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A B S T R A C T

This study introduces a distinct interfacial engineering strategy based on in situ polymer integration, which 
provides an effective and controllable route for modulating charge and heat transport for the development of a 
high–performance thermoelectric material. A thermoelectric composite was fabricated via a reproducible 
one–pot chemical process, in which the conductive polymer was polymerized and simultaneously deposited onto 
Bi2Te3. This approach yielded finely dispersed polymer domains with minimized agglomeration, resulting in 
increased interfacial contact with Bi2Te3. These interfacial contacts promoted energy filtering, inducing ener
gy–dependent carrier scattering and a clear decoupling between electrical resistivity and Seebeck coefficient. The 
composite also exhibited suppressed thermal conductivity, attributed to enhanced phonon and carrier scattering 
at the interfacial contacts. These transport behaviors were confirmed by systematic experimental characteriza
tion together with complementary theoretical modeling based on the single parabolic band approximation. The 
composite achieved a maximum ZT of ~ 1.31 at 477 K and an average ZT of ~ 1.15 over the temperature range 
of 300–550 K. In comparison to other low–temperature n–type thermoelectric materials, the composite offers not 
only excellent thermoelectric performance but also advantages in cost, processability, and flexible device 
compatibility, making it highly suitable for practical and scalable thermoelectric applications.

1. Introduction

Thermoelectric technology enables the direct conversion between 
thermal and electrical energy, offering promising solutions for sustain
able waste heat recovery and solid–state refrigeration without the use of 
refrigerants [1–3]. Despite its potential to revolutionize a wide range of 
industries, its relatively low energy conversion efficiency remains a 
major limitation. To enable widespread industrial application of ther
moelectric technology, enhancing the performance of thermoelectric 
materials to improve energy conversion efficiency is a fundamental 
challenge. The performance of thermoelectric materials is typically 
evaluated using the dimensionless figure of merit, ZT = α2T/(ρκ), where 
α is the Seebeck coefficient, ρ is the electrical resistivity, and κ is the 
thermal conductivity [4–7]. Accordingly, improving thermoelectric 
performance can be achieved by increasing α, reducing ρ, or decreasing 
κ.

In recent years, significant progress in thermoelectric materials has 
been achieved through various strategies, which contributed to 

enhanced electrical properties and suppressed thermal conductivity 
[1–7]. These advances have markedly improved ZT values of many 
thermoelectric materials and expanded their applicability from con
ventional power generation to emerging areas such as wearable and 
microscale energy harvesting devices. For low–temperature thermo
electric applications (typically below 573 K), Bi2Te3–based materials 
have particularly benefited owing to their tunable electronic structure, 
diverse microstructural engineering possibilities, and compatibility with 
scalable processing routes. Owing to the nature of thermoelectric tech
nology, both p–type and n–type materials are required; however, n–type 
Bi2Te3 generally exhibits inferior thermoelectric performance compared 
to its p–type counterpart. Numerous studies have been conducted to 
enhance the thermoelectric performance of n–type Bi2Te3, focusing on 
approaches such as doping various metallic or nonmetallic elements into 
the Bi2Te3 lattice [8–10], introducing different types of nanoinclusions 
into the Bi2Te3 matrix [11,12], or fabricating Bi2Te3–based nano
structures with dimensionalities ranging from 0D to 3D [13,14]. These 
efforts have improved the thermoelectric performance of n–type Bi2Te3 
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through the control of charge carrier transport and phonon scattering by 
defect engineering, texturing, and nanostructuring, which increase 
electrical properties such as the power factor (α2/ρ) and suppress ther
mal conductivity. In addition to Bi2Te3–based systems, other high
–performance low–temperature thermoelectric materials (e.g., Ag2Se 
[15], GeTe [16], and Mg3Sb2 [17]) have also been reported. Neverthe
less, Bi2Te3 remains the most commercially relevant material in this 
temperature range owing to its stable performance near room temper
ature, mature processing technologies, and widespread device–level 
implementation.

Energy filtering has been widely recognized as an effective strategy 
to enhance the electrical properties of thermoelectric materials. 
Numerous studies have reported that introducing various inorganic 
additives (e.g., metals, semiconductors) into thermoelectric host mate
rials can induce energy filtering effects at the interfaces between the host 
and additive phases [18–20]. Specifically, when additives possessing a 
work function comparable to that of the host material are introduced, an 
interfacial energy barrier can form, resulting in energy filtering. A 
suitably sized energy barrier selectively allows high–energy charge 
carriers to pass while blocking low–energy carriers, thereby enabling 
high–energy carriers to transport more heat and increasing the Seebeck 
coefficient without significantly affecting the electrical resistivity. This 
approach effectively decouples the interdependent relationship between 
these two parameters and improves the power factor. As mentioned 
earlier, n–type Bi2Te3 typically exhibits lower thermoelectric perfor
mance than its p–type counterpart, primarily due to its intrinsically 
smaller Seebeck coefficient, which arises from differences in the elec
tronic density of states near the Fermi level between n–type and p–type 
Bi2Te3. Considering the smaller Seebeck coefficient, inducing an energy 
filtering effect is a particularly promising strategy to enhance the ther
moelectric performance of n–type Bi2Te3 to a level comparable to that of 
p–type counterpart. Several research groups have demonstrated that 
introducing various inorganic additives (e.g., Ag, Bi2S3, Bi2Se3, and 
Ga2Te3) into n–type Bi2Te3–based materials can form interfacial energy 
barriers that induce energy filtering effects, thereby significantly 
improving their thermoelectric performance [21–24]. Our research 
group has previously demonstrated that energy filtering can also be 
achieved by adding cost–effective organic materials with semimetallic 
or semiconducting properties (namely, conductive polymers) instead of 
inorganic additives, particularly to n–type Bi2Te3 thermoelectric mate
rials developed for low–temperature applications [25–27]. The work 
function of n–type Bi2Te3–based materials is not a single value but is 
known to be influenced by several factors, such as crystal structure and 
surface orientation, typically falling in the range of 5.1–5.3 eV [28,29]. 
In our previous study, we introduced a conductive polymer, PEDOT:PSS, 
with a slightly higher work function than that of n–type Bi2Te3 to form 
interfacial energy barriers at their interface. These energy barriers were 
appropriately sized to induce an energy filtering effect, significantly 
contributing to an enhancement in the Seebeck coefficient. In addition 
to its role in the energy filtering effect for thermoelectric enhancement, 
PEDOT:PSS is widely utilized in flexible electronics and has recently 
been investigated for flexible thermoelectric device development 
[30–32]. These growing research efforts further underscore the broad 
applicability of PEDOT:PSS and highlight its potential relevance to 
future flexible thermoelectric technologies as well.

