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Transport properties of polycrystalline Mg,Si;_,Sb, (0=y <0.4)
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Thermal conductivity, Seebeck coefficient, resistivity, and Hall measurements on polycrystalline
Mg,Si;_,Sb, with 0=y =0.37 are reported. In these materials, Sb substitutes for Si in the antifluorite structure.
As the Sb content increases, vacancies are formed in the lattice on Mg sites, which also contribute to variations
in the transport properties. With increasing Sb content, both the absolute Seebeck coefficient and electrical
resistivity first decrease, but then increase due to vacancy formation, while the thermal conductivity decreases
monotonically with increasing Sb content. We investigate the lattice thermal conductivity by modeling the data
using the Debye approximation in order to discern the contributions from different phonon-scattering mecha-
nisms. We discuss the results in the context of potential thermoelectric applications.
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INTRODUCTION

Compounds with the antifluorite crystal structure (Mg,E,
where E=Si, Ge, or Sn) are covalently bonded semiconduc-
tors with relatively high mobilities and thermal
conductivities.'™ They can readily be doped, Ag and Cu as
electron acceptors, and Sb and Bi as donors,%’ and their in-
trinsic band gaps range from 0.77 eV for Mg,Si to 0.36 eV
for Mg,Sn.® They possess properties that are similar to that
of the group IV elemental semiconductors,’ thus they have
long been recognized as good candidates for thermoelectric
applications.®

Recent reports of good thermoelectric properties'® with
high thermoelectric figures of merit, in addition to similar
previous claims,'!> have added to the interest in this mate-
rial system. The effectiveness of a material for thermoelectric
applications is determined by the material’s figure of merit,
ZT=ST/ kp, where S is the Seebeck coefficient; « is the
thermal conductivity, which is composed of both lattice «;
and electrical x, components; p is the electrical resistivity;
and T is the absolute temperature. Typically, the power fac-
tor, S?/p, is optimized as a function of carrier concentration
through doping, and «; is reduced via alloying in order to
give the largest ZT. A good thermoelectric material possesses
a large S along with low p and «. However, for a given
material, these parameters are not independent.'> Neverthe-
less, in certain bulk semiconducting and intermetallic com-
pounds, a very low «; with relatively good electronic prop-
erties can provide high ZT values.'* The antifluorite material
system can be included in this category if «; can be substan-
tially reduced without degrading the electrical properties. It
has been demonstrated that Mg;Sb, is soluble in Mg,E, for
E=Si, Ge, and Sn, up to 30%,">'® thus (Mg,E),_,(Mg;Sb,),
mixed crystals with the antifluorite crystal structure are pos-
sible. These results indicate that a relatively high concentra-
tion of Sb can be substituted for Si in the antifluorite crystal
structure. In previous studies, Sb or Bi was used as electrical
dopant in small concentrations.®’ We examine the effect of
incorporating high concentrations of Sb in Mg,Si by evalu-
ating the low temperature transport properties of polycrystal-
line Mg,Si;_,Sb,. The influence of high concentrations of Sb
within the antifluorite crystal structure is required in order to
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elucidate the structure-property relationships within this ma-
terial system.

EXPERIMENTAL PROCEDURE

A series of seven Mg,Si;_,Sb, polycrystalline specimens
was prepared for this investigation. Polycrystalline speci-
mens were synthesized from high purity elements, in powder
form, in stoichiometric amounts for the case of Si and Sb,
and with an excess of 2 mol % from stoichiometry for Mg in
order to compensate for the relatively high Mg vapor pres-
sure. The powders were first mixed by grinding in a mortar
and pestle, then cold pressed into solid pellets. The subse-
quent pellets were placed in tungsten crucibles that were
sealed in quartz tubes in an Ar atmosphere and reacted at
570 °C for 24 h. After this initial solid-state reaction, the
resulting pellets were ground to fine powders (utilizing a 325
mesh sieve) in a glovebox, cold pressed into pellets, and
re-reacted under Ar at 850 °C (900 °C for the two speci-
mens with the highest Sb content) for an additional 24 h.
This latter step was repeated once more in order to ensure
homogeneity. After this process, the resulting pellets were
ground to fine powders and hot pressed at 20 000 lbs/in.?
and 800 °C for 2 h. Pieces of the hot pressed specimens
were ground for x-ray powder diffraction (XRD) analysis.
XRD was performed on a Bruker D8 Focus diffractometer
using Cu K« radiation. Chemical compositions were deter-
mined by electron probe microanalysis (EPMA), averaged
over several randomly selected locations within a section of
each hot pressed polycrystalline pellet. For transport prop-
erty measurements, the polycrystalline pellets were cut into
parallelepipeds of size 2X2 X5 mm® using a wire saw to
minimize surface damage. Steady state S and « as well as
four-probe p measurements were performed using a
radiation-shielded vacuum probe in a custom-designed
closed-cycle refrigerator. We employed a differential thermo-
couple to measure the temperature gradient, and 0.001 in.
copper wires as voltage probes. Four-probe Hall measure-
ments were carried out at room temperature employing a2 T
electromagnet. For Hall measurements, data were collected
on 2X0.5X8 mm® specimens at successive positive and
negative magnetic fields to eliminate voltage probe misalign-
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FIG. 1. XRD patterns for the seven polycrystalline antifluorite
specimens synthesized. Miller indices (hkl) for reflections due to
the antifluorite structure are indicated below the bottom pattern.
Weak reflections due a trace amount (less than 1 wt %) of MgO
present in the specimens are indicated by the symbol (O). Inset:
Lattice parameter a estimated from powder XRD indicating a linear
increase with Sb content.

