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Enhanced room-temperature thermoelectric
performance of p-type BiSbTe by reducing carrier
concentrationf

Zichen Wei,? Yang Yang,® Chenyang Wang,? Zhili Li,? Lixian Zheng?® and Jun Luo {9 *a¢
Improving room-temperature thermoelectric performance of p-type (Bi,Sb),Tes is essential for its practical
application. However, the usual doping or alloying methods increase the carrier concentration and result in
enhanced thermoelectric properties at high temperatures but not room temperature. In this work, we find
that Ti is a promising dopant to shift the optimum thermoelectric properties of p-type (Bi,Sb),Tes to room
temperature by reducing its carrier concentration. p-type BipsSbys_TixTes samples with various Ti
contents have been prepared using a simple melting method. The carrier concentration of
BigsSbys_«TixTes is reduced by partially replacing Sb with Ti, leading to not only a significantly increased
Seebeck coefficient but also an improved power factor near room temperature. Moreover, the total
thermal conductivity near room temperature also decreases owing to the combined effect of decreased
electrical conductivity and an anisotropic microstructure. An optimal zT value of ~1.2 is achieved near
room temperature for the sample containing 6 at% Ti, and its average zT value below 150 °C increases
to ~1.1, demonstrating the great potential of this material for room-temperature thermoelectric devices.

Introduction

Thermoelectric materials, which can directly convert heat into
electricity," have recently attracted intensive attention. Ther-
moelectric devices have no moving parts, produce no noise,
have a long service life, and are environmentally friendly,
leading to their application in various fields, such as the aero-
space industry, commercial power generation, and refrigera-
tion.”* The thermoelectric properties of a material are assessed
by the thermoelectric figure of merit z7, where z is defined as z
= 5%0/(ke + k1, + k) (S is the Seebeck coefficient, o is the electrical
conductivity, . is the electronic thermal conductivity, «;, is the
lattice thermal conductivity, «, is the bipolar thermal conduc-
tivity, and T is the absolute temperature).” Because of the
mutual restriction of each parameter in the above formula,
optimization of the material performance is a key issue in
improving the efficiency of a thermoelectric device.

Bi,Te; is one of the most promising materials in the
temperature range of 250-500 K.*” Today, commercial refrig-
eration devices are mostly made of Bi,Te;-based materials with
a peak zT value near 1.*° The thermoelectric properties of Bi-
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Sb-Te-based solid solutions have been effectively improved
through the alloying effect.'*** Because the Seebeck coefficient
S, electrical conductivity ¢, and thermal conductivity « in zT are
all highly dependent on the carrier concentration,*** optimi-
zation of the carrier concentration is crucial to achieve
improved thermoelectric performance. The optimal carrier
concentration of good thermoelectric materials is normally in
the range of 10" to 10*® cm 2.2 The carrier-concentration-
dependent thermoelectric properties of Bi, ,Sb,Te; were
systematically investigated by Zhao et al,” with the optimal
electrical transport performance achieved for a carrier concen-
tration of 1.4 x 10" cm™>. According to recent reports by Zheng
and Deng,”>*" Bi,sSb; sTe; exhibits the best thermoelectric
performance (z7 = 1.1 at 87 °C) for a carrier concentration of
approximately 2.5 x 10" em .

Atomic doping in p-type Biy sSb, sTe; is generally performed
to increase the carrier concentration,”*® thereby improving the
electrical conductivity to achieve enhanced thermoelectric
properties. For instance, the substitution of Ag*,?»?*?¢ Cu" (ref.
24) and Cd>* (ref. 25) for Bi**/Sb*" results in an increased hole
concentration which suppresses the bipolar effect, leading to
improved thermoelectric properties at high temperature.
However, the thermoelectric properties near room temperature
are not usually optimized because the material is overdoped in
the low temperature range. As Bi,Tes;-based materials are
mainly used at room temperature, it is essential to regulate the
carrier concentration to reach the peak zT value and corre-
sponding highest average zT value near room temperature.

This journal is © The Royal Society of Chemistry 2019
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It is essential to reduce the carrier concentration of p-type
Biy 5Sby 5Te; in order to optimize its room-temperature ther-
moelectric performance. According to our detailed survey and
analysis, Ti is a non-toxic and earth-abundant element which
has astable +4 valence state in a compound. Thus, reduced hole
concentration in p-type BiysSb; sTe; could be realized by the
substitution of Ti for Bi/Sb, which is different from the previ-
ously reported doping strategy. In this work, the room-
temperature thermoelectric properties of p-type BiysSb; sTe;
were improved by partially replacing Sb with Ti. The substitu-
tion of Ti for Sb results in decreased carrier concentration,
electrical conductivity, and thermal conductivity but increased
Seebeck coefficient. A maximum z7 value of ~1.2 was achieved
at 75 °C for the sample containing 6 at% Ti.

