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conduction band structure[1,4] and 
extremely low phonon thermal conduc-
tivity.[10–11] Since the discovery of n-type 
Mg3Sb1.5Bi0.5 with zT of 1.6 at 700 K in 
2016,[1] extensive research have been con-
ducted to improve their thermoelectric 
performance via the engineering of the 
electronic band structure,[5,12] chemical 
doping,[13–16] bonding[17–19] and modula-
tion of microstructure.[20–22] The studies of 
carrier and phonon transport mechanisms 
have also been carried out in parallel to 
understand the underlying reasons behind 
the high thermoelectric performance. 
However, there is a much-debated topic 
in n-type polycrystalline Mg3Sb2–Mg3Bi2 
alloys concerning the charge carrier scat-
tering mechanism near room temperature, 
namely, the origin of the low-temperature 
electrical conductivity and carrier mobility 
that increases with temperature. While 
initially attributed to ionized impurity 
scattering,[3,23–25] there has been growing 
evidence supporting that this low-temper-
ature behavior stems from thermally acti-
vated grain-boundary resistance.[20–22,26] 
The effect is more pronounced for Sb-rich 

alloys, particularly Mg3Sb2.[5] Additionally, a previous grain 
boundary resistance model study predicted more than 50% 
improvement of the room-temperature weighted mobility if the 
grain boundary resistance is completely removed.[20] Therefore, 
studying the thermoelectric properties of metallic n-type single 
crystals is of paramount importance. On one hand, the elimina-
tion of grain boundary effect in metallic single crystals would 
directly answer whether the ionized impurity scattering detracts 
from charge carrier transport or not. On the other hand, a full 
characterization of the thermoelectric transport properties of 
the single crystals can directly validate the prediction of the 
grain-boundary resistance model.

Compared to polycrystalline samples, there have been much 
fewer studies on single crystals of Mg3Sb2 and Mg3Bi2.[27,28] Kim 
et al. have grown Mg3-xMnxSb2 and Mg3Sb2-xBix single crystals 
by Bridgman method.[29] All the Mg3Sb2-xBix single crystals 
with 0 ≤ x  ≤ 2 exhibited p-type transport behavior. Although 
Mg3-xMnxSb2 with x  = 0.3 and 0.4 show a negative Seebeck 
coefficient, the crystals exhibit only weak n-type behavior with 
a maximum electron concentration of 1.33 × 1018 cm−3, owing 

Mg3(Sb,Bi)2 alloys have recently been discovered as a competitive alternative to 
the state-of-the-art n-type Bi2(Te,Se)3 thermoelectric alloys. Previous theoretical 
studies predict that single crystals Mg3(Sb,Bi)2 can exhibit higher thermoelectric 
performance near room temperature by eliminating grain boundary resistance. 
However, the intrinsic Mg defect chemistry makes it challenging to grow n-type 
Mg3(Sb,Bi)2 single crystals. Here, the first thermoelectric properties of n-type 
Te-doped Mg3Sb2 single crystals, synthesized by a combination of Sb-flux 
method and Mg-vapor annealing, is reported. The electrical conductivity and 
carrier mobility of single crystals exhibit a metallic behavior with a typical 
T −1.5 dependence, indicating that phonon scattering dominates the charge 
carrier transport. The absence of any evidence of ionized impurity scattering in 
Te-doped Mg3Sb2 single crystals proves that the thermally activated mobility 
previously observed in polycrystalline materials is caused by grain boundary 
resistance. Eliminating this grain boundary resistance in the single crystals 
results in a large enhancement of the weighted mobility and figure of merit 
zT by more than 100% near room temperature. This work experimentally 
demonstrates the accurate understanding of charge-carrier scattering is crucial 
for developing high-performance thermoelectric materials and indicates that 
single-crystalline Mg3(Sb,Bi)2 solid solutions can exhibit higher zT compared to 
polycrystalline samples.

