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ABSTRACT

We investigate thermoelectric properties of Cu-doped Bi,Te, ;Se 5 fabricated using a simple doping process and spark plasma sintering.
Through precise control of Cu doping, it is found that Cu atoms preferentially occupied Bi sites and then intercalated into the van der Waals
gap with an increasing Cu content. Electrical transport properties of Cu-doped samples were systemically controlled using this mechanism.
At the same time, thermal conductivities of the Cu-doped samples were reduced by the enhancement of point defect phonon scattering due
to the Cu atoms. Compared to that of pristine samples, the dimensionless thermoelectric figure of merit (“ZT”) of 0.98 at 323K for the Cu-
doped sample was increased by more than 92% owing to these synergetic effects. Furthermore, the shift of maximum ZT to room tempera-

ture provides advantages for enlarging the applications of thermoelectric effects at room temperature.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0077057

Thermoelectric (TE) materials have been the focus of recent
research owing to their potential for energy harvesting and solid-state
refrigeration.”” The energy conversion efficiency of TE materials can
be evaluated as the dimensionless figure of merit ZT = 8% T/ Ko
where 0, S, Ko, and T represent the electrical conductivity, Seebeck
coefficient, total thermal conductivity, and absolute temperature,
respectively. Continuous efforts have been made to enhance ZT in
Bi,Tes-based materials, which are the most well-known TE materials
in the low-temperature range (<450 K).” ® In p-type materials (ternary
alloy Bij 5Sb, 5Te;), high ZT values of 1.2-1.6 have been achieved using
phonon engineering’ '’ and band engineering'' " by introduction of
nanoscale microstructures. However, in the case of n-type TE materi-
als such as Bi,Te,;Seqs (BTS), introducing microstructures was
less effective for enhancing the ZT values and reproducibility because
of the uncontrollable defect generation. Liu et al. found that the inter-
calation of Cu could significantly improve the reproducibility of BTS

by suppressing the escape of Te atoms."* Although Cu-intercalation in
n-type TE materials is an effective method for enhancing the repro-
ducibility, the ZT values of n-type TE materials are still low compared
to those of p-type TE materials. Lee et al. obtained a ZT of 0.91 at
320K for CugnsBi;g9Augn Te,7Sey; through significant improve-
ment of the Seebeck coefficient by Au doping on the Bi site, suggesting
the possibility of enhancing ZT."” In this report, Lee et al. also reported
that the enhancement of the TE properties in polycrystalline n-type
BTS can be enhanced by the intercalation of Cu and the doping of Al
on Bi-sites. Despite this careful study, the mechanism of ZT enhance-
ment in Cu-doped BTS is still not clear.

Herein, we systematically study the effect of Cu doping on the
electrical and thermal properties of Cu-doped BTS. The ZT values
were significantly enhanced over a wide temperature range through
Cu doping by the simultaneous manipulation of the electronic and
thermal transport properties. The peak value of ZT was measured to
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be 0.98 at 323K for the 0.2 vol. % Cu-doped BTS sample. Moreover, the
peak of ZT shifted from a higher temperature to room temperature
mainly because of the modification of thermal conductivities for the Cu-
BTS samples. This shift of the maximum ZT makes it feasible to expand
the applications of TE materials and devices at room temperature.
Cu-doped BTS samples (Cu 0.025-0.5vol. %) were fabricated by
metal acetate doping'® '* and spark plasma sintering (SPS). To analyze
the Cu doping effect of n-type BTS alloys and minimize the range of
deviations in TE properties, we purchased commercial BTS-based
ingots made by the zone melting process (LIVINGCARE Co., Ltd.).
The BTS-based ingots were crushed into powders using a ball mill
(Pulverisette 7, Fritsch GmbH, Germany) for 10 min under an argon
atmosphere, and then the size of the milled powders was controlled by
sieving (<53 um). For the doping of Cu atoms into the BTS powders,
copper (II) acetate [(CH;COO),Cu, Alfa Aesar] was used as the dopant
material. A high-energy ball milling process (8000D, SPEX, USA) was
carried out for 5 min in an argon atmosphere to homogeneously deposit
copper (II) acetate onto the surface of the BTS powder. Then, to reduce
the acetate (-CH3;COO-), heat treatment was conducted in a tube-type
furnace under a mixed gas atmosphere (95% N, and 5% H,) at 573K
for 3 h. The polycrystalline compacted Cu-doped BTS bulks were pre-
pared by SPS under 30 MPa pressure at 773 K for 2 min in vacuum.
Phase analysis of the Cu-doped BTS samples was carried out
using x-ray diffraction (XRD) (Ultima IV/ME 200DX, Rigaku, Japan)

