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a b s t r a c t

Mg3Sb2-based alloys are promising thermoelectric materials with a reasonably low thermal conductivity.
However, their electrical transport property is usually limited by the low carrier concentration. Mg3Sb2
has a multi-valley conduction band with a six-fold degeneracy, benefiting n-type thermoelectric per-
formance. Recently, n-type Y-doped Mg3Sb1.5Bi0.5 and Sc-doped Mg3Sb2eMg3Bi2 alloys show a large
figure of merit (ZT). In this paper, the doping effect of group-3 and chalcogen elements on the electronic
structures and electrical transport properties of Mg3Sb2 was investigated via the first-principles calcu-
lations. Chalcogen elements have a slight effect on the electronic structure, and Te-doped Mg3Sb2 shows
better normalized power factors in both the out-of-plane and in-plane directions, compared to the S-
doped and Se-doped systems. Distinctly different doping effects appear in Mg3Sb2 doped with group-3
elements. A increased density of states near the bottom of the conduction band can be induced by Sc or Y.
Sc-doped and Y-doped Mg3Sb2 show higher normalized power factors along the in-plane direction than
those doped with chalcogens.

© 2020 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Thermoelectric materials have attracted much research interest
because they can transform heat to electrical power or vice versa
[1]. These materials are applied in narrow fields, such as green
power generation and electronic industry [2,3]. Since most com-
mercial thermoelectric materials, such as Bi2Te3 or PbTe, are based
on rare or toxic elements, some alternative materials need to be
explored [4].

Bredt and Kendall firstly reported that Mg3Sb2 is a potential
thermoelectric material [5,6]. Mg3Sb2 is a semiconductor with a
small band gap of 0.8 eV [7], and it has intense alloying ability and
structural stability [8,9]. Mg3Sb2 has a reasonably low thermal
conductivity, which is beneficial to the thermoelectric perfor-
mance. It also has other advantages, such as, low mass density and
low vapor pressure [6]. However, the poor electrical transport
properties and the low carrier concentration (1017 cm�3) of pristine
l Engineering, The University
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Mg3Sb2 restrict its thermoelectric efficiency [10,11]. Condron et al.
found that Mg3Sb2 degrades at > 900 K and the maximum ther-
moelectric figure of merit (ZT) is 0.21 at 875 K [6].

PristineMg3Sb2 is intrinsically p-type, and other p-typeMg3Sb2-
based materials are also investigated extensively, such as Ag-doped
and Na-dopedMg3Sb2 [12e14]. Song et al. reported that the ZTof p-
type Mg2.985Ag0.015Sb2 reaches 0.51 at 725 K [13]. It is difficult to
synthezise N-type Mg3Sb2-based materials due to the formation of
Mg vacancies. In recent years, n-type Mg3Sb2-based materials with
promising thermoelectric efficiencies are obtained by introducing
Sb/Bi disorder and effective dopants, such as Mn and Te
[7,11,15e17]. The figure of merit (ZT) of Te-doped Mg3Sb1.5Bi0.5 at
300 K is 0.56, and it increases to 1.65 at 725 K. It was proposed that
the improved thermoelectric performance of n-type Mg3Sb1.5Bi0.5
is due to the multi-valley conduction band with a six-fold de-
generacy and a light carrier effective mass.

Recent studies demonstrated that Y and Sc are effective n-type
dopants in Mg3Sb2 [18e20]. These dopants are found to increase
the carrier concentration and enhance the carrier mobility of
Mg3Sb2 compound. Y-doped Mg3Sb1.5Bi0.5 and Sc-doped
Mg3Sb2eMg3Bi2 alloys both achieve a relatively high ZT value of
1.1 at 300-500 K. In addition, theoretically achievable carrier
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concentrations of group-3 elements in Mg3Sb2 were also reported
[21,22]. Nonetheless, the effects of Y and Sc on the electronic
structure and electrical transport properties of Mg3Sb2 are further
investigated yet.