n-Type Mg3Sb2–Mg3Bi2 alloys are one of the most potent 
thermoelectric materials for low- (near room temperature) to 
mid-temperature range[1–9] because of their highly degenerate 
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to the fact that Mn is not an effective dopant in Mg3Sb2. Xin 
et al. have grown Mg3Sb2 and Mg3Bi2 by a self-flux method with 
Sb and Bi as the flux, respectively, but the crystals also exhibit 
p-type charge transport behavior.[28] The reason that heavily 
doped n-type Mg3Sb2 single crystals are difficult to synthesize 
lies in the peculiar Mg defect chemistry in this system. As the 
phase boundary mapping study proved,[2] metallic n-type trans-
port can only be produced in Mg3Sb2 when the sample is in 
equilibrium with elemental Mg. When the chemical potential 
of Mg in Mg3Sb2 is set by elemental Mg, the formation energy 
of electron-compensating Mg vacancies is increased to the 
point that extrinsic (impurity) dopants can degenerately dope 
the material n-type. In polycrystalline samples, this equilib-
rium with Mg is achieved by putting a small amount of excess 
Mg into the starting mixture during synthesis. This is nearly 
impossible for achieving n-type single crystals of Mg3Sb2, 
as it is generally grown by using an Sb-flux method giving a 
Mg-poor sample. Growing crystals in Sb flux puts the crystals 
in equilibrium with Sb and leads to the formation of electron-
killing Mg vacancies.

In this study, we have successfully synthesized metallic 
n-type Te-doped Mg3Sb2 single crystals using an Sb-flux 
growth method followed by Mg saturation annealing.[21,30] 
These metallic n-type single crystals enable us to investigate 
the intrinsic carrier transport mechanism. The electrical con-
ductivity and carrier mobility exhibit a typical T −1.5 depend-
ence, demonstrating that phonons dominate the scattering of 
charge carriers and no evidence of ionized impurity scattering 
is found. More importantly, these metallic single crystals with 
grain-boundary resistance removed exhibit a large enhance-
ment of weighted mobility and zT near room temperature by 
more than 100%, compared to the polycrystalline samples.

Te-doped Mg3Sb2 single crystals were first grown out of 
Sb flux and exhibit weak p-type charge transport properties. 
Then the as-grown single crystals were sealed into the MgO 
crucible with elemental Mg. The crucible was heated up to 
600 °C in a graphite susceptor in order to produce a high par-
tial pressure of Mg vapor without melting the equilibrating 
Mg. Once the crystals were equilibrated with Mg, degenerate 

(metallic) n-type charge transport behavior is achieved. Detailed 
experimental procedures can be found elsewhere.[21,30] As shown 
in Figure 1a, the Seebeck coefficient of the crystals show a tran-
sition from p-type charge transport behavior to n-type charge 
transport behavior after only 1 h Mg saturation annealing. 
After annealing, the absolute Seebeck coefficient increases with 
rising temperature, typical of degenerate semiconductors and 
is consistent with the results obtained previously in polycrystal-
line samples with similar electron concentrations.[21] This result 
combined with previous studies on the polycrystalline sam-
ples[21] indicate that the saturation annealing technique is appli-
cable for obtaining n-type Mg3(Sb,Bi)2 crystals, regardless of the 
crystallinity of the samples (single crystalline or polycrystalline) 
and their synthetic process (flux method or hot press etc.), if the 
extrinsic n-type dopants were added in advance. To ensure equi-
librium, the Te-doped Mg3Sb2 single crystals were annealed for 
16 h for the measurements reported here.

The single crystals grown out of Sb-flux are shown in 
Figure  1b with shiny surfaces observed. After saturation 
annealing, the annealed crystals were checked with back-scat-
tering Laue diffraction (Figure  1c). The clear Laue diffraction 
spots can be indexed based on the P m3 1 space group as dem-
onstrated by the superposition of the theoretically simulated 
pattern (Figure  1d). This indicates that the single crystallinity 
does not change after 16 h of Mg-vapor saturation annealing 
although the carrier type has been reversed from p-type to 
n-type. The corresponding diffraction spots correspond to the 
(001) plane implying the plate-like crystals preferentially grow 
in the plane perpendicular to [001], which is consistent with the 
previous studies.[28]

