagation of 
phonons [12,13]. At room temperature, the Umklapp process is weak-
ened due to the reduced phonon population at high ℏω. Therefore, only 
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materials with inherently low lattice thermal conductivity hold poten-
tial for near-room temperature applications. Investigating the 
phonon-induced thermal properties from a structural perspective is 
crucial in the search for new room temperature thermoelectric 
materials. 

It has been reported that significant mass fluctuations and complex 
crystal structures are conducive to a low lattice thermal conductivity 
[14].In this study, the mean deviation of atomic mass is utilized to 
determine mass fluctuation of materials, and it is defined as A.D. =
∑

|x− x|
n , where x represents the mass of atom in formula, x denotes the 

average atomic mass, and n is the number of atoms in the formula. 
Additionally, the complexity of the material’s crystal structure is 
determined by counting the atoms (defined as N) within the primitive 
cell. In this work, the relationships between room-temperature lattice 
thermal conductivity and the corresponding atomic mass deviation, 
atoms number within primitive cell for various thermoelectric materials 
have been summarized, as shown in Fig. 1. The results indicated that 
thermoelectric materials located within the blue region, such as Mg2Si 
[15] , ZrNiSn [16] , SiGe [17] and FeVSb [18] exhibit high lattice 
thermal conductivity, over 3 W m− 1 K− 1, which can be attributed to the 
low A.D. and N, meaning small atomic mass contrast and relatively 
simple crystal structures. Conversely, for the materials situated in the 
red region, such as PbTe [19] , Bi2Te3 [20] , BiSb [21] and Mg3(Bi,Sb)2 
[22], despite their lower N values, low lattice thermal conductivity can 
still be maintained due to the significant variation in atomic mass. 
Moreover, as for Ba8Ga18Ge30 material [23] , despite the minimal atomic 
mass variance, it exhibits a relatively low lattice thermal conductivity, 
which is largely attributed to the complexity of the crystal structure (N 
= 54). 

As a promising substitute to p-type Bi2Te3 thermoelectric materials, 
α-MgAgSb has received extensive attention due to its low lattice thermal 
conductivity and excellent electrical transport properties [24]. Both 
plots in Fig. 1 revealed that α-MgAgSb occupies an advantaged position 
with a high A.D. of 40 and N of 24 among various thermoelectric ma-
terials, exhibiting a low lattice thermal conductivity of 0.58 W m− 1 K− 1 

at room temperature. This indicates that α-MgAgSb has favorable po-
tential for thermoelectric cooling applications, as its low lattice thermal 
conductivity can contribute to the promising zT values at near-room 
temperature. 

In this work, α-MgAgSb material was synthesized by a two-step high- 
energy ball milling and spark plasma sintering method. Powder X-ray 
diffraction (XRD) result in Fig. S1 showed that there was no significant 

