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nanoparticle size and compositional modulation
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ABSTRACT Fabrication of nanoparticle-dispersed compo-
sites is an effective strategy for enhancing the performance of
thermoelectric materials, and in particular SiC nanoparticles
have been often used to create composites with Bi,Te;-based
applied thermoelectric materials. However, the effect of par-
ticle size on the thermoelectric performance is unclear. This
work systematically investigated the electrical and thermal
properties of a series of (Bi,Sb),Te;-based nanocomposites
containing dispersed SiC nanoparticles of different sizes. It
was found that particle size has a significant impact on the
electrical properties with smaller SiC nanoparticles giving rise
to higher electrical conductivity. Even though the dispersed
SiC nanoparticles enhanced the Seebeck coefficient, no ap-
parent dependence of the enhancement on the particle size was
observed. It was also found that smaller SiC nanoparticles
scatter phonons to some extent while the larger nanoparticles
contribute to increased thermal conductivity. Eventually, the
highest ZT value of 1.12 was obtained in 30 nm-SiC dispersed
sample, corresponding to an increase by 18% from 0.95 for the
matrix made from commercial scraps, and then the ZT was
further boosted to 1.33 by optimizing the matrix composition
and expelling excess Te during the optimized spark plasma
sintering process. This work proves that the dispersion of
smaller SiC nanoparticles in p-type (Bi,Sb),Te; materials is
more effective than the dispersion of larger nanoparticles. In
addition, it is revealed that additional compositional and/or
processing optimization is vital and effective for obtaining
further performance enhancement for nanocomposites of SiC
nanoparticles dispersed in (Bi,Sb),Te;.

Keywords: thermoelectric materials, bismuth telluride, effect of
SiC nanoparticle size, compositional and processing optimiza-
tion

INTRODUCTION

Thermoelectric (TE) materials function as a bridge be-
tween heat and electricity, and show great potential for
applications such as deep space exploration, wearable
electronic devices and microsensors [1-4]. Therefore, TE
material research has attracted increasing attention from
both industry and academia. The TE performance of a
material is often evaluated using the dimensionless figure
of merit ZT = $’6T/k, where S, T, 0, and «,, are the
Seebeck coefficient, absolute temperature, electrical con-
ductivity, and total thermal conductivity, respectively.
The total thermal conductivity mainly consists of the
contributions of the charge carriers (x.) and lattice vi-
brations (j,,), and the bipolar thermal conductivity (k) is
also included in some cases [5-7]. Achieving high ZT
values is challenging because of the strong coupling of S,
0, and x,,, (mainly x.). Nevertheless, great progress has
been made in improving the ZT values using a variety of
methods such as nanostructure engineering [8-10],
electronic band engineering [11-13], energy-filtering ef-
fect [14-17], defects engineering [18-21], as well as
seeking or exploring materials with intrinsically low
thermal conductivity [22-26].

Among various TE materials, Bi,Te;-based compounds
have shown the best performance. These materials have
been most widely used due to their outstanding ad-
vantages in electronic cooling and low-temperature waste
heat harvesting and conversion, and have been com-
mercialized successfully [27]. Many studies have shown
that fabrication of nanocomposites through the disper-
sion of nanoparticles into the p-type (Bi,Sb),Te; matrix is
an effective method for obtaining improved TE properties
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[17,28-30]; however, the relationship between the nano-
particle size and TE properties is still unclear. Intuitively,
nanoparticles with an appropriate size should have a
stronger and more beneficial effect on the TE perfor-
mance. On the other hand, because the TE properties are
sensitive to material compositions [31,32], a fixed matrix
composition is favorable for investigating the effect of the
nanoparticle size on the TE properties. SiC has a wide
band gap and low cost, and ultrafine SiC particles can be
easily obtained. Moreover, SiC is thermally stable, thus
avoiding the growth of SiC nanoparticles during high-
temperature operation. Previous research on SiC nano-
particles dispersed in p-type (Bi,Sb),Te; has shown that
0.4 vol% is the optimal content for nano-SiC that pro-
duces a significant energy-filtering effect and contributes
to the TE performance enhancement [17,33,34]. Recently,
it has been claimed that expelling excess Te during spark
plasma sintering (SPS) is beneficial for the enhancement
of the TE performance of (Bi,Sb),Te; materials [35-37].
Thus, a combination of both strategies may provide an
exceptional ZT enhancement effect.