The n-type single crystals provide a good opportunity to 
study the electrical transport properties and charge carrier scat-
tering mechanism of Mg3Sb2 with negligible effect of grain 
boundaries. The electrical conductivity, shown in Figure 2a, is 
qualitatively different for single crystals compared to polycrys-
talline samples (grain size of 0.5–10  µm) at low temperature 
which can be attributed to the effect of grain boundaries. The 
electrical conductivity of the single crystal (red symbols) shows 
a T−1.5 temperature dependence (decreasing with increasing T 
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Figure 1.  a) Te-doped Mg3Sb2 single crystals exhibit a positive Seebeck coefficient (p-type) before annealing and a negative Seebeck coefficient (n-type) 
after only 1 h of Mg vapor annealing. b) Photograph of crystals as grown out of the Sb-flux (before annealing). The crystals have platelet morphology 
with faster growth along the ab-plane, consistent with results on p-type crystals.[28] The typical thickness is 0.2–1.2 mm, and the typical length up to 
5–10 mm. c) The X-ray diffraction pattern of the crystals after 16 h of Mg-vapor saturation annealing. Laue diffraction spots are detected indicating 
the successful synthesis of the n-type single crystals. d) The diffraction pattern can be indexed based on the P m3 1 space group, for incident X-rays 
perpendicular to the growth plane. The superposed simulated pattern with indices is also given.
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as expected from simple acoustic phonon scattering theory), 
demonstrating that the charge carriers are predominantly scat-
tered by phonons. In contrast, the electrical conductivity of 
the annealed polycrystalline sample (green symbols) increases 
with temperature around room temperature. This increasing 
trend of electrical conductivity with temperature in degener-
ately doped polycrystalline samples was initially attributed to 
ionized impurity scattering.[3,23–25] Later observations that the 
increasing trend of electrical conductivity with temperature is 
stronger in smaller grain materials[21–22] lead to a theoretical 
analysis that this is due to thermally activated charge trans-
port across grain boundaries (grain boundary resistance).[20] 
Presumably because all previous (polycrystalline) samples still 
show some increasing trend of electrical conductivity with tem-
perature below room temperature, many recent reports still 
claim the predominance of ionized impurity scattering at low 
temperature.[3,6,23–25,31–35]

To further check for ionized impurity scattering, we selected 
another two n-type Mg3Sb2 single crystals with lower carrier 
concentrations (only 1/5 and 1/3 of that of the above-studied 
single crystal) and measured their electrical resistivity below 
room temperature, down to 2 K. As shown in Figure  3, the 
electrical resistivity of these two selected single crystal sam-
ples continues to decrease with decreasing temperature down 
to 2 K with a small residual resistivity. This is typical trans-
port behavior of a metal or a degenerate semiconductor.[36] 
The absence of an observable decrease in the resistivity 

(increase in electrical conductivity or mobility, see Figure S1, 
Supporting Information) with increasing temperature in single 
crystals is direct evidence that ionized impurity scattering is not 
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Figure 2.  Temperature-dependent transport properties of the single crystal after annealing (red), as compared to the polycrystalline samples 
(blue: polycrystal as pressed; green: polycrystal after annealing). a) Electrical conductivity (the dashed line shows the temperature dependence expected 
for acoustic phonon scattering), b) Seebeck coefficient, and c) Hall carrier concentration. d) Single crystals have similar weighted mobility with that 
of the polycrystalline samples at higher temperatures but have much larger mobility at low temperatures where the grain boundary effect is more 
pronounced. The weighted mobility at room temperature is more than two times higher in single crystals due to the complete removal of grain boundary 
resistance.