impurity, meaning phase-pure α-MgAgSb was obtained. Thermoelectric 
properties of α-MgAgSb at 150–573 K have been characterized and 
analyzed. The Seebeck coefficient and thermal conductivity at low 
temperature were measured using TTMS and the electrical resistivity 
was measured by PPMS [31]. As shown in Fig. 2a, the increasing of 
electrical resistivity with temperature at 150–348 K showed metallic 
transport behavior of α-MgAgSb sample. However, the electrical re-
sistivity decreased rapidly when the temperature exceeded 348 K, due to 
the bipolar effect. The Seebeck coefficient exhibited the same 
temperature-dependent features as the electrical resistivity, attributed 
to the charge carrier excitation with increasing temperature. The 
Goldsmid-Sharp bandgap Eg can be calculated from the maximum See-
beck coefficient and the temperature at which it occurs. The Seebeck 
coefficient of α-MgAgSb reached the peak value of 251 μV/K at 348 K 
and the bandgap was 0.28 eV. Combining the electrical resistivity and 
Seebeck coefficient, a power factor PF of 21 μW cm− 1 K− 2 was obtained 
at room temperature, as shown in Fig. 2b. The thermal conductivity first 
decreased with temperature increasing because of the enhanced 
Umklapp scattering and then increased due to the bipolar effect. A low 
thermal conductivity of 0.75 W m− 1 K− 1 at room temperature was ob-
tained and the corresponding lattice thermal conductivity was 0.58 W 
m− 1 K− 1, which was calculated through single parabolic band (SPB) 
model. The intrinsic low lattice thermal conductivity of α-MgAgSb can 
be attributed to the high mass contrast and the complex primitive cell, as 
shown in Fig. 1. The excellent thermoelectric performance of α-MgAgSb 
at both low and high temperature can be seen in Fig. 2c. The zT value 
increased with temperature and reached 0.86 at room temperature, 
which was comparable to the p-type Bi2Te3 material [30] , and higher 
than that of the α-MgAg0.97Sb0.99 material [29]. When the temperature 
exceeded 348 K, the zT of Bi2Te3 decreased rapidly due to the bipolar 
effect while the zT of α-MgAgSb kept increasing and reached a zTmax of 
1.39 at 523 K, indicating that α-MgAgSb was a potential substitute to 
Bi2Te3 material. In fact, the average performance of thermoelectric 
materials over the operating temperature range is very important, 
whether they are used for cooling or power generation application. 
Fig. 2d showed the respective zTavg values of α-MgAgSb at the temper-
ature range of 150–300 K for thermoelectric cooling and 300–550 K for 
power generation. The α-MgAgSb material had a zTavg of 0.58 in the 
temperature range of 150–300 K, close to the 0.64 of Bi2Te3. However, 
in the 300–550 K range, the zTavg of α-MgAgSb was 1.22, surpassing that 
of commercial Bi2Te3 material. The result suggests that α-MgAgSb has 
the potential to be an effective thermoelectric material over a wide 

Fig. 1. The lattice thermal conductivity κL of various thermoelectric materials as a function of (a) the mean deviation of atomic mass A.D [15–23,25–28] and (b) the 
number of atoms per primitive cell N. 
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temperature range for both cooling and power generation. 
Grain boundaries represent one of the dominant scattering sources 

for the electrical transport properties of materials at near-room tem-
perature. Increasing the grain size of materials has become a common 
strategy to enhance carrier mobility and thereby improve the zT values 
of these materials. To further optimize the room temperature perfor-
mance, the MgAgSb samples were annealed at 623 K, 673 K and 773 K 
for 24 h, respectively, followed by a further annealing at 553 K for 72 h 
in order to make sure that samples were transitioned to α-phase. For 
convenience, samples annealed at 623 K, 673 K and 773 K were named 
as S623, S723 and S773, respectively. As shown in Fig. 3a, the XRD 
results showed that all the annealed samples can maintain pure α-phase. 
The SEM images showed that all the annealed samples exhibited an 
average grain size of 2 μm, which was 10 times larger than that of the 
pristine MgAgSb sample (Fig. S2). And the samples only annealed at 553 
K for 72 h (S553) exhibited an average grain size of 200 nm, meaning 
that the process of annealing at 553 K for 72 h had no influence on grain 
growth for α-MgAgSb. The electrical and thermal transport properties of 
annealed α-MgAgSb samples were characterized and these samples 
exhibited similar thermoelectric performance. As shown in Fig. 3b, the 
room-temperature resistivity was decreased from 27 μΩ m for pristine 
α-MgAgSb to 16–17 μΩ m for annealed samples. To our surprise, the 
decrease of resistivity for annealed samples was mainly due to the 

increase of the carrier concentration, which changed from 2.88 × 1019 

cm− 3 to 4.9 × 1019 cm− 3 (Fig. S3). And combined with the enlarged 
grain size, the mobility of annealed samples was almost unchanged in 
this work. The Seebeck coefficient of the annealed samples also 
decreased from 240 μV/K to 200 μV/K due to the increased carrier 
concentration (Fig. 3c). In spite of this, a high power factor of 24.3 μW 
cm− 1 K− 2 for annealed MgAgSb sample was achieved at room temper-
ature, which was 120 % higher than that of pristine sample (Fig. 3d). As 
the temperature rising, the difference of resistivity and Seebeck coeffi-
cient between the pristine and annealed samples was gradually reduced 
due to bipolar effect. Although the electrical transport property was 
enhanced, the thermal conductivity κ also increased ~25 % over the 
whole temperature range after annealing, which was mainly due to the 
increased electron thermal conductivity, as shown in Fig. 3e. As a 
consequence, the zTs of the annealed samples showed a 10 % decline to 
pristine MgAgSb, as shown in Fig. 3f. The results indicated that 
annealing process could enhance the electrical transport performance of 
MgAgSb material, but it also raised the thermal conductivity due to the 
increased carrier concentration. 

