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We investigated the thermoelectric properties of Al and Bi co-dopedMg2Si polycrystalline bulks fabricated using
a solid state reaction combined with the spark plasma sintering technique. Through controlled doping of Al and
Bi, the power factor could be enhanced due to an increase in the Seebeck coefficient benefiting from an enhance-
ment of the density of states effective mass. The lattice thermal conductivity was reduced due to intensified
point-defect phonon scattering originating from the mass difference between the host Si atoms and Bi dopants.
By these synergetic effects, the dimensionless figure of merit (ZT) of 1.02 was obtained at 873 K.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Thermoelectric power generation (TEG) from waste heat has re-
ceived renewed attention as a renewable energy source. Among TEG
applications, recent efforts are focused on the development of an auto-
motive TE generator (ATEG), due to the increased societal needs for im-
proving the fuel efficiency of a vehicle. However, high-performance
bulk-type materials with good operational reliability are essential for
the commercialization of ATEG because the performance of TEG system
is highly dependent on the conversion efficiency of TE materials. The
conversion efficiency is evaluated using the dimensionless figure of
merit ZT = σ S2 T/κtot, where σ is the electrical conductivity, S is the
Seebeck coefficient, and κtot is the total thermal conductivity at a given
absolute temperature T.

Recently, ZT values of various candidate materials for ATEG, includ-
ing Bi2Te3-, [1] PbTe-, [2,3] Skutterudite-, [4] half-Heusler-, [5,6] and
Mg2Si-basedmaterials, [7] have been largely enhanced by the introduc-
tion of nanotechnology. Fabrication of nanostructuredmaterials, such as
nanograined composites and nanoinclusion composites, offers the pos-
sibility of controlling both electronic and thermal transport properties
in the presence of highly dense grain and/or phase boundaries [8].
Another approach to enhance ZT is the formation of point defects by
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substitutional doping. This has been the most general way to improve
the power factor (σ S2) by optimization of carrier concentration (nc)
and/or to reduce the lattice thermal conductivity (κlat = κtot − κele,
where κele is the electronic contribution of thermal conduction), due
to the intensified point defect phonon scattering that originates from
the mass difference between host atoms and dopants [9,10]. However,
this compositional tuning approach is much more complicated, since
the electronic and thermal transport properties are interrelated. Thus,
the establishment of doping strategies based on the analysis of lattice
dynamics and electronic structures is a vital issue in TE materials.

Mg2Si-based TE materials provide very attractive device-fabricating
factors as promising candidates for ATEG: (1) abundance and non-
toxicity of their constituent elements and (2) low weight load due to
having the lowest density (~1.99 g/cm3) among TE materials. Undoped
Mg2Si is a narrow-bandgap (~0.77 eV) semiconductor, [11] and its ZT
value is very low (~0.1) [12]. However, it becomes an effective n-type
TEmaterialwith a significantly enhanced value of ZT N 1.0when alloyed
with a small amount of dopants such as Sn [13,14]. Recent experi-
mental and theoretical results suggest that the high TE performance of
Mg2Si1-xSnx originates from the convergence of electronic bands and
the reduction of κlat [15–17]. Thus, the effect of various doping elements
on TE transport properties of Mg2Si has been extensively studied for
more enhanced ZT. Al and Bi are also known to be effective doping ele-
ments for enhancing TE performance of Mg2Si; both doped Al at Mg
sites and Bi at Si sites enhance the power factor by generating electron
carriers, [18] and Bi-doping also reduces κlat by mass fluctuation [19].
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Fig. 1.TheXRDpatterns forMg2-xAlxSi1-yBiy (x=0,0.02, 0.04, y=0.03, 0.04) sparkplasma
sintered bulks.
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However, the TEproperties of Al and Bi co-dopedMg2Si are rarely inves-
tigated, due to the difficulty of reaction control and the solubility limit of
Bi.

In the present study, we fabricated Al and Bi co-doped Mg2Si
polycrystalline bulks and investigated their electronic and thermal
transport properties, expecting that such multiple doping would
enhance the TE performance. A systematic doping strategy for manipu-
lation of each transport phenomenon was derived from the calculation
of transport parameters and the analysis of phase formation. We found
that the solubility limit of Bi on Si sites could be increased by Al addi-
tion on Mg sites, which implies that phase formation behavior would
be controlled. It was demonstrated that a high power factor of
2.9 mW m−1 K−2 and low κlat of 0.88 W m−1 K−1 at 873 K could be
achieved by co-doping of Al and Bi, and the largest ZT of 1.02 at 873 K
was obtained in Mg1.96Al0.04Si0.97Bi0.03 due to the synergetic effects of
an increase in power factor by engineering of density of states (DOS)
and a decrease in κlat by intensified point-defect phonon scattering.