In this work, we fixed the matrix composition by using
commercial p-type (Bi,Sb),Te; scraps, and fabricated
nano-SiC/(Bi,Sb),Te; composites via a simple method
that combines ball milling (BM) and SPS, and in-
vestigated the effect of the particle size of the SiC nano-
particles on the TE performance. It is found that the
dispersion of finer SiC nanoparticles results in a higher
electrical conductivity compared with the dispersion of
coarser SiC nanoparticles. The dispersion of SiC nano-
particles gives rise to an increased Seebeck coefficient that
appears to be independent of the nanoparticle size. Ad-
ditionally, the finer SiC nanoparticles result in a more
prominent phonon-scattering effect than the coarser
nanoparticles. All of the nano-SiC dispersed samples
show higher ZT values than the sample without nano-SiC.
The p-type (Bi,Sb),Te; with the finest dispersed SiC
nanoparticles (30 nm) shows the highest ZT value of 1.12.
Moreover, based on the sample with 30 nm-SiC disper-
sion, the matrix composition of the commercial p-type
(Bi,Sb),Te; was modulated to expel the intentionally in-
troduced excess Te. A higher ZT value of 1.33 was
achieved under the optimized SPS conditions.

EXPERIMENTAL SECTION

As in our previous work, we used p-type (Bi,Sb),Te;
scraps supplied by Huabei Cooling Device Co. Ltd.
(China) in the experiments [34]. It should be noted that
the raw scraps contain Se element even though it is
usually used as n-type dopant. We performed the in-
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ductively coupled plasma-mass spectrometry (ICP-MS)
experiment, which showed the chemical composition of
the raw BiSbTe materials is Bij 44Sb, 4sT€;Seq 5. SiC nano-
particles with average sizes of 30, 100, and 700 nm were
used. It is important to note that the SiC nanoparticles
consist of different crystal types with 3C-SiC as the main
crystal structure. The SiC nanoparticles with the sizes of
30 and 100 nm contain a slightly different 4H-SiC phase
while the SiC nanoparticles with the size of 700 nm
contain a small amount of the 6H-SiC phase (shown in
Fig. S1). The p-type (Bi,Sb),Te; scraps were pulverized
and mixed with SiC nanoparticles to obtain (Bi,Sb),Te; +
0.4 vol% SiC mixtures by BM for 3 h at 450 r min ' in a
stainless-steel jar. The ball-milled powders were sintered
into cylindrical pellets with a diameter of 12 mm and a
height of ~10 mm by SPS (SPS-211Lx, Fuji Electronic
Industrial Co., Ltd., Japan) at 673 K under 50 MPa for
5 min in a vacuum.

X-ray diffraction (XRD, Cu Ka, Rigaku 2500, Japan)
was used to analyze the crystal structure, and scanning
electron microscopy (SEM, Zeiss Merlin, Germany) was
used to characterize the morphologies of the samples. A
transmission electron microscope (TEM, JEM-2100F,
JEOL, Japan) equipped with an energy dispersive spec-
trometer (EDS) was used for microstructure observation
and composition analysis. The ¢ and S were measured
simultaneously using a ZEM-3 apparatus (Ulvac-Riko,
Japan). The x,, was calculated according to x,, = DCpd
using the thermal diffusion coefficient (D) measured by
the laser flash method (LFA 457, Netzsch, Germany). The
measurement uncertainties for o, S and D are approxi-
mately 5%, and the measurements were conducted along
the direction perpendicular to the SPS compression be-
cause the TE performance along this direction is always
superior to that along the parallel direction for poly-
crystalline (Bi,Sb),Te;, as has been extensively confirmed
in previous studies [37-39]. The mass density (d) was
obtained by the Archimedes method. The specific heat at
constant pressure (Cp) was calculated according to the
Dulong-Petit law. The Wiedemann-Franz law x, = LoT
was used to calculate the carrier thermal conductivity (x,),
with the Lorenz factor (L) roughly estimated as L = 1.5 +
exp(—|9)/116). Considering that the other uncertainties
for Cp and d are small, the integrated uncertainty of the
calculated ZT value is approximately 20%. The Hall car-
rier concentration (ny) and mobility (yy) in the tem-
perature range from room temperature to 475 K were
obtained according to ny = 1/(eRy) and py = oRy, re-
spectively, with the Hall coefficient (Ry) determined
using a Hall measurement system (ResiTest 8340DC,
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Toyo, Japan). A physical property measurement system
(PPMS, Quantum Design Inc., USA) was used to measure
the low-temperature electrical resistivity and thermal
conductivity.

