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High Performance Mg,(Si,Sn) Solid Solutions: a Point
Defect Chemistry Approach to Enhancing Thermoelectric

Properties

Guangyu Jiang, Jian He, Tiejun Zhu,* Chenguang Fu, Xiaohua Liu, Lipeng Hu,

and Xinbing Zhao*

A point defect chemistry approach to improving thermoelectric (TE) proper-
ties is introduced, and its effectiveness in the emerging mid-temperature TE
material Mg,(Si,Sn) is demonstrated. The TE properties of Mg,(Si,Sn) are
enhanced via the synergistical implementation of three types of point defects,
that is, Sb dopants, Mg vacancies, and Mg interstitials in Mg,Siy 4Sng 6.xSby
with high Sb content (x > 0.1), and it is found that i) Sb doping at low ratios
tunes the carrier concentration while it facilitates the formation of Mg
vacancies at high doping ratios (x > 0.1). Mg vacancies act as acceptors and
phonon scatters; ii) the concentration of Mg vacancies is effectively controlled
by the Sb doping ratio; iii) excess Mg facilitates the formation of Mg intersti-
tials that also tunes the carrier concentration; vi) at the optimal Sb-doping
ratio near x = 0.10 the lattice thermal conductivity is significantly reduced,
and a state-of-the-art figure of merit ZT > 1.1 is attained at 750 K in 2 at% Zn
doped Mg;,Sij 4Sng5Sbg 1 specimen. These results demonstrate the signifi-
cance of point defects in thermoelectrics, and the promise of point defect

inter-convert heat and electricity.? The
conversion efficiency largely depends
on the figure of merit of the material,
ZT =0?0T/x, where o is the Seebeck coef-
ficient, o the electrical conductivity, x the
thermal conductivity (including the lat-
tice thermal conductivity k; and the elec-
tronic thermal conductivity k), and T the
absolute temperature. Among the ZT-
governing physical properties, the power
factor (PF = &?0) and the lattice thermal
conductivity k; are relatively less inter-
dependent, leading to two basic strategies
to improving ZT. One is to enhance the
PF by tuning the carrier concentration, 12
or increasing the effective mass via band
convergencel>! and resonant levels.[®7]
The other is to reduce ki via enhancing
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chemistry as a new approach in optimizing TE properties.

1. Introduction

The impending energy crisis and environmental issues associ-
ated with the use of fossil fuel have imposed a pressing demand
for sustainable energy conversion technologies, including
thermoelectricity. Thermoelectric (TE) devices can directly
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phonon scattering in solid solutions and/

or at the grain boundaries,”*! for example,

in PbTe(PbSe),®” Bi,Te;'%M and filled

skutterudites.'?l In the same spirit, the
material parameter = (m*/m.)*/*/x; has been used as a cri-
terion for high-ZT materials,['3! where m* is the carrier effec-
tive mass, and u the carrier mobility in cm? V s7! and x; in
W em KL

Notably, Mg,X (X = Si, Ge, and Sn)-based materials exhibit
large B values,' promising mid-temperature TE perfor-
mance,>1>1% and also they are made of non-toxic and naturally
abundant constituent elements. To date, the best TE perfor-
mance with ZT~1 has been attained in Mg,(Si,Sn) solid solu-
tions, in line with enhancing the PF (i.e., the first strategy) via
implementing low carrier scattering potential,’”] band conver-
gence,® and group-VA elements doping.*'>! However, the
experimentally minimum k; of Mg,(Si,Sn) (=1.5 W m™! K7}
is substantially higher than the state-of-the-art TE materials,
such as Bi,Te; (<1.0 W m™! K1) 1% and PbTe (=1.0 Wm™!K™1).
Hence the promise of Mg,(Si,Sn)-based materials as an
emerging class of green mid-temperature TE materials hinges
on how to further reduce the lattice thermal conductivity
without degrading the PF much.

