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ABSTRACT Thermoelectric devices require thermoelectric

materials with high figure-of-merit (ZT) values in the oper-

ating temperature range. In recent years, the Zintl phase

compound, n-Mg3Sb2, has received much attention owing to

its rich chemistry and structural complexity. However, it

hardly achieves high ZT values throughout the medium tem-

perature range. Herein, by increasing the sintering tempera-

ture as much as possible, we successfully increased the average

grain size of the compound by 15 times, and the grain

boundary scattering was manipulated to obtain high carrier

mobility of up to 180 cm
2
V

−1
s
−1
. Simultaneously, we opti-

mized the Mg content for ultralow lattice thermal con-

ductivity. We first doped the Mg3Sb2-based materials with

boron for higher sintering temperature, good thermal stabi-

lity, and higher hardness. The synergistic optimization of

electrical and thermal transport resulted in excellent ZT values

(0.62 at 300 K, 1.81 at 773 K) and an average ZT of 1.4 (from

300 to 773 K), which are higher than the state-of-the-art values

for n-type thermoelectric materials, demonstrating a high

potential in device applications.

Keywords: grain boundary scattering, boron doping, excess Mg,

Mg3Sb2-based thermoelectrics

INTRODUCTION
Thermoelectric devices, which enable direct conversion
between heat and electricity, have always been associated
with energy crisis [1–4]. They can be employed in a wide
range of application scenarios, such as power supply for

internet of things (IoT) devices [5], refrigeration [6–11],
waste heat recovery [12], and radioisotope thermoelectric
generators [13–15]. These multiplex devices require ex-
cellent thermoelectric performance over the entire tem-
perature range. The conversion efficiency is determined
by the materials’ thermoelectric figure-of-merit (ZT),
expressed as ZT = S

2
σT/κ, where σ, S, κ, and T are the

electrical conductivity, Seebeck coefficient, thermal con-
ductivity, and absolute temperature, respectively [16–18].
High thermoelectric performance can be achieved with a
good balance among these parameters, which correlate
and influence each other through carrier concentration.
The optimal carrier concentration can be preliminarily
judged by the S range [19]. Advanced strategies are im-
plemented to manipulate the thermoelectric properties,
including enhancing the power factor (e.g., modulation
doping [20], band engineering [21,22], and Rashba effect
[23]) and reducing the lattice thermal conductivity (e.g.,
point defects [24], dislocations [25], superlattice pre-
cipitates [26], and phonon dispersion modulation [27]).
At present, only a few types of thermoelectric materials

have been commercialized [28–31]. Therefore, there is a
need for novel thermoelectric materials with wide tem-
perature range and high thermoelectric performance. To
realize thermoelectric materials with wider operating
temperature ranges, wide bandgaps, layered structures,
and low-symmetry crystal structures are desired [32].
Recently, n-type Mg3Sb2, which is an intrinsic p-type
Zintl compound [33–36], was synthesized by Tamaki et
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al. [37] with a relatively high ZT (~1.5) at 773 K. Since
then, many efforts have been made to improve its per-
formance. The exceptionally high ZT of the n-type
Mg3Sb2 is attributed to the multiple-valley conduction
bands [38–40] and its intrinsically low lattice thermal
conductivity [41,42]. Some of the strategies employed
include manipulating the carrier scattering mechanism
[43–45], defect chemistry [46,47], band engineering
[40,48,49], and grain boundary scattering [49–54]. The n-
type Mg3Sb2-based materials have achieved peak ZT of
over 1.8 at 773 K by doping on the Mg2 sites with do-
pants such as Mn [45], Co [43] and Nb [44]. However,
the room-temperature ZT of these samples are relatively
low (< 0.4) due to the ionized impurity scattering in low-
temperature ranges. To enhance the room-temperature
ZT, coarse grains of over 30 µm have been designed by
alloying with elements with low melting points (Mg3Bi2
[48,49]) or via melting [52,53]/annealing [54] methods,
which require tantalum-sealing technique or a specially
designed Mg-vapor annealing system. The ZT value has
been greatly enhanced to about 0.8 at 300 K, but the peak
ZT is sacrificed to an extent at the same time. Currently,
balancing both room-temperature and high-temperature
performance of Mg3Sb2-based materials is a challenge.
Because the average ZT value is pivotal in thermoelectric
devices [55–57], obtaining high ZT values in a wide
temperature range has attracted a lot of attention.
For n-type Mg3Sb2-based materials, low carrier mobility

