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Cobalt doping is an effective approach to improve the thermoelectric proper-
ties of semiconducting f-FeSis materials. Through preparing f-Fe; .Co,Sig
samples with x ranging from 0.05 to 0.11, an enhanced ZT of about 0.35 could
be achieved within quite a wide doping range (8 mol.% to 10 mol.%) at around
950 K. To further improve the thermoelectric performance, a composite
structure consisting of a large grain matrix of f-Feg 92Co0¢.0sSis and inert SiC
nanoparticle inclusions was intentionally employed to reduce the lattice
thermal conductivity. The microstructure and the effects on the thermoelectric
properties of f-Feg9oCog 0sSis with various SiC nanoparticle concentrations
were explored. The SiC nanoparticles could be well dispersed into the matrix
material without significant agglomerations by the powder processing method.
However, the thermal conductivity was not considerably reduced while the
electrical properties were affected to some extent, resulting in no gain in the
ZT. The current results show that it is feasible to prepare high-quality
nanocomposites through the powder processing method, and enhanced ther-
moelectric performance is expected when using other chemically stable inclu-
sions with lower thermal conductivity and smaller size.
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INTRODUCTION

Thermoelectric materials are used to achieve
direct conversion between electricity and heat. The
efficiency of thermoelectric materials is related to
the dimensionless figure of merit ZT = S?T/px,
where S is the Seebeck coefficient, p is the electrical
resistivity, x is the thermal conductivity, and T is
absolute temperature. Thus, promising thermoelec-
tric materials are expected to possess low thermal
conductivity but large power factor (S%p).

Nowadays, most high-efficiency thermoelectric
materials are based on expensive elemental con-
stituents. This high manufacturing cost may
restrict their large-scale application, despite the
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higher conversion efficiencies. Considering the com-
promise between materials abundance and effi-
ciency, f}-FeSi, is one of the promising inexpensive
materials for high-temperature power generation.
In 1964, the thermoelectric properties of f-FeSi,
were studied by Ware and McNeill,® and its poten-
tial for power generation has been explored since
then.

Semiconducting f-FeSi, shows an orthorhombic
crystal structure (space group Cmca). Its theoretical
density is 4.93 g/cm?,* and the relatively low density
is another advantage of this material. The nature of
the electronic structures has not been elucidated
yet, probably due to the intrinsic defects in -FeSi,.®
Experimental results showed a direct bandgap of
0.87 eV to 0.90 eV,%” whereas theoretical calcula-
tions gave a narrower indirect gap of 0.44 eV to 0.78
eV.5 1! The electrical properties can be tuned by p-
type (e.g., Al at Si sites'?) and n-type (e.g. Co, Ni, or
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Pt at Fe sites®'®1%) doping. In the past, the highest
reported ZT value at around 900 K ranged from 0.19
to 0.42 for 6 mol.% Co-doped samples.'” This large
range in values stems completely from the differ-
ence in the high-temperature thermal conductivity
measurements.

In this study, we tried to explore the electrical
and thermal transport properties of Co-doped f-
FeSi; materials more fully. Since the solubility limit
of Co in f-FeSi, is reported to be as high as 12
mol.%,"® dopant concentrations up to 11 mol.% were
intentionally used to replace Fe atoms. Further-
more, the lattice thermal conductivity of Co-doped
p-FeSiy is about two times that of state-of-the-art
materials.'® Therefore, ZT is expected to be further
enhanced by reducing the lattice thermal conduc-
tivity. It is believed that intentionally formed
nanocomposites can achieve electrical and thermal
transport decoupling.?®?3 Since SiC is a chemically
stable inclusion even at high temperatures, it is
supposed to only scatter phonons and not affect the
carrier concentration. Based on this idea, compos-
ites consisting of Co-doped p-FeSi, and SiC
nanoparticles were investigated.

