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Flexible and printable
thermoelectric films based on FeCI3
doped P3HT

Vaishali Rathi'*?, Manoj Sathwane?, Kamal Singh?, K. P. S. Parmar?, Pradip K. Maji2,
Ranjeet K. Brajpuriya3™ & Ashish Kumar34*

Conductive polymers possess several advantageous properties, including cost-effectiveness, non-
toxicity, and low thermal conductivity, making them promising candidates for thermoelectric (TE)
applications. In this study, flexible films of poly (3-hexylthiophene) (P3HT) doped with FeCl, were
synthesized via the drop-casting method using FeCl, concentrations of 20, 40, and 60 mM. The
structural, morphological, and thermoelectric properties of the doped P3HT films were systematically
investigated. Characterization techniques such as XRD, FTIR, and Raman spectroscopy revealed
significant microstructural changes upon doping. XRD analysis indicated a transition from a crystalline
to a more amorphous structure, while FTIR and Raman spectroscopy confirmed the formation of
localized states through shifts in vibrational modes. SEM and AFM analyses demonstrated substantial
morphological changes with FeCl, doping, and XPS confirmed the successful incorporation of FeCl,
into the P3HT matrix. Thermoelectric measurements showed a notable enhancement in electrical
conductivity, increasing from 4.37 x10~* S/cm (undoped film) to 46.67 S/cm for the P40-doped film at
room temperature. The P40 sample also exhibited a high Seebeck coefficient of 164 pV/K and achieved
a maximum power factor of 127.4 pW/m-K2. These results highlight the potential of FeCl, doping in
enhancing thermoelectric performance. The freestanding flexible P3HT films displayed a significantly
high p-type Seebeck coefficient, emphasizing their suitability for thermoelectric applications. Future
work should aim at optimizing doping conditions and exploring the integration of these materials into
practical thermoelectric devices.
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Thermoelectricity is an energy-harvesting technology that has gained considerable global attention due to its
ability to convert waste heat into usable electrical energy. In recent years, there has been growing emphasis
on the development of thermoelectric (TE) materials that are not only efficient at room temperature but also
scalable, cost-effective, printable on flexible substrates, and environmentally benign>. Among various material
classes, conducting polymers have emerged as a promising category for thermoelectric, photovoltaic, and
energy storage applications. Their advantages include solution processability, mechanical flexibility, low thermal
conductivity, and compatibility with low-cost fabrication techniques, making them ideal candidates for next-
generation flexible electronics®*.

The performance of a thermoelectric material is quantified by the dimensionless figure of merit, ZT, expressed
as:

S%o

K

7T = T (1)

where T is the absolute temperature, k is thermal conductivity, o is electrical conductivity, and SS is the Seebeck
coefficient. The term S%c is known as the power factor (PF). From Eq. (1), it is evident that high thermoelectric
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performance requires materials with a high power factor and low thermal conductivity to maintain a strong
thermal gradient. However, these parameters—S, o, and k—are often interdependent, posing a challenge to their
independent optimization®.

Conducting polymers naturally exhibit low thermal conductivity and mechanical robustness, making them
suitable for thermoelectric applications. By tuning charge carrier concentration and mobility, these materials
offer potential for improved electrical performance. However, one limitation of conducting polymers is their
relatively low Seebeck coefficient®~®. Recent studies suggest that incorporating ionic transport mechanisms can
enhance the thermoelectric voltage in these materials®”. For instance, PEDOT: PSS-PSSNa has demonstrated
a high Seebeck coefficient, partly attributed to ionic contributions”®10, This behavior, associated with the Soret
effect, arises from the thermodiffusion of ions under a thermal gradient”#1%-12, Combining conducting polymers
with polyelectrolytes has been shown to improve the overall power factor by leveraging both electronic and ionic
contributions.