in low-temperature ranges is vital to further improve
their low-temperature performance [43,46]. One of the
reasons is that the ionized impurity scattering is a result
of the presence of intrinsic Mg vacancies [37,47]. The
intrinsic Mg vacancies could easily become negatively
charged, which is the main cause of the ionized impurity
scattering, resulting in poor carrier mobility. Another
reason is that the ionized impurity scattering originates
from the grain boundary scattering and could be sup-
pressed by increasing the grain size [51,58]. Recently,
Imasato et al. [59] prepared the single-crystal n-type
Mg3Sb2 with no evidence of ionized impurity scattering,
indicating the critical role of grain boundaries on the
carrier scattering mechanism and thermoelectric perfor-
mance of the n-type Mg3Sb2-based materials.
In this work, to improve the low-temperature perfor-

mance of the n-type Mg3Sb2-based material, we modu-
lated the grain boundary scattering by simply optimizing
the sintering conditions. Much high-temperature sinter-
ing was performed to maximize the grain size, thus
minimizing the carrier scattering. Boron, which has been
proven to have a stabilizing effect [60–62], was first in-

troduced to Mg3Sb2 to increase its sintering temperature.
For the present experimental condition, without the
boron doping, samples sintered at over 1073 K became p-
type due to the volatilization of the Mg component,
whereas, with the boron doping, good n-type perfor-
mance was maintained at sintering temperatures as high
as 1093 K, which is beneficial to achieving much larger
grain sizes and better electrical performance. In addition,
it enhances the hardness of Mg3Sb2-based materials. Be-
sides, to minimize the lattice thermal conductivity, the
excess Mg content due to magnesium volatilization
caused by high-temperature sintering, which easily results
in high lattice thermal conductivity, was minimized. As a
result, by maximizing the sintering temperature, the grain
size became larger and the grain boundary scattering was
suppressed, achieving better electrical transport char-
acteristics. The Hall mobility was significantly enhanced
(from 20 to 180 cm

2
V

−1
s
−1
), leading to a high power

factor of ~24 μW cm
−1
K

−2
at 373 K. The lattice thermal

conductivity was also reduced dramatically in the entire
temperature range mainly due to the minimized excess
Mg content. Consequently, excellent ZT values were ob-
tained (0.62 at 300 K, 1.81 at 773 K), which exceed the
state-of-the-art value for n-type Mg3Sb2-based materials.
This work demonstrates the key role of grain boundary
scattering and the existence of excess Mg content in
further improvement of the thermoelectric performance
of n-type Mg3Sb2-based materials.

EXPERIMENTAL SECTION

Synthesis

Magnesium turnings (Mg, 99.98%; Alfa Aesar), antimony
shots (Sb, 99.8%; Alfa Aesar), bismuth pieces (Bi, 99.99%;
Alfa Aesar), tellurium pieces (Te, 99.999%; Alfa Aesar),
and boron pieces (B, 99.999%; Alfa Aesar) were weighed
according to the composition of B0.03Mg3.17Sb1.5Bi0.49Te0.01
in a glove box under an argon atmosphere with oxygen
and water levels below 0.5 ppm. They were loaded into a
stainless-steel ball-milling jar and milled for 10 h using
SPEX 8000M. Thereafter, the ball-milled fine powder was
loaded into a graphite die and sintered instantly by spark
plasma sintering at 923–1093 K and the pressure of
~50 MPa for 2 min.