(@)
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with CuKu radiation. Raman spectroscopy was employed to clarify the
Cu doping sites using a 532nm Nd:YAG laser (LabRam Aramis,
Horriba Jovin Yvon, France). A field emission scanning electron
microscope (FE-SEM, JEOL-7001F, JEOL, Ltd., Japan) was used to
observe the microstructure of the fractured bulk surface. Low-
magnification TEM, selected area electron diffraction (SAED) pattern
analysis, and scanning transmission electron microscopy (STEM)-
high-angle annular dark field (HAADF) analysis (STEM; JEM-ARM
200F, JEOL, Ltd., Japan) were performed to clarify the atomic sites of
Cu dopants and various defects. Hall effect measurements were con-
ducted in the van der Pauw configuration under a constant magnetic
field (1'T) at 303 K. The Hall mobility (yp1.1) and concentration ()
were calculated using the one-band model without considering minor-
ity carriers. The temperature dependences of ¢ and S of the Cu-doped
BTS samples were measured using a TE property measurement system
(ZEM-3, ULVAC, Japan) between 303 and 483 K. The k, values were
calculated using the equation k= ps C, 4, where p; is the density, C,
is the specific heat capacity, and 4 is the thermal diffusivity. 4 was mea-
sured in a vacuum using the laser flash method (LFA-457, Netszch,
Germany), and C, was assigned a constant value of 0.157] g~ ' K™ ".
Figure 1(a) shows the x-ray diffraction patterns of Cu-doped BTS
samples (Cu 0.025-0.5vol. %). All patterns were indexed with a tar-
geted rhombohedral R3m space group as the major phase. Secondary
phases were not detected in any of the samples, indicating that Cu was
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FIG. 1. (a) Powder XRD patterns and (b) the variation in lattice parameters of the Cu-doped BTS samples. (c) SEM image of the fractured surface of the 0.3 vol. % Cu-doped

BTS sample.
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readily soluble in the BTS lattice. It should be noted that the c-axis lat-
tice parameter for Cu-doped BTS samples tends to slightly increase
with increasing Cu content, as shown in Fig. 1(b). The change in the c-
axis lattice parameter was not noticeable in samples with a Cu content
under 0.2vol. %, but the change was significant in the samples with
higher Cu contents. This increase in the c-axis lattice parameter in the
samples with higher Cu contents is attributed to the intercalation of
Cu atoms into the van der Waals (vdW) gap. This result is in agree-
ment with a previous report that Cu atoms preferentially occupy Bi
sites and then intercalate into the vdW gap with the increasing Cu
content."” To clarify this, we measured the Raman spectra of the Cu-
doped BTS samples. As shown in Fig. S1, three vibration modes at
622cm™! (Algl), 103.12cm ™! (Egz), and 135.32 (Algz) were found in
all Cu-doped BTS samples.”’ However, the A, and A,,” modes grad-
ually decrease with the increase in the Cu content. This indicates that
the preferential occupation of Cu dopants changes from substitution
for the Bi sites to intercalation in vdW gaps with the increasing Cu
content, because the out-of-plane vibration was suppressed by the Cu
intercalations. The SEM images of the fractured surface of the Cu-
doped BTS samples demonstrate polycrystalline structures with clean
and fine-layered microstructures [Fig. 1(c)]. As shown in Fig. S2, all
the Cu-doped BTS samples have similar microstructures at the micro-
scale level. We prepared an ultra-thin TEM sample of the 0.4 vol. %
Cu-doped BTS sample using a precision ion polishing system (PIPS
691, Gatan, USA) to observe the large-area atomic scale microstruc-
ture (Fig. S3 in the supplementary material). The atomic arrangement
of Bi,Te; and the vdW gap between the TeM: Te) planes was
observed.”' Unfortunately, because of the difficulties in the sample
preparation process, we could not distinguish the various atomic
defects such as interstitials, anti-site defects, and vacancies.

