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The effect of silicon carbide (SiC) nanoparticles on the thermoelectric prop-
erties of MgsSig 676Geg.3Big.024 Was investigated. Increasing the concentration
of SiC nanoparticles systematically reduces the electrical conductivity from
431 Q' em™! for the pristine sample to 370 Q' cm ™! for the sample with
1.5 wt.% SiC at 773 K, while enhancing the Seebeck -coefficient from
—202 VK1 to —215 uV K ! at 773 K. In spite of the high thermal conduc-
tivity of SiC, its additions could successfully decrease the lattice thermal
conductivity from 3.2 Wm ' K ! t0 2.7 Wm ! K ! at 323 K, presumably by
adding more interfaces. The Z contrast transmission electron microscopy
imaging (Z = atomic number) and energy dispersive x-ray spectroscopy re-
vealed bismuth segregation at the grain boundary. In summary, the figure of
merit reached its maximum value of 0.75 at 773 K for the sample containing

0.5 wt.% SiC.

Key words: Magnesium silicide, silicon carbide, thermoelectrics,

nanocomposites

INTRODUCTION

After several decades of successfully supplying
energy for space and terrestrial exploration missions
from Voyager to Curiosity,"”* thermoelectric (TE)
materials are now on the verge of commercialization
for waste heat recovery for both stationarg applica-
tions, passenger, and heavy duty vehicles.” In order
to reduce both fossil fuel consumption and CO,
emission, it is important to recover as much waste
heat as possible. However, certain criteria need to be
fulfilled for implementing TE materials in large scale
industrial applications. The ideal materials for this
purpose should not only maintain high efficiency to
enhance fuel energy utilization, but also should be
made of cost effective, naturally abundant and non-
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toxic elements. The thermoelectric figure of merit, z7,
has been used as a norm to measure the efficiency of
the material; z7T is defined via 2T = TS?c¢ k!, where
T, S, x, and o represent absolute temperature,
Seebeck coefficient, thermal conductivity, and elec-
trical conductivity, respectively.*

Magnesium silicide based TE materials are pro-
jected to be cost effective and environmentally
benign next generation TE materials.” Mg,Si crys-
tallizes in the high symmetry space group Fm3m
and has a fairly large band gap of 0.77 eV.® It
exhibits high thermal conductivity and low electri-
cal conductivity, resulting in a low zT of around 0.12
at 850 K.” This can be improved by alloying and
doping, both typically done on the Si site. Substi-
tuting around 30 at.% Ge for Si dramatically
reduces the room temperature thermal conductivity
from 10 W m~! K~! to below 3 W m ! K™, yielding
a maximum figure of merit z7" = 0.7 at 773 K in the
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case of Mg28i0.677G60.3Bi0.023.8 Doplng with Bi
increases the electrical conductivity by nominally
adding one electron for each substituted Si atom to
the material. Since Bi®~ is larger than Si*", enlarg-
ing the unit cell through Ge solid solution could
potentially increase the solubility of Bi.? A third
way to further enhance the thermoelectric proper-
ties is through nano-inclusions.’® Embedding a
suitable nanoparticle could improve the ther-
mopower by filtering low energy electrons and
maintaining electrical conductivity while mitigating
thermal conductivity throuigh scattering of mid- to
long-waveleng{th phonons.’'? So far TiO," Si
nanoparticles'* and single-wall carbon-nanohorns
(SWCNH)"® were studied as nano-inclusions in
Mg,Si materials, but were not as effective as
alloying Mg,Si with tin'® or germanium?® in reduc-
ing the thermal conductivity.

Although bulk SiC has high room temperature
thermal conductivity,'” adding small amounts of
SiC nanoparticles reduced the thermal conductivity
of Bio.5Sb1.5Te3, Bi2T62_7SGQ_318 and BizTeg materi-
als.'® With this contribution we discuss the effect of
SiC nanoparticles on the thermoelectric properties
of MgsSiy 7Geg 3 based materials. To the best of the
authors’ knowledge, no previous studies of SiC
nanocomposites with Mg,Si;_,Ge, solid solutions
have been reported. In fact, studies investigating
the effects of nanocomposites on MgsSi;_,Ge, solid
solutions are scarce. Our previous work investigat-
ing the effect of multi-wall carbon nanotube com-
posites®® has inspired the present investigation.