RESULTS AND DISCUSSION

TE performance of nanocomposites fabricated from
commercially available (Bi,Sb),Te; with SiC nanoparticles
of different sizes

Fig. 1la shows the XRD patterns of the commercially
available p-type (Bi,Sb),Te; with dispersed SiC nano-
particles of different sizes. All of the diffraction peaks
match well the standard PDF card of Biy;Sb,sTe;
(PDF#49-1713). No SiC diffraction peaks were detected
for the samples because of the low nano-SiC amount. In
addition, the 30 nm-SiC dispersed sample was chosen as a
representative sample and its XRD patterns from the
diffraction planes parallel and perpendicular to the SPS
compression direction are shown in Fig. 1b. The two sets
of peaks show excellent agreement with each other and
with the standard PDF data (PDF#49-1713), illustrating
the isotropy of the BM + SPS sample. Herein, the
Lotgering method [40] was adopted to evaluate the
orientation factor (F) of the sample as follows:

F=P-F)/(1-F), (1)
P =Y"1(000)/) I(hkl), )
Py= Y 1000)/ Y I,(hkl), 3)

where P and P, are the ratios of the integrated intensities
of all (00l) planes to those of all (hkl) planes for the
preferentially and randomly oriented samples, respec-
tively. The determined F values were —0.09 and —0.03 for
the 30 nm-SiC dispersed sample with the diffraction

planes parallel and perpendicular to the SPS compression
direction, respectively. The two negative F values de-
monstrate a weak (00/)-preferred orientation and both of
these small values verify the isotropy of the sample pro-
cessed by BM and SPS.

The SEM micrographs of the fracture surfaces of the
samples containing SiC nanoparticles with different sizes
are presented in Fig. 2. No significant differences were
observed between the morphologies of the four samples.
Lamellar grains with a size of several micrometers that are
a typical feature of the layer-structured Bi,Te;-based
materials can be clearly observed. Although some nano-
pores were observed in the four samples, the densities of
all of the samples still reach >96% of the theoretical values
(shown in Table 1). EDS-mapping indicates that the main
Bi, Te, Sb, and Se elements are homogeneously dis-
tributed, and some Si signals were also detected (Fig. S2).

Several room-temperature properties, namely the d, o,
S, carrier concentration (p), Hall mobility (u), and scat-
tering parameter (r), of the samples containing SiC na-
noparticles of different sizes are summarized in Table 1.
The carrier concentrations show a slight reduction with
increasing nano-SiC size that can be explained as follows:
nano-SiC addition introduces abundant defects that
dominate the increase in the carrier concentration [17],
while the donor-like effect [34] generating more electrons
is strengthened due to the stronger mechanical grinding
effect associated with the coarser SiC nanoparticles, par-
ticularly for the raw commercial p-type (Bi,Sb),Te; scraps
containing Se, thus reducing the hole concentration. In-
triguingly, the mobility improved after nano-SiC disper-
sion, contributing to the increase electrical
conductivity. This phenomenon was also discussed in a
previous report [31]. Generally, the structure, carrier
concentration, and effective mass affect mobility. In this
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Figure 1
sample with different diffraction planes as indicated in the figure.
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(a) XRD patterns of the p-type (Bi,Sb),Te; dispersing SiC nanoparticles with different sizes. (b) XRD patterns of the 30 nm-SiC dispersed
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Figure 2 SEM images of the fracture surfaces of the samples. (a-d) The corresponding samples without the SiC nanoparticles, and with the

dispersion of 30, 100, and 700 nm-SiC nanoparticles, respectively.