Poly(3-hexylthiophene) (P3HT) has garnered significant attention as a solution-processable organic
semiconductor due to its ease of synthesis, good solubility in common organic solvents, and potential for
high charge mobility arising from its semi-crystalline microstructure’>-'>. P3HT can be processed via various
techniques such as drop casting, spin coating, dip coating, solution casting, and bar coating. Several efforts
have been made to improve the TE performance of P3HT through chemical doping or blending with inorganic
and organic nanomaterials!®"'°. For example, Zhu et al. utilized triflimide anions as dopants to enhance the
power factor of PZHT?, while Qiu et al. reported composite films of Bi,Te, nanowires and P3HT with improved
power factors of 13.6 pW-m™-K™2 at 300 K'*. Muller et al. achieved a significantly higher power factor of 95
+ 12 yW-m™! K2 at room temperature by doping FeCl, into P3HT/CNT composite films'®. Despite these
advancements, studies focused specifically on the thermoelectric behavior of doped P3HT films remain limited
and warrant further exploration.

In this work, we report the incorporation of FeCl, as a dopant in P3HT films to enhance their thermoelectric
properties. The doped films demonstrated a power factor exceeding 127.4 yW-m~1.K~2 at room temperature.
A comprehensive analysis was performed to investigate the correlation between Seebeck coefficient, electrical
conductivity, and temperature in these films. Their microstructural and compositional characteristics were
examined using techniques such as XPS, XRD, SEM, and EDS, providing insights into the role of FeCl, doping
in modulating the thermoelectric performance of P3HT.

Experimental procedure

Poly (3-hexylthiophene) (P3HT) with a molecular weight of 37,685 g/mol and regioregularity of 98.5%, along
with anhydrous FeCl,, was procured from Sigma-Aldrich (USA). The solvents, nitrobenzene and chloroform,
were obtained from Alfa Aesar (USA). All chemicals were used as received, without any additional purification.

Fabrication of P3HT films
P3HT powder was dissolved in chloroform to prepare a homogeneous 20 mg/mL solution using magnetic
stirring for two hours. The resulting solution was drop-cast onto polyimide substrates under ambient laboratory
conditions (25+2 °C temperature and 40-50% relative humidity), The films were allowed to air dry naturally,
during which solvent evaporation occurred gradually over ~25-30 min. To ensure complete removal of residual
solvent and uniform film formation, the samples were subsequently baked at 70 °C for 30 min in a hot-air oven.
FeCl, was dissolved in nitrobenzene at the required concentrations of (20, 40, and 60 mM) and stirred using
a magnetic stirrer a for 1 h at room temp (~25 °C) to ensure complete dissolution and homogeneity of the
solution. No external heating was applied during this process, as FeCl, readily dissolves in nitrobenzene at
ambient conditions. Doping was carried out by immersing the dried P3HT films into the FeCl, solutions for two
minutes. The doped samples were labeled as follows: PO (undoped), P20 (20 mM FeCl,), P40 (40 mM FeCl,),
and P60 (60 mM FeCl,). Upon immersion, the pristine golden color of the films changed instantly to a shiny
black, indicating successful doping. All film types (PO, P20, P40, and P60) were prepared in triplicate under
identical conditions to assess reproducibility. For each batch, the FeCl, doping solutions were freshly prepared
at the same concentrations, and the immersion time and environmental conditions were strictly controlled.
Interestingly, all doped films detached cleanly from the substrate after drying, forming freestanding, flexible
films. These conditions were kept identical for all films to maintain reproducibility. The controlled evaporation
and mild heating step were crucial for obtaining smooth, crack-free films with consistent thickness (~ 12 um).
The film thickness was measured using a stylus profilometer (Bruker DektakXT) by recording the step height
between the film and the substrate after scratching a small portion of the surface. Measurements were taken at
three different regions for each sample, and the average thickness was found to be ~ 12+ 0.5 pm across multiple
batches, confirming reproducibility. This fabrication method is scalable and can be applied to both rigid (glass)
and flexible (e.g., Kapton tape) substrates with customized specifications. Figure 1 illustrates the step-by-step
process of film synthesis and shows photographs of the resulting undoped and doped freestanding films.