ment effects. Room temperature relative uncertainties for S,
p, k, and Hall are approximately 5%, 4%, 8%, and 10%,
respectively.

RESULTS AND DISCUSSION

Figure 1 shows the XRD spectra, where the successive
spectra are shifted in intensity for clarity and amplified to
identify low intensity diffraction peaks corresponding to the
trace amount of MgO impurity (estimated to be less than
1%) in the specimens. All other XRD peaks were indexed to
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FIG. 2. Calculated XRD patterns for the seven antifluorite speci-
mens, using site occupancies inferred by the stoichiometries listed
in Table I. Miller indices (hkl) for reflections due to the antifluorite
structure are indicated below the bottom pattern.

the antifluorite (space group Fm3m) crystal structure. As
shown in the inset of Fig. 1, the room temperature lattice
parameters a increase linearly with Sb content. For the seven
specimens prepared for this report, Table I lists the compo-
sitions determined from EPMA along with measured room
temperature physical parameters. Elemental x-ray maps ob-
tained from EPMA indicated the MgO phase to be located in
isolated inclusions, and confirmed their fraction to be less
than 1%, corroborating the results from powder x-ray dif-
fraction shown in Fig. 1. We note that although Mg was
prepared in excess of stoichiometric amounts, EPMA results
indicate an increasing deficit of Mg as the Sb content in-
creases above y=0.05, implying that Mg vacancies are
present. Figure 2 displays calculated XRD powder patterns'®
obtained for the seven specimens. The patterns were calcu-

TABLE I. Compositions based on EMPA results, measured room temperature values for p, S, electron
concentration n, and mobility u, and estimated effective mass m,, (free electron effective mass=my).

Specimen EMPA p S n M

No. composition (mQ cm) (wV/K) (cm™) (cm?/V's) m:/ my
I Mg, 5Si 71.6 —-406 1.6 10'8 53 0.51
Il Mg, 06Si0.99Sbo.01 1.7 -103 7.7X 10" 47 0.50
11 Mg, 03Si.95Sbg 02 1.0 -75 1.2x10% 50 0.47
v Mg, 03Si0.955bg 05 1.1 -71 1.6 10% 36 0.52
\Y% Mg, 49Sip.92Sbo 08 1.8 -68 1.8 X 1020 20 0.50
VI Mg 95Sip 52Sbg 15 2.1 -75 1.6 X 1020 18 0.55
VII Mg, §,Sig 635bg 37 7.6 -102 5.9x 10" 14 0.41
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FIG. 3. Temperature dependence of resistivity for the seven
specimens listed in Table I. The symbols correspond to the speci-
mens as follows: I (@), II (O), I (V¥), IV (V), V (M), VI (O), and
VII (¢).

lated using the experimentally determined lattice parameters,
with site occupancies inputted taking into consideration the
compositions shown in Table I. The agreement between the
experimental and calculated power XRD patterns indicates
that Mg vacancies as well as Sb substitution for Si are
present in our specimens. Specifically, the relative increase
or decrease in the intensities of several reflections [for ex-
ample, the (200), (311), (222), and (420) reflections] in the
range 20°-70° 26 corroborates well with the experimental
patterns (Fig. 1). This compositional variation indicated from
both EPMA and powder XRD also has a direct effect on the
transport, as we will discuss in detail below.

Temperature dependent p and S data for all seven speci-
mens are plotted in Figs. 3 and 4, respectively. Room tem-
perature p values (Table I) range from 1.0 to 7.6 m{) cm for
the Sb doped compositions and an order of magnitude higher
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FIG. 4. Temperature dependence of the Seebeck coefficient for
the seven specimens listed in Table I. The symbols correspond to
the same specimens as in Fig. 3. Inset: Temperature dependence of
S for undoped Mg,Si (specimen I; same units as the main figure).
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FIG. 5. Number of vacancies per formula unit on the Mg site,
along with room temperature carrier concentration and absolute
Seebeck coefficient, as a function of Sb content y for Mg,Si;_,Sb,,.

for Mg,Si. The materials with y>0 display a relatively flat
temperature dependence; however, the room temperature val-
ues show an initial decrease in resistivity with Sb content,
reaching a minimum for y=0.02 before increasing as y fur-
ther increases. This trend is similar to that shown in Fig. 4,
where at room temperature |S| (the absolute value of S) first
decreases with y, reaches a minimum at y=0.08, and then
increases. Room temperature S values range between —68
and —103 uV/K for the Sb doped specimens.