Phase and property characterizations

X-ray diffraction (XRD) analysis was performed using a
PANalytical multipurpose diffractometer with an X’ce-
lerator detector (PANalytical X’Pert Pro). No impurity
phase was found in the hot-pressed disk samples within
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the detection limit of the XRD spectrometer. Bar samples
were cut from the pressed disks and used for both the
electrical resistivity (ρ) and S measurements on a com-
mercial system (CTA-3). The thermal conductivity was
calculated using the relation κ = DCpd, where D, Cp, and d

are the thermal diffusivity coefficient, specific heat capa-
city, and density of the sample, respectively. The D was
measured using a laser flash system (Netzsch LFA 457,
Germany). The Cp was measured using a differential
scanning calorimetry thermal analyzer (Netzsch DSC
404C, Germany). The d was determined by the Archi-
medes method. The Hall coefficient (RH) was measured
using a Physical-Property Measurement System (a home-
made instrument). The Hall carrier concentration (nH)
was calculated using the expression of nH = 1/eRH and the
Hall carrier mobility (μH) was calculated by σ = eμHnH,
where e is the electronic charge and σ is the electrical
conductivity. The morphology was investigated by scan-
ning electron microscopy (SEM) on FEI Quanta 200FEG.
EDS was performed using a JEOL ARM200F atomic re-
solution analytical electron microscope.

RESULTS AND DISCUSSION
Fig. 1a shows the XRD patterns of the Mg3.17B0.03Sb1.5-
Bi0.49Te0.01 samples sintered at different temperatures
(923, 1023, 1073, and 1093 K). All the main diffraction
peaks are well indexed to the α-Mg3Sb2 phase with the
inverse α-La2O3 structure (space group P

−
3m1), and no

obvious secondary phase is observed. The lattice para-
meters decreased with increasing sintering temperature,
as shown in Fig. 1b. Increasing the sintering temperature,
which causes more Mg content to volatilize, resulted in an
increase in the number of Mg vacancies, leading to
slightly decreased lattice parameters.
To verify the change in the Mg content at different

sintering temperatures, the compositions of the Mg3.17-
B0.03Sb1.5Bi0.49Te0.01 samples were analyzed by energy-dis-

persive X-ray spectroscopy (EDS) and listed in Table 1.
As the sintering temperature increased from 923 to
1093 K, the measured Mg content reduced sharply from
3.158 to 3.014 (relative to the Sb amount of 1.5), but no
obvious change was observed in the other constituents.
Meanwhile, the value of 3.014 is close to the lowest Mg
content reported in the literature, which can ensure good
performance of the n-type Mg3Sb2 materials [63,64], and
it is consistent with the transition to p-type material
obtained herein when the sintering temperature exceeded
1093 K.
Owing to the greatly increased sintering temperature,

the grain size has also remarkably increased, as shown in
Fig. 2. The obtained grain size distribution is shown in
Fig. S1. When the sample was sintered at 923 K, the
average grain size was about 1 µm, which increased to
16 µm (more than 15 times) when the sintering tem-
perature increased to 1093 K. Such a large average grain
size is in the same order of magnitude as that of the
samples prepared via melting and annealing methods
(~30 µm) in the previous reports [53,54]. The large grains
observed in the sample sintered at higher temperatures
indicate the reduction of the grain boundary density and
the attenuation of the grain boundary scattering, leading
to enhanced carrier mobility and, in turn, improved
electrical performance. This will be further discussed in
the later section. The accumulated lattice thermal con-
ductivity of Mg3Sb1.5Bi0.5 as a function of the phonon free
mean path saturates around 2 µm at room temperature
[50], and thus the thermal conductivity is little affected by
grain growth when the grain size is larger than 2 µm.
The potential barriers at the boundaries have a strong

scattering effect on the carrier transport in Mg3Sb2 when
the temperature is lower than 500 K [50,51], thereby re-
sulting in low carrier mobility. Therefore, the coarse
grains obtained herein could reduce the grain boundary
density and the scattering of the carriers. Consequently,

Figure 1 (a) XRD patterns and (b) lattice parameters of Mg3.17B0.03Sb1.5Bi0.49Te0.01 specimens sintered at different temperatures.
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the Hall mobility, especially in the low-temperature
range, was greatly improved by modulating the grain
boundary scattering (Fig. 3a). As shown in Fig. 3c, the
room-temperature Hall mobility was increased from ~35
to 180 cm