Film characterization

The structural, electronic, and thermoelectric properties of the prepared films were thoroughly characterized.
Grazing incidence X-ray diffraction (GIXRD, Malvern Panalytical, USA) with Cu Ka radiation (A = 1.54 A)
was employed to investigate the crystal structure. Raman spectroscopy, using a 532 nm green laser, was used to
analyze conformational changes in the film structure. High-resolution morphological analysis was conducted
using a field-emission scanning electron microscope (FESEM, Zeiss Gemini) and atomic force microscopy
(AFM, NT-MDT INTEGRA) to study surface variations. All morphological measurements were performed
at room temperature to ensure consistency. Fourier-transform infrared spectroscopy (FTIR, PerkinElmer) was
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Fig. 1. An illustration of the P3HT film synthesis process for undoped and doped (freestanding) films.

doped film

used to detect changes in the chemical structure after doping. Thermoelectric measurements, including Seebeck
coefficient and electrical resistivity, were carried out using an in-house developed setup as previously reported?!.

Result and discussion
Microstructural analysis (XRD, RAMAN)
For all characterizations, a consistent labeling scheme was used as follows:

Sample description Label
Undoped P3HT film (0% FeCl,) | PO

20 mM FeCl, in P3HT P20
40 mM FeCl, in P3HT P40
60 mM FeCl, in P3HT P60

X-ray diffraction (XRD) spectra were recorded in the low-angle range (0°-30°) for all freshly prepared,
freestanding thin-film samples, as shown in Fig. 2. The XRD pattern of the undoped P3HT film (P0) exhibited
three distinct diffraction peaks at 20 values of 5.3°, 10.7°, and 16.15°, corresponding to the (100), (200), and
(300) crystallographic planes, respectively. These intense reflections are indicative of a predominantly crystalline
structure, characterized by edge-on stacking of P3HT lamellae, as reported in earlier studies’**. A minor
hump at 27° suggests the presence of amorphous regions within the film. The well-ordered arrangement of
polymer chains in PO is attributed to n-m stacking between aromatic rings, resulting in a layered structure with
an interchain spacing of approximately 0.167 nm—a configuration resembling a zipper-like packing of lateral
alkyl side chains?*%3,

In contrast, the doped films (P20, P40, and P60) showed broader and less intense (100) peaks at lower 20
values of 5.15° 4.56°, and 4.42°, respectively, with corresponding full widths at half maximum (FWHM) of
approximately 0.99, 0.87, and 0.97 showing in Table 1. The shift to lower angles reflects an increased out-of-plane
stacking distance, likely due to ion intercalation between polymer chains, leading to the expansion of interplanar
spacing!#1622-24,

Relative crystallinity was quantified by calculating the ratio of the area under the crystalline peak (primarily
the (100) reflection) to the total area under the XRD curve. The undoped film (P0) displayed a crystallinity index
of approximately 72%, which decreased significantly to 41%, 28%, and 19% for the P20, P40, and P60 samples,
respectively. This reduction confirms the progressive loss of structural order and supports the amorphization
trend inferred from the broadening and shift of the (100) peak.

Raman spectra of both undoped and doped films were collected in the 600-1600 cm™ range, as presented
in Fig. 3. For the undoped sample (P0), the most prominent peak appeared at 1440 cm™, corresponding to
the Ca = Cp stretching vibration. Upon doping, this band underwent a blue shift to 1444 cm™!, indicating the
formation of bipolarons and a reduction in molecular planarity induced by dopant-polymer interactions®. This
shift is attributed to the stiffening of the vibrational mode within the bipolaron band, consistent with reduced
conjugation and planarity. In addition, the CB-Cp intra-ring stretching mode, originally located at 1374 cm™! in
the undoped sample, exhibited a red shift to 1368 cm™! and noticeable broadening in the doped films. This trend
suggests an increase in structural disorder and the presence of more amorphous regions, in agreement with the
XRD data. The doped samples also showed inter-ring C-C stretching near 1203 cm~! and C-S-C deformation
bands around 719-721 cm™. The red shift and broadening of the C-S-C modes indicate deformation in the
thiophene rings, likely resulting from tensile strain introduced by FeCl, doping. This strain promotes a more
linear (quinoid-like) backbone conformation?*%.