Table 1 Density (d), electrical conductivity (o), Seebeck coefficient (S), carrier concentration (p), Hall mobility (i), and scattering parameter (r) of
the commercially available p-type (Bi,Sb),Te; incorporating SiC nanoparticles with different sizes at room temperature

Composition d(g cm) o (Scm™) S (uv K p (10" em™) U (em’V7's™h r
without SiC 6.57 356.21 265.54 1.07 207.81 —0.50
30 nm-SiC 6.55 390.99 273.24 1.06 230.25 —0.40
100 nm-SiC 6.57 366.92 275.06 1.02 224.55 —0.39
700 nm-SiC 6.62 367.69 27491 0.998 229.98 —0.41

work, the identical morphologies for the four samples
have been verified by the SEM patterns. The change in the
carrier concentration is insufficient to increase the mo-
bility, as indicated by the variation in the carrier con-
centrations between the sample without nano-SiC and the
sample containing dispersed 30 nm-SiC (Table 1). Ad-
ditionally, nano-SiC dispersion does not affect the band
structure and therefore does not change the effective
mass. The origin of this phenomenon still needs to be
explored, and here we propose several possible explana-
tions. First, as discussed in our previous reports [17,34],
nano-SiC inclusions induce the energy-filtering effect that
impedes the transport of low-energy carriers while letting
high-energy carriers pass smoothly, and thus may lead to
the net increase of mobility. Second, the interfaces be-
tween nano-SiC and (Bi,Sb),Te; always have higher en-
ergies than the matrix, which may lead to the
accumulation of defects [41] such as VI, V§,, and Bi/, at
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the interfaces, thus reducing the random distribution of
the carrier scattering centers and increasing the mobility.
Third, the intrinsic high mobility and conductivity of SiC
[42,43] may also promote carrier transport, and therefore
directly increase the mobility. It is presumed that the SiC
nanoparticles with finer sizes may also lead to an increase
in mobility, contributing to the further rise of the elec-
trical conductivity.

Fig. 3 shows the electrical properties of the samples that
contain SiC nanoparticles of different sizes. Fig. 3a shows
the measured high-temperature carrier concentration. All
of the samples exhibit evidently increased carrier con-
centration with increasing temperature due to the sig-
nificant intrinsic excitation associated with the lower
carrier concentration at room temperature. In contrast to
the temperature dependence of mobility (inset of Fig. 3a),
all of the nano-SiC dispersed samples show lower carrier
concentration compared with the sample without nano-

October 2021 | Vol.64 No. 10
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Figure 3 Electrical properties of the commercially available p-type (Bi,Sb),Te; containing dispersed SiC nanoparticles of different sizes. (a) Carrier
concentration (the inset shows the mobility), (b) electrical conductivity, (c) Seebeck coefficient, and (d) power factor.

SiC in the entire temperature range. The high-tempera-
ture mobility appears to be related to the temperature
according to uoc T ¥? indicating the key role of
acoustic-phonon-dominated scattering for all of the
samples. For electrical conductivity (Fig. 3b), all of the
samples exhibit similar variation trends: the conductivity
first decreased until 450 K and then increased slightly,
indicating degenerate semiconductor behavior. The in-
crease at high temperatures is attributed to the intrinsic
excitation. The electrical conductivity of the 30 nm-SiC
dispersed sample displays significant improvement com-
pared with those of the other samples over the entire
temperature range due to the increased mobility, as in-
dicated by the data presented in Table 1 and the inset of
Fig. 3a.