In addition to the performance of TE material, the stability of contact 
also plays a crucial role in TE modules, where attention must be given 
not only to the bonding strength and element diffusion at the interface 
but also to the potential cracking during working condition. While the 

Fig. 2. Temperature dependent TE properties for α-MgAgSb materials. (a) Resistivity and Seebeck coefficient, (b) power factor, thermal conductivity and lattice 
thermal conductivity, (c) zT value and (d) average zT in comparison to the value of Bi2Te3 from commercial and literature results [29,30]. 
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Fig. 3. Phase and TE properties analysis for annealed α-MgAgSb materials. (a) XRD patterns, (b) resistivity, (c) Seebeck coefficient, (d) power factor, (e) thermal 
conductivity and (f) zT value. 
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Ag electrode is commonly used for the α-MgAgSb material [32], its 
thermal expansion mismatch can lead to the development of cracks 
between the Ag electrode layer and the α-MgAgSb material, especially 
under significant temperature increases [33]. However, mitigating 
interfacial thermal stresses can be achieved by reducing the 
cross-sectional areas. To address this issue, we conducted an investiga-
tion into the stability of MgAgSb/Ag junctions. Specifically, we annealed 
MgAgSb/Ag thermoelectric legs with various cross-sectional sizes at 
553 K for 12, 24, and 48 h, and subsequently monitored changes in 
microstructure and interfacial resistivity, as illustrated in Fig. 4. The 
analysis revealed different contact performance among MgAgSb/Ag 
thermoelectric legs with various cross-sectional sizes. The MgAgSb/Ag 
legs with a cross-sectional size of 1.3 × 1.3 mm2 showed excellent 
interface integration without crack forming, contrasting with the 3 × 3 
and 5 × 5 mm2 sizes, where cracks emerged obviously. Meanwhile, EDS 
results showed that there was no element diffusion at the interface be-
tween Ag and α-MgAgSb in the above three sizes (Figs. S4–S6). Fig. 4d 
and Fig. S7 showed the change of contact resistivity with annealing time 
under different cross-sectional sizes. The contact resistivities of ther-
moelectric legs with cross-sectional sizes of 3 × 3 mm2 and 5 × 5 mm2 

increased significantly with annealing time. When the annealing time 

was 48 h, the contact resistivity increased from ~11 μΩ cm2 to 417.6 μΩ 
cm2 and 635 μΩ cm2 for the TE legs with cross-sectional sizes of 3 × 3 
mm2 and 5 × 5 mm2, respectively, resulting from the cracks at the 
interface. On the contrary, the contact resistivity of the thermoelectric 
leg with the cross-sectional size of 1.3 × 1.3 mm2 was almost unchanged 
with the annealing time increasing. Contact resistivity data indicated 
that smaller section size can maintain high thermal stability under 
prolonged annealing process, revealing that the appropriate reduction in 
cross-sectional dimensions can prevent cracking caused in the 
high-temperature process. 

To verify the properties of the α-MgAgSb material, a 7-pair ther-
moelectric module based on p-type α-MgAgSb and n-type Bi2Te3 with a 
height of 3 mm was fabricated in this work. The thermoelectric per-
formance of the n-type Bi2Te3 material was shown in the Supporting 
materials (Fig. S8). In order to maximize module performance and 
facilitate assembly, the cross-sectional sizes of p-type α-MgAgSb and n- 
type Bi2Te3 were 1.3 × 1.3 mm2 and 1.2 × 1.2 mm2, respectively. Fig. 5a 
showed the temperature difference ΔT of MgAgSb/Bi2Te3 module as a 
function of input current. The cooling ΔT increased until it reached a 
maximum and then dropped with the current increased. The heat flow 
and temperature distribution in the module were determined by the 