2
V

−1
s
−1

(over fourfold) as the sintering tem-
perature increased from 923 to 1093 K. The carrier con-
centration showed a slight downward trend with
increasing sintering temperature, as shown in Fig. 3b. In
the n-type Mg3Sb2, Mg vacancies are easily negatively
charged and the carrier concentration decreases [63,64].
Excess Mg can suppress the Mg vacancies, thus main-
taining good n-type characteristics [37,43,47]. Within a
certain range, the carrier concentration is very sensitive to
excess Mg. Particularly, the change in Hall concentration,

as shown in Fig. 3b, is quite consistent with the change in
the Mg content in Table 1.
Due to the significantly improved Hall mobility at

higher sintering temperatures, the electrical conductivity
of the Mg3.17B0.03Sb1.5Bi0.49Te0.01 samples was remarkably
increased, even though the Hall concentration decreased

Table 1 The measured composition of the Mg3.17B0.03Sb1.5Bi0.49Te0.01
samples sintered at different temperatures

a

Element 923 K 1023 K 1073 K 1093 K

Mg 3.158 3.069 3.030 3.014

Sb 1.500 1.500 1.500 1.500

Bi 0.498 0.504 0.534 0.500

Te 0.015 0.015 0.026 0.023

B 0.043 0.037 0.052 0.049

a) To facilitate comparison, each element composition is converted
based on the fixed Sb amount of 1.5.

Figure 2 SEM images of Mg3.17B0.03Sb1.5Bi0.49Te0.01 of the polished and
etched surfaces of the specimens sintered at (a) 923 K, (b) 1023 K, (c)
1073 K, and (d) 1093 K.

Figure 3 Electrical transport properties of Mg3.17B0.03Sb1.5Bi0.49Te0.01 samples sintered at different temperatures. (a) Temperature-dependent Hall
carrier concentration and (b) Hall carrier mobility. (c) Room-temperature Hall mobility versus sintering temperature. Temperature-dependent
(d) electrical conductivity, (e) Seebeck coefficient, and (f) power factor (PF).
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slightly, especially in the low-temperature range (Fig. 3d).
At temperatures below 500 K, the electrical conductivity
increased linearly with the increase in the sintering
temperature, reaching 6 × 10

4
S m

−1
at room temperature

for the sample sintered at 1093 K, which is twice that of
the sample sintered at 923 K. In the high-temperature
range, the electrical conductivities of all the samples were
quite close and the carrier scattering mechanism was
dominated by the same phonon scattering. Fig. 3e shows
the temperature-dependent S of the Mg3.17B0.03Sb1.5Bi0.49-
Te0.01 samples sintered at different temperatures. The S

slightly increased with increasing sintering temperature,
which is attributed to the corresponding decrease in the
Hall concentration shown in Fig. 3b.
With the remarkably enhanced electrical conductivity

and the slightly increased S, the power factors of the
samples sintered at higher temperatures were markedly
improved (Fig. 3f). The room-temperature power factor
was 10.5 μW cm

−1
K

−2
for the sample sintered at 923 K

and over 21 μW cm
−1
K

−2
for that sintered at 1093 K. The

peak power factor of 24 μW cm
−1
K

−2
was attained at

373 K, which is higher than the state-of-the-art value for
n-type Mg3Sb2-based materials. The power factor plays an
important role in the maximum output power density in
thermoelectric devices [65,66], hence, it is meaningful for
n-type Mg3Sb2 materials to achieve such a high power
density at such low temperatures, making them suitable
for near room-temperature applications.
The excess Mg content is an important factor that af-