The thermoelectric energy conversion efficiency is described by
the dimensionless figure of merit ZT, which is defined by

ZT ¼sS2

k
T (1)

where s is the electrical conductivity, S is the Seebeck coefficient,
and k is the thermal conductivity. High power factor and low
thermal conductivity are required to achieve high-performance
thermoelectric materials. Band engineering [23e26], e.g., the in-
duction of resonant states and the increase of band convergence, is
effective in enhancing the power factor and the thermoelectric
figure of merit ZT. In this paper, we focus on a study on potential n-
type dopants and their effects on the electronic structure and
electrical transport properties since n-type Mg3Sb2 has a higher
thermoelectric efficiency,

2. Computational details

Density functional theory (DFT) [27,28] calculations were per-
formed using the Vienna ab-initio simulation package (VASP)
[29,30]. Effective band structures were computed by unfolding the
electronic bands with BandUP [31]. Generalized gradient approxi-
mation (GGA) in the form of Perdew-Burke-Ernzerhof (PBE)
parametrization was employed [32]. The TB-mBJ potential was also
considered to correct the band gap [33]. The calculations of the
electrical transport properties were performed based on the
Boltzmann transport theory as implemented in BoltzTraP2 [34].
The constant relaxation time approximation was employed to
investigate the electrical transport properties of doped Mg3Sb2
systems.

We set an energy cutoff of 600 eV in the DFT calculations.
Relaxation and charge self-consistent calculations were converged
to 10�6 eV. Cell and internal atomic coordinates both were fully
relaxed until the force component was smaller than 10 meV/Å. The
Brillouin zonewasmeshedwith a density of 2p� 0.02 Å�1, usingG-
centered Monkhorst-Pack grids. A denser k-point mesh of about
2p � 0.01 Å�1 was used to calculate the electrical transport prop-
erties. A 2�2�2 supercell containing 40 atoms, based on the
Mg3Sb2 P3m1 primitive cell, was constructed with one Mg or Sb
atom substituted by one doping atom. For effective band structure
calculations, atomic positions were relaxed after doping while the
supercell vectors were fixed. For other calculations, supercells were
fully optimized. The decomposed charge density of n-type Mg3Sb2
was calculated by summing conduction electrons of all bands from
the conduction bandminimum to the energy level that corresponds
to a carrier concentration of �1020 cm�3. A larger supercell con-
taining 90 atoms was used to verify the reliability of the results, as
shown in Figs. S2 and S5 in the Supplemental Material.

Quantum Espresso [35] and EPW [36] were used to calculate the
electronic relaxation time of Mg3Sb2 based on DFT and density
functional perturbation theory (DFPT). The electronic relaxation
time was used in the calculation of the electrical transport prop-
erties of Mg3Sb2 with BoltzTraP2 [34]. Norm-conserving relativistic
pseudopotentials [37,38] were applied. A kinetic energy cutoff of 80
Ry and a 14�14�8 k-mesh were used in the self-consistent calcu-
lations. The crystal structure was fully relaxed until the total energy
was converged to 10�6 Ry and the atomic forces were smaller than
10�5 Ry/a.u. Phonons were calculated with a 7�7�4 q-mesh. For
the electron-phonon matrix element calculations, the 14�14�8 k-
mesh and 7�7�4 q-mesh were interpolated to 70�70�40 fine k-
mesh and 35�35�20 fine q-mesh, respectively. The results calcu-
lated with different fine k-mesh and q-mesh are shown in Fig. S3 in
Supplemental Material. A scissor shift was applied to correct the
band gap to the experimental value of 0.8 eV [7].

3. Results and discussion

Fig. 1a) shows the trigonal crystal structure of Mg3Sb2, which
has a space group of P3m1. Mg3Sb2 is generally regarded as a Mg2þ

layer and a covalently bonded [Mg2Sb2]2� layer. There are three
Wyckoff positions in Mg3Sb2, two Mg sites and one Sb site, and
these positions are denoted in Fig. 1a). Mg1 and Mg2 represent Mg
atoms in Mg2þ layer and [Mg2Sb2]2� layer, respectively. The inter-
stitial site (0, 0, 1/2) in Mg3Sb2 lattice is also noted. Fig. 1b) and
Fig. 1c) show the density of states and the band structure of pristine
Mg3Sb2 calculated with TB-mBJ potential. The theoretical band gap
of Mg3Sb2 is 0.65 eV, which is in reasonable agreement with the
experimental band gap (0.8 eV) [7]. The valence band maximum
locates at G point, and the conduction band minimum (CBM) lo-
cates in the path fromM*(0, 0.417,0) to L*(0, 0.417, 0.5). Zhang et al.
demonstrated that the multi-valley band with a six-fold de-
generacy along M*-L* and a duple valley conduction band at the K
point promote the thermoelectric efficiency of n-type Mg3Sb2 [11].
Fig. 1d) shows the electron-phonon scattering rate of Mg3Sb2 near
the band edges at 300 K and 600 K. The electronic relaxation time is
calculated from the imaginary part of the electron self-energy. The
scattering rate is the inverse of the electronic relaxation time [36].

