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Sb,Te, alloys are promising thermoelectric materials because of their outstanding electrical transport properties in the
midtemperature range of 500-700K, while codoping with multiple elements has been successful to improve their
thermoelectric performance. In this study, enhanced thermoelectric properties with a maximum thermoelectric figure of merit
of 0.97 are reported for singly and lightly Pb-doped Sb,Te; polycrystalline alloys (Sb,_,Pb, Te;). Very light Pb doping in the
range 0.005<x<0.0125 in the Sb, ,Pb,Te, alloys yielded significantly improved carrier transport properties and increased
electrical conductivity while the Seebeck coefficient is decreased moderately, since the density-of-state effective mass is
improved much. As a result, power factor for the Pb-doped Sb,Te; is largely increased up to 3.7 mW/mK? at 300 K. The lattice
thermal conductivity decreased considerably owing to the additional point defect phonon scattering by the Pb despite slight
doping. Consequently, a maximum thermoelectric figure of merit of 0.97 was obtained for Sb; ¢,sPbg o155 Te; (x=0.0125) at
600 K, which is the highest reported value for singly doped Sb,Te,-based alloys. A maximum energy conversion efficiency was
calculated to be 9.0% for a temperature difference of 350 K, which is higher than that for other singly or codoped Sb,Te; alloys.

1. Introduction

Thermoelectric materials have been attracting attention for
solid-state cooling and energy harvesting because they can
convert heat directly into electricity. Therefore, there exist
many potential applications, including cryoprobes, on-chip
cooling, and power generators based on waste heat from
automobiles and industries [1-4]. However, the widespread
applications of thermoelectric materials depend on their
conversion efficiency, which is typically characterized by
the thermoelectric figure of merit. The thermoelectric figure
of merit is a dimensionless quantity given by zT = S0 T/x,.,,
where S, 0, T, and «,,, are the Seebeck coeflicient, electrical
conductivity, absolute temperature, and total thermal con-
ductivity, respectively. Note that the average figure of merit
(2T,,) is an important measure of the power generation

efficiency of a thermoelectric material over a temperature

range. The maximum energy conversion efficiency (,,..)
of a thermoelectric material can be estimated using the fol-
lowing equation:

AT J1+2T -1 (1)
e T T e g + (T Ty)

where T. is the temperature of the cold side of the ther-
moelectric material, T}, is the temperature of the hot side
of the thermoelectric material, AT is T}, - T, and T, is
(T, +T.)/2.

(Bi,Sb),Te; solid solution alloys are the most widely
used p-type thermoelectric materials at room temperature.
In particular, Sb-rich alloys such as Biy;Sb, ;Te; and
Bi, ,Sb, (Te; are known to exhibit high p-type thermoelectric
performance because of their optimized carrier transport
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properties [5-7]. Pristine Bi, Te, typically exhibits n-type electri-
cal transport behavior; interestingly, when Bi, Te, is alloyed with
Sb,Te,, which exhibits p-type electrical transport properties, a
high o of >2,000S/cm can be obtained [8, 9]. Consequently,
(Bi,Sb),Te, alloys can exhibit a high thermoelectric perfor-
mance in the low-temperature range of 300-400 K. However,
their performance degrades rapidly at higher temperatures
owing to the occurrence of bipolar conduction, which is unfa-
vorable for electric power generation [10]. In contrast, Sb,Te,
alloys demonstrate a high thermoelectric performance in the
midtemperature range of 500-700 K, with no significant occur-
rence of bipolar conduction. Nevertheless, the maximum zT of
Sb,Te, alloys is lower than that of (Bi,Sb),Te, alloys.

Several studies have been conducted to enhance the zT
of Sb,Te, alloys in the midtemperature range. In particular,
codoping Sb,Te; with multiple elements has been shown to
be successful [11-14]. For instance, Qin et al. reported a zT
of 1.0 at 673K for Sb,Te; codoped with Mn and In [12]; in
addition, Hu et al. reported a maximum zT of 0.92 at
710K for Sb,Te; codoped with In and Ag [13]. Moreover,
a zT of 0.96 at 680 K was reported for Sb,Te, codoped with
Mg and In [14]. However, Sb,Te; has been typically shown
to exhibit a high thermoelectric performance when codoped
with two or more elements [15-18]. The maximum achievable
zT value for singly doped Sb,Te, alloys is 0.7, which is signif-
icantly lower than that obtained via codoping [13, 19].