Experimental

High-purity powders of Bi (Aladdin 99.99%), Sb (Aladdin
99.99%), Te (Aladdin 99.999%), and Ti (Aladdin 99.9%) were
weighed to achieve a nominal composition of Bij 5Sb; 5_,Ti, Tez
and placed into a graphite crucible. The mixture was then
sealed in an evacuated quartz tube at 10~* torr and melted at
950 °C for 4 days. The obtained ingots were crushed into fine
powders using an agate mortar. The powders were then hot
pressed at 350 °C under a pressure of 75 MPa for 30 min in
a vacuum to obtain pellets for measurement of the thermo-
electric properties.

X-ray powder diffraction (XRD; PANalytical, Netherlands)
was performed with Cu Ka radiation (2 = 0.1541854 nm) using
the continuous scanning method. The morphologies of the
samples were examined using scanning electron microscopy
(SEM; Zeiss Gemini 300, Germany). An ULVAC-RIKO ZEM-3
thermoelectric measurement system was used to simulta-
neously measure the Seebeck coefficient and electrical resis-
tivity. The thermal diffusivity of the sample was determined
using the laser flash diffusivity method with a Netzsch laser
flash apparatus (LFA 457). The total thermal conductivity k was
calculated using the equation k = DpCp,, where D, p, and C, are
the thermal diffusivity, mass density, and volumetric specific
heat capacity, respectively. The C,, value of the pure sample was
determined using a Netzsch differential scanning calorimetry
(201F1) instrument, and p was determined using the Archi-
medes method.

Results and discussion

Fig. 1a presents XRD patterns of the Ti,Bi, 5Sb, 5_,Te; powder
samples after hot pressing and sintering. All the samples crys-
tallized into a rhombohedral structure with space group R3m,
and no obvious impurity diffraction peaks were detected. As
observed in Fig. 1b, with increasing Ti content, the (1010)
diffraction peak gradually shifted to high angle, indicating that
the lattice constant decreased with the addition of Ti (see also
Table 1 and Fig. S17). The decrease of the lattice constant is
attributed to the partial replacement of Sb*" with Ti** ions, as
the radius of Ti** (0.56 A) is smaller than that of Sb>* (0.76 A). In
addition, the variation in the lattice constant shown in Fig. S1
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Fig. 1 (a) XRD patterns and (b) enlarged (1010) diffraction peak for
TiBigsSbys_xTes (x = 0, 0.06, 0.08, 0.10, 0.16) samples.

indicates that the solid solubility of Ti in BigsSby sTe; is
approximately 10 at%. EDS analysis confirms that the measured
composition of our sample is very close to its nominal compo-
sition (Fig. S2 and Table S17).

Fig. 2 shows the temperature dependence of the electrical
conductivity, Seebeck coefficient, and power factor (PF) of the
Ti,Bio 5Sb1 5, Te; samples. Because bismuth telluride has an
anisotropic layered structure,”*® its thermoelectric perfor-
mance is anisotropic (Fig. S3t). Therefore, the electrical and
thermal transport properties in our works were measured along
the same direction (parallel to the hot-pressing direction) to
eliminate the anisotropic effect. As observed in Fig. 2a and 3a,
both the electrical and thermal transport properties were
measured parallel to the direction of applied pressure for the
hot pressing. As bismuth telluride is a typical degenerate
semiconductor, the electrical conductivity ¢ of the sample
monotonically decreased with increasing T at low temperatures.
At high temperatures, ¢ began to increase with increasing
temperature because of the mixed electron and hole conduction
originating from the intrinsic excitation. With increasing Ti
content from x = 0 to x = 0.16, the room-temperature ¢
monotonically decreased from ~75 000 to 40 000 S m .
Because a Ti atom provides one extra electron compared with
the host Sb atom, the substitution of Ti for Sb leads to decreased
hole carrier concentration and electrical conductivity in p-type
Biy 5Sb, 5Tes.