Sample 1 (nH = 8.5×1018 /cm3)

Sample 2 (nH = 5.7×1018 /cm3)

T (K)

Figure 3.  The low-temperature electrical resistivity of Te-doped Mg3Sb2 
single crystals. The resistivity continuously decreases with decreasing 
temperature down to 2 K (inset). Since the thermally activated electrical 
conductivity observed in polycrystalline materials is not observed in 
single crystals, it can be concluded that the grain boundary resistance, 
not ionized impurity scattering from the dopant or other homogeneous 
defects, suppresses the room-temperature electrical conductivity.
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dominant in Mg3Sb2, with charge carrier concentrations near 
those needed for thermoelectric applications. Thus, through a 
direct comparison of the electrical conductivities of Te-doped 
Mg3Sb2 single crystals and polycrystalline samples with similar 
electron concentrations, we can conclude that the increasing 
trend of electrical conductivity with temperature found only 
in polycrystalline samples arises from an additional grain-
boundary electrical resistance and not because of ionized impu-
rity scattering.

Compared to the annealed polycrystalline samples, the com-
plete removal of the grain boundary effect leads to an approxi-
mate 2.5 times higher room-temperature electrical conductivity 
in the single crystals. The slight deviation of the Seebeck coef-
ficient (Figure 2b) between the single crystal and polycrystalline 
samples is explained by the small difference in the carrier con-
centration (Figure 2c), which might come from the difference 
of actual content of Te dopant. To evaluate the electrical per-
formance independent from carrier concentration, we further 
analyzed the weighted mobility[37–38] of the single crystals and 
polycrystalline samples obtained from the electrical conduc-
tivity and Seebeck coefficient measurements.

The weighted mobility of single crystal is approximately two 
times higher than that of the polycrystalline sample near room 
temperature due to the elimination of grain boundary resist-
ance (Figure  2d). Since the weighted mobility is independent 
of the position of the Fermi level or the carrier concentration, it 
is used to compare the potential electrical performance of ther-
moelectric materials. Higher weighted mobility corresponds to 
a higher power factor as well as higher zT, when the carrier 
concentration is optimized.[37–38] In contrast to the small differ-
ence in Seebeck coefficient, the improvement of electrical con-
ductivity near room temperature is much more pronounced. 
This improvement in the electrical conductivity due to the 
elimination of grain boundary resistance results in a significant 
enhancement of the weighted mobility. On the other hand, at 
higher temperatures where the grain boundary effect becomes 
negligible, the weighted mobility of the single crystals exhibits 
values close to that of the polycrystalline samples.

The large increase of the room-temperature weighted 
mobility and its T−1.5 dependence in the single crystals match 
the prediction of the grain boundary resistance model.[20] 

The elimination of grain boundaries that predominantly con-
tribute to electrical resistance but does not affect the Seebeck 
coefficient should be expected to improve the zT, unless there 
is a proportional increase in thermal conductivity. As single 
crystals are expected to have higher thermal conductivity than 
polycrystalline sample, it is imperative to measure thermal con-
ductivity to assess the zT. The thermal conductivity of the single 
crystals measured along the c-axis, as shown in Figure  4a, is 
compared to the data of polycrystalline samples. The large 
measurement uncertainty (≈20% estimated from thickness 
uncertainty combined with instrument accuracy and sample 
variation) in the thermal conductivity of the single crystals is 
likely due to the small size and irregular shape of the crystals 
(Figure  1b), making an accurate determination of the thermal 
diffusivity difficult. Within this uncertainty, the thermal con-
ductivity of the single crystals is comparable to that of polycrys-
talline samples. This result is consistent with previous studies 
on Mg3Sb2 single crystals that indicate its thermal conductivity 
along the ab-plane which is only about 15% higher than that 
of polycrystalline samples[28] and the small effect of grain size 
on the thermal conductivity due to the inherently short mean 
free path of phonons.[22] Using this value, the zT of the single 
crystals is calculated and shown in Figure 4b. Near room tem-
perature, the zT is significantly higher in the single crystal com-
pared to that of polycrystalline Mg3Sb2.[2,39] Since the difference 
in the thermal conductivity is relatively small, the improvement 
of zT is mainly attributed to the removal of grain-boundary elec-
trical resistance. With increasing temperature, the effect of the 
grain boundaries gradually diminishes, and the zT values of the 
single crystal and polycrystalline samples start to converge. It is 
worth noting that the elimination of the grain boundary effect 
near room temperature is extremely important since this system 
is now competitive with commercial Bi2Te3-based thermoelec-
tric materials for low-grade heat recovery and cooling applica-
tions.[5–8,21] Although computational studies predict nearly iso-
tropic thermoelectric transport properties,[1,18] this should be 
validated. Here, we only measure c-axis thermal conductivity 
in single crystals, but as this measured thermal conductivity is 
similar to polycrystalline samples, we have no reason to believe 
the thermal conductivity in the ab-plane is significantly different 
(within the ≈30% experimental uncertainty reported here). 
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Figure 4.  a) Thermal conductivity and b) the zT of Te-doped Mg3Sb2 single crystal as a function of temperature. The zT for single crystals are substan-
tially larger than that of polycrystalline samples[2,39] because of the removal of grain boundary resistance, especially at room temperature. The large 
measurement uncertainty in the thermal conductivity of single crystal, as indicated in the light red region, is likely due to the small size and irregular 
shape of the crystal. The higher thermal conductivity in Ohno et al.[2] is explained by the difference in the Mg content.[11]
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Larger, high-quality single crystals will be needed to experimen-
tally determine the anisotropy of Mg3Sb2.