In this study, Sb,Te, was doped with a single dopant, Pb,
to enhance its thermoelectric performance. The performance
of (Bi,Sb),Te, alloys has been shown to improve when Pb
was used as an acceptor dopant [20-22]. To this end, a series
of Sb, Pb,Te, alloys with x =0, 0.0025, 0.005, 0.0075, 0.01,
and 0.0125 was synthesized, where x is the doping content.
Pb doping significantly enhanced the power factor of the
alloys, and a maximum zT of 0.97 at 600K was achieved
for x =0.0125 (i.e., Sb; g575Pby ;25T€;). The thermoelectric
properties of the Sb, .Pb, Te, alloys were analyzed using
various phenomenological parameters, including the density
of state (DOS) effective mass (m,*) and weighted mobility
(u,,). mg* was found to increase linearly with the doping
content, which in turn positively affected the thermoelectric
performance of the Sb, ,Pb, Te, alloys. In addition, the fur-
ther doping of Pb in Sb, ,Pb,Te, was investigated by intro-
ducing large amounts of Pb corresponding to x =0.05, 0.1,
0.15, and 0.2 (Supplementary Information (available here)).

2. Experimental Methods

Polycrystalline Sb, ,Pb,Te; (x=0, 0.0025, 0.005, 0.0075,
0.01, and 0.0125) samples were prepared using the tradi-
tional solid-state reaction method. Stoichiometric quantities
of high purity Sb (99.999%; 5N Plus), Pb (99.999%; Alfa
Aesar), and Te (99.999%; 5N Plus) were weighed according
to the nominal composition of the desired alloy, placed in
a quartz tube, and sealed under vacuum (10> Torr). The
sealed quartz ampoules were heated at 1,000K for 4h, and
this temperature was further maintained for 6h. Next, the
ampoules were quenched in water at room temperature, fol-
lowing which the respective metal ingots were extracted
from the ampoules. Ball milling (SPEX 8000D, Costa Mesa,
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USA) was performed in an Ar atmosphere to convert the
ingots into powders. Subsequently, the powders were sin-
tered at 573 K for 5min at a pressure of 70 MPa under vac-
uum (10°° Torr) to form cylindrical bulk pellets using
spark plasma sintering (SPS; SPS-1030, Sumitomo Coal
Mining Co. Ltd., Tokyo, Japan). Note that the sintered bulk
samples had a relative density of more than 99%.

The crystal structure of the samples was analyzed using
X-ray diffraction (XRD; D8 Discover, Bruker, USA) with
Cu-K,, radiation. Atomic percentage of Pb dopant in the
samples is measured using energy-dispersive spectroscopy
(EDS, Quantax Xflash 6-60, Bruker, USA) by scanning elec-
tron microscope (SEM, SU8010, HITACHI, Japan). The o
and S values of the samples were measured using a thermo-
electric property measuring system (ZEM-3M8, Advance
Riko, Japan) in a He atmosphere between 300 and 650 K.
The Hall measurements were conducted in the van der Pauw
configuration at 300K using a Hall measurement system
(HMS-5300, Ecopia, Korea). A laser flash analyzer
(LFA457, Netzsch, Germany) was used to obtain the thermal
diffusivity (&) of the samples, which was used to calculate
Kot = &pC,, where p and C, are the density and specific
heat capacity of the sample, respectively. p was measured
(relative density of >97%), while C, = 0.2053J/g-K was used
based on previously reported data [23]. The results corre-
sponding to high Pb doping (i.e, x>0.05) are presented
in the Supplementary Information.