The quinoid configuration emerges due to linearization of the P3HT chains upon FeCl, intercalation. Similar
vibrational signatures associated with quinoid formation have been previously reported by Yamamoto and
Furukawa?®. Notably, in the highly doped P60 sample, an additional strong peak appeared at 1501 cm™. This
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Fig. 2. X-ray diffraction patterns of undoped (P0) and FeCl,-doped P3HT films (P20, P40, and P60).

Sample 20 (°) (observed) | d-spacing (nm) (Bragg) | FWHM (°) | Crystallite size D (nm) (Scherrer)
PO (undoped) | 5.30 1.665 1.01 59
P20 5.15 1.714 0.99 8.0
P40 4.56 1.935 0.87 9.1
P60 4.42 1.997 0.97 8.2

Table 1. Comparative XRD parameters of undoped (P0) and FeCl,-doped P3HT films (P20, P40, P60),
showing the shift of the (100) diffraction peak, d-spacing, FWHM, and crystallite size, peak intensity.

vibrational mode, absent or negligible in the lower-doped films, is attributed to doping-induced vibrational
activity linked to localized polaron and bipolaron species.

Collectively, these Raman spectral changes confirm the disruption of the P3HT microstructure, enhanced
amorphization, and the formation of strain-induced linear (quinoid-type) conformations with increasing
dopant concentration see the Fig. 4.

Surface morphology (FESEM and AFM)

The surface morphology of undoped and FeCl,-doped P3HT films was investigated using Field-Emission
Scanning Electron Microscopy (FESEM) and Atomic Force Microscopy (AFM), as illustrated in Figs. 5 and
6, respectively. FESEM images (Fig. 5) show that the undoped P3HT film (P0) possesses a relatively smoother
surface compared to the doped films. The doped samples (P20, P40, and P60) exhibit a granular morphology,
with particle sizes estimated at approximately 36 nm, 78 nm, and 92 nm, respectively, based on Image]J analysis.
While a general trend of increasing particle size with higher FeCl, concentration is observed, the change is
neither strictly linear nor dramatically pronounced across the series. This suggests that although FeCl, promotes
granular structure formation, its influence on particle growth saturates beyond a certain doping level. To further
investigate elemental composition, Energy-Dispersive X-ray Spectroscopy (EDX) was conducted for the doped
samples (Fig. 5e). The analysis confirmed the presence of key elements: carbon (C), oxygen (O), sulfur (S), iron
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Fig. 3. Raman spectra of undoped (P0) and FeCl,-doped P3HT films (P20, P40, and P60) showing vibrational
mode shifts and intensity changes.

(Fe), and chlorine (Cl), consistent with the composition of the P3HT-FeCl, composite system. A quantitative
summary of elemental distribution is presented in the inset of Fig. 5e. AFM imaging (Fig. 6) provided additional
insight into the surface texture and roughness. The undoped sample (P0) exhibited a relatively smooth granular
surface with a root mean square roughness (Rq) of ~42 nm over a 5 um x 5 um area. Upon doping with FeCl,,
surface roughness increased significantly, with Rq values measured at 84 nm (P20), 96.1 nm (P40), and 108 nm
(P60). The increase in roughness correlates with the development of coarser surface features upon doping.
Overall, both FESEM and AFM analyses confirm the formation of a progressively granular surface morphology
with increased FeCl, doping. This evolution in surface topography may influence charge transport pathways and
interfacial interactions, thereby affecting the thermoelectric behavior of the films.