The optimal operation temperature range of Mg,(Si,Sn) is in
the mid-temperature range, where the characteristic wavelength
of heating-carrying phonons, A, is on the order of its lattice
constant, a, according to the relation A = (6p /T) a, where 6p is
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the Debye temperature.l'” When the characteristic length scale
of phonon scatters is comparable to A or a, the phonons can
be more strongly scattered. In view of the simple antifluorite
crystal structure of Mg,(Si,Sn), implementation of point defects
is the option.

There are basically three types of point defects in Mg,(Si,Sn),
that is, dopants, vacancies and interstitials. Kato et al. studied the
point defects in Mg,Si by density functional theory and proposed
that donor-like Mg interstitials are the major point defects in both
Mg-rich and Mg-poor conditions.?? Experimentally, Liu et al.
and Du et al. confirmed that Mg interstitials act as donors and
effectively increase the carrier concentration and TE properties
of Mg;(Si,Sn).12122l A small amount of Sb dopants (<3%) at Si/Sn
sites as donors also contribute electrons to Mg,(Si,Sn).1617:23]
Nolas et al. and Dasgupta et al. systematically studied the roles
of Mg vacancy in Mg,(Si,Sb). They found that a high Sb doping
ratio (=10%) facilitates the formation of Mg vacancies; Mg vacan-
cies act as acceptors and thus compensate for the Sb doping; Mg
vacancies strongly scatter phonons but they adversely affect the
carrier concentration and the carrier mobility.

An immediate question arises as to whether the three types
of point defects, Si/Sn-site dopants, Mg vacancies, and Mg
interstitials can be synergistically implemented in Mg,(Si,Sn)
to further optimize its TE performance. To address this ques-
tion, one needs a feasible experimental control of each type
of defect to study the interplay between Si/Sn-site dopants,
Mg vacancies, and Mg interstitials. First, we note that Sb
doping on Si/Sn sites effectively adjusts the carrier concen-
tration and the concentration of Mg vacancies. At low doping
ratios (<3%), Sb doping increases the electron concentration
(Sb — Sby, +e").3:18:21.22] However, at higher doping ratios (=10%
in Mg,Si)l?¥l Sb doping facilitates the formation of Mg vacan-
cies (Sb—>Sbi,+=V”y,) to conserve charge neutrality?* In
the simplest casé (without Mg interstitials), charge neutrality

leads to a relation [V"Mg ] = %[Sb;n ], where [V”Mg] and [Sb;n]

are the concentration of Mg vacancies and the Sb-doping ratio,
respectively. We will experimentally verify this relation in the
following. Second, Mg interstitials can be formed and con-
trolled by excess Mg in the starting material.'”-22l However, one
concern is that vacancies and interstitials are thermodynami-
cally meta-stable and tend to recombine (similar to Frenkel
defects), leading to hysteretic behavior in TE properties. In a
supplemental study (Figure S1, Supporting Information), we
have conducted electrical conductivity, Seebeck coefficient on
the specimens containing both Mg vacancies and Mg intersti-
tials up to 750 K for multiple times. We found no noticeable
changes: the recombination process, if any, is negligible under
current experimental conditions. It is plausible to infer that the
Sb dopants stabilize Mg vacancies and inhibit the recombina-
tion process. Accordingly we can independently control the
concentration of Mg interstitial in the presence of Sb-dopants
and Mg vacancies. Finally, we note that Mg vacancies act as
acceptors while Sb-dopants and Mg interstitials act as donors,
their interplay adds another layer of control of the carrier con-
centration. In this work, we will investigate the interplay of Sb
doping, Mg vacancies and Mg interstitials in Mg,(Si,Sn) solid
solutions, and demonstrate the point defect chemistry approach
can be effective in enhancing TE properties.
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Figure 1. XRD patterns of all Mg,Sip4Sng6..Sb, specimens. The actual
compositions are determined by EPMA. Solid diamond (¢) denotes the
MgO impurity phase.