3. Results and Discussion

Figures 1(a) and 1(b) show the XRD patterns of the poly-
crystalline bulk Sb, ,Pb,Te; (x=0, 0.0025, 0.005, 0.0075,
0.01, and 0.0125) samples obtained along the directions par-
allel (PA) and perpendicular (PE) to the sintering direction,
respectively. The XRD patterns confirm the synthesis of dif-
ferent Pb-doped Sb,Te; phases in accordance with the
JCPDS#01-071-0393 card. The lattice parameters (a and c)
of the samples were calculated using the (015) and (1010)
diffraction peaks. Figure 1(c) shows the lattice parameters
as functions of x. The error bars indicate the measurement
error of the diffraction data of Figures 1(a) and 1(b). The lat-
tice parameter a did not vary significantly with x, whereas
the lattice parameter ¢ increased monotonically with x. This
increase in ¢ with x can be explained by the difference between
the ionic radii of Sb>* (90pm) and Pb** (133 pm), which
enables the successful doping of Pb at the Sb sites. In addition,
Table 1 shows atomic ratio in Sb, ,Pb, Te, measured by EDS,
and it was confirmed systematic increase in the amount of Pb
(see Supplementary Information Figure S1 for EDS mapping).
However, PbTe appeared as an impurity in the highly doped
samples (ie, x>0.05 see Supplementary Information
Figure S2(a)). This was further confirmed by the behavior
of the corresponding lattice parameters with x (see
Supplementary Information Figure S2(b)).

Figures 2(a) and 2(e) show o as a function of tempera-
ture for the Pb-doped Sb,Te; samples along the PE and
PA directions, respectively. o of the Sb, ,Pb, Te, samples
increased with x along both the PE and PA directions. The



International Journal of Energy Research

g
| \ : 1 ﬁ
5
l £ x=00125
.
=
<
B l x=0.0075
w
5 _J( A
)
= e ¢ o x =0.0025
A x=0

©

|

I sb,Te;  JCPDS#03-065-3678
(1010)(110
T I T I(8QI] >

(10;1) ) (205 (0210) (1251)
T T T T T

20 25 30 35 40 45 50 55 60 65 70
20 (°)
(a)

g
PE 3
4
-
J L £ x=00125
-
=
=
= l x=0.0075
|2
5 A A
2
g I x=0.0025
l A A x=0
(015) [ sb,Te;  JCPDS#03-065-3678
(109 WO o5 @09 210 (25)
R B o A A AL A

20 25 30 35 40 45 50 55 60 65 70
260 (%)
(b)

Lattice paramete
S
o
o2}
1

0 0.0025 0.005 0.0075 0.01 0.0125
x in Sb, Pb, Te,

W a - axis
® C - axis

F1cure 1: XRD patterns of the Sb,_,Pb, Te, samples for different doping content along (a) PA and (b) PE directions. (c) Lattice parameters

as functions of doping content.

TaBLE 1: Atomic percentage in Sb, ,Pb, Te, samples obtained from energy-dispersive spectroscopy (EDS).

Sb, ,Pb,Te, x=0 x=0.0025 x=0.005 x=0.0075 x=0.01 x=0.0125
Sb (at.%) 41.39 41.20 41.20 40.77 41.11 41.17
Te (at.%) 58.61 58.73 58.68 59.07 58.67 58.56
Pb (at.%) — 0.07 0.12 0.16 0.22 0.27

o values at 300K along the PE direction were 2,240, 2,440,
2,620, 3,080, 3,570, and 3,770 S/cm for x =0, 0.0025, 0.005,
0.0075, 0.01, and 0.0125, respectively, whereas the o values
at 300K along the PA direction were 1,640, 1,870, 2,020,
2,370, 2,430, and 2,730 S/cm for x =0, 0.0025, 0.005, 0.0075,
0.01, and 0.0125, respectively. For the highly doped samples
(x> 0.05), there was a sharp increase in o, which had values
in the range 5000-6000 S/cm; however, o decreased with a fur-
ther increase in x owing to the formation of secondary PbTe
phases in these samples (see Supplementary Information;
Figure S3(a)). This decrease in o with an increase in the
doping content is because of the relatively low o of the PbTe
phase of approximately 120-200 S/cm [24, 25].