fects the thermoelectric properties of the n-type Mg3Sb2.
The additional amount of Mg content above the thresh-
old would exist as a second phase, which was confirmed
by the EDX-scanning transmission electron microscopy
(STEM) mapping, as shown in Fig. 4. A similar phe-
nomenon was reported by Shuai et al. [64]. Such an
elemental Mg impurity with a much higher thermal
conductivity than Mg3Sb2 would increase the thermal
conductivity of the sample, and the degree of increase is
proportional to the volume fraction of the Mg impurity
[63,67]. Such damage to the thermoelectric performance
due to excess Mg content was also reported by Shuai et al.
[64] and Imasato et al. [63]. In this work, while the grain
boundary scattering was modulated, the actual composi-
tion of the excess Mg in the material was also optimized
via Mg volatilization at different sintering temperatures.
Owing to the change in the Mg content (Table 1) and the
fact that the material turns into p-type when the sintering
temperature exceeds 1093 K, we infer that the Mg im-
purity in the Mg3.17B0.03Sb1.5Bi0.49Te0.01 alloy could be
minimized at the sintering temperature of 1093 K, which

is conducive to reducing the lattice thermal conductivity.
Additionally, as Mg volatilizes more vigorously at high
sintering temperatures, the concentration of Mg va-
cancies also increases, which could also enhance phonon
scattering and further reduce the lattice thermal con-
ductivity.
Herein, the total thermal conductivity decreased with

increasing sintering temperature, as shown in Fig. 5a;
from 1.07 W m

−1
K

−1
at room temperature when sintered

at 923 K to 0.98 W m
−1
K

−1
when sintered at 1093 K.

According to the temperature-dependent carrier mobility,
the carrier scattering mechanism of the samples sintered
at 1073 and 1093 K was dominated by acoustic scattering.
Therefore, the Lorenz constant can be determined by a
single parabolic band approximation with acoustic scat-
tering. The lattice thermal conductivity (κL) can be ob-
tained by subtracting the electrical thermal conductivity
κele from total thermal conductivity κtot, and κele can be
calculated using the Wiedemann-Franz relationship
(κele = LσT), as shown in Fig. 5b. The sample sintered at
1093 K exhibited the lowest lattice thermal conductivity
of 0.42 W m

−1
K

−1
at 773 K, which could be attributed to

the ultimate control of the excess Mg and the con-
comitant increase in the Mg vacancy concentration.
The significantly improved electrical performance ob-

tained by tuning the grain boundary scattering and the
simultaneously decreased lattice thermal conductivity due

Figure 4 (a) High-angle annular dark field (HADDF)-STEM image and
the corresponding EDS mapping of (b) Mg, (c) Sb, and (d) Bi in
Mg3.17B0.03Sb1.5Bi0.49Te0.01 sample sintered at 1023 K. Mg elemental is
confirmed as an impurity.
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to the ultimate control of excess Mg content resulted in a
tremendous increase in ZT over the entire temperature
range, as shown in Fig. 6a. The ZT value gradually in-
creased with the sintering temperature, and the
Mg3.17B0.03Sb1.5Bi0.49Te0.01 sample sintered at 1093 K ex-
hibited both high room-temperature ZT of 0.62 and high
peak ZT of 1.81 at 773 K. Owing to the maximized sin-
tering temperature and the doping effect of boron, the
Mg3.17B0.03Sb1.5Bi0.49Te0.01 sample sintered at 1093 K
showed outstanding performance compared with other n-
type Mg3Sb2-based materials. The temperature-dependent
ZT of the boron-doped samples was enhanced in the
entire temperature range (Fig. 6b). The Mg3.17B0.03Sb1.5-
Bi0.49Te0.01 sample sintered at 1093 K exhibited the highest
average ZT value among all other n-type Mg3Sb2-based
materials (Fig. 6c), demonstrating great potential for
practical device applications.
It is worth mentioning that boron doping was chosen

for the following reasons. First, it can improve the overall
thermal stability of the n-type Mg3Sb2 materials. For

boron-free samples, when the sintering temperature is
over 1073 K, the volatilization of Mg is too much to keep
n-type characteristics. For boron-doped samples, the
sintering temperature can reach up to 1093 K while the n-
type characteristics are maintained, but it turns to p-type
if the sintering temperature is further increased. The
thermoelectric performance of the Mg3.17B0.03Sb1.5Bi0.49-
Te0.01 sample sintered at 1093 K was examined via con-
secutive heating cycles, as shown in Fig. S2, and good
thermal stability was obtained. It was reported that ele-
mental bismuth would be released from the crystal
structure after the first thermal cycle in Te-doped
Mg3Sb1.5Bi0.5 [68], whereas no such phenomenon was
observed in the B-doped samples after the thermal cycles
(Fig. S3), which also indicates the stabilizing effect of
boron. Second, boron doping could increase the hardness
of Mg3Sb2 as in SiGe- [69] and Bi2Te3- [70] based mate-
rials. The Vickers hardness (Fig. S4) shows an evident
improvement, revealing the strengthening effect of B
doping on the hardness. Third, B doping has the effects of