EXPERIMENTAL

MgoSig 676Ge.3Big 024 samples were prepared by
combining the elements according to the stoichio-
metric ratios in argon filled glove box. Mg chips
(99.98%, Sigma Aldrich, 4-30 mesh), Si powder
(99.9%, Alfa Aesar, —100 mesh), Ge pieces
(99.9999+%, Alfa Aesar, <2 cm), and Bi granules
(99.99%, Sigma Aldrich) were used for the synthe-
sis. The detailed synthesis conditions were previ-
ously described.®

An Inel powder x-ray diffractometer with Cu-Ko,
radiation and a position sensitive detector was used
to determine the purity of the synthesized samples.
Powder x-ray diffraction patterns (Figure S1, avail-
able in the Supplementary Information) revealed
traces of MgO, which is a common side product in
Mg,Si based compounds.?! The synthesized samples
were ground into powders, manually mixed, and
then divided into four batches. Varying amounts of
silicon carbide (SiC) nanoparticles (Alfa Aesar, f
modification, 45-55 nm) were added to each batch
and mixed for 3-5 min using a Fisher Scientific
vortex mixer until no SiC nanoparticle agglomera-
tions were observed.

To consolidate the samples for physical property
measurements, an Oxy-Gon hot press was used to
press the mixtures in an Ar atmosphere at 973 K for

2 h under 56 MPa. To reduce strain and stress on
the pellets, the pressure was released during cool-
ing. The pressed pellets were 12.7 mm in diameter
and 2 mm in thickness. Thermal diffusivity () of
the pressed pellets was measured under Ar gas flow
using the Anter Flashline FL3000 thermal proper-
ties analyzer between 300 K and 800 K. The
obtained values were then multiplied by the density
(d) of the pellets, as measured via the Archimedes
method, and the specific heat (C,) of the compounds,
as calculated from the Dulong-Petit approximation,
to obtain thermal conductivity (), k = « d Cp,. The
measured densities together with the calculated
specific heat of all the samples are available in
Table S1. The accuracy of Dulong-Petit approxima-
tion on the specific heat of the bismuth doped
Mg,Si;_,.Ge, system was confirmed in our previous
study.” Since adding SiC nanoparticles only chan-
ged the calculated specific heat by <1%, which is
well within the error of the measurement of 5%, the
values of the specific heat calculated from Dulong—
Petit approximation were applied to obtain the
thermal conductivity.

The electrical conductivity (6) and Seebeck coef-
ficient (S) were subsequently measured on rectan-
gular bars with the dimensions of roughly
12mm x 2mm x 2 mm cut from the diffusivity
specimen. The measurements were performed
under helium atmosphere between 300 K and
800 K by using the ULVAC-RIKO ZEM-3 appara-
tus. Estimated experimental errors are 3% for the
Seebeck coefficient, and 5% both for the electrical
and thermal conductivity, which results in an error
of about 10% for the figure of merit.?*

Finally, using the same bars, we performed Hall
effect measurements using a cryostat equipped with
a 5 Tesla (T) magnet and with a Linear Research AC
resistance bridge (AC = alternating current). These
measurements were done from —3 T to 3 T and from
5 K to 300 K. The carrier concentration (n) was
calculated from the Hall coefficient, Ry, using the
relationship n = Rg'e !, where e is the fundamental
charge, and assuming a Hall factor equal to 1.

To substantiate the existence and examine the
dispersion of nanoparticles within the samples at
the micron length scale, scanning electron micro-
scopy (SEM) analysis was carried out on parts of the
pellet with the largest SiC amount, i.e. 1.5 wt.%,
(Figure S2) using a Zeiss ULTRA electron micro-
scope associated with an energy dispersive x-ray
(EDX) device, EDAX Pegasus 1200.