Fig. 3c shows the Seebeck coefficients. All of the sam-
ples exhibit the same trends. The reduction at high
temperature is also attributed to the increased intrinsic
excitations. All of the nano-SiC dispersed samples exhibit
improved Seebeck coefficients compared with the sample
without nano-SiC, which is not related to the carrier
concentration variation, as indicated by the Pisarenko
plot shown in Fig. S3. Here, the scattering parameter r is
calculated and the results are presented in Table 1. A
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detailed description of the calculation procedure can be
found in the Supplementary information. All of the nano-
SiC dispersed samples show enhanced r compared with
the sample without nano-SiC, supporting the variation in
Fig. §3. The enhancement of r covers two contributions:
the energy-filtering effect and the composition (average)
effect. For 3C-SiC, the lattice constant (a = 0.436 nm) is
similar to those of p-type (Bi,Sb),Te; (a = 0.429 nm and ¢
= 3.052 nm), and this may give rise to coherent interfaces
between 3C-SiC and p-type (Bi,Sb),Te;. The presence of
such interfaces significantly enhances the energy-filtering
effectand increases the Seebeck coefficient [17,34]. The
composition (average) effect is due to the 4H- and 6H-
SiC phases. According to the XRD results obtained for
nano-SiC (shown in Fig. S1), the contents of 4H- and 6H-
SiC are estimated as 3.7% of 4H-SiC in 30 nm-SiC, 4.3%
of 4H-SiC in 100 nm-SiC, and 3.3% of 6H-SiC in 700 nm
-SiC. These types of SiC may also contribute to the en-
hancement of the Seebeck coefficient because of their
wide band gaps and large Seebeck coefficients [17] despite
the mismatch of their lattice constants with those of p-
type (Bi,Sb),Te; (shown in Table S1). The Seebeck coef-
ficients of the 100 nm-SiC dispersed sample are the
highest above 400 K. SiC is stable, so we speculate that the
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different sized SiC nanoparticles may cause different
temperature-dependent energy distributions. At higher
temperatures, 100 nm-SiC nanoparticles may more ef-
fectively scatter the low-energy carriers and lead to higher
Seebeck coefficient. To summarize, the dispersion of SiC
nanoparticles significantly improves the Seebeck coeffi-
cient of p-type (Bi,Sb),Te; regardless of the SiC nano-
particle size. The highest power factor (PF) of
~29 uW cm ' K was achieved in the 30 nm-SiC dis-
persed sample (shown in Fig. 3d). Besides, the electronic
quality factors (Bg) [44] which can be used for de-
termining the maximum of PF were also calculated
(shown in Fig. S4). It is clear that the By increased after
SiC nanoparticles dispersion, indicating an enhancement
in electronic properties.

Fig. 4a shows the thermal conductivities of the com-
mercially available p-type (Bi,Sb),Te; with dispersed SiC
nanoparticles of different sizes. For all of the samples, the
thermal conductivity increases monotonically with in-
creasing temperature, which is attributed to the intrinsic
excitation. The thermal conductivity of the 700 nm-SiC
dispersed sample is higher than those of the other sam-
ples. The lattice (k) plus bipolar (x;) thermal con-
ductivity contributions show clearly that the 700 nm-SiC
dispersed sample possesses the highest (x, + x;,) values
over the entire temperature range. Since the three types of
SiC (3C, 4H and 6H) have the same intrinsic high thermal
conductivity (Table S1), the differences among the ther-
mal conductivities of the samples should be more at-
tributed to the difference in the sizes of the SiC
nanoparticles rather than to the different SiC types. The
coarser SiC nanoparticle has lower specific surface area,
resulting in weak phonon scattering and a prominent
composition (average) effect. However, when the size of

a 165
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the nano-SiC decreases to 100 nm or much lower, the
scattering effect of the nanoparticles on the phonons
gradually becomes pronounced, leading to little change of
the (x, + x,) value compared with the sample without
nano-SiC. Here, we adopted a widely accepted model to
estimate the phonon mean free path [, [45,46]:

(4)

where Cy and v are the specific heat at constant volume
and the average sound velocity. The calculated results are
plotted in the inset of Fig. 4a and show that the phonon
mean free path decreases with decreasing SiC nano-
particle size. It can be inferred that the SiC nanoparticles
with the sizes of 10, 5 nm or much finer may lead to a
stronger phonon scattering effect, and the lattice thermal
conductivity may be further reduced.

The ZT values presented in Fig. 4b display a clear trend.
The 30 nm-SiC dispersed sample benefiting from the
excellent electrical transport properties and the nearly
unchanged lattice thermal conductivity possesses the
highest ZT value of 1.12 at 325 K. Although these results
confirm the effect of SiC dispersion, the obtained max-
imum ZT of 1.12 is not an outstanding value compared
with the previously reported ZT values [17]. This is most
likely due to the compositional differences. In this work,
the commercial scraps were used for the purpose of
material recycling, so that the sample without SiC also
showed lower ZT values because its composition was
optimized for zone-melting processing rather than for
powder processing [47]. Nevertheless, these results are
still an instructive demonstration that (Bi,Sb),Te; nano-
composites with high TE performance can be obtained by
selecting nanoparticles with an appropriate size.