Figure 5 Temperature-dependent (a) total thermal conductivity and (b) lattice thermal conductivity of the Mg3.17B0.03Sb1.5Bi0.49Te0.01 samples sintered
at different temperatures, compared with other n-Mg3Sb2 in the literatures [43–45,49].

Figure 6 (a) Temperature-dependent ZT of the Mg3.17B0.03Sb1.5Bi0.49Te0.01 samples sintered at different temperatures. Comparison of ZT (b) and
average ZT (c) of the sample obtained in this work and those of other high-performance n-type Mg3Sb2 materials [37,38,43,44,50,53,54,71,72]. Since
the test temperature ranges of the materials in the literature are different, they are divided into two ranges for the comparison of the average ZT.
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donor doping and reduces the polarity of the Mg–Sb
covalent bond (reducing the electronegativity difference
between Mg and Sb), which can simultaneously increase
the carrier concentration and mobility, thereby improv-
ing the conductivity. In addition to the atomic disorder
induced by boron doping, which reduces the thermal
conductivity, ZT value was promoted, and the detailed
data are shown in Fig. S5. The optimized doping amount
of boron was 0.03. The ZT values for Mg3.17B0.03Sb1.5-
Bi0.49Te0.01 and the undoped samples sintered at 923 K are
compared in Fig. S6, with that of the B-doped sample
sintered at 1093 K as a reference. The comparison shows
that the thermoelectric performance was greatly im-
proved by the B doping and the combined effect of the
enlarged grain size and ultimately controlled Mg content.

CONCLUSIONS
In summary, boron-doped n-type Mg3Sb2-based materials
were synthesized. By optimizing the sintering tempera-
ture, the grain size was increased, weakening the grain
boundary scattering and thus, resulting in a high Hall
mobility of over 180 cm

2
V

−1
s
−1
. The precise control of

the excess Mg content along with the increasing sintering
temperature resulted in ultralow lattice thermal con-
ductivity. Moreover, the B doping showed a stabilizing
effect and increased the hardness of the material. By
modulating the grain boundary scattering and the ulti-
mate control of the excess Mg content, high ZT values
ranging from 0.61 (at room temperature) to 1.81 (773 K)
and an average ZT of 1.4 (at 300–773 K) were obtained.
The outstanding thermoelectric performance would ad-
vance the deviceization of the n-type Mg3Sb2-based
thermoelectric materials.
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晶界散射与镁成分调控协同提高硼掺杂Mg3Sb2基
材料的热电性能
陈晓曦1†

, 朱建博1†
, 秦丹丹1

, 曲诺1
, 薛文华2

, 王玉梅2
, 张倩3

,
蔡伟1

, 郭逢凯1*
, 隋解和1*

摘要 器件应用要求热电材料在服役温度范围内具有持续的高热
电优值. 近年来, Zintl相化合物n-Mg3Sb2由于丰富的化学性质和结
构复杂性而受到广泛关注, 但是, n-Mg3Sb2难以在整个中温范围内
保持良好的热电性能. 本文通过提高烧结温度, 使合金平均晶粒尺
寸增加了15倍 , 调控了晶界散射从而使载流子迁移率提高至
180 cm

2
V

−1
s

−1
. 同时, 更高的烧结温度优化了Mg成分以获得超低

晶格热导率; 采用硼掺杂获得了良好的热稳定性和更高的硬度. 电
热输运特性的协同优化使得硼掺杂Mg3Sb2合金的热电性能在全温
域提高明显, 热电优值为0.62 (300 K)–1.81 (773 K), 在300–773 K之
间的平均热电优值高达1.4, 在热电器件应用方面极具潜力.
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