2. Experiment

Al- and Bi-doped Mg2Si polycrystalline bulks with compositions of
Mg2-xAlxSi1-yBiy (x = 0, 0.02, 0.04; y = 0, 0.03, 0.04) were fabricated
by a conventional solid state reaction combined with a spark plasma
sintering (SPS) technique. Commercial high-purity Mg (99.98%,
Aldrich), Si (99.9%, Alfa Aesar), Al (99.5%, Alfa Aesar), and Bi (99.999%,
Alfa Aesar) were weighed in the proper ratio of the required composi-
tion, and Mg was added with an excess of 5 wt.% of stoichiometric
amount for a supplementation of Mg ions on the vacant Mg sites gener-
ated by the volatilization during the solid state reaction process. The
starting materials were mixed for 1 h in a glove box using an agate
mortar. Themixtureswere cold-pressed under 40MPa into disks before
a 2-step solid state reaction. For the formation of solid solution com-
pounds, the first heat treatment was conducted in a tube-type furnace
under dynamic vacuum at 673 K for 1 h, then heated to 823 K for 1 h,
and finally maintained at 823 K for 6 h in order to improve the homoge-
neity. Acquired samples were crushed into powder using a ball mill
(8000D, SPEX, USA) for 5 min. Milled powders were separated by
sieving to obtain b53 μmdiameter particles. To form highly dense poly-
crystalline bulks, disk-shaped samples (10mmindiameter and 2mmin
thickness) were prepared by SPS under 40 MPa at 1023 K for 5 min in
vacuum. The densities (ρs) of SPSed samples ranged from 1.94 g cm−3

to 2.04 g cm−3 (N 96% of theoretical density).
Phase analysis of the SPSed bulks was carried out using the X-ray

diffraction method (Ultima IV/ME 200DX, Rigaku, Japan) with CuKα
radiation. Structural factors obtained from the X-ray diffraction data
were refined by the Rietveld method by using the FULLPROF suite.
Hall effect measurements were carried out in the van der Pauw config-
uration under a constant magnetic field (1 T). The Hall mobility (μHall)
and nc were calculated using a one-band model. The σ and S values
from 373 K to 873 K were measured using a TE property measure-
ment system (ZEM-3, ULVAC, Japan). The κtot values (κtot = ρs Cp λ)
were calculated from measurements taken separately: λ values were
measured under vacuum using the laser flash method (Netszch LFA-
457, Germany), inwhich the heat capacity (Cp)was used as the constant
value of 840 J g−1 K−1measured using differential scanning calorimetry
(DSC 8000, Perkin Elmer, USA).

3. Results and discussion

Fig. 1 shows the X-ray diffraction patterns for Bi-doped and Al and Bi
co-doped Mg2Si compounds. All patterns are indexed with a targeted
cubic Fm3m space group as a major phase, and the minor secondary
phase MgO is detected in all compositions due to the oxidation of Mg
during the solid state reaction. On the other hand, Bi2Mg3 and Si are ob-
served in the Bi-doped sample (Mg2Si0.97Bi0.03), suggesting the limited
solubility of Bi. Although single-phase Bi-doped Mg2Si could be formed
by additional processes, such as long-time post annealing, [20] simpler
and more scalable approaches to enlargement of Bi-doping content
are highly necessary for cost-effective mass production. Based on a con-
ventional solid state reaction process, we tried to increase Bi solubility
through compositional tuning without any complementary synthetic
procedure. We selected Al as a co-doping element for simultaneous
control of the phase formation and electronic structure of Bi-doped
Mg2Si. We found that the formation of Bi2Mg3 could be controlled by
Al-doping. As shown in Fig. 1, the wt.% of Bi2Mg3, which was calculated
using Rietveld refinement,was largely reduced inMg1.98Al0.02Si0.96Bi0.03
(~2.1 wt.%) and Mg1.96Al0.04Si0.96Bi0.03 (~1.8 wt.%) compared to that of
Mg2Si0.97Bi0.03 (~3.7 wt.%), suggesting increased Bi-doping content by
Al addition.

A scanning electron microscopy (SEM) image for the fractured
surface of Mg1.96Al0.04Si0.96Bi0.03 (Fig. 2(a)) revealed the polycrystalline
nature of the bulk, with an average grain size of ~10 μm. Bi2Mg3 precip-
itates (0.1–1 μm) were also observed in the matrix. STEM (scanning
transmission electron microscopy)-HAADF (high-angle annular
darkfield) analysis was also performed in order to clarify the location
of Bi atoms. The preferred occupancy of doped Al at Mg sites has been
demonstrated in many previous studies. [21,22] Fig. 2(b) shows the
STEM-HAADF images of Mg1.96Al0.04Si0.96Bi0.03 along the [110] zone
axis. Randomly distributed atomic columns with brighter intensity
(blue circles) are clearly observed at Si sites, indicating that doped Bi
atoms are located on the Si atoms. Thus, the electron carriers might be
generated by both Bi5+-doping at Si4+ sites and Al3+-doping at Mg2+

sites.
Fig. 3(a) shows the temperature dependence of σ for Mg2-xAlxSi1-y

Biy (x = 0, 0.02, 0.04; y = 0.03, 0.04). We prepared three different
samples of each composition, as well as a pristine Mg2Si sample, to ex-
amine the effect of the doping and its reproducibility. Theσ values of the
three Mg2Si0.97Bi0.03 samples show high irreproducibility, as shown
in Fig. 3(a), while the reproducibility of the σ values is significantly