Hall and S measurements combined with EPMA analyses
help elucidate the nature of these trends. Figure 5 shows
room temperature carrier concentration and |S| as a function
of Sb content. An increasing (decreasing) carrier concentra-
tion results in a decreasing (increasing) |S|, as expected for
typical extrinsic semiconductor behavior. The maximum car-
rier concentration, as well as minimum |S, is obtained for
y~0.08. Applying a simple crystal chemistry approach, one
would expect a monotonic increase in carrier concentration
upon Sb substitution for Si. However, Fig. 5 clearly indicates
that this is not the case above y=0.08. We eliminate the
possibility of band curvature modification with increasing Sb
in these materials (vide infra) as the reason for this effect, but
note the Mg-site vacancies determined by the EPMA data as
the origin. This is also illustrated in Fig. 5, where Mg vacan-
cies from EPMA results (Table I) as a function of Sb content
are shown. At low Sb concentrations, there is no direct va-
cancy formation and Sb acts as an electron donor; however,
at higher Sb concentrations, vacancies are increasingly cre-
ated on the Mg sites. These vacancies can create electron
acceptor states, and thus, begin to compete with the contri-
bution from Sb donors. The higher the Sb content, therefore,
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the larger the vacancy concentration. The overall effect re-
sults in a decrease in electron concentration above y=0.08,
although S and Hall measurements indicate electrons as ma-
jority carriers for all compositions. In previous work on Sb
and Bi doping of Mg,E,%” only low concentrations of these
elements were doped in Mg,E; thus, this effect was not ob-
served. This vacancy formation also results in lower mobili-
ties, as shown in Table I, which contributes to increasing p as
the concentration of vacancies increases.

From room temperature S, p, and Hall carrier concentra-
tion, we can also estimate the electron effective mass in these
materials. As indicated in Table I, the six compositions are
heavily doped semiconductors. Extrinsic alloys and doped
antifluorite compounds have shown strong electron-acoustic
phonon scattering behavior,” as has been observed in other
material systems.?®?! We, therefore, expect a mixed ionized
impurity and acoustic phonon scattering for electrons near
room temperature. Assuming a single parabolic band, S and
n are given by?!

k[ QanFLL )
5= e[ (1+1r)F/(n) ] 0
5 m*k T |??
=‘;[ "ﬁf] Fin(n). 2)

where r is the exponent (if the energy dependence of the
electron mean free path, m,, is the electron effective mass, e
is the electron charge, p=FEr/kgT is the reduced Fermi en-
ergy, Ep is the Fermi energy, and F,(7) is the Fermi integral
of order i. The + and — signs in Eq. (1) are appropriate for
hqkles and electrons, respectively. Table I lists the estimated
m,, values using r=1 for mixed scattering from ionized im-
purities and acoustic phonons. These values are in good
agreement with those reported previously for Mg,Si,?* and
indicate negligible modification of the band curvature and
that the vacancies on the Mg site lead to the variations in
electrical transport.

Figure 6 shows temperature dependent «; data. We esti-
mate «; using the Wiedemann-Franz relation (x;=x—«,,
where «,=L,T/p with Ly=2.45X%10"% V2K=2) using our
measured values for p. As shown in Fig. 6, x; decreases, and
the peak in k; also decreases, with increasing Sb content.
The composition with the highest Sb content results in a
reduction in room temperature «; of over a factor of 6 as
compared to that of Mg,Si, while the peak «; value is re-
duced by over a factor of 30. The solid lines in Fig. 6 are
theoretical fits to the data using the Debye approximation®®

kB (kBT)3J‘HD/T x4€x
=2 (=2 — i, 3
“Eom\ h o To(e=1)? * G)

where x=fAw/kgT is dimensionless, w is the phonon fre-
quency, kg is the Boltzmann constant, # is the reduced
Planck constant, @, is the Debye temperature, v is the speed
of sound, and 7. is the phonon-scattering relaxation time.
The phonon-scattering relaxation rate TEI can be written as
7'=v/L+Aw* + Bw?T exp(=6,/3T), where L is the grain
size and the coefficients A and B are the fitting parameters.
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FIG. 6. Temperature dependent lattice thermal conductivity for
the seven specimens listed in Table I. The symbols correspond to

the same specimens as in the previous figures. The solid lines are
calculated fits based on Eq. (3).