Compared with conventional interface–engineering approaches, 
which predominantly rely on inorganic additives, the use of a conduc
tive polymer such as PEDOT:PSS offers a fundamentally different 
interfacial design route by introducing an inexpensive, sol
ution–processable, and flexibility–compatible organic phase. This pol
ymer–based interface engineering provides opportunities for 
constructing tunable inorganic/organic interfaces that are distinct from 
those achieved by conventional approaches. In the present study, we 
aimed to promote more interfacial contact between Bi2Te3 and the 
conductive polymer to further enhance the energy filtering effect. To 
this end, we designed a reproducible one–pot chemical process, in which 

monomers were polymerized to form conductive polymers. These 
polymers were then immediately deposited onto Bi2Te3 to fabricate an 
inorganic/organic composite. Unlike our previous work, where Bi2Te3 
and conductive polymers were mechanically blended, this one–pot 
chemical process enables the conductive polymer to be directly depos
ited onto the Bi2Te3 surface immediately after polymerization. This 
approach results in a more uniform distribution and finer dispersion of 
the polymer phase on Bi2Te3, promoting abundant interfacial contact 
and reducing agglomeration. The resulting composite exhibited a 
decoupled transport behavior between the Seebeck coefficient and 
electrical resistivity, characterized by a selective enhancement in the 
Seebeck coefficient. This improvement is attributed to the increased 
energy filtering effect originating from the more abundant interfacial 
contact. In addition, the composite exhibited a reduction in thermal 
conductivity, which is likely due to changes in phonon and charge car
rier scattering at the newly formed interfaces with finely dispersed 
conductive polymer domains. These alterations in transport character
istics were confirmed not only through experimental material charac
terization but also through theoretical validation based on the single 
parabolic band model.

The composite exhibited excellent thermoelectric performance over 
a wide temperature range (300–550 K) applicable to Bi2Te3–based ma
terials, achieving an average ZT of ~ 1.15 and a maximum ZT of ~ 1.31 
at 477 K. This performance is highly competitive compared to those of 
state–of–the–art n–type Bi2Te3–based materials fabricated through 
various approaches. In addition to its outstanding thermoelectric per
formance, the composite offers several advantages, including the use of 
cost–effective polymer additives with potential for flexible device 
fabrication, a simple material composition, and an easily scalable 
fabrication process. These merits suggest that the composite can serve as 
a promising candidate for low–temperature n–type thermoelectric ma
terials, with potential applications extending beyond conventional 
thermoelectric power generation to emerging areas such as energy 
harvesting.

2. Materials and methods

2.1. Sample fabrication

Elemental bismuth (Bi, 80 mmol, 99.99 %, Kojundo Chemicals) and 
tellurium (Te, 120 mmol, 99.99 %, Kojundo Chemicals) powders were 
mixed using an agate mortar and pestle. The blended powders were 
loaded into a quartz tube, sealed under vacuum, and heated in a rocking 
furnace at 1173 K (heating rate: 10 K min− 1). This temperature was 
maintained for 24 h to ensure complete reaction between Bi and Te. The 
resulting product was allowed to cool naturally to room temperature to 
yield a Bi2Te3 ingot. The Bi2Te3 ingot was then ground into powder 
using a Mortar Grinder Pulverisette 2 (Fritsch) and dispersed in distilled 
water under stirring to obtain a Bi2Te3 aqueous suspension. For in situ 
polymer integration, 3,4–ethylenedioxythiophene (EDOT, 0.151 mmol, 
97 %, Sigma–Aldrich) and polystyrene sulfonate (PSS, 5.54 × 10–4 

mmol, 18 wt% in H2O, Sigma–Aldrich) were added to the Bi2Te3 
aqueous suspension and stirred. Sodium persulfate (Na2S2O8, 0.2 mmol, 
≥98 %, Sigma–Aldrich), dissolved in distilled water, was then intro
duced dropwise into the aqueous suspension using a syringe to initiate 
oxidative polymerization of EDOT. This one–pot chemical process 
enabled simultaneous formation of PEDOT:PSS and its deposition onto 
the surface of Bi2Te3 (Fig. 1a). Following polymer integration, the pre
cipitate was filtered, washed, and vacuum–dried to obtain the solid 
product (s–Bi2Te3/PEDOT:PSS, ~99.5/0.5 w/w). For comparison, a 
Bi2Te3/PEDOT:PSS composite (BT/P) was also prepared by blending 
Bi2Te3 powder with pre–synthesized PEDOT:PSS via planetary dry ball 
milling (Fig. 1b), following our previous method [26,27]. The s–Bi2Te3/ 
PEDOT:PSS (s–BT/P) prepared in the present study was compared with 
both the Bi2Te3/PEDOT:PSS (BT/P) and pristine Bi2Te3 to comprehen
sively evaluate its material properties and thermoelectric performance. 
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Each of the s–BT/P, BT/P, and pristine Bi2Te3 powders (12 g each) was 
packed into a cylindrical graphite mold (outer diameter × height = 55 
mm × 60 mm, inner hole = 12 mm) and consolidated using a spark 
plasma sintering (SPS) system (Dr. Sinter 632Lx, Fuji Electronic Indus
trial Co., Fig. 1c). SPS was carried out under an Ar atmosphere at 603 K 
and 100 MPa (heating rate: 100 K min− 1), with a holding time of 1 min, 
followed by natural cooling. The resulting products were cylindrical 
dense bulk specimens with dimensions of 12.0 mm in diameter and 
13.8–14.1 mm in height.