Fig. 2. (a) SEM image of the fractured surface of Mg1.96Al0.04Si0.97Bi0.03 (b) STEM-HAADF
image of Mg1.96Al0.04Si0.97Bi0.03. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 3. Temperature dependence of (a) electrical conductivity and (b) Seebeck coefficient
for Mg2-xAlxSi1-yBiy (x = 0, 0.02, 0.04; y = 0.03, 0.04). The inset in (b) shows the
temperature dependence of the power factor. (c) Seebeck coefficient as a function of
carrier concentration (Pisarenko plot) at 873 K for Mg2-xAlxSi1-yBiy (x = 0, 0.02, 0.04;
y = 0.03, 0.04).

Table. 1
Room temperature values of the carrier concentration (nc) and mobility (μHall) for
Mg2-xAlxSi1-yBiy (x = 0, 0.02, 0.04; y = 0.03, 0.04).

nc
(cm−3)

μHall
(cm2 Vs−1)

Mg1.96 Al0.04Si0.96Bi0.04 1.11 × 1020 62.3
Mg1.96 Al0.04Si0.97Bi0.03 1.14 × 1020 70.2
Mg1.98 Al0.02Si0.96Bi0.04 9.68 × 1019 65.3
Mg1.98 Al0.02Si0.97Bi0.03 8.91 × 1019 76.6
Mg2Si0.97Bi0.03 5.12 × 1019 59.5
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improved by Al-doping; the σ values of the three samples of all Al and
Bi co-doped compositions exhibit much smaller error bars. This result
suggests that the reaction of Bi-doping could be stabilized by Al
addition, even in our simple solid state reaction. On the other hand,
the σ value of undoped Mg2Si was very low (~935 S m−1 at 373 K),
while the values of σ were largely increased by both Al- and Bi-
doping. These results indicate that Al3+ at Mg2+ sites and Bi5+ at
Si4+ sites act as electron donors. In order to clarify the behavior of σ,
we evaluated nc and μHall at 300 K and listed their values in Table 1.
Mg1.96Al0.04Si0.96Bi0.03 exhibits higher σ values at lower tempera-
ture than do Mg2Si0.97Bi0.03 and the 1 at.% Al-doped compositions
(Mg1.98Al0.02Si0.97Bi0.03 and Mg1.98Al0.02Si0.96Bi0.04), due to its larger nc
(~1.14 × 1020 cm−3) and higher μHall (~70.2 cm2 V−1 s−1) value. Mean-
while, Mg1.96Al0.04Si0.96Bi0.04 shows rather lower σ values despite
its similar nc (~1.11 × 1020 cm−3), due to μHall (~62.3 cm2 V−1 s−1)
being reduced by intensified impurity (p-type semiconducting
Bi2Mg3) [23] electron scattering. At T ≥ 673 K, all Al and Bi co-doped
compounds show nearly the same values.

Fig. 3(b) shows the temperature dependence of S forMg2-xAlxSi1-yBiy
(x = 0, 0.02, 0.04; y = 0.03, 0.04). All samples showed negative S,
indicating that the samples were n-type semiconductors. The tempera-
ture dependence of S for the Al and Bi co-doped compounds was
similar to that for the reference Mg2Si0.97Bi0.03, whereas the absolute
value of S decreased with increased Al-doping, mainly due to the in-
crease in nc. However, the decrease of the Swas rather small considering
the level of the increase in nc. This is clearly seen in the plot of power



Fig. 4. Temperature dependence of (a) thermal conductivity, (b) lattice thermal
conductivity and (c) dimensionless figure merit ZT for Mg2-xAlxSi1-yBiy (x = 0, 0.02,
0.04; y = 0.03, 0.04).
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factor values, as shown in the inset of Fig. 3(b). Compared with the ref-
erenceMg2Si0.97Bi0.03 (~2.44 mWm−1 K−2 at 873 K), enhanced power
factor values of ~2.9 mWm−1 K−2 at 873 K were obtained in Al and Bi
co-doped compounds, suggesting the increase of the DOS near the
Fermi level. To clarify the difference in electronic transport behavior be-
tween single Bi-doped and Al and Bi co-doped Mg2Si, we calculated the
DOS effective mass valuemd⁎. Themd⁎was estimated from the measured
S and nc with the use of the following Eq. (2):

