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ABSTRACT

We blend n-type Bi2Te3 with an inexpensive abundant conducting polymer, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS), to gain a bulk-structured composite, in which energy filtering and phonon scattering effects should occur at the interface of
two components. The composite records somewhat higher electrical resistivity than pristine Bi2Te3, because the interface possibly interrupts
carrier transport. However, the composite completely compensates for the resistivity increment with a significant increase in the Seebeck
coefficient, which is caused by energy filtering effects at the interface; thus, it exhibits the improved power factor. The composite also records
a much lower thermal conductivity than the pristine Bi2Te3 because of phonon scattering effects at the interface. The composite induces sig-
nificant decoupling of electrical and thermal properties, thus affording the remarkably enhanced figure of merits (ZTmax � 1.19 at 132 �C,
ZTave � 1.14 at 50–150 �C), which are approximately double those of the pristine Bi2Te3. The ZT values are not only predominant among
the performance of n-type binary Bi2Te3, but they are also as competent as the excellent performance of n-type ternary Bi2(Te,Se)3 previously
reported.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0076952

N- and p-type Bi2Te3 bulk materials have been primarily applied
to low-temperature thermoelectric operations, which are mostly below
200 �C. Because n-type Bi2Te3 generally exhibits lower thermoelectric
performance than its p-type counterpart, it is required to enhance the
former’s performance. The comprehensive thermoelectric perfor-
mance is estimated by the figure of merit ZT (¼a2rT/j), where a is
the Seebeck coefficient, r is the electrical conductivity, and j is the
thermal conductivity;1–5 therefore, enhancing the performance can be
accomplished by increasing the electrical properties (i.e., power factor,
a2r) and/or by decreasing the thermal conductivity. To improve the
electrical properties and/or to diminish the thermal conductivity of
Bi2Te3, many research groups have attempted diverse methods such as
making Bi2Te3 nanostructures,6–12 inserting nanoinclusions into
Bi2Te3,

13,14 and adding metallic or nonmetallic atoms to Bi2Te3.
15–19

Blending Bi2Te3 with a conducting polymer can also be the way
of adjusting the electrical and thermal properties of Bi2Te3. Conducting

polymers usually have very low thermal conductivities and acceptable
electrical properties, thus having been recognized as promising thermo-
electric materials.20 The electrical properties of conducting polymers
are relatively low compared to that of Bi2Te3, and thus, researchers
have tried to partially add Bi2Te3 to conducting polymers to supple-
ment the electrical properties.21–24 Resulting inorganic/organic compo-
sites were usually offered as flexible thin films, which can be used in
energy harvesting devices for low-temperature thermoelectric opera-
tions, rather than as bulk structures.21–24 However, the composites
often exhibited rather restricted electrical properties, which may be
attributed to serious carrier scattering at component interfaces or rela-
tively low electrical properties of the organic components. In the pre-
sent study, we intend to incorporate a conducting polymer partially
into Bi2Te3 to gain a bulk structure that minimizes the possible loss
in electrical properties. We devise an easily reproducible blending
process, in which a small amount of poly(3,4-ethylenedioxythiophene):
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poly(styrenesulfonate) PEDOT:PSS is introduced to n-type Bi2Te3, fol-
lowed by spark plasma sintering compaction, thus affording a bulk-
phase composite. The composite inevitably records higher electrical
resistivity than pristine Bi2Te3, because carrier transport is possibly
interrupted at the component interface. However, the composite exhib-
its a considerable increase in the Seebeck coefficient due to the interfa-
cial energy barrier, where the energy filtering effect may occur, thereby
completely compensating for the electrical resistivity increment and
affording the improved power factor. The composite also records a
much lower thermal conductivity than the pristine Bi2Te3 due to pho-
non scattering effects at the interface. Therefore, the electrical property
is significantly decoupled from the thermal property, resulting in
remarkably enhanced thermoelectric performance.

We prepared Bi2Te3 powder via a conventional alloying process.
PEDOT:PSS was synthesized via oxidative polymerization, and it was
distributed throughout the Bi2Te3 powder via a ball milling process.
The resultant powder (denoted as Bi2Te3–PEDOT:PSS) was com-
pacted using spark plasma sintering equipment to produce a cylindri-
cal bulk specimen. Sample preparation and relevant characterization
were explained in supplementary material I–III in detail.
Bi2Te3–PEDOT:PSS has the typical diffraction pattern of rhombohe-
dral Bi2Te3 (JCPDS Card No. 82-0358), which exhibits no considerable
peak shift and deformation compared to that of the pristine Bi2Te3
[Fig. 1(a)]. We observe no trace of PEDOT:PSS in
Bi2Te3–PEDOT:PSS because of the very low and broad diffraction

