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Enhancement of the Thermoelectric Figure of Merit in n-type
CuO_OogBigTe2_7Seo,3 by Using Nb Doping
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Doping with foreign atom has been shown to be an effective way to enhance the dimensionless
figure of merit ZT of BisTes-based thermoelectric raw materials. Herein, we report that doping
with Nb is effective in enhancing the Seebeck coefficient of n-type Cug.oosBizTe2.7Se0.3 polycrys-
talline bulks. Considering compensation of the Seebeck coefficient due to decrease of the electrical
conductivity in Nb-doped compositions, the absolute value of Seebeck coefficient rather increased
benefiting from an enhancement of the density of states (DOS) effective mass m™ from 1.09mg
(Cuop.008BiaTez.7Se0.3) to 1.21mo — 1.27mo (Cuo.008Biz—2NbzTes.7Seq.3) due to a DOS engineering
effect. The values of ZT were 0.84 at 300 K and 0.86 at 320 K for Cug.0ogBi1.99Nbg.01Tes.7Sep. 3.
This compositional tuning approach highlights the possibility of further enhancement of ZT' for
n-type BizTes-based compounds by using a combination of nanostructuring technologies to reduce
the thermal conductivity.
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I. INTRODUCTION

Thermoelectric (TE) materials have been intensively
investigated to realize highly efficient power generation
and eco-friendly cooling systems. Among TE materi-
als, BisTes-based alloys are widely used for small-scale
cooling and refrigerating applications due to their high
TE conversion efficiency, which is evaluated by using
the dimensionless figure of merit ZT (= 05T /k, where
o is the electrical conductivity, S is the Seebeck co-
efficient, and k is the total thermal conductivity at a
given absolute temperature T'), at temperatures near
room temperature. The maximum Z7T values of com-
mercialized BisTes-based ingots are about 1.0 both for
p-type (Biz_,Sb,Tes) and n-type (BizTesz_,Se,) mate-
rials; however, wider applications including automobile
TE power generation (ATEG) are limited because of low
Z'T value and poor mechanical properties.

For p-type Bis_,Sb,Tes-based materials, the TE per-
formance and the mechanical properties have been re-
markably enhanced by the fabrication of nanostructured
polycrystalline bulks. The value of ZT was increased
by 40 — 50% (ZTmax ~1.5 at 300 K) [1], and the bend-
ing strength was greatly improved by 800% (~80 MPa)
[2] as compared with a commercial zone-melted ingot.
These materials were fabricated via high energy ball-
milling or a rapid solidification process (melt spinning
or spark erosion) combined with pressure-induced sin-
tering techniques such as hot-pressing and spark plasma
sintering (SPS) [1,3,4]. Enhanced mechanical properties
could also be obtained in n-type BizTes_,Se,-based ma-
terials by the fabrication of polycrystalline bulks; how-
ever, uncontrollable formation of point defects (antisite
defects and vacancies) during the powder metallurgi-
cal processes caused a severe reproducibility issue [5].
This reproducibility problem in polycrystalline n-type
BisTes 7Sep.3 has been improved through the intercala-
tion of a small number of Cu atoms, which suppressed the
escape of Te atoms, and a high ZT of 0.9 was observed at
300 K in a Cug.g1BizTes 7Seq.3 nanocomposite fabricated
by using high-energy ball milling and hot pressing due
to the synergetic effect of the enhanced carrier mobility
(1) and the reduced lattice thermal conductivity (kiat)
[5]. Very recently, we demonstrated the Cu intercalation
effect for reproducibility in SPSed bulks with a micro-
grain structure. The enhanced Z7T of 0.73 with high
reproducibility was obtained in Cug gosBisTes.7Seq 3 at
300 K [6]. Compared to BiyTeq 7Seg 3, the ZT value was
increased by more than 15%; however, this ZT value
of an n-type material is still too low compared with
that for its p-type counterparts. Doping with foreign
atoms is one of the most promising approaches for ZT
enhancement because the power factor (0.5%) can be in-
creased by forming a large density of states (DOS) [7-10],
and/or the lat can be reduced by intensified point-defect
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phonon scattering [11]. In the present study, we selected
Cug.gosBisTes 7Seq 3 as a reference material and achieved
an enhancement in S by controlling the doping of Nb at
the Bi-site. The theoretical and the experimental anal-
yses for the electronic and the thermal transport prop-
erties are discussed to clarify the effect of Nb doping on
the TE properties.

