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The temperature dependence of the Hall mobility, Seebeck coefficient, electrical resistivity,
thermal conductivity, and figure-of-merit of the Sbl; and CuBr-doped 85% Bi,Te3-15%
Bi,Ses single crystals have been characterized at temperatures ranging from 77 K to 600 K.
The scattering parameter in 85% Bi,Tes-15% Bi,Ses single crystal was determined as 0.1
from the temperature dependence of the carrier mobility. With increasing the amount of
Sbl; or CuBr doping, the Seebeck coefficient of 85% Bi,Te3-15% Bi,Ses decreased and the
temperature at which the Seebeck coefficient shows a maximum shifted to higher
temperature. Compared to the Sbl;-doped specimens, the CuBr-doped single crystals
exhibited higher (m*/ mg)3? ., implying that CuBr is a more effective dopant to improve the
material factor and thus the figure-of-merit of 85% Bi,Te3-15% Bi,Sez. The maximum
figure-of-merit of 2.0 x 1073/K and 2.2 x 10~3/K was obtained for 0.1 wt % Sbls;-doped
specimen and 0.03 wt % CuBr-doped specimen, respectively. © 1998 Kluwer Academic
Publishers

1. Introduction 15% BbSe; single crystals doped with Shand CuBr
Thermoelectric modules utilizing the Peltier effect havewere measured over the temperature range from 77 to
been widely applied to cool electronic devices such600 K. Also the effects of Shland CuBr doping on the
as integrated circuit packages, laser diodes and infeduced Fermienergy and the material factor of the 85%
frared detectors, because quick and precise control di,Tes-15% BihSe; single crystals were characterized.
temperature is possible with almost no noise during
operation [1-3]. The semiconducting ;Bes-Bi,Se;
pseudo-binary alloys with a low content of Bies 2. Experimental
have been known as one of the best n-type materialsligh purity (99.999%) Bi, Te, and Se granulesgimm)
currently available for thermoelectric applications nearwere washed with 10% nitric acid, acetone, and distilled
room temperature. As the undopedBi:-Bi,Se sin-  waterto remove the surface oxide layer. The appropriate
gle crystals are p-type semiconductors in theTBi-  amounts of Bi, Te and Se were weighed to make 150 g
rich region [4-8], donor dopants such as$3iid CuBr  of 85 mol % B Tes-15 mol % BpSe; and charged into
are usually doped to make n-type semiconductors. a quartz tube with Shlup to 0.20 wt % or CuBr up
Cooling capacity or the coefficient-of-performanceto 0.10 wt % as donor dopants. The inside wall of the
of Peltier cooling modules is dependent on the figure-quartz tube was carbon-coated by acetone cracking. The
of-merit of the thermoelectric materials, which is deter-quartz tube was evacuated to—2Qorr and sealed. Bi,
mined by the thermoelectric properties such as Seebecke and Se in the quartz tube were melted at&Dfor 10
coefficient &), electrical resistivity g), and thermal hoursusing arocking furnace to ensure the composition
conductivity ). As a, p, andx are closely related to homogeneity, and quenched to room temperature. The
the electrical properties, it is necessary to characteriz85% Bi,Tes-15% BiSe; ingots were then grown in a
the variation of the thermoelectric properties with theBridgeman furnace at 85C with a growth rate of 1.2
dopant concentration to optimize the figure-of-merit of mm/min and a temperature gradient of’23cm at the
the thermoelectric materials [9, 10]. solid/liquid interface.
In this work, the Seebeck coefficient, electrical resis- The grown ingots have the (111) cleavage planes
tivity, and thermal conductivity of n-type 85% Hies-  aligned parallelto the growth direction, and two types of
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specimens, X 5 x 12 (mn?¥) for thermoelectric mea- bility can be expressed as a function of the scattering
surementand & 5 x 0.3 (mn?) for Hallmeasurement, Parametesasyu o T¢~1 [2], the scattering parameter
were cut along the growth direction. The electrical of the 85% BjTes-15% BhSe; alloy was determined
resistivity and Hall mobility of the Skland CuBr- as0.1.

doped 85% BiTe;-15% BibSe; single crystals were  Figs 2 and 3 illustrate the temperature dependence
characterized at temperatures ranging from 77 K tdf the electrical resistivitiep of the Sbg and CuBr-
600 K using Hall measurements with an AC magneticdoped specimens, which could be understood with the
field of 3000 gauss. The Seebeck coefficient was meadall mobility data shown in Fig. 1. The increase of
sured by the heat-pulse method [11] and the thermahe electrical resistivity with increasing the tempera-
conductivity was determined by the Harman methodture inthe low temperature region was mainly attributed
[12]. The figure-of-meritZ) was determined using the to the temperature dependence of the carrier mobility.
relationshipZ = «?/(p - X)