The three terms for TEI represent grain boundary scattering,
point defect scattering, and phonon-phonon umklapp scatter-
ing, respectively. The expression for umklapp scattering is
essentially empirical. 6 and v [=(1/3v; +2/3v3)"?] values
for Mg,Si were used in our fitting, and are 542 K and
5063 m/s,?? respectively. The solid lines fit the data well for
all specimens over the entire temperature range. From our
theoretical fits, we obtain the fitting parameters shown in
Table 1II.

The grain size L is in relatively good agreement with the
experimentally determined grain sizes estimated for these
specimens, ranging from 10 to 20 um from scanning elec-
tron microscope images of polished surfaces. The B prefac-
tors are somewhat similar within the specimens, while dif-
fering from that for Mg,Si. As we do not know the Debye
temperature and Griineisen constant for these compositions,
parameters that influence B,?* we cannot quantitatively com-
pare a dependence on B between Mg,Si and the Sb contain-
ing compositions.

From Table II and Fig. 6, it is reasonable to presume that
alloy scattering, indicated by prefactor A, is an important
phonon-scattering mechanism in these materials. The magni-
tude of prefactor A increases as the Sb concentration in-
creases, with an almost 3 orders of magnitude increase from
specimen I to specimen VII. This is an indication that alloy
scattering increases dramatically with Sb content. The pref-
actor A is defined as®?

VI
A G @

where V is the volume of the primitive cell (a*/4 for the
face-centered antifluorite structure) and I" is the scattering
parameter. I can then be experimentally obtained (I'=T¢,)
from Eq. (4). We can also calculate I" for mass-fluctuation
scattering alone (I,,,,,) for the seven compositions using?>2>
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TABLE II. Values of lattice thermal conductivity fit parameters as defined by Egs. (3)—(5) and in the text,

for the seven specimens listed in Table I.

L A B
Specimen Sbcontenty  (10°°m) (108 s%) (1078 s K™ Cexp Finass  Texp=Dimass
1 0 7.5 1.4 5.44 0.004 0 0.004
1I 0.01 7.1 15.9 1.58 0.040 0.043 -0.003
11T 0.02 9.4 35.7 1.20 0.091 0.084 0.007
v 0.05 11.7 94.0 0.64 0.237 0.189 0.048
\ 0.08 12.8 138.5 0.35 0.349 0.281 0.067
VI 0.18 29.1 367.2 0.21 0.911 0.488 0.423
VI 0.37 459 766.0 0.20 1.861 0.641 1.220
1 Myte = M yeanes \ 2 in some oxides. In Zry5Y(,0¢9, for example, vacancies are
i Mg 7 vacancy . o
L nass = 3 2fmgf vacancy — generated on the O sites by substituting Y** for Zr**, result-
M ing in the suppression of «; (Refs. 26-28) that was attributed
:on 29
Mg, — Mg, 2 to vacancy formation.
+ fsif; Sb( — , (5)
M CONCLUSIONS

where fugs foacaneys fsis and fsp are the fractional occupancies
(as determined from EPMA; see Table II); My, Mucancys
Msg;, and Mg, are the respective constituent masses

(M y4cancy=0); and M is the average mass of the compound.
The results are given in Table II, and indicate that for small
Sb concentrations (y <0.08), I'ex, ~ I’y indicating the ma-
jority of alloy phonon scattering is due to the difference in
mass between Sb and Si. As the Sb concentration increases,
[y, becomes significantly larger than Iy, implying that
there is a scattering mechanism other than mass-fluctuation
scattering that not only contributes to the reduction in «;, but
is dominant in the compositions with higher Sb concentra-
tions. Figure 5 revealed that the number of vacancies in-
creases rapidly at higher Sb concentrations. It is reasonable
to assume a substantial strain-field scattering due to these
vacancies (I'gygin="exp='mass» Shown in Table II). We note
that the strain-field contribution from Sb substitution for Si
will also contribute to the «; reduction; however, vacancies
result in a large localized lattice strain and have a larger
effect on k;. A similar phenomenon has also been observed

We have investigated the role of Sb doping, from low to
relatively high concentrations, in Mg,Si. Antimony acts as an
electron donor in this material system at low concentration,
but creates vacancies at higher concentration. These vacan-
cies act as electron acceptors, thus modifying the electronic
transport properties. The vacancies also act as strong
phonon-scattering centers; the composition with the highest
Sb content resulted in a reduction in room temperature «; of
over a factor of 6 as compared to that of Mg,Si, while the
peak k; value was reduced by over a factor of 30. These
results confirm that Sb can be a useful dopant for n-type
antifluorite materials; however, for higher concentrations of
Sb, the resulting Mg vacancies contribute negatively to opti-
mizing the transport properties for thermoelectric applica-
tions.
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