2. Results and Discussion

Figure 1 presents the XRD patterns of all Mg, Sij 4Sn ¢..Sb, speci-
mens with the actual Sbcompositions x=0.02,0.11,0.12,0.27,0.38
(EPMA compositions, hereafter). All major reflections can be
well indexed to the antifluorite structure (space group Fm 3 m),
suggesting that the solid solubility limit of Sb in Mg,(Si,Sn)
is higher than x = 0.38, similar to Nolas’s results.?3] A trace
amount of MgO was observed in all specimens but it won't alter
the following discussion or conclusions. Table 1 lists the actual
composition determined by EPMA along with room tempera-
ture physical properties for each specimen. Apparently, Mg defi-
ciency increases with increasing Sb doping ratio, consistent with
the formation of more Mg vacancies at higher Sb-doping ratios.
On the other hand, the carrier concentration doesn't show any
clear trend with either Mg content or Sb content, which is attrib-
uted to the interplay between Sb dopants (donors), Mg vacancies
(acceptors) and Mg interstitials (donors).

Figure 2a presents the temperature dependence of electrical
conductivity 0. We note that ¢ does not show any clear trend in
its magnitude or temperature dependence with the Sb content,
similar to the n. The x = 0.02 and x = 0.12 specimens exhibit

Table 1. Actual compositions and room temperature values of several
physical parameters of all Mg,Si4Sng.,Sb, specimens.

Nominal EPMA composition n U m*[/mg
composition 10 em™] [em?V~'sT]

x=0.02 Mg, 14(Sio.385M0.605b0.02) 22 57 1.66
x=0.10 (0.5%Mg Mgy g4(Sio.40SN0.49Sbg 11) 0.81 92 1.60
excess)

x=0.10 Mg 08(Sio38Sn0.50Sbo.12) 37 38 2.35
x=0.25 Mgy 85(Sio.385N0.355b0 27) 18 31 135
x=0.35 Mgy 53(Sio.375N0.255bg 35) 1 23 1.19
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Figure 2. a) Temperature dependence of electrical conductivity o
and b) temperature dependence of the Seebeck coefficient o for
Mg,Sio.4Sno,Sby (x=0.02, 0.11, 0.12, 0.27, 0.38).

typical temperature dependence of degenerate semiconductors
and the highest ¢ value among all specimens. Notably, the x =
0.11 specimen exhibits a room temperature ¢ value of about
one order of magnitude lower than the x = 0.02 and x = 0.12
specimens along with a very weak temperature dependence.
The o of x = 0.27 and x = 0.38 specimens are somewhat in
between in both magnitude and temperature dependence.

The non-systematic variation of o sheds insight on the inter-
play between the Sb-dopants, Mg vacancies and Mg interstitials.
We first compare x = 0.11 and 0.12 specimens that have same
nominal Sb content, slightly different Mg content but distinct
o. Note that the carrier concentration n of x = 0.12 specimen
is = 45 times as much as that of x = 0.11 specimen (Table 1), in
addition, the o of x = 0.11 specimen exhibits a higher magni-
tude than all other specimens along with a marked bipolar peak
near 550 K (Figure 2b). The bipolar peak signatures a two-band
conduction, accordingly the measured Ry and thus n largely

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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reflect the mobility-weighted difference between the electron
concentration, n,, and the hole concentration, ny,

_ M R )
U ety + )
where p., py, are the electron and hole mobility, respectively.
In view of Equation 1, the low n value in x = 0.11 specimen
points to a near cancellation between electrons (contributed
by Sb-dopants and Mg interstitials) and holes (contributed by
Mg vacancies). That is why a few percent difference in Mg con-
tent between x = 0.11 and x = 0.12 specimens can cause an
order of magnitude change in the n (Table 1). Now we bring
x = 0.02 specimen into comparison. In x = 0.02 specimen,
Mg interstitials account for the Mg excess and thus most car-
riers (Mg — Mgi" +2¢’), which is consistent with the previous
results.2122 Furthermore, it is inferred that the electrons have
higher mobility than the holes in Mg,(Si,Sn), the electrical
properties are thus governed more by donors (Sb-dopants and
My interstitials) than acceptors (Mg vacancies).