1
tnk

¼2S’’nkðu; TÞ (2)

where tnk is the electronic relaxation time of band n at wavevector
k; S’’nkðu; TÞ denotes the imaginary part of the electron self-energy.
It is seen that the scattering rates of the electronic states close to the
band edges are smaller, indicating weaker electron-phonon in-
teractions. Electrons that are further away from the band gap can be
more easily scattered to their final states [39].

The Seebeck coefficient, the electrical conductivity, and the
power factor of Mg3Sb2 are calculated using EPWand BoltzTraP2, as
shown in Fig. 2. Clearly, the power factor of n-type Mg3Sb2 (nega-
tive carrier density) is generally larger than that of p-type Mg3Sb2
(positive carrier density), indicating that n-type Mg3Sb2 may
exhibit a higher thermoelectric performance. Therefore, the cal-
culations are consistent with previous experimental findings
[11,16]. The calculated S and s are, respectively, 2e3 times smaller
and 4e6 times larger than the experimental data [13,40,41], being
similar to previous electrical transport calculations of GeTe [39]. A
difference between the theoretical and experimental results could
be related to the defects in real materials.

Doping can be effective in improving the thermoelectric per-
formance of Mg3Sb2 [9,21,43]. In this work, the effect of group-3
(i.e., Sc and Y) and chalcogen group elements (i.e., S, Se and Te)
doping are systematically investigated. It was found that group-3
elements (i.e., Sc and Y) tend to occupy the Mg1 lattice site, while
the chalcogen group elements (i.e., S, Se and Te) tend to occupy the
Sb lattice site [21,22]. Therefore, these doped Mg3Sb2 systems are
expected to be n-type because the doping atoms tend to donate one
extra electron rather than the substituted atoms.

The density of states of doped and pristine Mg3Sb2 was calcu-
lated to investiagte the electronic structure changes. The conduc-
tion band minimum shifts to zero for direct comparison. Since the
optimal carrier concentration of most thermoelectric materials is
usually in the range of 1019e1021 cm�3, the energy levels corre-
sponding to a carrier density of �1020 cm�3 are shown in Fig. 3a). It
is seen that the DOS of Sc-doped and Y-doped Mg3Sb2 largely



Fig. 1. a) Lattice structure of Mg3Sb2; the three Wyckoff positions and the interstitial site are denoted. b) Electronic density of states and c) band structure of pristine Mg3Sb2
calculated with TB-mBJ potential. d) Electron-phonon scattering rate of Mg3Sb2 with respect to the conduction band minimum at 300 K (black dots) and 600 K (red dots).

Fig. 2. The Seebeck coefficients (top), electrical conductivities (middle), and power
factors (bottom) of Mg3Sb2 at 300 K and 600 K. Hole and electron carrier concentra-
tions are represented by positive and negative values, respectively.

Fig. 3. a) Density of states of R-doped (R ¼ Y, Sc, S, Se or Te) and pristine Mg3Sb2
supercells. The vertical lines represent the energy levels corresponding to a carrier
concentration of �1020 cm�3. The conduction band minimum (CBM) shifts to zero. b
and c) Projected density of states per atom of Y-doped and Te-doped Mg3Sb2. d) The d-
orbital projected density of states per atom of Y-doped Mg3Sb2.
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increases near the bottom of the conduction band. Also, for the
systems doped with the chalcogen group elements (i.e., S, Se or Te),
the change of DOS near the CBM is less significantly. To clarify the
effects of group-3 and chalcogen group elements doping, we
calculated the projected density of states (PDOS) per atom of the
representative Y-doped and Te-doped Mg3Sb2 (see Fig. 3b) and
Fig. 3c)). Note that the DOS of Y-d states is dominantly larger than
others, and a sharp increase of the DOS of Y-d states results in the
overall increase of the total DOS. Furthermore, in Fig. 3d), the dxy

orbital makes the major contribution to the Y-d PDOS near CBM. In
contrast, after doping Te to the Sb lattice site, Mg-s states still
dominate the DOS near CBM, and Te does not have a significant
influence on the CBM.

Fig. 4 shows the unfolded effective band structures of Y-doped
and Te-doped Mg3Sb2. Note that the band gaps of these effective



Fig. 4. Effective band structures of Y-doped (a) and Te-doped (b) Mg3Sb2 supercells.
The Fermi level is located at 0 eV.