II. EXPERIMENTS

We prepared ingots of Cug.gogBizTes 7Sep.s (CBTS)
and Nb-doped CBTS (Cug.o0sBiz—»Nb,Tes 7Sep3, © =
0.005, 0.01, 0.02) by using high-purity elemental Bi
(99.999%, 5N Plus), Nb (99.99%, CERAC), Te (99.999%,
5N Plus), and Se (99.999%, 5N Plus) as starting mate-
rials. The elements in stoichiometric amounts were put
into a carbon-coated quartz tube (inner diameter ~14
mm) and melted in a box furnace for 10 h at 1423 K.
The ingots acquired by water quenching were pulverized
by using a ball mill for 5 min, and bulk samples were fab-
ricated by SPS technique at 500 °C and 30 MPa for 2 min
in a dynamic vacuum chamber (10 mm in diameter and
13 mm in thickness). The relative densities of the SPSed
bulks ranged from 7.51 g-em ™3 to 7.55 g-em™3 (> 96%
of the theoretical density). Because of the anisotropic
characteristics of the TE properties of BisTes-based ma-
terials, we measured o, S, and x in the same direction
(perpendicular to the SPS press direction). Disk-shaped
samples (10 mm in diameter and 1 mm in thickness) for
thermal diffusivity measurements and bar-shaped sam-
ples (2 mm X 2 mm x 8 mm) for o and S measurements
were cut on planes parallel and perpendicular to the SPS
press direction, respectively. The electronic transport
properties o and S were measured at temperatures from
300 K to 480 K using a ZEM-3 system (Seebeck Coeffi-
cient/Electrical Resistance Measuring System, ULVAC-
RICO, Japan) in a He atmosphere. Hall effect measure-
ments were carried out at 300 K in the van der Pauw
configuration under a constant magnetic field (1 T). The
w and the carrier concentration (n.) were calculated by
using a one-band model. The & values (= psNC)p-A) were
calculated by measuring the sample’s density (ps), heat
capacity (Cp), and thermal diffusivity (A). The C), values
at T > 280 K of all samples were almost constant at 0.155
J.g71.K~!. Temperature dependence of \ was measured
by using a TC-9000 system (Laser Flash Method Ther-
mal Constants Analyzer, ULVAC-RICO, Japan).

III. RESULTS AND DISCUSSION

We fabricated Nb-doped CBTS polycrystalline bulks
and evaluated their TE properties expecting that such
doping would affect the DOS and, thus, an enhance-
ment of the electronic transport properties might be re-
alized. Figure 1 shows the measured o, S, and power
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Fig. 1. (Color online) Temperature dependences of (a) the
electrical conductivity (o) and (b) the Seebeck coefficient (.5)
for CBTS and Nb-doepd CBTS. The calculated power factor
is shown in the inset of (b).

factor values of Nb-doped CBTS samples. A refer-
ence CBTS sample is also represented for comparison.
The values of o slightly decreased with increased Nb
doping (Fig. 1(a)). To elucidate this, we measured
the n. values of CBTS and Nb-doped CBTS at 300
K. The n. value of CBTS (4.34 x 10! cm™3) was
slightly increased by Nb doping (4.69 x 10!? cm~3 for
CUO_OosBil_995Nb0_005T€2_7S€0.3, 4.89 x 1019 CIIli3 for
Cu0,0ogBil,gngo_()lT62_7S€30'3, and 4.77 x 1019 cm*?’ for
Cug.00sBi1.90s8Nbg.g2Tes.7Seg.3). This is considered to be
related with the charge modulation caused by Nb dop-
ing. Group 5 elements such as V, Nb, Ta doped on the
Bi site might act as electron donors due to their four or
five valence electrons, which ahould result in an increased
ne. On the other hand, the p value of CBTS (~124 ¢cm?
V~1s71) decreased with Nb content (~110 cm?V~—ts~!
for Cug.gosBi1.995Nbg.go5 Tes.7Seq .3, ~102 cm?V—1s~! for

substitutional Nb is shown by the red line. The solid lines in
(a) indicate the Seebeck coefficient calculated with the DOS
effective mass (m™).

Cug.008Bi1.995Nbg.0o5Tes.7S¢eq .3, and ~96 cm?V—1s™! for
Cuo.oogBil995Nb0,005T€2_7S€0,3). Thus, the decrease of
in Nb-doped CBTS might be due to a reduction in
ucaused by electron carrier scattering due to presence
of Nb at the Bi sites. Figure 1(b) shows the temperature
dependence of S for CBTS and Nb-doped CBTS. One
should note that the increase in the value of S for Nb-
doped CBTS is rather drastic considering trade-off be-
tween and S. This is clearly seen in the plot of the power
factor shown in the inset of Fig. 1(b). Despite a decrease
in o, higher power factors were obtained in Nb-doped
CBTS, suggesting that the electronic transport proper-
ties were enhanced by doping with Nb. The maximum
power factor of 2.97 mW m~'K~2 was obtained for 0.5
at.% Nb—doped CBTS (Cuo_oogBil_gngo_olTegjseo_g)
despite the value of its o (797 Scm™!) being relatively
lower than that of CBTS (862 Scm™1).