Elemental analyses were performed within grains
and across grain boundaries using energy disper-
sive x-ray spectroscopy (XEDS) in a double cor-
rected FEI-Titan cubed transmission electron
microscope (TEM), operated at 300 kV in scanning
transmission electron microscope (STEM) mode
with high-angle annular dark-field imaging
(HAADF) imaging (Z contrast). The Mg-K, Si-K,
Ge-K, and Bi-L spectral lines were used. The sample
with the best thermoelectric performance, i.e.
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Fig. 1. (a) Low-magnification STEM-HAADF image with the magnified area of interest for the line scan; (b) elemental EDX line profile of Bi
across the grain boundary; (c) Ge line profile along along the arrow shown in (b); (d) Bi line profile along along the arrow shown in (b).

0.5 wt.% SiC, was thinned down to electron trans-
parency by the wedge-polishing technique using a
multiprep apparatus (Allied Inc.), and further argon
ion milled using a Gentle Mill (Technoord Linda
Inc.).

RESULTS AND DISCUSSION

Low-magnification STEM imaging as shown in
Fig. 1a revealed the polycrystalline nature of the
MgsSig 76Geo.3Big.024/0.5% SiC nanocomposite. The
three grains selected for analyses are identified as 1,
2, and 3. In contrast to the bulk of the grain, grain
boundaries exhibit brighter intensities, which could
be related to the segregation of Ge and/or Bi. In
order to confirm this hypothesis, alongside the
STEM imaging discussed in Fig. 1, we carried out
elemental analyses via EDX. As shown in Fig. 1b,
elemental line scans for Ge and Bi were performed
across the grain boundary. Figure 1b is representa-
tive of a number of boundaries investigated; the
results indicate an accumulation of Bi along the
grain boundary, but no clear Ge concentration
changes. In contrast, it is worth mentioning that
segregation of Ge was observed in multiwall carbon
nanotubes (MWCNTS) samples,?® which suggests
the possibility of grain boundary engineering.
Specifically, the type of nano-inclusion can be used
to alter the chemical composition of the grain
boundaries of the sample and thereby the thermo-
electric properties of the material.

EDX spot analyses were carried out over a region
within the three grains (1, 2, and 3) of Fig. 1la to
examine the elemental distributions in the bulk of
the grain. The quantified results (Table S2) confirm

the presence of Ge and Bi in the bulk of the grain.
Grain 1 seemed to be rich in Ge compared to the
nominal Ge content; since Ge and Bi both compete
to replace Si in the structure,® the excess amount of
Ge found inside the grain is consistent with more Bi
observed at the boundaries.

The electrical conductivity of all MgsSig g76.
Ge.3Big.024/SiC nanocomposites is shown in Fig. 2.
Adding SiC reduces the electrical conductivity
monotonically from 545 Q' em ™! to 420 Q' em?
at 325 K, i.e. by 23%. Such a consistent reduction
was expected due to its insulating character, as well
as the additional interfaces arising from introducing
more SiC nanoparticles. The difference between the
electrical conductivity of the samples becomes less
significant at higher temperatures, e.g. 6% at 773 K
(395 Q' em ™! compared to 370 Q lem™Y) for the
samples containing 0.5 wt.% and 1.5 wt.% SiC,
respectively. All samples containing SiC exhibit
smaller reductions in high temperature electrical
conductivity (85-88% of the value at 323 K) com-
pared to the pristine sample reaching only 79% of its
initial value at 323 K. This could be due to the
existence of Bi at the grain boundaries of nanocom-
posites that can facilitate charge carrier transport.
The opposite effect was seen in the case of MWCNT
nanocomposites,?’ where the segregation of Ge at
the boundaries led all the MWCNT containing
samples to have around 93% of their initial values
at 323 K with the matrix showing 105% of its 323 K
value. The low temperature electrical conductivity
of the composites obtained from the Hall measure-
ments, shown in Figure S3, is in good agreement
with our high temperature data.
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Because of the low concentration of the inert
nanoparticles in the sample, no significant changes
were observed in the carrier concentration of the
samples containing SiC (Fig. 3a), and all samples
displayed a virtually temperature independent car-
rier concentration of around 6.5 x 10'° ¢cm 2. There-
fore, the reduction in electrical conductivity must
have come from lower mobility. The sample contain-
ing 1.5 wt.% SiC exhibits the lowest mobility among
all samples with 37 cm? V! s7! at 300 K, with the
other ones having >42 em?V-lg?! (Fig. 3b). The
sample containing Si nanoparticles published by
Kauzlarich et al. had a mobility of around
13 ecm? V-1 571 at 300 K (Table I), which is approx-
imately one third the value of our SiC nanocompos-
ites. This could be due to its very high carrier
concentration that increased the electron—phonon
interaction. To better understand the effect of SiC
nanoparticles on the mobility of charge carriers,
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Fig. 2. Electrical conductivity of the MgsSie76Gep 3Big.024/SIC
nanocomposites.