EXPERIMENTAL PROCEDURES

Initial Fe;_,Co,Sis (x = 0.05 to 0.11) ingots were
prepared by arc melting stoichiometric quantities of
high-purity Fe (99.95%, Alfa Aesar), Co (99.95%,
Alfa Aesar), and Si (99.9999%, Alfa Aesar) elements
on a water-cooled copper hearth under flowing
argon. The ingots were flipped and remelted typi-
cally five times to encourage homogeneity. They
were then sealed in quartz ampoules under vacuum
(~ 1072 Pa) and annealed at 955°C for 3 days. There
were always cracks inside the samples, thus an
appropriate section could be obtained for transport
property measurements. In this case, powder pro-
cessing was employed to prepare high-quality sam-
ples. The standard synthesis procedure was to
pulverize the arc-melted ingots for 30 min, press
the powder under pressure of 30 MPa at tempera-
ture of 1150°C for 8 min to form a dense cylinder,
and finally anneal the sealed samples at 800°C for
100 h. All the ingot pulverization was completed
with an 8004 tungsten carbide vial set in a SPEX
SamplePrep 8000M high-energy ball mill. The
densification was achieved using a Pulsed electric
current sintering (PECS) system from Thermal
Technology LLC under argon atmosphere. To min-
imize oxidation, the vial set was sealed in an argon-
filled glove box with barrier film before milling, and
the powders were also loaded in a glove box and
transferred to the PECS system quickly. The x =
0.08 sample (B-Feg 92Co0g 0sSis) was selected as the
control composition for the study of the composites
with SiC nanoparticles (f-phase, 95% purity, 50 nm
to 60 nm average particle size; NanoAmor) inclu-
sions. The SiC nanoparticles were mixed with the /-
Fep.92C0908Sis powders and three composite

samples with SiC concentrations of 1 wt.%,
3 wt.%, and 5 wt.% (corresponding to 1.5 vol.%,
4.4 vol.%, and 7.1 vol.%, respectively) were pre-
pared. All the dense pellets were sectioned into
rectangular parallelepipeds with dimensions of
~ 25 mm x 2.5 mm x 10 mm for electrical trans-
port measurements and thin disks with thickness of
~ 1 mm and diameter of ~ 12.7 mm for thermal
transport measurements.

The phase and crystal structure were determined
by powder x-ray diffraction (XRD) analysis using a
Rigaku Miniflex II desktop x-ray diffractometer
with Cu K, (wavelength 0.154187 nm) radiation.
The powders were obtained by crushing a portion of
each sample with a set of agate mortar and pestle.
The XRD patterns were evaluated using Jade 9.0
software, which includes a JCPDS XRD database.

The microstructures were observed by field-emis-
sion scanning electron microscopy (SEM; JEOL
JSM-7500F). The chemical composition of the sam-
ples was determined by energy-dispersive x-ray
spectroscopy (EDS). Backscattered electron (BSE)
imaging was selected to distinguish minor phases
from the majority.

The high-temperature electrical resistivity and
Seebeck coefficient were simultaneously measured
using a commercial ULVAC ZEM-3 system under
low-pressure helium atmosphere. The high-temper-
ature thermal conductivity was obtained based on
the thermal diffusivity (D), specific heat capacity
(Cp), and sample density (d) measurements as
k =D - Cy - d. The thermal diffusivity and the speci-
fic heat capacity were measured using a commercial
Netzsch LFA-457 laser flash system and a Netzsch
DSC-200 F3 system, respectively. The room-tem-
perature sample density was determined by the
Archimedes method with ethanol as medium. All
the pellets in this study possessed densities above
95% of the theoretical value.

RESULTS AND DISCUSSION

As shown in Fig. 1, the XRD patterns only showed
p-FeSi, single phase for all the samples. The
presence of FeSi phase is a well-known issue
affecting the purity of f-FeSiy.?*7 This problem
was avoided using our preparation method.

Figure 2 presents the XRD patterns of the f-
Fe(.92C09.08Si2 and SiC composites. It can be seen
that the f-FeSi, phase was formed in each sample.
It is hard to observe the SiC phase because of its low
intensity, caused by the small particle size and the
low concentration.