peak of PEDOT:PSS. Based on these XRD results, we considered that
Bi2Te3 and PEDOT:PSS host no chemical reactions in
Bi2Te3–PEDOT:PSS, and they would form individual regions in the
composite. According to the TEM analyses, Bi2Te3–PEDOT:PSS con-
sists of irregularly shaped grains sized in several micrometers with
both dark and bright contrast [Figs. 1(b) and 1(c)], whereas the pris-
tine Bi2Te3 is composed of micrometer-sized grains with only dark
contrast (supplementary material IV; Fig. S1). The dark contrast grains
exhibit clear crystalline regions, whereas the bright contrast grains
show an amorphous-looking phase. The dark grains exhibit the peri-
odic atomic arrangements, in which the crystal directions of Bi2Te3 are
identified by the SAED patterns with the zone axes along the 001½ �
[Fig. 1(d)] and 551½ � directions (Fig. S1). The dark grains include the
lattice fringes with the interspaces of 2.10 and 3.21 Å, which are
indexed as (110) and (015) planes of Bi2Te3, respectively; thus, they
are verified to afford the atomic arrangements of Bi and Te. These
planes are also found in the XRD patterns of Bi2Te3 and
Bi2Te3–PEDOT:PSS [Fig. 1(a)]. No periodic atomic arrangements are
found in the bright grains [Fig. 1(e)], indicative of the amorphous
phase of PEDOT:PSS, as also verified in the XRD result. The Bi2Te3
component is considered to display darker contrast than the
PEDOT:PSS component, because Bi2Te3 typically exhibits much higher
electrical conductivity (on the order of 103 S cm�1)4,5 than PEDOT:PSS
(on the order of 10�1–102 S cm�1).25 In Bi2Te3–PEDOT:PSS, the
Bi2Te3 grain grown along the crystal directions is verified to border on

FIG. 1. (a) XRD patterns of PEDOT:PSS (P), Bi2Te3 (BT), and Bi2Te3–PEDOT:PSS (BT–P). (b) and (c) TEM images of Bi2Te3–PEDOT:PSS with different magnifications. (d)
and (e) Corresponding HR-TEM images and the SAED pattern with the zone axis along the [001] direction showing Bi2Te3 bordered on PEDOT:PSS. (f) FT-IR spectra of the
samples.
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the amorphous PEDOT:PSS component, thus generating unique inter-
faces with PEDOT:PSS.

According to FT-IR spectroscopy [Fig. 1(f)], the pristine Bi2Te3
shows nothing but the signal at 1385 cm�1, which is known as the char-
acteristic peak for Bi2Te3.

26 This peak is also detected in the spectrum of
Bi2Te3–PEDOT:PSS. In addition, Bi2Te3–PEDOT:PSS exhibits the FT-
IR peaks for PEDOT:PSS, which are identified in detail in supplementary
material V (Fig. S2). This result indicates that PEDOT:PSS mostly retains
its molecular structure when blended and sintered with Bi2Te3. Because
the spark plasma sintering process is conducted at the temperature
where PEDOT:PSS is thermally bearable27 and is completed within a
short period of time (supplementary material I), the molecular structure
seems to be not destructed. As shown in the samples’ Raman spectra
(supplementary material VI; Fig. S3), the characteristic signals for Bi2Te3
appear below 1000 cm�1 whereas those for PEDOT:PSS show up above
1000 cm�1. It is generally known that Bi2Te3 has the hexagonal crystal-
line structure, in which the unit cell is composed of three quintuple layers
(QLs) stacked by van der Waals forces along the [001] direction.4,5,28

Each QL consists of five atomic layers, Te(1)–Bi–Te(2)–Bi–Te(1) [Fig.
2(a)], in which Bi–Te(1) affords a lattice vibration along the transverse or
longitudinal direction. The pristine Bi2Te3 exhibits the Raman active
vibration modes [E2g (112.5 cm

�1), A2
1g (131.6 cm

�1)] and the infrared
active vibration mode [A2

1u (118.7 cm
�1)] [Fig. 2(a)], which are assigned

to transverse (E2g) and longitudinal (A2
1g, A

2
1u) vibrations of Bi–Te

(1).28–30

Compared to the vibration modes of the pristine Bi2Te3, those of the
Bi2Te3–PEDOT:PSS appear at relatively high frequencies [Fig. 2(a)],
indicating that the lattice vibrations of Bi–Te(1) are deformed because
PEDOT:PSS molecules may interact with Bi2Te3 QLs. Both the pristine
PEDOT:PSS and Bi2Te3–PEDOT:PSS exhibit the signals around 1314
and 1440 cm�1, respectively, corresponding to the stretching vibrations
of PEDOT thiophene rings [Fig. 2(b)]. The signals around 1314 cm�1