Figures 2(b) and 2(f) show S as a function of tempera-
ture for the Sb, ,Pb, Te, samples along the PE and PA direc-
tions, respectively. S increased with temperature for all the
samples. The S value for x = 0.0025 was slightly higher than
that for x =0; however, for x>0.005, S decreased with x

along both the measured directions. Compared to the rela-
tively large increase in o with x (Figures 2(a) and 2(e)), the
decrease in S with x was less significant. However, with fur-
ther Pb doping (ie, x>0.05), S decreased significantly,
reaching a minimum value of 30 uV/K (see Supplementary
Information Figure S3(b)). Figures 2(c) and 2(g) show the
calculated power factor of the Sb, ,Pb, Te, samples as a
function of temperature along the PE and PA directions,
respectively. The power factor of the Pb-doped samples
was significantly higher than that of pristine Sb,Te; across
the entire temperature range. A maximum power factor of
3.66 mW/mK” was obtained for x =0.01 at 300K along the
PE direction, which is 39% higher than that for x=0. A
maximum power factor of 2.75 mW/mK?> was obtained for
x=0.01 along the PA direction, which is 40% higher than
that for x=0 (1.96 mW/mK?). A gradual decrease in the
power factor was observed with further doping (see
Supplementary Information Figure S3(c)).
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FiGurg 2: Thermoelectric transport properties of the Sb, ,Pb Te,

samples. (a, e) Electrical conductivity, (b, f) Seebeck coefficient, (c, g)

power factor, and (d, h) weighted mobility, as functions of temperature along the PE and PA directions, respectively.

Figures 2(d) and 2(h) show g, as a function of tempera-
ture for the Sb, ,Pb, Te, samples along the PE and PA direc-
tions, respectively. ., is related to the maximum theoretical
efficiency of a thermoelectric material and can be defined
using the following analytical approximation of the Drude-
Sommerfeld free-electron model for |S| > 20 uV/K [26]:

i = 3’0 { exp [(|S]/(kle)) - 2]
Y 8me(2m kT)* |1 +exp [-5((|S]/(k/e)) - 1)] 2)
(31m2) (1} (k1e))

J

L+exp [5((IS)/(kle)) = 1)]

where h and m, denote Planck’s constant and the electron
mass, respectively. Note that y  is proportional to the maxi-
mum power factor of the sample, which can be obtained by
optimizing the Hall carrier concentration ny. In general, p
increased with the doping content along both the PE and PA
directions. This confirms that the Pb-doped samples have
enhanced electrical transport properties and hence can exhibit
enhanced thermoelectric performance.

Figures 3(a) and 3(b) show ny and y (along both
the PE and PA directions) of the Sb, ,Pb Te, samples
as functions x at 300K. ny steadily increased with
increasing Pb content and reached a maximum value of
1.16 x 10*° cm™ for x=0.0125. By contrast, y4; decreased
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FIGURE 3: Carrier transport properties of the Sb,_,Pb,Te; samples. (a) Hall carrier concentration and (b) Hall mobility, as functions of
doping content. DOS effective mass as a function of doping content along (c) PE and (d) PA directions. The insets in (c) and (d) show
the logarithmic carrier concentration as a function of the absolute Seebeck coefficient along the PE and PA directions, respectively.

linearly with x along both the measured directions. More-
over, y,; along the PA direction was approximately 27%
lower than that along the PE direction. The py values
along the PE direction were 281, 258, 254, 239, and
218cm?/Vs for x=0, 0.0025, 0.005, 0.0075, 0.01, and
0.0125, respectively, whereas the p;; values along the PA
direction were 221, 216, 214, 202, and 172cm?/Vs for x
=0, 0.0025, 0.005, 0.0075, 0.01, and 0.0125, respectively.
The increase in ¢ with x can be attributed to the increase
in ny with x, which in turn is owing to the substitution
of the Sb>* ions by the Pb** ions. Supplementary Infor-
mation Figure S4 presents the corresponding results of
the highly doped samples.

The electrical transport properties of semiconductors are
determined by the DOS at the Fermi level. The magnitude of
the DOS is directly related to m;*. Thus, m4* can be defined

in terms of changes in the electron structure using the single
parabolic band model [27], such that

miT 2
logy, (%) =3 log,(n)

2 s
-3 [20.3 - (0.00508 x |S]) + (1.58 X 0.967 )] .