2.2. Measurements and characterizations

X–ray diffraction (XRD) measurements were performed using a 
Miniflex II diffractometer (Rigaku) with Cu Kα radiation (λ = 1.5406 Å). 
XRD patterns were recorded over a 2θ range of 10–80◦ (step width: 
0.02◦, scan rate: 5◦ min− 1). Lattice parameters were calculated using the 
following equation derived from the combination of Bragg’s law and the 
plane–spacing equation: 

sin2θ =
λ2

4

[
4
3

(
h2 + hk + k2

a2

)

+
l2

c2

]

(1) 

In this equation, θ is the diffraction angle; a and c are the lattice 
constants; (hkl) are the Miller indices corresponding to the crystal plane; 
and λ2/4 has a value of 0.594 Å2 for Cu Kα radiation. X–ray photoelec
tron spectroscopy (XPS) was conducted using an ESCALAB 250Xi spec
trometer equipped with a dual anode X–ray source (Mg Kα/Al Kα). The C 
1 s peak at approximately 285 eV was used as the energy reference. 
Thermogravimetric analysis (TGA) was carried out using a PT1600 
thermogravimeter (Linseis) in the temperature range of 300–950 K at a 
heating rate of 10 K min− 1 under a mixed gas flow (Ar: 10 mL min− 1, air: 
90 mL min− 1). The microstructures of the samples were examined using 
field–emission scanning electron microscopy (FE–SEM, JSM–7000F, 
Jeol) and transmission electron microscopy (TEM, Titan G2, FEI). TEM 
analysis was performed at an accelerating voltage of 300 kV to obtain 

high–resolution TEM (HR–TEM) micrographs. Fast Fourier transform 
(FFT) patterns were extracted from selected HR–TEM images to analyze 
crystallographic information in the frequency domain. Ener
gy–dispersive X–ray spectroscopy (EDX) was also performed in STEM 
mode to correlate the elemental mapping profiles with the corre
sponding TEM analyses. Raman spectroscopy was performed using a 
commercial confocal Raman system (inVia Qontor, Renishaw) equipped 
with an Ar+ laser and a CCD detector. A solid–state 532 nm excitation 
laser was used and the laser power was set to 0.25 mW (exposure time of 
1 s with 100 cycles).

Bi2Te3 is known to exhibit crystallographic anisotropy, which leads 
to significant directional dependence in its thermoelectric transport 
properties. Therefore, all thermoelectric measurements were performed 
in the direction perpendicular to the pressing axis of the sintered spec
imens. The Seebeck coefficient (α) and electrical resistivity (ρ) were 
simultaneously measured in the temperature range of 300–550 K using a 
commercial thermoelectric measurement system (ZEM–3, Ulvac–Riko) 
at a heating rate of 10 K min− 1. The Hall coefficient was measured using 
a Hall effect measurement system (HMS–3000, Ecopia) based on the van 
der Pauw method to determine the carrier concentration (n). The Hall 
mobility (μH) was calculated from the relation μH = (neρ)–1, where e is 
the elementary charge (1.6 × 10–19C). The total thermal conductivity (κ) 
was derived from the relation κ = λCpd, where λ is the thermal diffu
sivity, Cp is the specific heat capacity at constant pressure, and d is the 
mass density. λ was measured in the range of 300–550 K using a laser 
flash analyzer (LFA 447, Netzsch) at a heating rate of 10 K min− 1. Cp was 
evaluated using a differential scanning calorimeter (DSC 200, Netzsch), 
and d was determined based on the Archimedes principle. The sintered 
specimens showed d of 7.61 g cm− 3 (pristine Bi2Te3) and 7.59 g cm− 3 

(BT/P and s–BT/P), corresponding to approximately 97 % of the theo
retical density of Bi2Te3 (7.86 g cm− 3 [33]). κ consists of three compo
nents: electronic (κe), lattice (κl), and bipolar (κb) thermal conductivities. 
κe was calculated using the Wiedemann–Franz law, κe = LT/ρ, where L is 
the Lorenz number. The sum of κl and κb was estimated by subtracting κe 

Fig. 1. Two different polymer integration processes: (a) A chemical oxidant (Na2S2O8) was added dropwise using an infusion system to the aqueous suspension of 
Bi2Te3, EDOT, and PSS to initiate oxidative polymerization of EDOT. This process enabled simultaneous formation of PEDOT:PSS and its deposition onto the Bi2Te3 
surface, thus affording the s–Bi2Te3/PEDOT:PSS (s–BT/P) precipitate; (b) Bi2Te3 powder was blended with pre–synthesized PEDOT:PSS via planetary dry ball milling 
to produce Bi2Te3/PEDOT:PSS (BT/P). (c) Each of the s–BT/P and BT/P samples was packed into a cylindrical graphite mold and compacted by spark 
plasma sintering.
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from κ. Considering that the lattice thermal conductivity typically fol
lows a linear T− 1 dependence above the Debye temperature of Bi2Te3 
(~165 K) [34], κl was estimated accordingly. This allowed for approx
imation of the bipolar contribution κb as well. The thermoelectric figure 
of merit (ZT) was calculated using the relation, ZT = α2T/(ρκ). The 
standard deviations from repeated measurements of the transport 
properties were primarily used to determine the error bars presented in 
this work. For parameters derived from analytical relations (such as κl 
and κb), the uncertainties were estimated by propagating the experi
mental and fitting–based errors of the relevant quantities.