Fig. 4. The evolution of interfacial microstructure and contact resistivity. (a–c) SEM images of 48h-annealed MgAgSb/Ag junctions for different cross-sectional size 
legs. (d) Annealing time dependent interfacial resistivity of MgAgSb/Ag junctions for different cross-sectional size legs. 
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interplay among several effects, including Peltier effect, the Joule heat, 
thermal conduction and the Thomson effect. The decrease in ΔT under 
high current was attributed to the rapid increase in Joule heat. The 
measured maximum ΔT reached 60 K, 69 K and 80 K with the hot-side 
temperature at 300 K, 323 K and 348 K, respectively. Such an excellent 
cooling performance had exceeded most of the Mg-based cooling TE 
module and was comparable to the commercial Bi2Te3 cooling module 
[34–36] , as shown in Fig. 5b. The cooling efficiency, COP, which rep-
resents the amount of the heat pumped divided by the amount of sup-
plied electrical power, was simulated with a hot-side temperature of 
300 K in this work (Fig. S9). The simulated maximum COP of the 
MgAgSb/Bi2Te3 module increased from 2.3 to 8.1 for the temperature 
difference of 15 K–5 K. 

Based on the excellent thermoelectric performance of the p-type 
MgAgSb material, we also characterized the power generation perfor-
mance of the MgAgSb/Bi2Te3 module. Fig. 5c showed the current- 
dependent output power (P) of the MgAgSb/Bi2Te3 module under 
various temperature difference, which was obtained by the measured 
current-voltage curves (Fig. S10). As the current increases, the output 
power P initially raised and then declined, with the peak value corre-
sponding to the matched impedance condition, where the internal 

resistance and load resistance were equal. At the working condition of 
Th = 573 K and Tc = 298 K, the maximal output power of the module 
reached 0.34 W. Moreover, the current-dependent heat flow was 
measured as shown in Fig. S10, and subsequently the thermoelectric 
conversion efficiency (η) was evaluated based on the values, which 
showed a tendency similar to output power, as shown in Fig. 5d. Due to 
the Peltier effect and Joule heat, the optimal current of the maximizing 
efficiency differed from that of output power. A maximum efficiency 
(ηmax) of 6 % was realized with the hot-side temperature of 523 K and 
the cold-side temperature of 295 K. The obtained efficiency exceeded 
most of the commercial Bi2Te3-based modules at the same temperature 
difference. However, the ηmax only reached 7.2 % when the hot-side 
temperature increased to 573 K due to the performance deterioration 
of n-type Bi2Te3. 

In summary, the α-MgAgSb demonstrated a remarkable thermo-
electric performance attributed to its significant low lattice thermal 
conductivity of 0.58 W m− 1 K− 1, stemming from its high atomic mass 
contrast and complex crystal structure. Within the temperature range of 
150–300 K, MgAgSb achieved a zTavg of 0.58, comparable to Bi2Te3, 
while in the range of 300–550 K, its zTavg reached 1.22, substantially 
surpassing commercial Bi2Te3 material. Additionally, reducing the 

Fig. 5. Cooling and power generation performance of MgAgSb/Bi2Te3 TE modules. (a) Current dependent temperature difference ΔT, (b) ΔT max as a function of hot- 
side temperature of MgAgSb/Bi2Te3 modules [34–36]. (c–d) Current dependent output power P and efficiency η under different temperatures for MgAgSb/-
Bi2Te3 modules. 
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cross-sectional size of the MgAgSb/Ag thermoelectric legs effectively 
prevented interface cracking during high-temperature operation. Based 
on the excellent thermoelectric properties and contact properties of the 
MgAgSb material, a 7-pair MgAgSb/Bi2Te3 thermoelectric modules was 
fabricated and evaluated for cooling and power generation. A maximum 
cooling temperature difference of 60 K was achieved at hot-side tem-
perature of 300 K and a high power generation efficiency of 7.3 % was 
obtained with ΔT of 275 K. Benefit from the excellent performance of 
α-MgAgSb material and the module, we believed the Mg-based ther-
moelectric materials hold significant potential for thermoelectric ap-
plications in both cooling and power generation. 
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