As observed in Fig. 2b, the Seebeck coefficients of all the
samples were positive, demonstrating the hole-dominant p-type
conduction. The Seebeck coefficient first increased and then
decreased with increasing temperature, which is consistent
with the temperature-dependent electrical conductivity. The
decrease of the Seebeck coefficient at high temperature is

Table 1 Lattice constants a and c of Ti,BigsSby5_,Tes samples

Ti content a (A) c(A)

x=0 4.3013 (12) 30.5040 (06)
x = 0.06 4.2921 (15) 30.4450 (06)
x = 0.08 4.2893 (22) 30.4430 (10)
x=0.10 4.2880 (04) 30.4310 (13)
x=0.16 4.2901 (05) 30.4480 (11)
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Fig. 2 Temperature dependences of (a) electrical conductivity, (b)
Seebeck coefficient, and (c) power factor for BigsTiSbis_Tes
samples.

attributed to the bipolar conduction. With increasing Ti
content, the room-temperature Seebeck coefficient increases
because of the decreased hole carrier concentration. As shown
in Table 2, the carrier concentration decreased from 2.6 x 10*°
to 1.1 x 10" cm as the Ti content x increased from x = 0 to x
= 0.16. The substitution of Ti for Sb led to a reduction in the
hole concentration and shifted the onset temperature of bipolar
conduction to lower temperature; however, the Seebeck coeffi-
cient near room temperature increased, thereby enhancing the
room-temperature thermoelectric performance.

The Seebeck coefficients of the samples with x = 0.10 and x
= 0.16 were almost the same because the solid solubility limit of
Ti is approximately x = 0.10. The effective mass of the charge
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sum of the lattice and bipolar thermal conductivity for BigsTix-
Sbys_xTesz samples and (c) measured k. + kp data points for Bigs-
Sby sTes pellet compared with calculated k. determined by different
models.?® The inset of (b) shows the k. + k, as a function of the Ti
concentration at 323 K.

carrier was calculated using the single-parabolic band model.
According to our calculation, the substitution of Ti for Sb has
little effect on the carrier effective mass (Fig. S4t), indicating
that the band degeneracy of Bi,sSby sTe; was not altered by
substituting Ti for Sb. Therefore, the increase of the Seebeck

This journal is © The Royal Society of Chemistry 2019
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Table 2 Carrier concentration (n) and mobility (u) of Ti,BigsSby s xTes
samples

Ti content n (10" em™?) w(em?>vts™h
x=0 2.6 201
x = 0.06 2.4 213
x = 0.08 1.9 216
x = 0.10 1.4 230
x =0.16 1.1 238

coefficient mainly resulted from the decrease in the hole
concentration.

As shown in Fig. 2c, the power factors of all the samples
monotonically decreased with increasing temperature. For the
sample without Ti, the maximum power factor was approxi-
mately 27.5 uW cm ' K 2. By replacing a small amount of Sb
with Ti (x = 0.06), the maximum power factor increased to ~29
pUW cm~ ' K2 because of the increased Seebeck coefficient. The
sample with x = 0.08 also exhibited a maximum power factor of
approximately 29 pW cm ™" K~ %; however, its power factor above
100 °C was smaller than that of the sample without Ti because
of the further reduced hole concentration and more prominent
bipolar conduction. For the samples with higher Ti contents (x
= 0.10 and x = 0.16), the increase in the Seebeck coefficient
could not compensate for the decreased electrical conductivity,
and their power factors were thus smaller than that of the
sample without Ti over the entire measured temperature range.
Our experimental results clearly indicate that the addition of Ti
is effective in increasing the low-temperature (near room
temperature) Seebeck coefficient of Bi, ;Sby sTes. The carrier
concentration of our sample with x = 0.06 was very close to the
optimal carrier concentration reported in the literature;****
therefore, this sample exhibited the maximum power factor.

Fig. 3 shows the temperature dependences of the thermal
transport properties for the Ti,BigsSb; s ,Te; samples. The
density of all samples was higher than 96%. Because the bipolar
diffusion thermal conductivity could not be neglected, the total
thermal conductivity k¢, consisted of three parts: the electron
thermal conductivity k., lattice thermal conductivity «;, and
bipolar diffusion thermal conductivity kp(Kkior = Ke + K, + Kp)- Ke
can be calculated using the Wiedemann-Franz law, k. = LaT,
where L is the Lorenz constant. For semiconductor thermo-
electric materials, the Lorenz constant can be expressed as
a function of the Seebeck coefficient. In this work, an averaged L
value of 1.75 x 10~ ° V> K~? was used for our samples based on
the variation range of their Seebeck coefficients. As shown in
Fig. 3a, the total thermal conductivity decreased with increasing
Ti content, especially at low temperature. Because of the addi-
tion of Ti, several factors could affect the thermal transport
properties of our samples: (i) the decrease of the electrical
conductivity ¢ with increasing Ti content leads to decreased
electronic thermal conductivity «. (Fig. 2a); (ii) the differences in
the size and mass of heterogeneous atoms result in stress and
mass fluctuations, which could scatter the phonons and lead to
a decrease of the lattice thermal conductivity x;; the inset of