Electronic structure (FTIR and XPS)
The FTIR spectra of undoped (P0) and FeCl,-doped P3HT films (P20, P40, and P60) are shown in Fig. 7. The
spectra reveal distinct differences in peak positions and intensities between undoped and doped samples.

In the undoped P3HT (PO0), the characteristic in-plane C-H vibrational band appears at 1021 cm™!, while the
out-of-plane C-H bending vibrations are observed at 713 cm™! and 820 cm™!. A prominent peak at 1346 cm™! is
attributed to the deformation vibration of the ~-CH, group in the P3HT structure. In contrast, the doped samples
exhibit a series of new absorption bands at 1384, 1282, 1142, 1089, 977, 854, and 820 cm™!, which are commonly
associated with polaronic states in chemically doped P3HT?>?. Among these, the band at 1142 cm™! shows
significantly higher intensity than those at 1384 and 1282 cm™. The strong 1142 cm™" band is widely recognized
as a signature of bipolaron formation, corresponding to symmetric C-C stretching vibrations associated with
delocalized positive charges along the polymer backbone?”?8. These observations suggest that bipolarons are the
dominant charge carriers in the doped films. The FTIR results are further substantiated by X-ray Photoelectron
Spectroscopy (XPS) analysis.

XPS measurements were carried out on selected samples—specifically, the undoped PO film and the doped
P40 film. The wide-scan XPS spectrum (Fig. 8a) of the undoped sample displays peaks corresponding to Cls,
O1s, S2p, and ClI2p (the latter originating from residual chloroform). In the doped sample (P40), an additional
Fe2p peak is observed, confirming the incorporation of iron from FeCl,. The high-resolution Cls spectra of the
undoped film (Fig. 8b) reveal two main components: one attributed to C-C/C-H bonding and the other to C-S
bonds. The peak corresponding to C-S bonding appears at a slightly higher binding energy (285.1 V), due to
the electron-withdrawing effect of sulfur atoms. In the doped sample (Fig. 8¢c), the Cls peak shifts to 285.3 eV,
indicating a higher concentration of carbon atoms in modified chemical environments. This shift is consistent
with previous reports on higher doping levels*. The S2p spectrum of the undoped film (Fig. 8d) shows the
typical spin-orbit splitting between S2p, , and S2p, ,, with a separation ABE of 1.6 eV—characteristic of sulfur-
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Fig. 4. Structural transformation of P3HT upon FeCl3 doping induces a quinoid structure, reduces planarity,
and enables Cl- ion intercalation, disrupting IT-IT stacking.

carbon bonding in thiophene rings*'. In the doped film (Fig. 8e), the S2p, , peak shifts to 167 eV, indicating
partial oxidation of the thiophene units due to FeCl, doping®***.

The Fe2p spectrum for the P40 film (Fig. 8g) shows two peaks for Fe2p, , at 708.9 and 712.7 eV. These are
associated with different oxidation states of Fe, consistent with the formation of Fe2C16 dimers that decompose
into Fe,Cl," and Fe,Cl," species**?, as reported by Tosi et al.”>. Additionally, the CI2p region (Fig. 8f) shows
clear peaks between 196 and 204 eV, with binding energies at 196.9 and 200 eV attributed to Cl2p,, and
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Fig. 5. FESEM images of undoped and FeCl,-doped P3HT films: (a) PO (undoped), (b) P20, (c) P40, (d) P60,
and (e) EDX spectra.

Cl2p, , of ionic CI', confirming its presence within the P3HT matrix*. These CI” ions serve as counterions
to maintain charge neutrality and stabilize the doped states. Overall, the XPS analysis confirms several key
features of doping: oxidation of the P3HT backbone (evidenced by shifts and broadening in Cls and S2p), the
incorporation of iron species with multiple oxidation states, and the presence of chlorine counterions. These
spectral changes are consistent with the formation of delocalized charge carriers, supporting the enhanced
electrical conductivity observed in FeCl,-doped films. To further quantify the dopant incorporation, atomic
percentage of the constituent elements were extracted from the survey spectra. The results are summarized in
Table 2. The doped film P40 clearly shows the presence of Fe and Cl, with a higher Cl content relative to Fe,
confirming the intercalation of Cl~ counterions that stabilize the doped states.
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Fig. 6. AFM images (5 um x 5 um) of undoped and FeCl,-doped P3HT films: (a) PO (undoped), (b) P20, (c)
P40, and (d) P60.