. . 85% Bi,Tes—15% Bi,Ses
3. Results and discussion

The Hall mobility (uy = Ry - o) as a function of (1/T) s
for the undoped, Skidoped and CuBr-doped 85% 4 b aciswwso,
Bi,Tes-15% B Se; single crystals is shown in Fig. 1. £ ©0.20 wi.% Sol F o
Compared to the undoped p-type specimen, theg Sblc ¢ \
and CuBr-doped specimens have lower Hall mobility% &
due to the impurity scattering [5]. At low temperatures, = 3 a
the Hall mobility of Sb and CuBr-doped specimens 2 S
decreased linearly along one line with increasing tem-g .
perature regardless of the type and concentration o< & *
the dopant, and the Hall coefficient, not shown here,8 2 [ £ & -
was constant up to 300 K, i.e. the electron concentra‘g &L .a
tion is saturated in this temperature range. For n-typew s° w2 oamBT
semiconductors, itis reasonable to assume that the Ha e oS
mobility 1 is equal to the electron mobilitye in the 'r JPIRS A
carrier saturation region [13]. From Fig. 1, the temper- s Bs- "
ature dependence of the electron mobility of the;Sbl DGM
and CuBr-doped specimens was obtained as
log e = 0.90 log(1000T) + 1.771 @) 0 200 400 600

Temperature, K

Although there was some deviation, the Hall mobility of
the undoped specimen was also proportiondl t§°.  Figure 2 Electrical resistivity of the Shtdoped 85% BiTes-15%
Because the temperature dependence of the carrier mBizSe; single crystals as a function of temperature.
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Figure 1 Hall mobility of the undoped, Skidoped and CuBr doped Figure 3 Electrical resistivity of the CuBr-doped 85% HBiez-15%
85% Bi Tesz-15% BhSe; single crystals as a function of temperature.  Bi»Se; single crystals as a function of temperature.
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Figure 4 Seebeck coefficient of the Sptloped 85% BiTes-15%

i i ) Figure 5 Seebeck coefficient of the CuBr-doped 85%R&-15%
Bi»Se; single crystals as a function of temperature.

Bi»Se; single crystals as a function of temperature.

With increasing temperature, the electrical resistivityI
of the lightly doped specimens decreased after reacq
ing a maximum due to the occurrence of the mixed
conduction [13]. The transition temperature from the
extrinsic to the intrinsic conduction shifted to higher
temperature with increasing dopant concentration. Th
specimens doped with Spmore than 0.15 wt % or
CuBr more than 0.05 wt % exhibited the extrinsic be-
havior at the temperature range investigated in thi
study.

n a thermoelectric material subjected to a tempera-
ure gradient, the Seebeck coefficient is related to the
electrical potential gradient between the hot region and
cold region. Thus, the temperature dependence of the
Seebeck coefficient is dependent on the variation of
he Fermi energy with temperature [10]. The scatter-
ing parameter of the Shand CuBr-doped specimens
was determined as 0.1 in this study. Substitusieg0.1

Snto Equations (2) and (3), the relationship between the
Figs 4 and 5 illustrate the variations of the Seebecl??,fﬁse 3&2?%?%2325&3.tgé;ﬁgzcﬁﬁeiszg ?:rg?/mi
coefficienta with temperature for the Sphnd CuBr- energy of the Shiand CuBr—doped specimens could
doped specimens, respectively. With increasing tem e obtained from the measured Seebeck coefficient in
perature, the Seebeck coefficientinitially increased an&ig. 4, and was illustrated in Fig. 7 as a function of

then decreased after reaching a maximum value. Wmt]emperature The reduced Fermi energy of the 8hd

the ipcrease (I)f thefarrrognt %f Shk“r Cufl?r Fjopigg, the guBr-doped specimens became higher with increasing
maximum value of the Seebeck coefficient decrease oping amount, which was due to the increase of the

and the temperature at which the Seebeck coeﬁicierga
has its maximum shifted to higher temperature [14].do
Such increase of the Seebeck coefficient at lower tem-
peratures is due to the decrease of the electron mobility
with temperature at the carrier saturation region. The
decrease of the Seebeck coefficient at higher temper:
tures is associated to the occurrence of the mixed cor
duction. According to the Fermi-Dirac statistics, the
Seebeck coefficient can be expressed as Equation (.
with the reduced Fermi energyand the scattering pa-
rameters. The Fermi integralF (¢) is expressed as
Equation (3) [1, 9, 10].

rrier concentration with increasing gtdnd CuBr
ping. In general, the 85% Blies-15% Bi,Se; single
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6
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crystals exhibited heavy degeneracy in the low temper ° ©0.05 wt.% Sbl,,
ature region. However, the reduced Fermi energy wa: 5 | PR
about O~ 2 at temperatures above room temperature_ 3 0020 wt.% Sl
indicating the Shj and CuBr-doped specimens were & ‘\
partially degenerated semiconductors at these tempe® 4 } N
atures. 3 Va

With the Fermi-Dirac statistics, the relationship be- £ R 4
tween the carrier mobility and the electrical conductiv-§ 5 | SN ° PV
ity can be expressed as Equation (4) [9, 10]. 3 f“ N ’&:'l’%