Figure 3 shows BSE images of the control sample
and the composites. A secondary dark phase is
observed in all the composites, and its content
increases with increasing SiC concentration. The
chemical compositions of the gray and black phases
in each sample were determined by EDS, and the
results are presented in Table I. The gray region
only shows the composition of the matrix material,
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Fig. 1. XRD patterns of (a) p-FeSi, and (b) Co-doped p-FeSis
materials.

while the black region is a C-rich phase. The
chemical composition suggests it is a SiC phase,
although we cannot observe it by XRD. For the 5
wt.% sample, most of the SiC phases show a size
around 100 nm to 200 nm and only a few large
agglomerates are observed. Since the initial SiC
nanoparticles possess an average size of 50 nm to 60
nm, the comparable SiC size observed in our
samples indicates that we can disperse the nanopar-
ticles into the matrix homogeneously without sig-
nificant agglomeration by the current preparation
procedure. On the other hand, all the SiC particles
are isolated by the matrix material. This character-
istic is helpful to suppress diffusion among the
nanoparticles, thus the nanoinclusions will hardly
coarsen during high-temperature operation.

The temperature dependence of the electrical
resistivity of the Co-doped f-FeSis samples is shown
in Figure 4. The pure f5-FeSiy exhibited much higher
resistivity than the doped samples. It has been
reported that the resistivity of n-type doped p-FeSi,
at low temperature (below 120 K) is consistent with
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Fig. 2. XRD patterns of 5-Feg 92C0g 08Sio—SiC composites.

the variable-range hopping mechanism.?® The resis-
tivity of Co-doped f5-FeSis between 150 K and 900 K
was also analyzed using the small-polaron hopping
mechanism based on resistivity and Hall
results.!®1%3% We attempted to measure the carrier
concentration and mobility of our samples. How-
ever, no convincing results were obtained because of
the nonlinear behavior of the Hall resistance versus
the magnetic field. Such deviation from a linear
relation has been explained by two views: Arush-
anov et al. believed that the coexistence of light and
heavy electrons resulted in the anomalous behav-
ior,! while Lengsfeld et al. ascribed it to extrinsic
magnetic clusters.’” Returning to our results, the
pure f-FeSiy still behaves like a slightly doped
sample as its resistivity decreased obviously with
increasing temperature below 400 K. This is pre-
sumably caused by the impurities in our starting
materials or cobalt contamination from the tung-
sten carbide vial set (the same tungsten carbide vial
set used in the current work was also used to
prepare CoSi and f-FeSiy-CoSi composite materials
in our previous studies). The resistivity drops off
quickly at temperatures above 700 K, indicating
that the intrinsic region has been reached. The
resistivity decreases monotonically with rising
cobalt content, presumably due to the increase of
the electron concentration.

The temperature dependence of the Seebeck
coefficient is presented in Fig. 5. The absolute
Seebeck coefficient decreases with increasing dop-
ing level. This agrees with the variation of the
resistivity and can also be attributed to the increas-
ing carrier concentration. The Seebeck coefficient of
p-FeSi, shows a negative sign over the entire
temperature range. The undoped fS-FeSiy is sup-
posed to exhibit positive and smaller Seebeck coef-
ficients in this temperature range according to
previous studies.®? Therefore, our f-FeSi, sample is
slightly n-type doped, which agrees with the resis-
tivity behavior. The Seebeck coefficient approaches
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Fig. 3. BSE images of (a) f-Feg.92C00.08Si> control sample, and (b) 1 wt.%, (c) 3 wt.%, and (d) 5 wt.% SiC composites.

Table I. Chemical composition (at.%) of gray region
and black region phases for samples in Fig. 3

Grey Region Black Region
Sample Fe Co Si Fe Si C
Control 28.83 2.34 68.83

1wt.% SiC 28.78 255 68.67 7.50 43.61 48.89
3wt.% SiC 29.70 2.67 67.63 6.28 42.26 51.46
5wt.% SiC 28.56 2.62 68.82 6.52 38.13 55.35

——x=0.00
—o—x=0.05
~=-x=0.06
——x=0.07
—4—x=0.08
—0-x=0.09
—m—-x=0.1

—0—x=0.11

0.1

p (Q cm)

0.01

0.001

0.5 1.0 1.5 2.0 2.5 3.0 35
10%/T (K1)

Fig. 4. Electrical resistivity of Co-doped f-FeSi, samples versus
reciprocal temperature. Solid lines are guides to the eye.
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Fig. 5. Temperature dependence of Seebeck coefficient of Co-
doped f-FeSi, samples. Solid lines are guides to the eye.