Thermoelectric measurements (Seebeck coefficient and resistivity)

The thermoelectric performance of materials is primarily governed by two parameters: the Seebeck coefficient
(S) and electrical conductivity (o), both of which critically influence the figure of merit (ZT). A high electrical
conductivity is essential not only for improving ZT but also indicates low internal resistance, which enhances
the material’s efficiency as a thermoelectric voltage source. Conversely, the Seebeck coefficient represents the
voltage generated per unit temperature gradient; a higher value of S implies a greater voltage output under the
same thermal differential.
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Fig. 7. FTIR spectra of undoped (P0) and FeCl,-doped P3HT films (P20, P40, and P60).

To assess the combined influence of S and o, the power factor (PF), defined as 6S?, is widely used. It serves as
a comprehensive metric for evaluating energy conversion efficiency.

Figure 9(a) presents the variation in electrical conductivity for the undoped (P0) and FeCl,-doped P3HT films
(P20, P40, and P60) across different temperatures. The undoped PO sample exhibited a low room-temperature
(RT) conductivity of 4.37x 107 S/cm, with a gradual increase upon heating. FeCl, doping led to a significant
enhancement in o, reaching 2.2 S/cm, 46.67 S/cm, and 13.7 S/cm at RT for P20, P40, and P60, respectively—an
increase of more than four orders of magnitude compared to the undoped film. However, further increasing
the doping concentration to 60 mM (P60) did not improve the conductivity beyond that of P40. Interestingly,
the P60 sample displayed a pronounced temperature dependence, with o increasing from 13.7 S/cm at 300 K
t0 69.8 S/cm at 400 K. This anomalous behavior suggests complex carrier dynamics at higher doping levels and
merits further investigation. In contrast, P20 and P40 films showed only a weak dependence on temperature.

Turning to Seebeck coefficient measurements, Fig. 9(b) shows that the undoped film (P0) exhibited a modest
S value of 25 uV/K at RT, indicative of its p-type nature. Doping with FeCl, significantly increased the Seebeck
coefficient, with values of 112.7 pV/K, 164.9 uV/K, and 128.9 pV/K for P20, P40, and P60, respectively. These
values are relatively high for conductive polymers and suggest strong p-type behavior dominated by positive ion
transport. Notably, the P40 sample reached the highest S value of 164.9 uV/K at RT, which further increased to
181.1 uV/K at 400 K.

In comparison, PEDOT films treated with a superacid in methanol showed a dramatic increase in conductivity
(from 0.7 to 2980 S/cm) but only a marginal improvement in S (from 17.6 to 21.9 pV/K)*’, underscoring the
superior performance of FeCl,-doped P3HT.

The enhanced S in doped samples can be attributed to both electronic and ionic contributions. Studies
have shown that FeCl, introduces ionized species such as (Fe,Cl;)* and (Fe,Cl)", in equilibrium with Fe,Cl
dimers*. The hopping of Cl™ ions from these species contributes to ionic conduction in addition to the hole
conduction resulting from FeCl,-induced oxidation of the P3HT backbone. The doping process forms polarons
and bipolarons, which serve as mobile positive charge carriers along the conjugated chains. However, at higher
doping levels such as in P60, the increased concentration of Cl™ ions may lead to local ionic clustering, field
perturbations, and dynamic disorder that impede hole transport®®.

The combined effect of enhanced conductivity and Seebeck coefficient is reflected in the power factor data
shown in Fig. 9c. The P40 sample exhibited the highest PF of 127.4 uW/mK? at RT, which further increased to
178.5 uW/mK? at 400 K, demonstrating its superior thermoelectric performance among the studied films.