correspond to the Ca–Ca inter-ring stretching vibration between
PEDOT thiophene rings [Fig. 2(b)].31–33 When the signals around
1440 cm�1 are curve-fitted, they are found to consist of two peaks
around 1405 and 1443 cm�1, identified as quinoid (Q) and benzenoid
(B) vibrations, respectively [Fig. 2(b)].31–33 The quinoid signal appears
rather weakly than the benzenoid signal in PEDOT:PSS, but the former

noticeably increases and becomes comparable to the latter in
Bi2Te3–PEDOT:PSS. This phenomenon occurs because the electrostatic
interactions between PEDOT and PSS molecules may be weakened due
to the thermal energy during the sintering process;27,34,35 therefore, in
the Bi2Te3–PEDOT:PSS, the benzenoid structures are considerably con-
verted to the quinoid structures. This structural transition indicates that
the coil conformation (benzenoid) is highly switched to the linear con-
formation (quinoid). The PEDOT:PSS molecules should be well dis-
persed in Bi2Te3 due to the linear conformation, and thus, they can
easily form boundaries inducing the interaction with the Bi2Te3 QLs,
resulting in the deformed lattice vibrations of Bi–Te(1) [Fig. 2(a)].

The unique interface with the molecular interaction is generated
between the Bi2Te3 and PEDOT:PSS components, and thus, their
energy bands may build an energy junction. The energy bands can be
determined by performing ultraviolet photoelectron spectroscopy
(UPS). When Bi2Te3 is exposed to the energy source of He I
(h�¼ 21.2 eV) in the UPS measurements, it displays the onset energy
near the Fermi level (EF), indicative of the valence band maximum
(Evbm) [Fig. 3(a)]. Bi2Te3 also exhibits the secondary electron cutoff
energy (Esec) [Fig. 3(b)], and thus, its work function (U) is calculated
[i.e., U¼ h� � (Esec � EF)].

36,37 The Fermi level of Bi2Te3 is placed
below the vacuum level (Evac) by its work function value (UBT) [Fig.
3(c)]. The valence band edge (Ev) is then placed below the Fermi level
by the valence band maximum value [Fig. 3(c) circle]. Bi2Te3 exhibits
the negative Seebeck coefficient value [Fig. 4(a)], and thus, its Fermi
level is positioned nearby the conduction band edge (Ec). The work
function of PEDOT:PSS (UP) is also determined via its UPS result.
PEDOT:PSS displays no onset energy near the Fermi level whereas
exhibiting the cutoff energy [Figs. 3(a) and 3(b)]. Therefore, its highest
occupied molecular orbital (HOMO) and Fermi level are equally placed
below the vacuum level by its work function value, which is calculated
by using the cutoff energy with the equation above. As PEDOT:PSS is
considered to exhibit a semi-metallic band behavior,38,39 its band struc-
ture can be given as shown in Fig. 3(c). By equilibrating the compo-
nents’ Fermi levels, the aligned band structure is provided for
Bi2Te3–PEDOT:PSS, including the interfacial energy barrier (DU¼UP

� UBT) with band bending [Fig. 3(c) circle].

FIG. 2. Comparisons among Raman spectra of Bi2Te3 (BT), Bi2Te3–PEDOT:PSS (BT–P), and PEDOT:PSS (P): Deconvolutions of the Raman spectra for analyzing the sam-
ples’ vibration modes in the low (a) and high (b) spectral ranges.
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FIG. 3. UPS results in the (a) onset and (b) secondary electron cutoff energy boundaries of Bi2Te3 (BT) and PEDOT:PSS (P), informing the valence band maximum (Evbm)
and cutoff energy (Esec). (c) Band diagrams of Bi2Te3 and PEDOT:PSS are arranged by the work function (U), Fermi level (EF), band edge (Ec, Ev), and bandgap (Eg).
Equilibrium band alignment is suggested by equilibrating the components’ Fermi levels.

FIG. 4. Electrical properties of the pristine Bi2Te3 (BT) and Bi2Te3–PEDOT:PSS (BT–P) at 25 �C: (a) Seebeck coefficient as a function of the carrier concentration with the
density of states effective mass (m

�
) (Pisarenko plot) and (b) electrical resistivity depending on the carrier concentration. Error bars can be seen when they exceed the symbol

size.
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Bi2Te3–PEDOT:PSS displays a higher Seebeck coefficient than
Bi2Te3 at 25 �C [Fig. 4(a)]. To clarify this Seebeck coefficient variation,
the density of states effective mass (m�) is employed, which is compre-
hended by the equation below

a ¼ 8p2k2B
3eh2

m�T
p
3n

� �2
3

;

where kB, e, h, and T are the Boltzmann constant, elementary charge,
Planck constant, and temperature, respectively.13,38–40 By using the

equation, the Seebeck coefficient (a) is provided as a function of the
carrier concentration (n) [i.e., Pisarenko plot; Fig. 4(a)] at 25 �C. The
solid line indicates the effective mass (m