To clarify the variation of electronic transport behav-
ior in Nb-doped CBTS, we calculated the DOS effective
mass m* and the results are shown in Fig. 2(a). The m*
was estimated from the measured S and n. with the use
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Fig. 3. (Color online) Temperature dependences of (a) the
thermal conductivity (k) and the lattice thermal conductivity
(Kiq:) and (b) the dimensionless figure of merit Z7T for CBTS
and Nb-doped CBTS.

of Eq. (1) [12]
8m2k% [ w 2/3 .
5= 3eh? <3nc> mT, (1)

(r+17/2)F,5/2(n)
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where kg, e, and h are the Boltzmann constant, the
elementary charge, and the Planck constant, respec-
tively. Figure 2(a) shows the measured S as a func-
tion of n. (Pisarenko plot) for all samples at 300 K.
The solid lines are calculated for m* = 1.00, 1.25, and
1.50m)0 by using Eq. (1), assuming a single parabolic
band and an energy-independent carrier-scattering ap-
proximation for degenerated semiconductors. As shown
in Fig. 2(a), m* is increased from 1.09mg to 1.21mgy —
1.27mgy by Nb doping. The large m* values for Nb-
doped CBTS are considered to be due to a modification
of the electronic structure and could be responsible for
the large S. First-principles calculations were performed
within density-functional framework to understand the
effect of Nb-doping in Bis(Te,Se)s (BTS) [13]. We used
the planewave basis, the generalized gradient approxi-
mations parameterized by Perdew-Burke-Ernzerhof, and
the projector-augmented wave pseudopotentials imple-
mented in the VASP code. For the model structure of
BTS, we used a (4 x 4) unit cell with one quintuple layer
containing 32 Bi, 36 Te, and 12 Se atoms. The interac-
tion between Nb and Cu atoms was neglected in our cal-
culations. Our calculations revealed that Nb atoms were
stabilized at Bi sites (Nbp;). Next, we examined the
electrical properties in the presence of Nbg;. Nbpg; im-
purities form additional levels near the conduction band
minimum, as shown in Fig. 2(b). This sharp DOS for-
mation near the Fermi level due to doping of Nb into the
BTS system may be the reason for the enhancement of
m™ that results in the improvement of S. The formation
of an impurity level of Nbpg; is also responsible for a de-
crease in ¢ because this may act as a scattering center
for an electron carrier.

The k values of the CBTS and the Nb-doped CBTS
samples are shown in Fig. 3(a). The x values of CBTS
were slightly decreased in all Nb-doped samples. We
calculated the k;4; values in order to elucidate the point-
defect phonon scattering effect caused by the substituted
Nb atoms (Fig. 3(a)). The value of x;q: was calculated
by subtraction of ke from (Kjet = —Kele), where the
electronic contribution k¢ was estimated by using the
Wiedemann-Franz law (keje = Lo - T - o). The Lorenz
number Ly was estimated using following equation:

(r+5/2)F3/2(n)

B kj 2 - 2
bo=("7) <<r+3/z>Fr+l/2<n> s ) )

where 7 is the scattering parameter, F,(n) is the n-th or-
der Fermi integral, and 7 is Fermi energy. Details of the
Lg calculation have been described elsewhere [14]. The
values of Ly at 300 K, ranging from 1.67 x 1078 V2K~2

(

to 1.79 x 1078 V2K 2, were found for the CBTS and the
Nb-doped CBTS samples. Although the calculated lat
values also included the contribution from bipolar ther-
mal conduction, those of the Nb-doped CBTS samples at
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low temperatures (< 400 K) were slightly decreased due
to the intensified point-defect phonon scattering caused
by the mass difference between the host ion (Mpg; =
209.0) and the dopant (Myp, = 92.9). On the other hand,
the behavior of the temperature dependence of x changed
with Nb doping. A steeper increase in x with increasing
in temperature was observed in Nb-doped CBTS due to
bipoar thermal conduction.

Figure 3(b) presents the temperature dependences of
ZT for CBTS and Nb-doped CBTS. The ZT value was
largely enhanced by Nb-doping especially at low temper-
atures (< 360 K). The highest ZT value obtained was
0.86 at 320 K for the CUO_OosBil_gngo.ogTegjseo.g sai-
ple, which is about 18% higher than that of the reference
CBTS (ZT = 0.73 at 320 K). Although the «;,, values
were not decreased by doping with Nb, the value of ZT
was increased due to the enhancement in S that origi-
nated from the DOS engineering effect.

IV. CONCLUSION

Polycrystalline  bulk  samples of  Nb-doped
Cug.gosBizTes 7Seg.3 were fabricated by using spark
plasma sintering technique. We experimentally showed
an enhancement of the thermoelectric performance of
n-type Cu-intercalated Bi-Te-Se systems. The Seebeck
coefficient ahowed a significant increase that originated
from the enlarged density of states effective mass, as a
result of density of states engineering in the formation
of the resonant state. Additionally, the lattice thermal
conductivity was reduced by point-defect phonon scat-
tering in the presence of Nb at the Bi site. Thus, an
enhanced thermoelectric performance (ZT = 0.86 at
320 K) was obtained for CuO,oogBil,99Nb0,01T€2,7Seo.3.
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