Discussion

The systematic investigation of undoped (P0) and FeCl,-doped P3HT (P20, P40, and P60) films offers
a comprehensive understanding of how chemical doping modulates the structural, morphological, and
thermoelectric (TE) properties of P3HT, shedding light on its potential for thermoelectric applications.
The XRD patterns of the undoped P3HT (P0) film revealed sharp, well-defined peaks indicative of a highly
crystalline structure. These reflections correspond to specific crystallographic planes and are characteristic of
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Fig. 8. XPS binding energy spectra of undoped (P0) and FeCl,-doped P3HT film (P40): (a) wide scan; (b,c)
Cls; (d,e) S2p; (f) Cl2p; (g) Fe2p.

Sample C(at%) | S(at%) | O (at%) | Fe (at%) | Cl(at%)
P0 (Undoped) | 72.1 16.8 111 . -
P40 (Doped) 64.3 14.5 10.9 3.8 6.5

Table 2. Atomic concentration (at%) obtained from XPS spectra for undoped (P0) and FeCl,- doped (P40)
P.HT films.
3

edge-on stacking, stabilized by strong m—m interactions among the aromatic rings. Upon doping with FeCl,, the
diffraction peaks not only reduced in intensity but also shifted toward lower angles, suggesting an increase in
interplanar spacing due to ion intercalation. This broadening and shifting point to a loss of structural order and
disruption of the crystalline domains, consistent with the formation of a more amorphous phase in the doped
films.

Raman spectroscopy further corroborated these structural changes. A noticeable blue shift of the Ca=Cp
stretching mode from 1440 cm™! in the undoped film to higher frequencies in the doped samples indicates
a transformation in the polymer backbone, likely due to the formation of bipolarons. This shift is directly
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Fig. 9. (a) Electrical conductivity, (b) Seebeck coefficient, and (c) power factor for undoped (P0) and FeCl,-
doped (P20, P40, and P60) P3HT films.

associated with an increase in electrical conductivity. These structural modifications were also reflected in the
film surface morphology.

FESEM and AFM analyses showed that the undoped films had a smoother surface with relatively small and
uniform granules. The roughness (Rq) of the undoped sample was approximately 42 nm over a 5x 5 pm? area.
Doping with FeCl, resulted in a progressive increase in surface roughness and grain size, indicating localised
polymer chain distortion and dopant clustering. Notably, higher doping concentrations (P60) led to a more
heterogeneous and rough surface, which may affect the charge transport pathways. The EDX spectra confirmed
the incorporation of Fe and Cl into the P3HT matrix, validating the successful doping and interaction between
FeCl, and the polymer chains. The structural and morphological findings were further supported by FTIR and
XPS analyses. FTIR spectra of the doped films showed the appearance of new peaks attributed to polaronic
and bipolaronic states, particularly the intense 1142 cm™ band, which is associated with delocalized positive
charges along the polymer backbone. This suggests that bipolarons are the dominant charge carriers introduced
by FeCl, doping. XPS provided additional evidence of chemical modification. In the doped films, new peaks
corresponding to Fe2p and significant shifts in the Cls and S2p spectra were observed. These shifts confirm the
oxidation of the thiophene ring and incorporation of FeCl,, which introduces ionic species such as (Fe,Cl,)” and
CI". These ions not only contribute to the p-type conductivity by generating polarons and bipolarons but also
play a role in ionic conduction.