zero quickly when the temperature is above 700 K,
because of the opposite effect of the thermally
excited holes on the Seebeck coefficient. Compared
with f(-FeSis;, the Co-doped samples exhibited
increasing absolute Seebeck coefficients from
300 K to 700 K. This behavior has also been
understood base on the small-polaron conduction
mechanism.'”3® This trend cannot be understood
using the band conduction model for degenerate
semiconductors as the Seebeck coefficient is much
larger than that determined by band conduction.?®

The power factor of the Co-doped f3-FeSi,; samples
revealed a pronounced compositional dependence
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(Fig. 6). The samples with x values int he range
from 0.05 to 0.07 all exhibited a peak power factor of
14 yW K 2 ecm ! at 850 K, while the highest power
factor of the samples with x = 0.08 and 0.09 occurred
at 950 K and increased to 15 yW K ?cm™'. A
further increase of the cobalt concentration led to a
decrease in the power factor.
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Fig. 6. Temperature dependence of power factor of Co-doped f-
FeSi, samples. Solid lines are guides to the eye.
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Fig. 7. High-temperature thermal transport measurements for Co-

doped f-FeSi,: (a) thermal diffusivity and (b) specific heat capacity.

The dashed line in (b) is the Dulong—Petit value.
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The thermal diffusivity and specific heat capacity
results are shown in Fig. 7a and b, respectively. It is
clearly seen that the thermal diffusivity of the x =
0.00 and 0.05 samples continued to decrease with
increasing temperature. On the contrary, the vari-
ation of the thermal diffusivity was much flatter for
the samples with higher cobalt concentrations, and
it increased slightly at temperatures above 900 K.
All the samples showed less difference in the specific
heat capacity. Since the upper temperature limit for
our differential scanning calorimetry (DSC) mea-
surements was 600°C, the data were extrapolated
assuming that the specific heat capacity was con-
stant above 850 K. This assumption is quite rea-
sonable because the reported Debye temperature for
p-FeSi, is 630 K, which is more than 200 K below
the extrapolated onset. The C, data for all the
samples were larger than the Dulong—Petit value at
temperatures above 600 K and even slightly higher
than literature data.'® Based on the thermal diffu-
sivity and specific heat capacity data, the thermal
conductivity was calculated using the room-temper-
ature density of each sample. The thermal conduc-
tivity of all the samples is shown in Fig. 8a.
Provided that the Co-doped f-FeSi, materials are
degenerate semiconductors, the electronic thermal

conductivity can be calculated using the
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Fig. 8. Temperature dependence of (a) thermal conductivity and (b)
lattice thermal conductivity of Co-doped p-FeSi, samples.
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Fig. 9. Temperature dependence of ZT of Co-doped pf-FeSis
samples. Solid lines are guides to the eye.

Wiedemann—Franz law with a Lorenz number of
2.45x107® J2 K~2 C2. The lattice thermal conduc-
tivity was calculated by subtracting the electronic
contribution from the total thermal conductivity
and is shown in Fig. 8b. The thermal conductivity
increases slightly for the samples with x = 0.08 to
0.11 around the highest temperature, presumably
due to the increasing electronic thermal conductiv-
ity. It is noticeable that the thermal conductivity is
drastically reduced by Co-doping. This reduction
stems mainly from the lattice thermal conductivity.
Point-defect scattering by cobalt should be very
small due to its similar atomic weight and size to
iron atoms. The drastic decrease in the lattice
thermal conductivity is an interesting phenomenon
because it can be ascribed to a strong electron—
phonon interaction. This hypothesis can also be
proposed based on the low carrier mobility and the
possible small-polaron conduction for n-type doped
p-FeSiy samples.!517:34

Figure 9 shows the temperature dependence of
ZT. The samples with x = 0.05 to 0.10 showed
comparable ZT values over the entire temperature
range. Based on these results, the highest ZT of 0.35
at 950 K was obtained for Co-doped p-FeSis. The
best ZT occurs within a wide range of doping level,
implying that an accurate doping concentration and
high-purity starting materials are not required to
achieve the best performance. In addition, the high
doping concentration can also resist degradation
induced by impurity diffusion during high-temper-
ature operation.® All of these advantages are quite
meaningful for practical applications of thermoelec-
tric power generators.