An in-depth analysis of the electronic and thermal transport prop-
erties should be carried out to investigate the doping effect and doping
mechanism of Cu in a BTS alloy. In this study, we fabricated three dif-
ferent samples of each composition to evaluate their TE properties. The
electronic transport properties [a, S, and power factor (PF)] as a func-
tion of temperature for the Cu-doped BTS samples are shown in Fig. 2.
The ¢ values of the Cu-doped BTS samples were lower than those of
the pristine sample. At 303 K, it should be noted that ¢ decreases with
the increasing Cu content up to 0.3 vol. % and then begins to increase
again for Cu doping levels greater than 0.3 vol. % [Fig. 3(a)]. To clarify
this, the Hall effect parameters of the Cu-doped BTS samples were
investigated to calculate the carrier concentrations (1.) and Hall mobili-
ties () by estimating the one-band model without considering
minor carriers, as presented in Table S1. The #, values of the Cu-doped
BTS samples continuously decreased until the Cu content reached
0.3vol. % (6.18 x 10"°-1.62 x 10" cm ). After that, the n. values in
the Cu-doped BTS samples with Cu content over 0.3 vol. % recovered
slightly from 1.62 x 10" cm ™ to 3.01 x 10"*cm™>. At the same time,
the Jtpra Values generally increased from 166.46 to 257.11cm® V™' ™"
with the increase in the Cu content. From these results, we can infer that
the Cu doping mechanism was changed in the samples with the increas-
ing Cu doping content. It seems that Cu atoms preferentially occupy Bi
sites in the case of doping at lower Cu levels (0.025-0.3 vol. %). The
occupation of Cu atoms at Bi sites leads to the reduction of 7, generating
one hole per Cu atom.'” On the other hand, it seems that Cu intercala-
tion defects compensate for the hole carriers induced by the occupation
of Cu atoms at Bi sites, resulting in the recovery of n., as shown in
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FIG. 2. Temperature dependences of the (a) electrical conductivity and (b)
Seebeck coefficient of the Cu-doped BTS samples. The inset in (b) shows the tem-
perature dependence of the power factor.

Fig. 3(b). This Cu intercalation is in good agreement with the results
of the XRD investigation [Fig. 1(b)], which shows that the lattice
parameter of the c-axis was slightly enlarged in the samples with
high levels of Cu doping. Under these conditions, the lattice parame-
ter of the a-axis was independent of the Cu content. The iy, values
of the Cu-doped BTS samples increased steadily with the increasing
Cu content by 0.4 vol. %, showing a different tendency from that of
ne, as shown in Fig. 3(b) and Table S1. In general, the intercalated
Cu atoms in the vdW gap of the BTS alloys result in the enhance-
ment of py,y owing to the conductive two-dimensional channels.”*
However, the iy, behavior in the 0.5 vol. % Cu-doped BTS sample
may be slightly different because of a Cu-based secondary phase or
some other doping mechanisms.