Microstructure analysis was performed for the 30 nm
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Figure 4 (a) Thermal conductivity with the inset showing the calculated phonon mean free path L. (b) ZT values of the commercially available p-

type (Bi,Sb),Te; containing dispersed SiC nanoparticles of different sizes.
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-SiC dispersed sample because of its relatively high ZT
value. Fig. 5a presents the low-magnification TEM image
together with the EDS results showing the SiC nano-
particles distributed in the (Bi,Sb),Te; matrix. Fig. 5b and
Fig. S5 exhibit some Moiré patterns and twinning char-
acteristics (as observed in the region indicated by the red
ellipse in Fig. 5b), that appear to be common in the
BiSbTe system [35,38,48] due to the twist of the adjacent
grains and the low stacking fault energy [48,49], respec-
tively. The selected area electron diffraction (SAED)
pattern (inset of Fig. 5b) displays two sets of diffraction
spots, corresponding to twinning diffraction. The high-
resolution TEM (HRTEM) image (Fig. 5c) from the re-
gion marked by the red ellipse in Fig. 5b further verifies
the twinning structure. Fig. 5d and inset show the inverse

fast Fourier transform (IFFT) images corresponding to
regions C1 and C2 in Fig. 5c, respectively, that exhibit a
small number of curved lattice fringes and dislocations.
These defects, including nanoparticles, twinning struc-
tures and dislocations, do in fact exert a strong influence
on phonon transport. However, the (x,, + x;,) value shows
little change compared with that of the sample without
nano-SiC, which should be attributed to the small
amount of the defects and the high intrinsic thermal
conductivity of SiC. It was observed that the p-type
(Bi,Sb),Te; and 4H-SiC are connected via a transition
region possibly due to the mismatch between their lattice
constants (shown in Table S1), as presented in Fig. 5e.
However, clear interfaces are formed between p-type
(Bi,Sb),Te; and 3C-SiC (Fig. 5f) due to their similar lattice

S
A 42032 vt -

0-(Bi,.Sb),

+10 % l

-10 %,

Figure 5 Microstructure of the commercially available p-type (Bi,Sb),Te; containing dispersed 30 nm-SiC. (a) Low-magnification TEM image and
EDS results. (b) TEM image with the corresponding SAED diffraction spots shows a typical twinning characteristic. (¢) HRTEM image from the
region indicated by the red ellipse in (b). (d) IFFT images from regions C1 and C2 (inset) in (c). HRTEM images of (e, f) the 4H-SiC/p-type
(Bi,Sb),Te; and 3C-SiC/p-type (Bi,Sb),Te; interfaces, respectively; (h) the p-type (Bi,Sb),Te; matrix away from nano-SiC. (g, i) The geometric phase
analysis (GPA) images corresponding to (f) and (h), respectively. Some dislocation regions are observed as indicated by the yellow circles in (f) and

(h).
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constants which is the prerequisite for generating the
energy-filtering effect [50,51]. Some dislocation regions
can also be observed in the p-type (Bi,Sb),Te; matrix near
and away from SiC, as indicated by the yellow circles in
Fig. 5f, h, respectively. Fig. 5g, i exhibit the corresponding
geometric phase analysis (GPA) images of Fig. 5f, h, re-
spectively, and mass tensile strain regions are observed in
both. These strain regions were attributed to the intense
BM process and were not completely eliminated upon
sintering for only 5 min. This is also a reason for the
measured lower lattice thermal conductivity compared
with that of the commercial ingot (Fig. S6).

K 1S @ crucial parameter in TE research focusing on ZT
optimization because it can be regulated relatively in-
dependently of the electronic-structure-dependent para-
meters S and o. For the materials investigated in this
work, x,, is intertwined with #;, making its further in-
vestigation difficult. However, in fact, phonon-phonon
Umklapp scattering dominates heat transport when the
temperature is well above the Debye temperature of
Bi,Te; materials (162 K), and therefore the x;,, and