3. Results and discussion

The XRD pattern of s–BT/P was nearly identical to those of BT/P and 
pristine Bi2Te3, all of which matched the typical diffraction peaks of 
rhombohedral Bi2Te3 (JCPDS card No. 15–0863) (Fig. 2a, left panel). 
Pristine PEDOT:PSS exhibited only a broad and weak peak near 2θ =
25◦, indicative of the amorphous characteristic of polymeric substances. 
s–BT/P showed no noticeable peak shift or distortion associated with 
PEDOT:PSS, consistent with the pattern observed for BT/P. To further 
verify whether s–BT/P underwent any structural changes, lattice pa
rameters were calculated by applying the two most intense peaks, cor
responding to the (015) and (1010) planes at 27.6◦ and 37.9◦, 
respectively (Fig. 2a, right panel), to Eq. (1). As shown in Figs. 2b, s–BT/ 
P exhibited no significant deviation in lattice parameters compared to 
pristine Bi2Te3, similar to BT/P. These XRD results suggest that no 
crystallographic change occurred in the Bi2Te3 phase, implying that the 
one–pot chemical process used for s–BT/P formation did not induce any 
chemical reaction between Bi2Te3 and PEDOT:PSS. High–resolution C 1 
s XPS spectra were collected to investigate possible chemical changes in 

the PEDOT:PSS component across the samples (Fig. 2c). The spectrum of 
pristine PEDOT:PSS consisted of a main peak at 284.6 eV and two 
shoulder peaks at 286.5 and 288.6 eV. Deconvolution revealed that the 
main peak comprised two characteristic components: C=C bonds in 
PEDOT (red, 284.4 eV) and C–C bonds in PSS (green, 285.0 eV) [35]. 
The shoulder peaks were assigned to C–O/C–S bonds in PEDOT:PSS 
(blue, 286.5 eV) and residual bonds (purple, 288.6 eV), attributed to 
polymeric ring cleavage due to oxidation and sulfurization of C–O/C–S 
bonds [35]. Since carbon is the main element constituting the backbone 
and ring structures of PEDOT:PSS, its signal serves as a useful indicator 
of chemical integrity. However, in s–BT/P, the PEDOT:PSS fraction is 
significantly smaller than that of the Bi2Te3 component (s–BT/P ~ 99.5/ 
0.5 w/w, see section 2.1), resulting in a markedly lower C 1 s signal 
intensity compared to pristine PEDOT:PSS. The main peak positions of 
s–BT/P, BT/P, and pristine PEDOT:PSS were nearly identical, indicating 
negligible shifts in the binding energies of the C=C bonds in PEDOT and 
C–C bonds in PSS. These results suggest that the PEDOT:PSS component 
in s–BT/P remained chemically unchanged, not only relative to BT/P but 
also to pristine PEDOT:PSS. TGA analysis revealed that s–BT/P exhibited 
an overall thermal decomposition pattern similar to that of pristine 
Bi2Te3, with a sharp weight loss occurring near 850 K due to the thermal 
collapse and decomposition of the Bi2Te3 structure (Fig. 2d, upper 
panel). However, unlike pristine Bi2Te3, s–BT/P displayed additional 
weight losses in the temperature ranges of 477–585 K and 585–830 K 
(Fig. 2d, upper panel, inset). These additional decomposition features of 
s–BT/P closely resembled the thermal degradation behavior of both BT/ 
P and pristine PEDOT:PSS in the corresponding temperature ranges 
(Fig. 2d, lower panel). In pristine PEDOT:PSS, these losses account for 
approximately 80 % of the total weight, primarily arising from the py
rolysis of the PSS and PEDOT molecular frameworks [36]. The presence 

Fig. 2. Material characterizations of s–Bi2Te3/PEDOT:PSS (s–BT/P) and Bi2Te3/PEDOT:PSS (BT/P), compared with pristine PEDOT:PSS (P) and Bi2Te3 (BT): (a) 
X–ray diffraction (XRD) patterns over the 2θ range of 10–80◦ (left), with a magnified view of the 25–40◦ region (right); (b) calculated lattice parameters; (c) 
high–resolution X–ray photoelectron spectroscopy (XPS) spectra of C 1 s; (d) thermogravimetric analysis (TGA) curves in the temperature range of 300–950 K, with 
an enlarged view of 350–830 K in the inset.
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of similar decomposition characteristics in s–BT/P suggests that the 
PEDOT:PSS component retains a molecular structure comparable to its 
pristine form. The material characterization results (XRD, XPS, and 
TGA) indicate that no chemical reaction occurred between Bi2Te3 and 
PEDOT:PSS during the one–pot chemical process. The two components 
are likely distributed in distinct domains with interfacial contact.