The n-type semiconductor properties of the Cu-doped BTS sam-
ples were confirmed by investigating the Seebeck coefficient, as shown
in Fig. 2(b). The S values of the Cu-doped BTS samples were negative
and higher than those of the pristine sample. In contrast to g, the
absolute S values increased up to 0.3 vol. % of the Cu content and then
decreased in the samples with higher Cu contents [Fig. 3(a)]. This
opposite tendency originates from the trade-off relationship between S
and . according to the following equation:
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samples. The inset in (a) shows the Cu content dependence of the power factor.

87T2k2 T 2/3
S= Ly i T
3eh? (3nc) "

where kg, e, and h are the Boltzmann constant, elementary charge, and
the Planck constant, respectively. The temperature dependence of the
PF was calculated from the measured ¢ and S values as shown in the
inset of Fig. 2(b). As the Cu content increased, the PF at 303 K gradu-
ally increased [the inset of Fig. 3(a)] owing to the optimized ¢ and S.
By manipulating n. with Cu contents, we could obtain the maximized
PF values.

To achieve a high ZT value, the thermal transport properties
should be considered along with the electrical properties such as ¢ and
S. The effect of Cu doping on the thermal conductivities of BTS alloys
was investigated using the laser flash method. Figure 4(a) shows the
temperature dependence of k. for the Cu-doped BTS samples. In Fig.
4(a), Kyoq values of the Cu-doped BTS samples were lower (1.34 W m ™
K™ for 0.025vol. %, 0.96 W m™~* K ! for 0.2 vol. % at 303 K) than that
of the pristine sample (1.71 W m ™' K" at 303 K) over the entire range
of the measured temperature. Moreover, the minimum peak of K
shifts to room temperature from higher temperatures, mainly because
of the increase in the bipolar thermal conduction by the decreased con-
centration of the majority carriers (electrons). We calculated i +icyp
values to clarify the phonon scattering effect. The kg value was
obtained using the Wiedemann-Franz law (ig. = Lo T, where L is the
Lorenz number). L was estimated using the following equation:™
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N

L=15 +exp{ 116]’
where L and S are 107 W Q K 2 and uV K, respectively. The
temperature dependence of K,+Kpyp, for the Cu-doped BTS samples
is shown in the inset of Fig. 4(a). Most values of ki, -+, for the
Cu-doped BTS samples were lower than that of the pristine sample
because of the intensified point-defect phonon scattering. However,
the high x4y, values of the Cu-doped BTS samples with low 7,
were attributed to bipolar thermal conduction. The dimensionless
figures of merit ZT of the Cu-doped BTS samples are shown in Fig.
4(b). The ZT values were significantly enhanced over a wide tem-
perature range by doping with Cu. The maximum ZT was 0.98 at
323 K for the 0.2 vol. % Cu-doped BTS sample. Considering that the
ZT at 323 K for the pristine sample was approximately 0.5, the max-
imum ZT increased by more than 92%. This ZT enhancement of the
Cu-doped BTS samples was caused by the simultaneous manipula-
tion of the electronic and thermal transport properties. Notably, a
shift in the maximum ZT was observed at room temperature in the
Cu-doped BTS samples, mainly due to the thermal transport
properties.

Appl. Phys. Lett. 120, 043903 (2022); doi: 10.1063/5.0077057
Published under an exclusive license by AIP Publishing

120, 043903-4


https://scitation.org/journal/apl

Applied Physics Letters

In conclusion, the electrical and thermal properties of Cu-doped
BTS fabricated by the simple doping process were investigated, and
the ZT values were significantly enhanced by the Cu-doping. This
enhancement of ZT was mainly caused by the combined effect of the
increase in the PF and the reduction in the thermal conductivity. The
maximum ZT was 0.98 at 323 K owing to these synergetic effects. It
should be noted that the maximum ZT value increased by more than
92% at 323 K. The shift of the maximum ZT to room temperature in
the Cu-doped BTS samples sheds some light on the transport mecha-
nism in this prospective high-efficiency TE material.

See the supplementary material for information on the Cu-doped
BTS sample structure analyzed using Raman spectroscopy, SEM
images, TEM image, SAED pattern, and STEM-HAADF image.
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