contributions can be separated by using the x,, o T

[52,53] relation in these conditions. xj,, can be approxi-
mated by (x — ) if intrinsic excitation can be neglected.
Therefore, x;,, at high temperatures can be obtained by
fitting the (x — «.) values to x, = aT ' + b [52,54] (where
a and b are fitting parameters) in an appropriate tem-
perature range. Here, we chose 200-250 K as the tem-
perature range of the fitting for the 30 nm-SiC dispersed
sample. The separated xj,, and x;, along with the fitted
curve are shown in Fig. 6a. It is observed that «;,, shows a
small range of decreased values from 300 to 475 K com-
pared with previous studies [52,55]; this is due to the
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lower nanoparticle number density and dislocation den-
sity (as indicated by the (HR)TEM images presented in
Fig. 5) that weaken the mid-high frequency phonon
scattering. Here, the Debye-Callaway model (Table S2)
was adopted to evaluate the effect of the SiC nanoparticles
with different sizes on x,, with the results shown in Fig.
6b. The calculation method is the same as that in our
previous report [34]. The related parameters are listed in
the Supplementary information. The calculated «;, values
are lower than the corresponding experimental values due
to the lack of consideration of the SiC thermal con-
ductivity in the calculation. It is found that the calculated
Ky, decreases gradually until the nano-SiC size decreases
to 10 nm, and then reduces sharply when the nano-SiC
size continues to decrease to 1 nm, supporting our above-
mentioned inference. The size of the finer SiC nano-
particles is closer to the phonon mean free path of p-type
(Bi,Sb),Te;, producing more intense phonon scattering
and thereby decreasing ;.

SiC nanocomposite combined with compositional and
processing modifications

Introduction and extrusion of excess Te element in
Bi,Te;-based compounds has been proved to be an ef-
fective method for TE performance enhancement
[35-37]. Herein, excess Te was introduced into the
commercially available p-type (Bi,Sb),Te; scraps on the
basis of dispersion with 0.4 vol% 30 nm-SiC. To expel Te
more effectively, the SPS conditions were modified to
743 K and 15 min under 50 MPa. Fig. S7 shows the TE
properties. All of the samples with expelled excess Te
show normal variation compared with the sample with-
out expelled excess Te, namely the electrical conductivity

b 7
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0.64 PY
T * X * *
x *
e 060F K
=
F *
< 0.56F
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Figure 6 (a) Separated «;,, together with x,, and x;, of the 30 nm-SiC dispersed sample. The inset shows the fitted linear relationship. (b) Nano-SiC
size-dependent «;,, in p-type (Bi,Sb),Te;-based composite calculated via the Debye-Callaway model at room temperature. The corresponding ex-

perimental values are also included.
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is enhanced and the Seebeck coefficient is reduced, which
should be attributed to the increased carrier concentra-
tion and mobility resulting from the expulsion of excess
Te (Fig. 7f). It appears that the sample still manifests the
enhancement effect of the Seebeck coefficient even
though it suffers from the expulsion of excess Te (as
shown in Fig. S7c) that can be ascribed to the nano-SiC
dispersion, as analyzed above. Naturally, the thermal
conductivity increases with the expulsion of excess Te due
to the increased electrical conductivities. The highest ZT
value of 1.15 was obtained in 0.4 vol% 30 nm-SiC dis-
persed p-type (Bi,Sb),Te; with the expulsion of 2 wt%
excess Te.

Our previous work proved that optimization of the
matrix composition is crucial for obtaining improved TE
performance of Bi,Te;-based compounds and showed
that the modulated composition with the Bi/Sb ratio of
0.4/1.6 is more appropriate for the samples processed
using the BM method [34]. Hence, based on the opti-
mized nano-SiC composite (0.4 vol% 30 nm-SiC) and the
expulsion of excess Te (2 wt%), the matrix composition
was modulated to achieve the Bi/Sb ratio of 0.4/1.6. The
TE properties of the resultant sample are shown in Fig. 7.
The electrical conductivity of the sample with Bi/Sb ratio
of 0.4/1.6 is greatly improved compared with the com-

position-unmodulated samples, while the Seebeck coef-
ficient drops markedly. Both variations are due to the
significantly increased carrier concentration (Fig. 7f).
Compared with the original matrix composition of
commercial (Bi,Sb),Te; with the Bi/Sb ratio of approxi-
mately 0.5/1.5, the modulated composition has a greater
Sb content, contributing more antisite defects Sb’y,, and
hole carriers. Moreover, the excess Te compensates the Te
vacancies and inhibits the donor-like effect to some ex-
tent, thereby suppressing the generation of electrons [34].
The extrusion of excess Te during the SPS process may
also lead to the grain rearrangement [35]. The improved
SPS temperature and duration time (743 K/15 min) also
promote the grain growth. Therefore, the mobility is
unaffected by the increased hole concentration and im-
proves only slightly. The PF attains the maximum value
of 39uW cm 'K ° due to the synergistic modulation.
Meanwhile, the thermal conductivity of the matrix-
composition-modified sample (Bi/Sb = 0.4/1.6) increases
compared with the composition-unmodulated samples;
this is due to the substantial contribution of the hole
carriers. In addition, the thermal conductivity is notice-
ably lower than those of other samples after 400 K, which
is ascribed to the suppressed bipolar thermal conductivity
related to the higher carrier concentration. Eventually, the