This journal is © The Royal Society of Chemistry 2019
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Fig. 3b shows the variation of «;, + k, with respect to the Ti
concentration around room temperature. The value of «p + «p
first decreases with the increasing of Ti content because of the
intensified point defect phonon scattering from mainly the
mass difference between Ti (My; = 47.9) and Sb (Mg, = 121.8).
With the further increase of Ti content, the temperature of
bipolar diffusion shifts to the lower temperature, leading to the
increase of k;, + kp. (ili) The onset temperature of intrinsic
excitation shifts to lower temperature and the bipolar diffusion
thermal conductivity «}, increases at high temperatures; Fig. 3¢
shows calculated «;, of Biy 5Sb, 5Te; by considering U+ E + B +
PD and U + E + B + PD + D (phonon-phonon umklapp (U),
electron-phonon (E), grain boundary (B), point defect (PD) and
dislocation (D) scatterings) according to the report of Hong
et al” The U + E + B + PD + D (blue curve) model matchs well
with our experimental «;, + k;,, before the appearance of the
bipolar effect. The increasing divergence with the temperature
can be ascribed to kp. (iv) The anisotropic feature of the
microstructure becomes less prominent with increasing Ti
content (Fig. S51), thus causing the thermal conductivity to
increase because the thermal conductivity perpendicular to the
layer structure is the lowest. The combined effect of these
competing factors resulted in decreased total thermal conduc-
tivity with increasing Ti content according to our experiments.

Fig. 4 shows the temperature-dependent thermoelectric
figure of merit z7 of the Ti,Bi, 5Sb; 5_,Te; samples. The room-
temperature z7T values of the samples with x = 0.06, 0.08, and
0.10 were all higher than that of the sample without Ti. The zT
value of the sample with x = 0.16 was comparable to that of the
sample without Ti, which can be attributed to the presence of
the Sb;Tis impurity. The sample with x = 0.06 exhibited the best
thermoelectric performance with a maximum z7 value of
approximately 1.2. The enhanced thermoelectric performance
mainly originates from the optimized carrier concentration and
reduced thermal conductivity achieved by partially replacing Sb
with Ti.

Because thermoelectric devices made of bismuth-telluride-
based materials are generally used near room temperature,

1.2f
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Fig. 4 zT values of Ti,BipsSbis_xTes samples.
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the average zT value near room temperature is critical. The
efficiency of a thermoelectric device also depends on other
factors in addition to the maximum zT of the material.** For
a Peltier cooler, the maximum efficiency (Nmax) is expressed as

T \/1+ZT—%
7’Imzl)(:_ciic7
AT \1+2T+1

where ZT is the device thermoelectric figure of merit (a device
composed of p- and n- type thermoelectric legs), Ty, is the hot-
Th — T
2
and AT is the temperature difference between the hot and cold
sides.** To maximize the efficiency across a large temperature
drop, it is imperative to maximize the device ZT and not only the
peak material z7. One method to achieve this objective is to
tune the material properties to provide a large average zT in the
working temperature range."** The average zT values of all our
samples were calculated in the temperature range of 50-150 °C,
and the corresponding results are presented in the inset of
Fig. 4. The average zT values were 0.9 and 1.1 for the samples
with x = 0 and x = 0.06, respectively. Thus, our results indicate
that the device efficiency near room temperature can be
significantly improved by partially substituting Sb with Ti in p-
type BiysSbysTe;. Moreover, our samples exhibit a good
repeatability (Fig. S6t1) which is fundamental important for
a mature commercial thermoelectric material.

side temperature, T, is the cold-side temperature, T =

Conclusions

In this work, p-type Ti,BiosSb; 5_,Te; was first prepared using
a simple and conventional melting method. The substitution of
Ti for Sb introduced extra electrons, leading to a dramatically
reduced hole carrier concentration. Consequently, the Seebeck
coefficient near room temperature increased with increasing Ti
content; however, the onset temperature of intrinsic excitation
shifted to lower temperature. The partial substitution of Ti for
Sb resulted in decreased electrical conductivity, prominent
bipolar conduction, enhanced alloy scattering, and a less
anisotropic microstructure, which had a complex effect on the
thermoelectric transport properties. According to our experi-
ments, the competition between these complex influencing
factors resulted in reduction of the total thermal conductivity.
The sample with x = 0.06 exhibited the optimal thermoelectric
performance with a maximum zT of ~1.2 near room tempera-
ture and an average zT ~ 1.1 in the temperature range of 50—
150 °C. Our experiments clearly demonstrate that the room-
temperature thermoelectric properties of p-type BigsSby sTe;
can be further improved by reducing its hole carrier concen-
tration, which is critical for the commercial application of this
material near room temperature.
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