considering the significance of acoustic phonon
scattering the mean free path of carriers (/) can be
calculated using Eq. 1:%

3u(2mm kgT)"?
:u( o B ) (1)

where kg, i, and m* are Boltzmann constant,
carrier mobility, and effective mass, respectively.
The effective mass applied in Eq. 1 was calculated
by using the experimental Seebeck value and
carrier concentration.?* The so calculated mean free
path is between 3 nm and 4 nm depending on the
composite, i.e. much lower than the average size of
SiC nanoparticles (~50 nm). Because of this signif-
icant size difference, charge carriers spend more
time within the nanoparticles and go through
various scattering mechanisms in addition to pho-
non scattering leading to the observed reduction in
mobility.?

The absolute values of the Seebeck coefficient
increase with increasing temperature in all cases
presented here (Fig. 4). The negative Seebeck value
of all composites reflects the fact that electrons are
the dominant charge carriers consistent with the
Hall effect data. Introducing SiC nanoparticles
appears to slightly enhance the Seebeck value
especially at higher temperature (above 600 K),
reaching the maximum value of —215 uV K lat
773 K for the sample containing 1 wt.% SiC. This
value is compared to the pristine sample with
S = —202 1V K%, and corresponds to an increase
of 6%, thus barely significant. The slight enhance-
ment of the Seebeck coefficient for the composites
might partially stem from the filtering effect caused
by the nanoparticle-matrix interface.?® The
0.5 wt.% SiC composite also shows a higher
S = —-212 uV K ! at 773 K than the MWCNT and
Si nanoparticle composites (Table I), which could be
a consequence of its lower carrier concentration.
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Fig. 3. (a) Low temperature carrier concentration; (b) low temperature Hall mobility of the Mg,Sig g76G€0.3Bio.024/SiC nanocomposites.
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Table I. Thermoelectric properties of MgsSigg76Geo.3Big024/0.5% SiC at 773 K in comparison to other

nanocomposites
Mg2Sig676Geo.s Mg,Sig.s77Geo.1 Mg,Si/2.5 mol.%
Big 24/0.5% SiC Big023/0.5% MWCNT?° Siyopitt
a/(Qtem™) 396 + 12 470 658
S/(uV K™Y 212+ 6 -200 204
K/(Wm 1K™ 1.82 + 0.09 2.15 3.1
L/(1078 VZK2) 1.66 1.62 2.2
k/Wm K1) 1.31 1.56 2.0
w(em? V1571 [300 K] 42 +1 39.5 13
n/(10*° em~?) [300 K] 6.7+ 0.1 7.6 11.7
2T [773 K] 0.75 £+ 0.08 0.67 0.67
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Fig. 4. Seebeck coefficient of the MgsSios76G€0.3Bio.024/SIC
nanocomposites.