a 1200 —@—0.4 vol% 30 nm-SiC b 300 c 4
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Figure 7 Temperature-dependent TE properties of the commercially available p-type (Bi,Sb),Te; with different TE performance modulation
strategies. (a) Electrical conductivity; (b) Seebeck coefficient; (c) power factor; (d) thermal conductivity; (e) ZT value (the error bars are + 20%) and
the maximum and average ZT shown in the inset (derived from 300 to 475 K); (f) carrier concentration (the inset shows the mobility).
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highest ZT value of 1.30 is achieved as shown in Fig. 7e.

To benefit from the advantages of improved SPS tem-
perature and prolonged SPS duration time, as well as the
optimized matrix composition, the SPS conditions of the
matrix-composition-optimized sample was further mod-
ified to 793 K and 30 min, and the TE performance of the
obtained sample is shown in Fig. 7. The improved SPS
temperature and prolonged duration time may further
modulate the defects and lead to more grown grains,
which are favorable for obtaining higher carrier con-
centration and mobility (shown in Fig. 7f), respectively.
Therefore, the electrical conductivity improved to
951 Scm ' at room temperature compared with that of
the sample possessing the same composition but SPS-
processed at 743 K/15 min. Although the Seebeck coefti-
cient decreased, a PF as high as 41 yW cm 'K~ was
achieved. The increase in thermal conductivity is ascribed
to the improved carrier concentration. The peak ZT value
of 1.33 was obtained, and the overall ZT was also sub-
stantially improved as shown in Fig. 7e.

The inset of Fig. 7e shows the maximum and average
ZT (ZT. and ZT,,.) values (derived from the tempera-
ture range of 300-475K) of the commercial p-type
(Bi,Sb),Te; scraps obtained following different TE per-
formance enhancement strategies. Compared with the
raw (Bi,Sb),Te; materials, the maximum and average ZT
increased by 40% and 62% due to the synergistic opti-
mization of SiC nanoparticles dispersion, extrusion of
excess Te, matrix composition modulation, and SPS
conditions’ optimization. Thus, the combination of
multiple strategies is demonstrated to be beneficial for the
enhancement of the TE performance of the p-type
(Bi,Sb),Te; materials.

CONCLUSIONS

Nano-SiC/(Bi,Sb),Te; composites were synthesized using
commercially available p-type (Bi,Sb),Te; scraps and SiC
nanoparticles of different sizes. The dispersion of nano-
SiC results in increased electrical conductivity and See-
beck coefficient, decoupling both the properties to a
certain extent. This effect becomes more pronounced
with the decreasing size of the SiC nanoparticles. The
enhancement in the Seebeck coefficient appears to be
independent of the size or crystal phases of the SiC na-
noparticles. The influence of the SiC nanoparticles on
thermal conductivity is related to the competition be-
tween the composition effects and scattering effects, i.e.,
the nanoparticles with the sizes of 100 nm or much less
have a more pronounced effect to increase phonon scat-
tering, while larger SiC nanoparticles present a greater
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composition (average) effect. The Debye-Callaway model
calculations indicate that a more prominent phonon
scattering effect is obtained with increasing reduction of
the nano-SiC size. Eventually, the highest ZT value of 1.12
was obtained in the 30 nm-SiC dispersed sample. Fur-
thermore, excess Te was introduced and expelled based
on the 30 nm-SiC dispersed sample, and together with the
optimization of matrix composition modulation and SPS
conditions enabled the achievement of the peak ZT value
of 1.33. This work paves the way for recycling commercial
Bi,Te; scraps, and provides guidance for selecting nano-
particles with an appropriate size (smaller nanoparticles
are better for enhancing the TE performance of Bi,Te;
materials); finally, our work highlights the importance of
synergistic optimization with multiple strategies. This
guiding principle can also be expected to be widely ap-
plicable to other promising TE materials.
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