Based on SEM analysis (Fig. 3), pristine Bi2Te3 particles were 
generally larger than pristine PEDOT:PSS particles, but both pristine 
samples exhibited similarly irregular morphologies. Consequently, in
dividual components in BT/P and s–BT/P could not be clearly distin
guished in SEM images. Low–magnification TEM images (Fig. 4a1, 4b1) 
revealed particles with contrasting brightness in both BT/P and s–BT/P. 
According to HR–TEM analysis (Fig. 4a2, 4b2), the darker particles 
exhibited well–defined lattice fringes corresponding to periodic atomic 
arrangements, while the brighter ones lacked such ordering. The 
measured lattice spacings of 3.21 and 3.20 Å were identified as the (015) 
and (105) planes of R3m Bi2Te3 along the [551] zone axis, as confirmed 
by the corresponding FFT patterns (insets of Fig. 4a2 and 4b2). STEM/ 
EDX mapping further supported this assignment (Fig. 4a3–4a6, 4b3– 
4b6): the darker particles showed strong bismuth (Fig. 4a4, 4b4) and 
tellurium (Fig. 4a5, 4b5) signals, consistent with the HR–TEM results 
indicating crystalline Bi2Te3. In contrast, the brighter particles exhibited 
dominant carbon signals (Fig. 4a6, 4b6), suggesting they were composed 
of PEDOT:PSS, whose main elemental component is carbon. These re
sults indicate that Bi2Te3 and PEDOT:PSS form interfacial domains in 
both s–BT/P and BT/P and that the PEDOT:PSS particles in s–BT/P are 
smaller than those in BT/P. Additional datasets obtained from other 
regions showed the same microstructural tendencies (Fig. S1, Supple
mentary Material). This size reduction likely results from the one–pot 
chemical process, in which the polymerization of PEDOT:PSS is kineti
cally regulated and occurs in situ on Bi2Te3 surfaces, leading to finer 
dispersion. By contrast, BT/P was prepared by dry ball milling of pristine 
Bi2Te3 and PEDOT:PSS, making PEDOT:PSS aggregation more likely and 
resulting in relatively larger and less–dispersed particles.

The thermoelectric transport properties of s–BT/P and BT/P were 
compared with those of pristine Bi2Te3. All samples exhibited increasing 
electrical resistivity (ρ) with temperature, indicating degenerate semi
conducting behavior (Fig. 5a). The ρ values of s–BT/P and BT/P were 
comparable to that of pristine Bi2Te3, whereas their Seebeck coefficients 
(α) were significantly higher (Fig. 5b). These results suggest a notable 
decoupling between ρ and α in s–BT/P and BT/P, compared to pristine 
Bi2Te3. s–BT/P and BT/P showed slightly lower carrier concentrations 
(n) than pristine Bi2Te3 (Fig. 5c), which can be attributed to a mild 

electron–depletion effect at the interfaces between Bi2Te3 and PEDOT: 
PSS components arising from their work function difference (Fig. S2, 
Supplementary Material). Although s–BT/P and BT/P had lower n than 
pristine Bi2Te3, their Hall mobilities (μH) were higher (Fig. 5c), resulting 
in overall resistivities similar to that of the pristine sample. The typical 
simultaneous increase in ρ and α with decreasing n was not observed 
(Fig. 5a–c). To explain the selective enhancement in α, the density of 
states effective mass (m*) was considered. According to the following 
equation: 

α =
8π2k2

B
3eh2 m*T

( π
3n

)2
3 (2) 

where kB is the Boltzmann constant, e is the elementary charge, and h 
is Planck’s constant. Expressing m* relative to the free electron mass 
(m0), both s–BT/P and BT/P exhibited clearly increased m* values 
compared to that of pristine Bi2Te3 (Fig. 5c). The presence of interfacial 
potential barriers in BT/P, known to induce energy filtering effects 
[26,27], was further quantified in this study by ultraviolet photoelectron 
spectroscopy (UPS) measurements. The extracted barrier height (ΔΦ) 
and the corresponding UPS analysis are provided in Supplementary 
Material (Fig. S2, S3). Based on the electrical transport trends in 
Fig. 5a–c, similar energy filtering is expected in s–BT/P. The weighted 
mobility (μw), defined as μ(m*/m0)3/2, is a more suitable parameter than 
μH for evaluating charge transport behavior influenced by energy 
filtering [37]. Both s–BT/P and BT/P exhibited significantly higher μw 
than pristine Bi2Te3 (Fig. 5c), strongly supporting the presence of energy 
filtering effects, which preferentially transmit high–energy carriers 
while filtering out low–energy ones (Fig. 6a). Notably, s–BT/P exhibited 
even higher μw than BT/P, which can be ascribed to more active energy 
filtering possibly arising from the increased interfacial domains, enabled 
by the finer dispersion of PEDOT:PSS as discussed earlier and as 
described in Fig. 6b. μw was also calculated from the experimental ρ and 
α values based on the single parabolic band model, assuming acoustic 
phonon scattering as the dominant mechanism. The temper
ature–dependent μw was determined by: [38]. 

μw =
3

8πeρF0(η)

(
h2

2m0kBT

)3
2

(3) 

where F0(η) is the zeroth–order Fermi integral: 

Fn(η) =
∫ ∞

0

xn

1 + exp(x − η) dx (4) 

Fig. 3. SEM micrographs of each sample with different resolutions: (a,b) pristine Bi2Te3, (c,d) pristine PEDOT:PSS, (e,f) Bi2Te3/PEDOT:PSS (BT/P), and (g,h) 
s–Bi2Te3/PEDOT:PSS (s–BT/P).
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The reduced chemical potential η was obtained using the following 
equation: 

α = ±
kB

e

(
2F1(η)
F0(η)

− η
)

(5) 

The calculated μw (Fig. 5d) at 300 K showed trends consistent with 
those presented in Fig. 5c. The observed T− 3/2 dependence of μw is 
indicative of dominant acoustic phonon scattering [39]. The ratio μw/μH 
(∝ (m*)3/2), calculated at 300 K, further confirmed the highest m* in 
s–BT/P (Fig. 5e). The observed trends in α aligned well with those of m* 
and μw, whereas ρ showed minimal variation across the samples 
(Fig. 5a–d). These results indicate that s–BT/P exhibits stronger energy 
filtering effects, which in turn lead to its superior power factor (α2/ρ) 
compared to both BT/P and pristine Bi2Te3 (Fig. 5f).