Nonetheless, the role of Mg vacancies becomes more promi-
nent as x> 0.11, resulting in the reduction in electron concentra-
tion and electrical conductivity. Here we try to estimate the con-
centration of Mg vacanciesfor those specimens with x > 0.11.
Mg vacancy originates from two parts: one is the Mg loss due to
the evaporation, the other is the formation of Mg interstitials.
The analysis is based on a relation, [V”y,]=y+[Mg;’], where
[Mgi'] and y represent the concentration of Mg interstitials, and
the Mg deficiency per unit volume, respectively. As discussed
above, the electron and hole concentrations are nearly cancelled
out in the x = 0.11 specimen, so the variation of n at x 2 0.11 is
subject to the competition between [Mg;'] (donors) and [V” ]
(acceptors). The contribution of Sb dopant to the carrier concen-
tration is cancelled by the formation of Mg vacancy to conserve
charge neutrality. If we assume Mg interstitials account for all
carrier concentration, that is, the concentration of Mg intersti-
tial is half of the n as Mg — Mg;" +2¢’, we can estimate [V”y,]
via the relation [V”y]=y+[Mgi]=y+n/2 for specimens
x = 0.11, 0.12, 0.27 and 0.38, with the y values derived from
EPMA determined Mg deficiency per unit cell and the n values
by Hall coefficient measurements. The Mg vacancy concentra-
tions of all the specimens are listed in Table 2. Figure 3 pre-
sents the estimated number of Mg vacancies per molecular for-
mula versus the Sb-content per molecular formula, along with
the results previously reported in Mg,(Si,Sb) by Nolas et al.?3]
The data points clearly fall on a straight line with a slope = 1/2,
indicating one Mg vacancy is created by nearly two Sb dopants

Table 2. Calculated scattering parameters due to total mass fluctuation
I, Mg-vacancy mass fluctuation I, vacancy and strain field scattering I,
I, are the experimentally obtained scattering parameter.

Sbontent [y 1 caly T (10 Tnyacany (109) T3 (10%) Ty (10%)
0.02 - - - - -
0.11 0.06 6.3 6.1 13 19
0.12 0.07 73 6.9 13 20
0.27 0.14 14 14 15 29
0.38 0.19 18 18 18 36

Adv. Funct. Mater. 2014, 24, 3776-3781
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Figure 3. Calculated Mg vacancies per molecular formula as a function
of Sb content per molecular formula. We have converted the units of
carrier concentration n from cm™ to per molecular formula accordingly.
The open circles are experimental data, while the hollow asterisks are
calculated from the data reported elsewhere.?’]

in the presence of Mg interstitials and agreeing well with the
argument [V”,,]==[Sbs,] we made earlier. The slope is slightly
lower than 1/2, which can be attributed to the secondary con-
tribution of Mg vacancies as acceptors. Despite several sim-
plifying assumptions in the analysis, the observed correlation
[Sbs.] between and [V”y,] can serve as a guideline for fur-
ther optimizing Mg,(Si,Sn)-based TE materials via point defect
chemistry approach.

Figure 2b shows that the Seebeck coefficient o of all speci-
mens is negative in the temperature range studied, indicative of
n-type conduction despite the presence of Mg vacancies (accep-
tors). The magnitude and temperature dependence of « for all
specimens are typical of degenerate semiconductor. Interest-
ingly, except for x = 0.11 specimen, all other specimens exhibit
very similar o in magnitude and temperature dependence
despite a wide variance in their n and o (Table 1). The signifi-
cance of this observation will be addressed in conjunction with
the band structure parameters next.