� ¼ 0.8 and 1.0m0, wherem0 is
the electron rest mass), which hypothesizes a single parabolic band
model for a degenerate semiconductor. Bi2Te3–PEDOT:PSS exhibits a
larger effective mass than Bi2Te3. This larger effective mass is responsi-
ble for the higher Seebeck coefficient in Bi2Te3–PEDOT:PSS. The
enhancement in the Seebeck coefficient is accompanied by the rela-
tively small change in the electrical resistivity [Fig. 4(b)]; therefore, the
energy filtering effect is possibly considered in Bi2Te3–PEDOT:PSS.

FIG. 5. Temperature dependence of the thermoelectric transport properties of the pristine Bi2Te3 (BT) and Bi2Te3-PEDOT:PSS (BT–P): (a) Seebeck coefficient, (b) electrical resistivity, (c)
power factor, (d) thermal conductivity divided into (e) carrier (jc) and lattice (jl) contributions, and (f) ZT. Error bars can be seen when they exceed the symbol size.
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As discussed above, the conduction band of Bi2Te3 shifts upward from
the Fermi level at the junction due to the band bending [Fig. 3(c)].
This possibly generates the interfacial energy barrier (DU) that facili-
tates selective charge carrier transport. The low energy electrons (1)
are filtered by the energy barrier while the high energy electrons (2)
can transport more heat [Fig. 3(c) circle], and thus, the Seebeck coeffi-
cient is enhanced. According to temperature dependence of the
Seebeck coefficient in 25–250 �C, Bi2Te3–PEDOT:PSS exhibits higher
values than the pristine Bi2Te3 up to ca. 30% [Fig. 5(a)]. Both Bi2Te3
and Bi2Te3–PEDOT:PSS show the monotonically increasing electrical
resistivity with the increase in temperature [Fig. 5(b)], indicative of the
typical nature of a degenerate semiconductor. Bi2Te3–PEDOT:PSS
records somewhat higher electrical resistivity than Bi2Te3 in the mea-
sured temperature range. This resistivity increase is caused by the
decreases in both the carrier concentration and mobility (supplemen-
tary material VII; Table S1). Although the electrical resistivity rather
increases in Bi2Te3–PEDOT:PSS, the power factor is enhanced up to
ca. 55% [Fig. 5(c)] because the Seebeck coefficient enhancement is
high enough to compensate for the resistivity increase. The significant
reduction in the thermal conductivity appears with addition of
PEDOT:PSS [Fig. 5(d)]. As Bi2Te3–PEDOT:PSS exhibits lower carrier
concentration and mobility than Bi2Te3 (Table S1), the former shows
a lower carrier thermal conductivity than the latter by 7%–16%
[Fig. 5(e)]. Bi2Te3–PEDOT:PSS also records a lower lattice thermal
contribution than Bi2Te3 by 45%–70% [Fig. 5(e)], because vigorous
phonon scattering may occur at the interface of Bi2Te3 and PEDOT.
Therefore, the total thermal conductivity of Bi2Te3–PEDOT:PSS is
lower than that of Bi2Te3 by 28%–35% in the measured temperature
range [Fig. 5(d)].

In the Bi2Te3–PEDOT:PSS composite, the power factor is
improved while the thermal conductivity is reduced; thus, the thermo-
electric performance (ZT) is remarkably enhanced [Fig. 5(f)]. The ZT
values of Bi2Te3–PEDOT:PSS are 1.19 at 132 �C (ZT maximum,
ZTmax) and 1.14 at 50–150 �C (ZT average, ZTave), which are approxi-
mately twice as high as those of the pristine Bi2Te3. These ZT values
are predominant among the performances of n-type binary Bi2Te3
equivalents previously reported, and they are also as competent as the
excellent performances of n-type ternary Bi2(Te,Se)3 compounds
recently reported (supplementary material VIII; Table S2).41–45 It is
confirmed that the electrical properties are effectively decoupled from
the thermal property by incorporating the inexpensive and abundant
conducting polymer to n-type Bi2Te3. This strategy is promising,
because the excellent performance is achieved by using the cost-
effective conducting polymer for practical uses, and it may be
enhanced even more by adjusting the energy filtering and phonon
scattering effects. Further studies are currently conducted to investi-
gate how the effects are properly adjusted via various experimental
conditions to optimize the transport properties and thermoelectric
performance.

See the supplementary material for details of sample preparation
and relevant characterization, TEM analysis, FT-IR/Raman spectros-
copies, and thermoelectric properties for the samples.
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