As shown in Fig. 7a, both s–BT/P and BT/P exhibited lower total 
thermal conductivity (κ) than pristine Bi2Te3 over the entire tempera
ture range. The electronic thermal conductivity (κe) for each sample was 
calculated using the Wiedemann–Franz law with the Lorenz number (L), 
which was estimated from the measured α using the empirical relation L 
= 1.5 + exp(–|α|/116) [40]. κe showed small differences among the 
samples (Fig. 7b), consistent with their comparable ρ (Fig. 5a). The 
quantity κ – κe, representing the sum of lattice (κl) and bipolar (κb) 
thermal conductivities, is shown in Fig. 7c. To extract κl, we used the 
commonly adopted relation κl = aT− 1 + b. The T− 1 dependence origi
nates from Umklapp phonon–phonon scattering at elevated tempera
tures, while the constant term b accounts for temperature–independent 
contributions such as boundary, defect, or interface scattering [41–43]. 
The resulting fitting parameters for each sample are summarized in 

Fig. 4. TEM and STEM characterization of Bi2Te3/PEDOT:PSS (BT/P, a) and s–Bi2Te3/PEDOT:PSS (s–BT/P, b). Low–magnification TEM images (a1, b1). High
–resolution TEM (HR–TEM) images with corresponding FFT insets (a2, b2), showing the lattice structure and atomic arrangement of Bi2Te3 (red: Bi, blue: Te). STEM 
images (a3, b3) with EDX elemental maps of Bi (a4, b4), Te (a5, b5), and C (a6, b6). All STEM/EDX images use a 0.2 μm scale bar. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Thermoelectric transport properties of s–Bi2Te3/PEDOT:PSS (s–BT/P) and Bi2Te3/PEDOT:PSS (BT/P) compared with pristine Bi2Te3 (BT): temperature 
dependence of (a) electrical resistivity (ρ) and (b) Seebeck coefficient (α), (c) Seebeck coefficient as a function of carrier concentration (n) accompanied by the density 
of states effective mass (m*) at 300 K, together with Hall mobility (μH) and weighted mobility (μw), (d) μw/μH ratio at 300 K, temperature dependence of (e) μw and (f) 
power factor (α2/ρ).
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Fig. S4 (Supplementary Material). Both s–BT/P and BT/P exhibited 
significantly lower κl than pristine Bi2Te3 (Fig. 7d), likely owing to 
enhanced phonon scattering at the interfaces between Bi2Te3 and 
PEDOT:PSS components. To experimentally examine the phonon dis
persions of each sample, Raman spectroscopy was conducted at room 
temperature (Fig. 7e). The rhombohedral Bi2Te3 structure is known to 
consist of three quintuple layers (QLs) stacked via van der Waals in
teractions [44]. Each QL contains five atomic layers 
(Te1–Bi–Te2–Bi–Te1) alternately arranged (Fig. 7e, inset), where lattice 
vibrations of the atoms occur. All samples exhibited three Raman active 
vibrational modes, A1g

1 (ca. 60 cm− 1), Eg
2 (ca. 100 cm− 1), and A1g

2 (ca. 

130 cm− 1), which are assigned to longitudinal (A1g
1 , A1g

2 ) and transverse 
(Eg

2) vibrations of Bi–Te1 in the QL. The full–width at half–maximum 
(FWHM) of the observed vibration modes was analyzed to evaluate the 
phonon relaxation time (τ), using the energy–time uncertainty relation: 

FWHM =
h

2πτ (6) 

where h is the Planck constant. The FWHM of the Eg
2 vibrational 

mode in s–BT/P and BT/P was larger than that of pristine Bi2Te3 (Fig. 7f; 
Fig. S5, Supplementary Material). Similar broadening was observed for 
the A1g

1 and A1g
2 modes. Consequently, the phonon relaxation times (τ) of 

Fig. 6. (a) Interfacial potential barrier (ΔΦ) between the components in Bi2Te3/PEDOT:PSS (BT/P) and s–Bi2Te3/PEDOT:PSS (BT/P), quantified by a band–bending 
potential, which may induce an energy filtering effect (energy–dependent carrier scattering); (b) illustration of energy filtering using the HR–TEM images of BT/P 
and s–BT/P.

Fig. 7. Thermoelectric and physical properties of s–Bi2Te3/PEDOT:PSS (s–BT/P) and Bi2Te3/PEDOT:PSS (BT/P) compared with pristine Bi2Te3 (BT): temperature 
dependence of (a) total thermal conductivity (κ), (b) electronic thermal conductivity (κe), (c) difference (κ – κe), and (d) lattice thermal conductivity (κl); (e) Raman 
spectra at room temperature and relevant phonon modes (A1g

1 , Eg
2, and A1g

2 ) in the quintuple layer (QL) of Bi2Te3 lattice structure (inset); corresponding (f) full–width 
half–maximum (FWHM) and (g) phonon relaxation time (τ), derived from the phonon modes; temperature dependence of (h) bipolar thermal conductivity (κb) with 
ln(κb) plotted versus T− 1 in the inset.
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s–BT/P and BT/P were smaller than that of pristine Bi2Te3 (Fig. 7g). 
Because τ is inversely proportional to the phonon relaxation rate, the 
reduced τ values for s–BT/P and BT/P indicate increased phonon scat
tering in both longitudinal and transverse directions. This enhanced 
scattering is ascribed to the interfaces between the Bi2Te3 and PEDOT: 
PSS components. This interpretation is further supported by XRD and 
XPS analyses, which show no grain size variation, microstrain, or 
defect–related chemical changes upon polymer integration, indicating 
that these structural factors are unlikely to contribute to the observed 
FWHM broadening. Accordingly, the reduced κl in both samples is 
consistent with the scattering of phonon modes observed in the Raman 
spectra. The difference in κl between s–BT/P and BT/P was relatively 
small (Fig. 7d). TEM analysis revealed that s–BT/P contained finely 
dispersed PEDOT:PSS particles embedded within Bi2Te3 grains, while 
BT/P featured relatively larger PEDOT:PSS domains located at Bi2Te3 
grain boundaries. Considering the phonon scattering mechanisms 
closely related to phonon mean free path, namely, atomic point–defect 
scattering, nanoprecipitate scattering, and grain boundary scattering 