To gain more insight on the interplay of these point defects
and the impact on the electrical transport properties, we apply
a single parabolic band (SPB) model to calculate the electron
effective mass m*.1) We take the scattering parameter of r =
—1/2 for a mixed scattering of acoustic phonons and alloy dis-
order scattering.l'”l The values of y and m* at room tempera-
ture are presented in Table 1. Roughly, both p and m* first
increase and then decrease with increasing Sb content. The
turning point is near x = 0.11 and x = 0.12 specimens. As dis-
cussed above, the material parameter f§ = (m*/m.)*/%p/xy is
used to gauge the TE potential of a material. Figure 4 shows
the room temperature value of f as a function of Sb content per
molecular formula, along with the data points from previous
reports for comparison.['>22 The f value appears to peak some-
where near x = 0.10, suggesting that Mg interstitials are ther-
moelectrically favored whereas Mg vacancies are less favored.

Adv. Funct. Mater. 2014, 24, 3776-3781
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Figure 4. Room temperature value of (m*/m.)3/%u/x as a function of Sb

content per molecular formula, m*, y, and & are discussed in detail in
the main text. The lattice thermal conductivities x; will be presented in
Figure 5b.

The region near x = 0.10 is of special interest. It is where Mg
vacancies start to form and compensate for the Sb doping, and
thus where the impact of Mg interstitials can be maximized.

Figure 5a,b show the temperature dependences of k and xq,
respectively. Lattice thermal conductivity, ki, is estimated by
K= K + K., Where k. = 6L, T is the electron thermal conductivity.
The Lorenz number L, can be calculated by SPB model.l*!-??!
As shown in Figure 5b, the k; of all the specimens systemati-
cally decreases with increasing Sb content. Especially, the x; are
almost the same below 570 K for the two specimens (x = 0.11
and 0.12) that have a similar Sb content but different [Mg;'].
As the heat-carrying phonons have a wavelength on the order
of the lattice constant, the reduction of x; can be explained in
term of alloying scattering. Alloy scattering results from the
mass fluctuation and strain field fluctuation between the host
and impurity atoms. The scattering parameter I'., is calculated
to describe the total fluctuation in a material (more details in
Supporting Information), Iy, = I, + I, %) where I, and T
are scattering parameters due to mass fluctuation and strain
field scattering, respectively. We present the results of T, expr Lo
and T for all the specimens in Table 2. We are fully aware the
risk of over-interpreting these numbers from fitting, thus we
restrict ourselves to discussing the trend.

The Iy, in Table 2 shows that alloy scattering is systematically
enhanced with increasing Sb content. At low Sb doping ratios,
I, is smaller than I, indicating a predominant strain-field-
fluctuation scattering. As the Sb content increases, I, systemati-
cally increases until it is about equal to I';. Note that the mass-
fluctuation scattering has two contributors, the mass difference
between Sn/Sb and that between Mg/Mg vacancies. As shown in
Table 2, I}, vacancy = I for all specimens, indicating the phonon
scattering due to the mass difference between Mg and Mg
vacancy predominates over that between Sb and Sn. Meanwhile,
T also systematically increases with increasing Sb content, indi-
cating that the strain-field scattering is enhanced with Sb doping.
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Figure 5. Temperature dependences of a) thermal conductivity kK and
b) lattice thermal conductivity K for Mg,Sig4Snge.Sb, (x = 0.02, 0.11,
0.12,0.27, 0.38). c) The room temperature ki as a function of Sb content
per molecule formula.

The strain-field-fluctuation is mainly due to Mg vacancies and
partially to the radius difference between Sb and Sn.

We plot the room temperature k; versus Sb content per
molecular formula in Figure 5c, the results are similar to what
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Figure 6. Temperature dependence of ZT for Mg;Sig 4Sng6.,Sby (x = 0.02,
0.11, 0.12, 0.27, 0.38) specimens.

Nolas et al. reported in Mg,(Si,Sb).23! The large Sb substitu-
tion (x > 0.11), along with the resulting Mg vacancies, results
in a significant reductionof k; (>15% near room temperature)
compared to that of the x = 0.02 specimen. The k; of the x =
0.38 specimen is comparable to the theoretical minimum xq,
estimated using the Cahill model (Figure 5b).*”] These results
thus demonstrated the effectiveness of point defect approach in
suppressing the k.