In conclusion, n-type Te-doped Mg3Sb2 single crystals were 
successfully synthesized by a combination of the Sb-flux 
method and Mg-vapor saturation annealing. The single crys-
tallinity is sustained after 16 h of saturation annealing. Owing 
to the elimination of grain boundary effect, the n-type single 
crystals display no thermally-activated grain-boundary elec-
trical-resistance near and below room temperature. This leads 
to a large enhancement of the weighted mobility and the zT 
by more than two times near room temperature. Besides the 
greatly improved thermoelectric performance, the metallic 
behavior of single crystals is maintained down to 2 K, as 
evidenced by an additional low-temperature electrical resis-
tivity measurement. These results provide direct evidence 
that grain boundary scattering, not ionized impurity scat-
tering, is responsible for increasing electrical conductivity 
with temperature, as is often observed in polycrystalline sam-
ples. Moreover, the understanding of Mg3Sb2 grain boundary 
resistance is of paramount importance for future implementa-
tion of grain boundary engineering and microstructure opti-
mization toward further development of its thermoelectric 
performance.

Experimental Section
The single crystals of Te-doped Mg3Sb2 were grown by using a self-
flux method with Sb flux. Mg (granules, 99.8%), Sb (shots, 99.999%), 
and Te (pieces, 99.999%) were weighed and mixed with a molar ratio 
of Mg:Sb:Te of 3.3:7:0.02 and sealed in a tantalum tube in an argon 
glove box. The tantalum tubes were then sealed in quartz tubes and 
were held at 850 °C for 30 h. For the crystal growth, the tubes were first 
quickly cooled down to 750 °C and then slowly cooled down to 630 °C 
with a rate of 1 °C  h−1. The tubes were again heated up to 700 °C for 
centrifuging to separate the crystals and the Sb flux. The single crystals 
typically had a platelet shape as shown in Figure  1b with thickness of 
0.2–1.2 mm, and the flat face was identified as the ab-plane with typical 
length of up to 5–10 mm.

Mg Vapor Saturation Annealing Process: The synthesized single crystals 
were placed into a magnesium oxide crucible. The diameter and height 
of MgO crucible were both 25 mm. Magnesium turnings (99.98%, Alfa 
Aesar) were loaded into the crucible together such that the crystals 
were in contact with elemental Mg. Then, the crucible was placed into 
a graphite die and covered with graphite foils and a graphite spacer to 
close the system, so that Mg vapor pressure could be sustained in the 
crucible. The graphite die was heated up to 600 °C by using induction 
heating under the flow of argon gas. This was the same procedure used 
in the polycrystalline study.[21]