[45], s–BT/P is expected to promote phonon scattering in the interme
diate regime (<100 nm) via nanoprecipitate scattering. In contrast, BT/ 
P is likely to promote scattering of long mean free path phonons (0.1–10 
μm) through grain boundary scattering. The similarity in κl between 
s–BT/P and BT/P likely stems from their selective engagement in 
distinct phonon scattering regimes, each effectively targeting different 
phonon mean free path ranges.

The temperature dependence of κl in all samples exhibited a 
distinctly different trend from that of κ – κe, which can be attributed to 
the narrow bandgap of Bi2Te3–based materials. This indicates that 
thermal excitation of minority carriers becomes increasingly significant 
at elevated temperatures, and thus their contribution to the total ther
mal conductivity must be considered. Because κ – κe equals the sum of κl 
and κb as explained earlier, κb, which arises from the transport of ther
mally generated minority carriers, was extracted by subtracting both κe 
and κl from κ (Fig. 7h). As temperature increased, κb rose exponentially 
in all samples. The bipolar onset appeared at lower temperatures for 
s–BT/P and BT/P than for pristine Bi2Te3, likely due to the thermal 

Fig. 8. Temperature–dependent (a) quality factor (B) and (b) figure of merit (ZT) for s–Bi2Te3/PEDOT:PSS (s–BT/P) compared to those for pristine Bi2Te3 (BT) and 
Bi2Te3/PEDOT:PSS (BT/P), (c) maximum ZT (ZTmax) versus B for s–BT/P compared to that for BT, BT/P, and recently reported n–type Bi2Te3–based materials 
[48–52], (d) temperature–dependent ZT for s–BT/P compared to the Bi2Te3–based materials, (e) average ZT (ZTave) of s–BT/P, derived by integrating the ZT curves 
over 300–550 K using the equation ZTave = 1

Th − Tc

∫ Th
Tc

ZTdT, and (f) ZTave comparison in a similar temperature range along with ZTmax of each material.
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excitation of minority carriers (holes) originating from the PEDOT:PSS 
phase. Notably, κb in s–BT/P increased more slowly with temperature 
than in BT/P, approaching that of pristine Bi2Te3 at elevated tempera
tures. Although κb is known to depend on the bandgap energy (Eg) 
following the relation κb ∝ exp(–Eg/kBT), the similar slopes of the ln(κb) 
versus T− 1 plots (inset of Fig. 7h) indicate comparable bandgap energies 
across the samples. Therefore, the observed differences in κb are not 
attributed to variations in Eg. κb is also affected by microstructural fea
tures such as defects, nanoinclusions, and grain boundaries, which can 
suppress minority carrier transport [46]. As discussed earlier, s–BT/P 
contains smaller and more finely dispersed PEDOT:PSS domains than 
BT/P, and these microstructural differences likely contribute to sup
pressing bipolar conduction. This accounts for the slower increase in κb 
with temperature observed in s–BT/P. This trend is also consistent with 
the higher Seebeck coefficient at elevated temperatures and the 
enhanced weighted mobility observed in s–BT/P (Figs. 5b and 5c), both 
of which are commonly used experimental indicators of suppressed bi
polar conduction. A follow–up study is currently underway to theoret
ically elucidate these κb differences via separate weighted mobility 
calculations for majority and minority carriers based on a two–band 
model.

Both s–BT/P and BT/P exhibited significantly enhanced ZT values 
compared to pristine Bi2Te3 over the entire temperature range (Fig. 8a), 
achieving considerably higher maximum ZT (ZTmax) values than pristine 
Bi2Te3. As discussed in the previous section, improvements in electrical 
properties and reductions in thermal conductivity contributed to the 
substantial increase in ZT. s–BT/P exhibited higher ZT values than BT/P 
across the temperature range, primarily due to the selective enhance
ment in α. This enhancement is attributed to an increased number of 
energy filtering interfaces in s–BT/P, likely resulting from the reduced 
particle size and improved dispersion of PEDOT:PSS domains achieved 
via the one–pot chemical process. The relative ZT enhancement of s–BT/ 
P became more pronounced at higher temperatures, and its ZTmax shif
ted toward higher temperature compared to that of BT/P. This trend can 
be ascribed to the suppressed bipolar conduction behavior in s–BT/P, as 
evidenced by the temperature dependence of α and κb (Figs. 5b and 7h).

The quality factor (B), proposed within the framework of the single 
parabolic band model, serves as an additional parameter for evaluating 
thermoelectric performance and is calculated as follows: 

B = 9
μw

κl

(
T

300

)5
2

(7) 