<m*>3/2 1605 n B2 T et
- . e — - R A" """ a e
Mo He = T Fs+1/2)(8) ( 2 qc;\?\?\ ﬂ,éé;ﬁ%”
-0 900"

In Equation (4)m* andmg is the effective mass and 1 F
rest mass of the electron, respectively. Fig. 8 illustrate
log (M*/mg)%? 1 of the undoped, Skidoped and
CuBr-doped specimens as a function of IbgFor the 0 . 1 . 1 .
undoped, Shtdoped and CuBr-doped specimens, log 0 200 400 600

(m*/mo)®? 1. decreased with increasing ladinearly
along the lines with the same slope, and the tempera-
ture dependence offrt* / mg)®/2 ¢ in 85% BibTes-15%  Figure 9 Thermal conductivity of the Skidoped 85% BiTes-15%
Bi»Se; could be expressed asi(/ mo)3/2/LC o« T-17, Bi,Se; single crystals as a function of temperature.

As shown in Fig. 8,1f1*/mg)¥? ¢ of 85% BhbTes-15%
Bi»Se; increased with doping of Spland CuBr. The
material factor g) of a thermoelectric material is ex-
pressed as Equation (5) [15].

Temperature, K

effective to improve the material factor and thus the
figure-of-merit of 85% BiTes;-15% BhLSe;. As shown
in Fig. 1, the Hall mobility of 85% BiTes;-15% BbSe;
o\ 32 was proportional ta ~%°. From this, the temperature
B = <m_> o M (5) dependence of the effective mass in 85%184-15%
mo (X — Xel) Bi»Se; was found to bertr*/mg)%/? oc T~08,

Figs 9 and 10 illustrate the thermal conductivity of
The lattice thermal conductivityk(— ke) of 85%  the Sby and CuBr-doped specimens as a function of
Bi,Tes-15% BhSe would not be varied with dop- temperature, respectively. With increasing temperature,
ing of Sbk and CuBr. Compared to the Skdoped the thermal conductivity initially decreased and then in-
specimens, the CuBr-doped specimens exhibited highareased after reaching its minimum value. At the same
(m*/mo)*? e, which implied that CuBr doping is more temperature, the thermal conductivity increased with
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Figure 10 Thermal conductivity of the CuBr-doped 85%;Be3-15%
Bi,Se; single crystals as a function of temperature.

increasing Skl or CuBr doping. With Widermann-
Franz law, the electrical contribution to the thermal

conductivity is expressed &g = LaT wherel is the
Lorentz number and can be determined with Equa
tion (6) [9, 16].

(k — kep) values of the Shland CuBr-doped specimens
were determined with the Lorentz numbewhich was
calculated by substituting the reduced Fermi energ)

(s+7/2)Fsi5/2(8)
(s+3/2)Fs11/2(8)

_[(s+5/2)Fs+3/z(s)]2 <@>2
(s+3/2)Fs+1/2(8) e

(6)

(Fig. 6) and also the scattering parameter 0.1 into

Equation (6). As shown in Fig. 11k (- kg|) values of
the Sbg and CuBr-doped specimens fit into one curve
regardless of the dopant concentration. With increasin
temperature K — ke) decreased at low temperature re-
gion and then increased at temperatures above 300
[17].

The figure-of-meritsZ (= a®/ok) of the Sbk and
CuBr-doped specimens are illustrated in Fig. 12 andingle crystals as a function of temperature.

Fig. 13, respectively. The figure-of-merit increased ini-
tially with increasing temperature, showed a maximum
at 250~ 300 K, and then decreased with further in-
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Figure 11 (k — kej) of the Sbp and CuBr-doped 85% Bie3-15%
Bi>Se; single crystals as a function of temperature.
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Figure 12 Figure-of-merit of the Sklkdoped 85% BiTes-15% BihSes

crease in the temperature. Low figure-of-merit at lowprove the figure-of-merit of 85% Ble3-15% BiSe;.
temperature region was owing to high lattice thermalwith increasing Skl and CuBr doping, the tempera-

conductivity, and low Seebeck coefficient at high tem-ture at which the figure-of-merit has a maximum shifted
perature region caused the figure-of-merit to decreast® higher temperature due to the increase of the elec-

[18]. Although the electrical resistivity decreased with tron concentration [19]. A maximum figure-of-merit of
increasing Shki and CuBr doping, the Seebeck coeffi- 2.0x 1073/K and 2.2x 10~3/K was obtained for 0.1
cient decreased simultaneously, implying that an optiwt % Sbk-doped specimen and 0.03 wt % CuBr-doped
mum amount of Shland CuBr doping exists to im- specimen, respectively.
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85% Bi,Te;—15% Bi,Se,

00.03 wt.% CuBr
AC.05 wt.% CuBr
©0.10 wt.% CuBr
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Figure-of-Merit, K
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Temperature, K

2.

3.

shifted to higher temperature due to the increase in the
electron concentration.

5. The maximum figure-of-merit of 2.010-3/K

and 2.2x 10-3/K was obtained for 0.1 wt % Spidoped
specimen and 0.03 wt % CuBr-doped specimen, respec-
tively.
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