Characterization and Measurement: The synthesized n-type single 
crystals were analyzed at room temperature by a white backscattering 
Laue X-ray diffractometer. Laue diffraction spots were detected and 
could be indexed with a single pattern, which was well superposed 
with the simulated one (Figure  1d). Electrical and thermal transport 
measurements were conducted from 300 to 600 K. The electrical 
resistivity and Hall coefficient were determined using the four-point 
probe van der Pauw technique with a 2 T magnetic field under high 
vacuum.[40] The Seebeck coefficients of the samples were obtained using 
chromel-Nb thermocouples by applying a temperature gradient across 
the sample to oscillate between ±7 K.[41] The thermal conductivity κ was 
calculated by κ = D × Cp × d, where d is density and Cp is heat capacity. 
Thermal diffusivity D was measured by using the laser flash method 
with a Netzsch LFA 457 under argon flow. The heat capacity values 
were obtained from a thermodynamic model that fitted to experimental 

measurements.[42] For the low-temperature measurement, PPMS-9T 
(Quantum Design) was used to measure the longitudinal and Hall 
resistivities using a standard four-probe method by the ACT option.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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025105.

[15]	 K. Imasato, M. Wood, J. J. Kuo, G. J. Snyder, J. Mater. Chem. A 2018, 
6, 19941.

[16]	 J.  Zhang, L.  Song, K. A.  Borup, M. R. V.  Jørgensen, B. B.  Iversen, 
Adv. Energy Mater. 2018, 8, 1702776.

[17]	 J. Zhang, L. Song, B. B. Iversen, npj Comput. Mater. 2019, 5, 42.
[18]	 J. Zhang, L. Song, M. Sist, K. Tolborg, B. B. Iversen, Nat. Commun. 

2018, 9, 4716.
[19]	 M.  Wood, K.  Imasato, S.  Anand, J.  Yang, G. J.  Snyder, J. Mater. 

Chem. A 2020, 8, 2033.
[20]	 J. J.  Kuo, S. D.  Kang, K.  Imasato, H.  Tamaki, S.  Ohno, T.  Kanno, 

G. J. Snyder, Energy Environ. Sci. 2018, 11, 429.
[21]	 M. Wood, J. J. Kuo, K.  Imasato, G. J. Snyder, Adv. Mater. 2019, 31, 

1902337.
[22]	 T. Kanno, H. Tamaki, H. K. Sato, S. D. Kang, S. Ohno, K.  Imasato, 

J. J. Kuo, G. J. Snyder, Y. Miyazaki, Appl. Phys. Lett. 2018, 112, 033903.
[23]	 J.  Mao, J.  Shuai, S.  Song, Y.  Wu, R.  Dally, J.  Zhou, Z.  Liu, J.  Sun, 

Q.  Zhang, C.  Dela Cruz, S.  Wilson, Y.  Pei, D. J.  Singh, G.  Chen, 
C. W. Chu, Z. Ren, Proc. Natl. Acad. Sci. U. S. A. 2017, 114, 10548.

[24]	 J. Mao, Y. Wu, S. Song, J. Shuai, Z. Liu, Y. Pei, Z. Ren, Mater. Today 
Phys. 2017, 3, 1.

[25]	 J.  Mao, Y.  Wu, S.  Song, Q.  Zhu, J.  Shuai, Z.  Liu, Y.  Pei, Z.  Ren, 
ACS Energy Lett. 2017, 2, 2245.

[26]	 J. J.  Kuo, Y.  Yu, S. D.  Kang, O.  Cojocaru-Mirédin, M.  Wuttig, 
G. J. Snyder, Adv. Mater. Interfaces 2019, 6, 1900429.

[27]	 S. H. Kim, C. M. Kim, Y.-K. Hong, K. I. Sim, J. H. Kim, T. Onimaru, 
T. Takabatake, M.-H. Jung, Mater. Res. Express 2015, 2, 055903.

[28]	 J.  Xin, G.  Li, G.  Auffermann, H.  Borrmann, W.  Schnelle, J.  Gooth, 
X. Zhao, T. Zhu, C. Felser, C. Fu, Mater. Today Phys. 2018, 7, 61.

[29]	 S. Kim, C. Kim, Y.-K. Hong, T. Onimaru, K. Suekuni, T. Takabatake, 
M.-H. Jung, J. Mater. Chem. A 2014, 2, 12311.

[30]	 J. Male, M. T. Agne, A. Goyal, S. Anand, I. T. Witting, V. Stevanović, 
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