Fig. 5. The Seebeck coefficients (top), electrical conductivities normalized by the
relaxation time (middle) and power factors normalized by the relaxation time (bot-
tom) of doped and pristine Mg3Sb2 supercells at 300 K. In-plane and out-of-plane
directions are represented by solid and dashed curves, respectively. The transport
properties of pristine Mg3Sb2 (40-atom supercell) are denoted by gray curves as
references.
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band structures are underestimated due to the use of PBE func-
tional. Compared to the band structure of pristine Mg3Sb2, rela-
tively non-dispersive bands are formed in Y-doped Mg3Sb2 along
M-L near the bottom of the conduction band. This is believed to be
related to the large increase of DOS near the CBM. In addition, the
electronic band at M point moves down and becomes very close to
the conduction band minimum, promoting the band convergence.
By comparison, the effective band structure of Te-doped Mg3Sb2 is
similar to that of pristine Mg3Sb2 except that the Fermi level moves
into the conduction bands due to the extra electrons.

We calculated the electrical transport properties along both the
in-plane and out-of-plane directions of doped Mg3Sb2 supercells
(see Fig. 5). The transport properties of pristine Mg3Sb2 (40-atom
supercell) are also calculated and shown by gray curves in Fig. 5
as a reference. The electrical transport properties calculated with
a 90-atom supercell are consistent with those of the 40-atom
supercell, as shown in Fig. S5 in Supplemental Materials. Also, Sc-
doped and Y-doped Mg3Sb2 are found to have larger Seebeck co-
efficients along the in-plane direction, which are consistent with
their sharp increase of DOS near the CBM. From the analysis above,
we found that the dxy orbitals of Sc and Y play an important role in
enhancing the Seebeck coefficient along the in-plane direction. In
contrast, chalcogen group elements (S, Se and Te) do not improve
the Seebeck coefficient. The Seebeck coefficient can be described by
the Mott relation [44]:

S¼p2k2BT
3q

,
d½lnðsðEÞÞ�

dE
jE¼EF ¼

p2k2BT
3q

,

�
1

nðEÞ
dnðEÞ
dE

þ 1
mðEÞ

dmðEÞ
dE

�
jE¼EF

(3)

where kB, sðEÞ, n(E) and mðEÞ are the Boltzmann constant, energy-
dependent electrical conductivity, carrier concentration and
mobility, respectively. Because Sc and Y induce a distortion in DOS
near CBM and increase the DOS effective mass and dnðEÞ

dE , they pro-
mote the enhancement of the Seebeck coefficient.

When a Sc or Y atom occupies the Mg1 lattice site, the
normalized electrical conductivity along the out-of-plane direction
decreases dramatically, resulting in a very low normalized power
factor along this direction. The normalized power factors of Sc-
doped and Y-doped Mg3Sb2 along the in-plane direction are
greater than those of the chalcogen-doped systems. In the mean-
time, Te-doped Mg3Sb2 has a higher normalized electrical con-
ductivity and normalized power factor than the S-doped and Se-
doped systems. To clarify the effect of dopants on the electronic
structure, the decomposed charge densities corresponding to the
bottom of the conduction band of pristine Y-doped, and Te-doped
Mg3Sb2 were calculated (see Fig. 6). The conduction electron dis-
tributions of Te-doped and pristine Mg3Sb2 are rather similar.
However, Y is found to change the electron distribution near the
CBM dramatically. After doping Y, most conduction electrons along
the out-of-plane direction disappear, which is consistent with the
very low normalized electrical conductivity along this direction.

4. Conclusions

We performed DFT calculations to investigate the effect of
group-3 elements doping on the electronic structure and electrical
transport properties of Mg3Sb2. Because n-type Mg3Sb2 had a
higher thermoelectric performance rather than the p-type in
experiment, we focused on the group-3 and chalcogen group
doping elements (i.e., Sc, Y, S, Se and Te). The group-3 dopants were



Fig. 6. Decomposed charge densities corresponding to the bottom of the conduction
bands of pristine (a), Y-doped (b), and Te-doped (c) Mg3Sb2 supercells for a carrier
concentration of �1020 cm�3. The iso-surfaces correspond to a charge density of 5�
10�5e bohr�3.
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found to have a much stronger effect on the CBM of Mg3Sb2,
compared to the chalcogen group elements. The increase of DOS
effective mass induced by doping group-3 elements resulted in a
higher Seebeck coefficient along the in-plane direction. Also, the
group-3 elements led to a large suppression of the out-of-plane
normalized electrical conductivity. For the chalcogen group ele-
ments, Te-doped Mg3Sb2 had a higher normalized power factor
than the S-doped and Se-doped systems.
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