The thermal conductivity of all samples decreases
with increasing temperature (Fig. 5a), due to the
dominance of Umklapp scattering. All the samples
containing SiC have lower thermal conductivity and
diffusivity (Figure S4) than the pristine sample,
which could be due to the presence of various Bi rich
regions (in addition to the increased number of
scattering interfaces) at the grain boundaries that
can scatter different ranges of phonons. This effect
was observed before in skutterudite samples con-
taining Ag nanoparticles.?” The sample containing
1.5 wt.% SiC displays the lowest room temperature
thermal conductivity of 2.68 W m ! K™!, which is
approximately 20% lower than that of the pristine
sample. The 0.5 wt.% SiC composite reaches the
minimum value of 1.82 Wm 'K™!, drastically
lower than the 0.5 wt.% MWCNT composite (Table -
I), which may be in part due to the different Si/Ge
ratio.

The electronic thermal conductivity, x., of all
samples (Fig. 5) was extracted from the electrical
conductivity, o, by using the Wiedemann—Franz

Temperature (K)

Fig. 5. Total thermal conductivity (solid symbols) and its electronic
contribution (open symbols) of the Mg,Sipes76G€0.3Bio.024/SiC
nanocomposites.

relation, k. =LoT. To obtain the temperature
dependent Lorenz numbers L (Figure S5), needed
to calculate x,, the approximation introduced and
validated by Kim et al.?® was applied, as expressed
in Eq. 2:

Isl

L= <1.5 + e(“"%)> 10-8V2K -2 2)

All the nanocomposites show lower «, than the
pristine sample (Figure S6), with the minimum
value of 1.31 W m™' K™ ! at 773 K belonging to the
sample with 0.5 wt.% SiC. This value is lower than
the ones obtained for the MWCNT and Si nanopar-
ticle composites as listed in Table I, possibly related
to the above-mentioned differences in the
microstructure. The k. of all samples increases at
first with increasing temPerature and then satu-
rates at around 0.5 W m ' K~! above 600 K. It can
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Fig. 6. Figure of merit of the Mg,Sig g76G€0.3Bio.024/SiC nanocom-
posites.

be concluded that the reduction in total thermal
conductivity mainly originates from lower xpy, due
to the similarity of k. for all samples. The high
temperature k values all converge to a value of
approximately 1.85 Wm ' K! at 773 K, which
could be due to increasing charge carrier phonon
interactions at high temperatures that compensate
for the scattering effect coming from nanoparticles.

Figure 6 shows the thermoelectric figure of merit
2T as a function of temperature in the range of 300—
800 K. The figure of merit of all samples increases
with increasing temperature, with the highest
values reached by the 0.5 wt.% SiC sample. This
culminates in 27 = 0.75 at 773 K, which is higher
than the zT values achieved for the Mg,Si;_,Ge,
and Mg,Si nanocomposites (Table I). To check for
homogeneity and reproducibility, a second piece was
cut from a different part of the same 0.5 wt.% SiC
pellet was used for a new measurement, and the
reproduced power factor (Figure S7) is within the
estimated experimental error.

CONCLUSIONS

Introducing SiC into MgsSig 76Geg 3Big 924 matrix
not only affected acoustic phonon scattering, which
led to the lowest thermal conductivity of
1.81 Wm 'K ! at 773 K, but also impaired the
mobility of the charge carriers. The fact that the
nanoparticles are about 12 times larger size than
the electron mean free path (3—4 nm), leads to a
decreased relaxation time of charge carriers, which
then resulted in the lowest electrical conductivity of
370 Q' em ! at 773 K for the sample containing
the highest wt.% of SiC. Because of the nominally
equivalent Bi doping level of all composites in
addition to the small SiC concentrations, all the
composites exhibited similar carrier concentration
of approximately 6.5 x 10'® cm 3 between 200 K

and 300 K. The EDX line scan of the grain boundary
revealed a Bi rich character at the grain boundaries
of the MgySig g76Geo.3Big.024/SIC composite, which
could be a helpful insight for a grain boundary
engineering approach. All in all, the sample with
0.5 wt.% SiC reached a maximum z7T of 0.75 at
773 K, which is about 10% higher than that of the
SiC-free sample—a change likely in the range of
experimental error. In the future, the effect of
adding different sizes of SiC nanoparticles on the
microstructure and thermoelectric properties of
superior MgsSi;_,Sn, based materials can be
studied.
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