According to the thermoelectric performance of
the Co-doped f-FeSi, samples, the composition with
x = 0.08 was chosen as a control to further study the
influence of the introduction of SiC nanoparticles
into the matrix material. Figure 10 shows the
thermoelectric properties of the composites and
the control sample. The resistivity of all the SiC
composites was slightly higher than that of the

0.006 0
L (a) 4 control (b)
01% -50 |
0005 F 30
_ 5% . -100 |
s 0.004 AR § 150 + ¢
S *ells % ) ."OA
< *esletiny 200 feesad3?
0.003 *e00s88
| 250
0002 AAAAAAAAAAAAAAA _300 i i n
200 400 600 800 1000 200 400 600 800 1000
T (K) T (K)
0.05 0.4
(© ()
03 r °1
2 *
E ~ s
2 0.04 -ne02ee L 02
= ° 088, N 8 °
2 [ )
0.1 3
[ ]
L (]
[}
0.03 A A A 00 by
200 400 600 800 1000 200 400 600 800 1000
T(K) T(K)

Fig 10. Temperature dependence of (a) electrical resistivity, (b)
Seebeck coefficient, (c) thermal conductivity, and (d) ZT of the
control sample and the SiC composites.

control sample, probably due to the high resistivity
of the inclusions. It is interesting that the increase
of the resistivity showed no clear dependence on the
SiC concentration, and the increment was relatively
small. This phenomenon probably indicates that the
matrix material provides the main electrical con-
duction paths.>® The Seebeck coefficient was not
affected by addition of 1 wt.% or 3 wt.% SiC;
however, the 5 wt.% composite exhibited a lower
Seebeck coefficient compared with the control. As
mentioned above, SiC itself is an inert inclusion and
hence should not affect the carrier concentration.
The decrease of the Seebeck coefficient is likely
caused by other reasons. In a study of BiyTes—SiC
composites, Zhao et al. also found a similar change
of the Seebeck coefficient.’® They proposed that
contamination from the oxidized surface of the SiC
nanoparticles could decrease the Seebeck coefficient
when the SiC concentration reached a certain
amount.®®* SiC addition only induced a slight
decrease in the thermal conductivity at high tem-
peratures. As the electrical resistivity is increased,
the partial decrease even stems from the reduction
of the electronic contribution. This is consistent
with the observation by Zhao et al’s that the
addition of 1 vol. % SiC to BiyTe; matrix even
increased the thermal conductivity.”® They attrib-
uted this behavior to the high thermal conductivity
of SiC.3%37 Furthermore, the variation of the ther-
mal conductivity may also be influenced by the size
of the inclusions. It has been pointed out that a
critical size of around 5 nm is required for inclusions
in SipgGegs materials to scatter heat-carrying
phonons.?®°® The SiC size is approximately a few
hundred nanometers in our study, and they are
supposed to scatter long-wavelength phonons. If
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most of the heat is carried by shorter-wavelength
phonons, these large inclusions then cannot effec-
tively reduce the thermal conductivity. Since the
reduction of the thermal conductivity is less than
the decrease of the power factor, no improvement is
obtained for the composites.

CONCLUSIONS

Single-phase Co-doped f-FeSi, materials can be
prepared using sequential arc melting, ball milling,
PECS, and annealing procedures. The highest ZT
value of around 0.35 was obtained within quite a
wide doping range at temperatures above 900 K. A
composite structure consisting of a large grain
matrix and well-isolated inert nanoinclusions may
benefit the reduction of the thermal conductivity
and thus further improve the thermoelectric prop-
erties. However, there is no significant improve-
ment in ZT for f-Feg 92Co0¢ 0531z and SiC composites.
Since SiC is a high-thermal-conductivity material,
the effect of inclusion scattering may be offset by
this nature. It is worth trying other chemically
stable inclusions with lower thermal conductivity.
Some inert particles such as SizNy, TiN, TiOo, ZrOo,
etc. are possible candidates. These nanoparticles
with size down to 20 nm can be readily obtained
from commercial companies. Thus, more compre-
hensive understanding of the thermoelectric prop-
erties of nanocomposites could be established by
investigating a number of inclusions with various
average sizes.
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