(3)

Figures 3(c) and 3(d) show m;* of the Sb, ,Pb, Te, sam-
ples as a function of x along the PE and PA directions,
respectively. The insets in Figures 3(c) and 3(d) show log,,
(ny) as a function of |S| for different samples, where the
curves correspond to fixed my* values. my* increased with
the Pb content along both the PE and PA directions, similar
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F1GURE 4: Thermal transport properties of the Sb, ,Pb, Te, samples. (a, c) Total thermal conductivity and (b, d) lattice thermal conductivity,
as functions of temperature along the PE and PA directions, respectively. The insets in (a) and (c) show the electron thermal conductivity as
a function of temperature along the PE and PA directions, respectively.

to nyy. The reason for this increase in my* with x is that the
rate of increase of ny with x is faster than the rate of
decrease of |S| with x. The my* values at 300K along the
PE direction were 0.960, 1.05, 1.09, 1.16, 1.17, and 1.26 m,
(m, being the rest mass of an electron) for x =0, 0.0025,
0.005, 0.0075, 0.01, and 0.0125, respectively. m4* along the
PA direction also exhibited a similar trend. The maximum
value of m;* along the PA direction was 1.34 m, for x=
0.0125. However, for x>0.05, the my* value at 300K
decreased linearly with increasing doping content (Supple-
mentary Information Figures S4(c) and (d)). For x>0.1,

my* of the highly doped samples was lower than that of
pristine Sb,Te,.

Figure 4 shows «,, and the lattice thermal conductivity
K, Of the Sb, Pb Te, samples as functions of temperature
along the PE and PA directions. «,, of the Pb-doped sam-
ples varied nonmonotonically with x along both the mea-
sured directions, as shown in Figures 4(a) and 4(c). The
insets in Figures 4(a) and 4(c) show the electrical thermal
conductivity «,,. of the Sb, .Pb Te, samples as a function
of temperature, which was calculated using the
Wiedemann-Franz law [28], namely, .. =LoT (where L
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r]max :

is the Lorenz number). L can be calculated using the follow-
ing equation [29]:

|S

L=1.5+exp <—> (10 WQ/K™?) (4)

|
116

Figures 4(b) and 4(d) show #,,, as a function of tempera-
ture along the PE and PA directions, respectively, which was
calculated by subtracting .. from «,,. 3, decreased with x
owing to an increase in the point defect phonon scattering
by the Pb** ions. The «y,, for high-doped samples for x =
0.01 and 0.0012 for the PE direction was calculated very low,
but this seems to be due the error in the L calculation, which
can be expected from the error in L for very high conductive

alloys (o > 3000 S/cm) [25]. (See Figure S5 in Supplementary
Materials for thermal transport properties of the highly
doped Sb,_,Pb, Te, samples along the PE direction.)

Figures 5(a) and 5(b) show the zT of the Sb, ,Pb, Te,
samples as a function of temperature along the PE and PA
directions, respectively. A maximum zT or zT,,, of 0.97
was obtained for x =0.0125 at 600 K along the PE direction,
which is approximately 45% higher than that of pristine
Sb,Te; (2T, ~0.67 at 550K). A zT_ . of 0.84 was
obtained for x=0.005 at 550K along the PA direction,
which is 33% higher than that of pristine Sb,Te,
(2T 0 ~ 0.64 at 550K). (See Figure S6 in Supplementary
Materials for zT of the highly doped Sb,_,Pb, Te, samples.)

Figure 5(c) compares the zT values of Sb; ¢5,5Pbg o125T€;
(i.e, x = 0.0125) and several high-performance thermoelectric



alloys in the midtemperature (namely, CeFe,Sb,,,
Yb, ;Co,Sb,,, and Sn, 45Cu, o,Se) and near-room tempera-
ture (namely, p-type Bi,Sb, ;Te; and Bi,,Sb, (Te;) range
[30-34]. The zT values of Sb, g5,5Pb; 4;,5T€; in this temper-
ature range were comparable to those of filled skutterudites
such as XFe,Sb,, and XCo,Sb,, (where X=Yb, Ce, In,
etc.), which require a complex and lengthy synthesis process
[32-34]. In addition, the zT values of Sb; 4g,5Pb o105Te5
were comparable to those of Sb,Te, alloys codoped with In
(Figure 5(d)). Furthermore, the zT values of Sb; 4g,5Pbg 51,5T€5
were much higher than those of codoped Sb,Te, alloys in the
temperature range 300-600K. Consequently, the zT,,, of
Sb, 9575Pbgg125Tes was 0.71, which is higher than that of
the codoped Sb,Te, alloys (Figure 5(e)).