The electrical conductivity and Seebeck coefficient of the films exhibited significant improvements with
doping. The undoped P3HT film displayed a low conductivity of 4.37 x 107 S/cm and a Seebeck coefficient of
25 uV/K at room temperature. With FeCl, doping, electrical conductivity increased by more than four orders of
magnitude, reaching a maximum of 46.67 S/cm for the P40 sample. Simultaneously, the Seebeck coeflicient also
improved significantly, achieving a maximum value of 164.9 uV/K at room temperature for the same sample.
This concurrent enhancement in both ¢ and S is uncommon in thermoelectric materials and highlights the
influence of ionic species and dopant-induced structural rearrangements in P3HT. The power factor (PF), a key
parameter for evaluating TE performance, peaked at 127.4 pW/mK? at room temperature and further increased
to 178.5 pW/mK? at 400 K for the P40 film. This performance makes P40 the optimal doping concentration,
balancing structural order and charge carrier density to achieve superior thermoelectric efficiency. Interestingly,
in the P60 films, both o and S were lower than in P40 despite higher dopant concentration. This suggests that
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Material/system o (S/cm) | S (uV/K) | PF (WW/mK?) | Temperature | References
FeCl,-doped P3HT (This work, P40) | 46.67 165.0 127.4 RT This work
PEDOT: PSS (DMSO-treated) ~ 1000 ~20 ~4 RT 40

P3HT doped with CNT ~579 ~29 ~ 49 RT 4
P3HT/TESI™ ~ 80 ~50 ~20 RT 2
CNT/P,HT ~ 88 ~11 ~101 RT »

Table 3. Comparison of thermoelectric performance of FeCl,-doped P3HT with similar doped organic TE
materials.

over-doping disrupts the polymer matrix beyond an optimal threshold, likely causing phase segregation, dopant
aggregation, and morphological disorder. These phenomena hinder effective charge transport by introducing
trap sites and breaking m-m stacking. As evidenced by FESEM and AFM, P60 exhibits pronounced surface
roughness and heterogeneity, consistent with disrupted chain packing. The reduced mobility of charge carriers
at this level of doping is also reflected in the strong temperature dependence of conductivity, pointing toward
a thermally activated hopping mechanism common in disordered or over-doped conjugated polymers. Similar
trends have been observed in other doped polymer systems, such as FeCl,- and FATCNQ-doped P3HT and
PEDOT: PSS films*, where excessive doping results in performance degradation due to structural over-
disruption. This study highlights the remarkable potential of FeCl,-doped P3HT for thermoelectric applications.
Among the investigated samples, P40 emerges as the optimal composition, offering the best trade-off between
microstructural order, carrier concentration, and TE performance. The thermoelectric properties of P3HT films
with other dopants are summarized in Table 3.

Conclusion

In FeCl,-doped P3HT films, the consistently positive Seebeck coefficient across all doping levels confirms that
holes are the dominant charge carriers, consistent with effective p-type doping. Although ionic contributions—
such as Cl~ mobility—may influence conductivity or introduce dynamic effects at higher doping concentrations,
their role appears secondary to the primary hole-driven transport mechanism. This study demonstrates a viable
strategy for enhancing the Seebeck coefficient (S) and power factor (PF) of P3HT through controlled chemical
doping with FeCl,. Among the tested samples, the P40-doped film showed the most balanced and enhanced
thermoelectric performance, achieving an S of 164.9 uV/K and an electrical conductivity of 46.67 S/cm, resulting
in a power factor of 127.4 pyW/mK? at room temperature. This represents a significant improvement over the
undoped PO film, which exhibited a negligible PF of just 5.89 x 10~> uW/mK?. The results underscore the
potential of tailoring organic-inorganic interactions in polymer nanocomposites to improve charge transport
and thermoelectric performance. The observed enhancement in PF through strategic FeCl, doping highlights
its effectiveness as a dopant for boosting the efficiency and stability of p-type conducting polymers like P3HT.
Furthermore, the scalability, flexibility, and solution processability of these doped films make them promising
candidates for large-area and low-cost thermoelectric devices. This study encourages further exploration of
dopant-polymer interactions and offers a foundation for future investigations into solution-processable organic
semiconductors for thermoelectric energy harvesting. Both neutral molecular design and dopant engineering
approaches should be pursued to fully unlock the potential of polymer-based thermoelectrics.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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