A larger B value generally corresponds to a higher ZT, making B a 
useful indicator for assessing thermoelectric materials [47]. The signif
icance of B lies in its ability to provide a straightforward guideline for 
identifying promising thermoelectric materials, without the need to 
evaluate all individual transport parameters (α, ρ, κ). Specifically, ma
terials with high μw and low κl, which are relatively independent of each 
other, are expected to exhibit superior thermoelectric performance. The 
temperature dependence of B for all samples (Fig. 8b) showed a similar 
trend to that of ZT (Fig. 8a), both increasing with temperature, reaching 
a maximum at elevated temperatures, and then gradually decreasing, 
and s–BT/P exhibited the highest B across the entire temperature range. 
When plotting ZTmax as a function of B (Fig. 8c), a linear increase in 
ZTmax with increasing B was observed, further confirming the notable 
correlation between the two parameters. To examine this relationship, 
ZTmax and B values of recently reported high–performance n–type 
Bi2Te3–based materials (namely Bi2Te2.79Se0.21 [48], 
Cu0.01Bi1.985Y0.015Te2.7Se0.3 [49], Bi2Te2.4Se0.6 [50], Bi2Te2.4Se0.6 
incorporating TiO2 nanoparticles (Bi2Te2.4Se0.6 + TiO2) [51], and 
Bi1.8Sb0.2Te2.7Se0.3 with excess Te (Bi1.8Sb0.2Te2.7Se0.3 + Te) [52]) were 
also plotted for comparison (Fig. 8c). These reference materials, all 
based on n–type Bi2TexSe3–x systems, achieve high ZT values through 
texture modification via hot deformation and liquid–state manipulation 
[48,50] or microstructural engineering with secondary/tertiary 

inorganic phases [49,51,52]. The μw and κl values used to derive their B 
factors are provided in Supplementary Material (Table S1). The refer
ence materials generally follow the linear proportionality between 
ZTmax and B, indicating that higher B values tend to yield higher ZTmax. 
Although s–BT/P exhibited a higher B value than the reference mate
rials, its ZTmax was comparable to that of Bi2Te2.4Se0.6 + TiO2 [51] and 
slightly lower than that of Bi1.8Sb0.2Te2.7Se0.3 + Te [52]. Such minor 
deviations from the linear relationship are likely due to compositional 
and microstructural variations among the different materials, which B 
alone cannot fully capture.

The temperature dependence of ZT for s–BT/P was compared with 
that of the reference Bi2Te3–based materials (Fig. 8d). The reference 
materials exhibited distinct temperature ranges, in which their ther
moelectric performance was maximized. Compared with s–BT/P, 
Bi2Te2.79Se0.21 [48], Cu0.01Bi1.985Y0.015Te2.7Se0.3 [49], and Bi2Te2.4Se0.6 
+ TiO2 [51] showed relatively high ZT values below ca. 400 K, but their 
ZT rapidly decreased above this temperature. Bi2Te2.4Se0.6 [50]
exhibited a similar temperature–dependent trend to s–BT/P, though its 
ZT values were lower throughout most of the measured range. 
Bi1.8Sb0.2Te2.7Se0.3 + Te [52] maintained consistently high ZT values 
across the entire temperature range, suggesting that it would yield the 
highest average ZT (ZTave) among the compared materials. The ZTave for 
each sample over the entire temperature range (300–550 K) was 
calculated using the following equation: 

ZTave =
1

Th − Tc

∫ Th

Tc

ZTdT (8) 

where Tc and Th are 300 and 550 K, respectively. The s–BT/P com
posite recorded ZTave of approximately 1.15 (Fig. 8e), representing im
provements of about twofold and 14 % compared with pristine Bi2Te3 
and BT/P, respectively (Fig. S6, Supplementary Material). The ZTave of 
s–BT/P was also compared with those of the reference materials 
(Fig. 8f), whose ZTave values were derived as detailed in Supplementary 
Material (Fig. S7). The ZTave of s–BT/P outperformed those of 
Bi2Te2.79Se0.21, Cu0.01Bi1.985Y0.015Te2.7Se0.3, and Bi2Te2.4Se0.6 [48–50], 
while it was comparable to that of Bi2Te2.4Se0.6 + TiO2 [51] or some
what lower than that of Bi1.8Sb0.2Te2.7Se0.3 + Te [52]. The similar or 
somewhat lower ZTave of s–BT/P compared to these two materials 
[51,52] can be attributed to its relatively reduced performance at lower 
temperatures (Fig. 8d), despite maintaining high thermoelectric per
formance at higher temperatures within the measurement range. Efforts 
are currently underway to selectively improve the low–temperature 
performance of s–BT/P while maintaining its high thermoelectric per
formance at elevated temperatures. Bi1.8Sb0.2Te2.7Se0.3 + Te, which 
achieved the highest ZT among n–type Bi2Te3–based materials reported 
to date, was synthesized via intentional liquid–phase sintering to form 
an excess Te phase. However, this material requires precise control of a 
complex quaternary stoichiometry and additional expensive elements 
such as Sb or Te. s–BT/P offers simpler processability without compo
sitional complexity, cost advantages stemming from the use of conduc
tive polymer, and potential compatibility with flexible device 
fabrication, suggesting its greater utility for practical thermoelectric 
applications.

4. Conclusion

In summary, a thermoelectric composite (s–Bi2Te3/PEDOT:PSS, 
s–BT/P) was successfully fabricated via a simple one–pot chemical 
process, enabling in situ integration of PEDOT:PSS with Bi2Te3. This 
interfacial design strategy produced finely dispersed PEDOT:PSS do
mains and more interfacial contacts, which collectively optimized car
rier and phonon transport across the composite. Compared with pristine 
Bi2Te3 and mechanically mixed Bi2Te3/PEDOT:PSS (BT/P), s–BT/P 
exhibited a distinct decoupling of electrical resistivity and Seebeck co
efficient through enhanced energy filtering effects, while effectively 
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suppressing bipolar conduction at elevated temperatures. s–BT/P also 
exhibited substantial reductions in lattice and bipolar thermal conduc
tivities due to enhanced phonon scattering and suppressed minority 
carrier transport. As a result, s–BT/P achieved a maximum ZT of ~ 1.31 
and an average ZT of ~ 1.15 within 300–550 K, surpassing those of 
pristine Bi2Te3 and BT/P. The combination of facile processability, cost 
efficiency, and enhanced thermoelectric performance highlights the 
potential of in situ polymer integration as a versatile route to design 
practical and scalable thermoelectric materials.
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