Figure 5(f) compares the 77, values of Sb; 4g,5Pbg ;,5Tes
and other alloys. A #,.  of 9.0% was obtained for
Sb 9g75Pbg 0125 T€; corresponding to a temperature differ-
ence of 350K, which was calculated using Eq. (1). This is
32% higher than that of singly doped Sb,g.In,,;Te;
(Hpax = 6-8%) [13]. Moreover, although Mn,, ;,Sb, 4;In; ;s Te,
(Hax = 8-5%) exhibited the highest zT [12], 7, of
Sb, 9575Pbog125Te; exceeded that of Mn, ,,Sb, ¢3Ing s Te;.
The singly and lightly Pb-doped Sb,Te; could outperform
other singly or codoped Sb,Te, with respect to power gener-
ation in midtemperature range.

4. Conclusion

In this study, we synthesized a series of polycrystalline
bulk Sb, ,Pb Te, (with x=0, 0.0025, 0.005, 0.0075, 0.01,
and 0.0125) samples using the traditional solid-state reac-
tion method. The electrical conductivity of the samples
increased from 2,240 S/cm for pristine Sb,Te; to 3,570S/
cm with Pb doping. However, the Seebeck coefficient of
the samples was not affected significantly by the improved
effective mass. An optimal power factor of 3.7 mW/mK>
was obtained at 300K for x=0.01, which is 39% higher
than that of the pristine sample (2.6 mW/mK?). The lattice
thermal conductivity of the Pb-doped samples decreased
significantly with the doping content owing to an increase
in point defect phonon scattering. Consequently, a maxi-
mum zT value of 0.97 was obtained for x =0.0125, which
is 45% higher than that of pristine Sb,Te;. We also com-
pared the performance of the Sb, Pb,Te; alloys devel-
oped in this work with that of other high-efliciency
thermoelectric alloys in the midtemperature range, includ-
ing filled skutterudites and codoped Sb,Te; alloys.
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Supplementary Materials

The energy-dispersive spectroscopy (Quantax Xflash 6-60,
Bruker, USA) by scanning electron microscope (SU8010,
HITACHI, Japan) is measured to confirm the doping for
the samples. Table S1: atomic percentage in Sb, ,Pb Te,
samples obtained from energy-dispersive spectroscopy
(EDS). Figure S1: EDS mapping images of Sb, , Pb Te; sam-
ples (x=0, 0.0025, 0.005, 0.075, 0.01, and 0.0125). The
higher doping of Pb in Sb, ,Pb,Te, beyond x =0.0125 was
investigated by introducing large amounts of Pb correspond-
ing to x =0.05, 0.1, 0.15, and 0.2, and the results are shown
in Supplementary Materials. Figure S2: (a) XRD patterns
and (b) lattice parameters of the highly doped Sb,_,Pb, Te,
samples. Figure S3: thermoelectric transport properties of
the highly doped Sb, ,Pb, Te, samples along the PE direc-
tion: (a) electrical conductivity, (b) Seebeck coefficient, and
(c) power factor as functions of temperature. Figure S4: car-
rier transport properties of the highly doped Sb, ,Pb Te,
samples along the PE direction: (a) Hall carrier concentra-
tion, (b) Hall mobility, and (c) DOS effective mass, as func-
tions of the doping content. (d) Logarithmic carrier
concentration as a function of the absolute Seebeck coefhi-
cient. Figure S5: thermal transport properties of the highly
doped Sb, ,Pb,Te; samples along the PE direction. (a)
Total and (b) lattice thermal conductivity, as functions of
temperature. The inset in (a) shows the electron thermal
conductivity as a function of temperature. Figure S6: (a)
thermoelectric figure of merit and (b) weighted mobility
of the highly doped Sb, ,Pb, Te; samples, as functions of
temperature. (Supplementary Materials)
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