With all TE properties known, we calculate and plot the figure
of merit, ZT, of all specimens in Figure 6. Importantly, the inter-
play between Sb-dopants, Mg vacancies and Mg interstitials helps
retain the electrical properties over a range of x or n (Figures 4, 6).
In particular, the region near x ~ 0.10 is of special interest with
significantly reduced lattice thermal conductivity and subject
to further optimization. However, further optimizing electrical
properties of this composition by changing Mg excess and Sb
content will destroy the balance between the Sb dopants, Mg
vacancies and Mg interstitials. Thus, in a supplemental study,
we further tune the n by doping Zn. Indeed, the PF is effectively
enhanced and a state-of-the-art ZT = 1.1 at =750 K has been
attained for Mg, Sij 4Sng5Sby ; at 2at% Zn doping (Figure 6).

3. Conclusions

We adopted a point defect chemistry approach to enhancing the
TE performance of Mg,(Si,Sn) via synergistically implementing
Sb-dopants on Si/Sn sites, Mg vacancies and Mg interstitials.
Among specimens with actual composition Mg,Sij 4S1¢ 6..Sb,
(x=10.02, 0.11, 0.12, 0.27, 0.38), we found i) a strong correlation
between the Sb content and the concentration of Mg vacancy
in the presence of Mg interstitials, which can serve a guideline
for further optimization of Mg,(Si,Sn) based materials; and
ii) the interplay between Sb-dopants, Mg vacancies, and Mg
interstitials renders a special region near x = 0.10 in which the TE
properties are somewhat decoupled. A state-of-the-art ZT = 1.1
was attained in Mg,Si;4Sn50Sbo1o at 750 K upon 2% Zn

Adv. Funct. Mater. 2014, 24, 3776-3781
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doping. These results thus demonstrated the promise of point
defect chemistry approach in further optimizing Mg,(Si,Sn)-
based TE materials.

4. Experimental Section

Mg,Si0.4SN0.6.Sb, specimens with nominal composition x = 0.02, 0.10,
0.10, 0.25, 0.30 were prepared. Stoichiometric amount of Mg (3N),
Si(3N), Sn (3N), and Sb(5N) powders were weighed and mixed, with 6
at% Mg excess to compensate for the evaporation loss in all specimens
except for one specimen (x = 0.10) in which only 0.5at% Mg excess was
applied to study the roles of Mg interstitials. The admixture was sealed
in a tantalum tube in Ar atmosphere and heated at 1073 K for10 h. The
product was pulverized and sieved. Fine powder of size < 75 ym was
then hot pressed at 973K for 2h into ¢ 12.6 mm diameter pellets. All
pellets have a similar packing density > 95%.

The phase purity of specimens was checked on a Rigaku D/
MAX02550PC diffractometer with monochromatic Cu Ko radiation.
The chemical compositions were characterized by electron probe
microanalysis (EPMA, JEOL-JXA-8100)with a wavelength dispersive
spectrometer (WDS).Thermal diffusivity D and specific heat C,
measurements were performed on a Netzsch LFA457 Micro Flash
Analyzer. The thermal conductivity was calculated by the relation x = d
D C,, where d is the density of specimen. Then bar specimens were cut
from the pellets for electrical conductivity (6) and Seebeck coefficient (o)
measurements on a custom designed apparatus using a DC four-probe
method and differential voltage/temperature technique, respectively.?
The compounds adopt a cubic crystal structure in the temperature range
studied, so the TE properties are isotropic. All TE properties, o, o, and k,
were measured from room temperature to 723 K. The room temperature
Hall coefficient (Ry) was measured at 300 K using a Mini Cryogen Free
Measurement Systems. The carrier concentration (n) and the carrier
mobility (4) were then estimated by the relation n=1/e Ry and y = Ry,
where e is the elemental charge. The analysis of defect chemistry is in
the context of an ionic picture if not otherwise noted.

Supporting Information

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