S ¼ 8π2k2B
3eh2

π
3nc

� �2=3

m�T; ð1Þ

where kB, e, and h are the Boltzmann constant, elementary charge, and
the Planck constant, respectively. Fig. 3(c) shows the measured S as a
function of nc for all samples at 873 K. The solid lines are calculated for
md⁎ = 0.3, 0.5, 0.7, and 0.9m0, assuming a single parabolic band and
energy-independent carrier scattering approximation for degenerated
semiconductors. As shown in Fig. 3(c), md⁎ significantly increases from
0.50m0 (Mg2Si0.97Bi0.03) to 0.68–0.77m0 by Al and Bi co-doping. It is
believed that the larger md⁎ for Al and Bi co-doped Mg2Si are due to
the enlarged DOS near the Fermi level by band structure modification
in association with chemical potential tuning (e.g. resonant state). The
increased S is attributed to the larger md⁎.

Fig. 4(a) shows the temperature dependence of κtot for Mg2-xAlx
Si1-yBiy (x = 0, 0.02, 0.04, y = 0.03, 0.04). The κtot values at 373 K of
Al and Bi co-doped Mg2Si were lower (4.03–4.45 W m−1 K−1) than
that of Mg2Si0.97Bi0.03 (4.81 W m−1 K−1 at 373 K). As shown in
Fig. 4(a), lower κtot values of Al and Bi co-dopedMg2Siweremaintained
even at higher temperatures. Because κtot contains κele, which is ruled
by theWiedemann–Franz law (κele = L σ T, where L is the Lorenz num-
ber), this is an unexpected result, considering the higher σ of Al and Bi
co-doped Mg2Si. We calculated the κlat values to elucidate the point
defect phonon scattering effect by substituted atoms. The value of κlat
was calculated by subtraction of κele from κtot, where κele was estimated
using the Wiedemann–Franz law. The Lorenz number L was estimated
using the following equation:

L0 ¼ kB
e

� �2 r þ 7=2ð ÞFrþ5=2 ηð Þ
r þ 3=2ð ÞFrþ1=2 ηð Þ−

r þ 5=2ð ÞFrþ3=2 ηð Þ
r þ 3=2ð ÞFrþ1=2 ηð Þ

� �2 !
; ð2Þ

where r is the scattering parameter, which was calculated form the
temperature dependence of μHall, Fn(η) is the n-th order Fermi integral,
and η is Fermi energy, respectively. Details of the L calculation have
been described elsewhere [24]. The values of L, ranging from 1.98 ×
10−8 V2 K−2 to 2.35 × 10−8 V2 K−2, were found for Bi-doped and Al
and Bi co-doped Mg2Si samples. As shown in Fig. 4(b), κlat values at
873 K of Al and Bi co-doped Mg2Si were lower (0.88–1.28 Wm−1 K−1)
than that of Mg2Si0.97Bi0.03 (1.83 W m−1 K−1). One possible reason is
Al-doping. However, Al at Mg sites would not act as effective phonon
scattering centers, due to the similarity in mass (MAl = 26.98) to Mg
(MMg = 24.30) [25]. Thus, the reduction of κlat in Al and Bi co-doped
Mg2Si should originate from intensified point defect phonon scattering
due to the large mass difference between Si (MSi = 28.08) and Bi
(MBi = 208.98).

The dimensionless figures of merit ZTs of Mg2-xAlxSi1-yBiy (x = 0,
0.02, 0.04; y = 0.03, 0.04) are shown in Fig. 4(c). The ZT values were
significantly enhanced over a wide temperature range by co-doping
of Al and Bi, and the peak ZT value obtained is 1.02 at 873 K for the
Mg1.96Al0.04Si0.97Bi0.03 sample. These high ZT values are due to the
simultaneous manipulation of electronic and thermal transport prop-
erties by multiple doping. It is noted that a further enhancement of ZT
is possible through the formation of nanostructures, especially those
with a larger characteristic length than that of the impurity atoms,
allowing reduced κlat by intensified mid- and long-wavelength phonon
scattering.
4. Conclusions

We investigated the phase formation and thermoelectric properties
of Al and Bi co-dopedMg2Si. Al addition atMg sites stabilized thedoping
of Bi on Si sites and increased the controllability of electronic and lattice
structures. It was found that both electronic and thermal transport
properties of Mg2Si-based thermoelectric materials could be controlled
by a compositional tuning approach. Enhanced power factor and re-
duced lattice thermal conductivity were obtained by co-doping of
Al and Bi due to the increased density of states effectivemass and inten-
sified point defect phonon scattering. A peak ZT value of 1.02 was ob-
served at 873 K for Mg1.96Al0.04Si0.97Bi0.03.
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