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a b s t r a c t

The present work demonstrates a totally radical change in conduction nature from typical p-type to n-
type through ionic transport in FeCl3 doped free-standing poly(3-hexylthiophene) (P3HT) films. The
thermodiffusion of Cl� ions generated a giant negative Seebeck coefficient (~2.7 mV/K) and a moderately
high electrical conductivity (~1 S/cm); an unprecedented level in polymers. A thermoelectric power
generator fabricated using these P3HT films delivered an output electrical power of 25 mW with open
circuit voltage of 128 mV for a DT of 46 �C. Though continuous operation reduced the output power due
to inability of the ions to pass through the interface between doped P3HT and metallic contact, yet the
generated voltage was found to be quite stable over a period of 1 h under load. With such a high n-type
Seebeck coefficient, free-standing P3HT films show a great potential for energy harvesting from inter-
mittent heat sources as well as in supercapacitor charging for futuristic energy storage devices.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Thermoelectricity that converts ambient heat into useful power
has attracted the attention of researchers worldwide as a promising
energy harvesting technology. A lot of focus has been exerted to
develop efficient thermoelectric (TE) materials that can harness/
recover room temperature heat [1,2]. In this view, conducting
polymers are being explored as the new class of energy storing or
thermoelectric materials over recent years. Their solution pro-
cessability, flexibility, cheaper cost of processing along with already
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shown potential in flexible electronics, are advantages for organic
thermoelectric devices [3e8]. However, for an efficient thermo-
electric material, a parameter known as thermoelectric figure-of-
merit (ZT) should be high. ZT is given by a2sT/k; therefore, to
have high ZT at a particular operating temperature T, a high Seebeck
coefficient (a), high electrical conductivity (s), and low thermal
conductivity (k) are desirable. Unfortunately, these three parame-
ters a, s, and k are interdependent and need to be decoupled for a
high thermoelectric efficiency [9]. Therefore, conducting polymers
with intrinsic low thermal conductivity and amenability towards
doping show good possibility to manipulate these parameters
through variation in carrier concentration and charge carrier
mobility. In fact, due to facile tuning of electrical conductivity, the
majority of the initial research on conducting polymers has
remained focused on its improvement of electrical transport; rather
than being concentrated on improving the Seebeck coefficient
which is generally quite low for conducting polymers [10e13].
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:meetubharti@yahoo.com
mailto:asb_barc@yahoo.com
mailto:mori.takao@nims.go.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtphys.2020.100307&domain=pdf
www.sciencedirect.com/science/journal/25425293
https://www.journals.elsevier.com/materials-today-physics
https://www.journals.elsevier.com/materials-today-physics
https://doi.org/10.1016/j.mtphys.2020.100307
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.mtphys.2020.100307


M. Bharti, A. Singh, A.K. Debnath et al. Materials Today Physics 16 (2021) 100307
However, it has been recently reported that ionic transport may be
utilized in addition to the traditional electronic thermoelectric (TE)
effect to boost the magnitude of TE voltage [10e12]. For ionic
conductors, it has been demonstrated that a large thermally-
induced voltage of the order of few mV/K can be generated. But,
on the other hand, poor charge carrier mobility of ions keep the
electrical conductivity of typical ionic conductors much lower (by
several orders of magnitude) as compared to conventional TE ma-
terials that are driven by electronic transport. One of the classic
examples of a conducting polymer which exhibits high Seebeck
coefficient due to ionic contribution is PEDOT-PSS-PSSNa [11,12,14].
However, most of the thermoelectric studies of PEDOT-PSS have
focussed on the manipulation of electronic transport for improving
its performance; mainly through the removal of the extra dopant
PSS. Because in a commercially prepared PEDOT-PSS, the ratio of
PEDOT to PSS is around 0.26, and considering an optimum doping
level of 33%, only about 10% of PSS will balance the positive charge
in PEDOT; while the rest of the PSS ions will remain present as
mobile cations and restrict the facile motion of the charge carriers
due to localized electric field. Therefore, addition of secondary
dopants such as dimethyl sulphoxide (DMSO) or ethylene glycol
(EG) which can remove extra PSS results in enhancement of elec-
tronic conductivity. On the other hand, if PSSNa (a salt which
functions as an electrolyte) is added to PEDOT-PSS, its ionic con-
ductivity can be enhanced to a great extent [11,12,14]. However, the
magnitude of the ionic conductivity is much lower than electronic
conductivity due to low mobility of ions. But such a conducting
polymer usually exhibits large Seebeck coefficient due to migration
of heavy positively charged ions from the hot-end to cold-end; and
this thermo-diffusion of ions is known as the Soret effect
[10e12,15,16]. Therefore, if anyhow, ionic conduction to improve
the Seebeck coefficient and electronic conduction to improve the
electrical conductivity can be channelized together, the three pa-
rameters (a, s, k) can be more easily optimized to design and
develop an efficient organic thermoelectric material [13]. Such
concept of optimizing both ionic and electronic transport finds its
support by Ouyang et al. who reported recently that combination of
polyelectrolytes and conducting polymers can be used to optimize
the power factor (a2s). Ouyang et al. demonstrated that ionic
conduction in the PSSH layer of a PSSH/PEDOT-PSSS sample creates
an energy barrier that improves the overall Seebeck coefficient by
the energy filtering effect [14]. However, in order to achieve
dominance of ionic conduction in TE properties, the electronic
conductivity of materials certainly gets compromised.

In the present study, poly(3-hexylthiophene) (P3HT) has been
selected owing to several merits such as ready availability, ease of
processing from solution, and promising electrical properties
arising from a highly crystalline microstructure [17e22]. Moreover,
its advantage of being soluble in common organic solvents, makes it
suitable for various solution-processed techniques like drop-
casting, spin/bar-coating etc. Many research groups have reported
improvement in thermoelectric properties of P3HT by simple
means of doping or through incorporating carbon nanotubes
(CNTs)/inorganic components [22e28]. For instance, Crispin et al.
reported three orders enhancement in power factor from approx-
imately 10�10 W/mK2 to 1.4 � 10�7 W/mK2 through optimizing the
negatively charged counter-ions as dopants [18]. Similarly, through
incorporation of ferric salt of triflimide TFSI¡ ((CF3SO2)2N�) power
factor ~20 mW/mK2was obtained and it had been one of the highest
ever reported power factors for P3HT [19]. He et al. incorporated
Bi2Te3 nanopowder in P3HTmatrix and demonstrated that organic/
inorganic interface can be created to enhance Seebeck coefficient
and power factor via energy filtering effect [20]. But, most of the
work in polymers including P3HT has been reported with p-type
polaronic conduction only, even though it has been found that
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utilizing ionic transport may result in higher Seebeck coefficients
[15].

Moreover, it is essential to develop an ‘n-type’ polymer, for
conventional design of thermoelectric modules which require both
p- and n- TE elements. Recently, n-type ionic behaviour has been
observed in a polymer gel electrolyte yet no ‘n-type’ ionic ther-
moelectric conducting polymer showing Soret effect has been re-
ported so far. We have been able to achieve such a rare n-type ionic
conduction in P3HT films in the present work. Doping by ferric
chloride generated chloride anions whose thermodiffusion caused
an enormous increase in n-type Seebeck coefficient (~�2729 mV/K
at 70 �C). In fact, P3HT is the only polymer other than PEDOT:PSS
which exhibits ionic conduction, which is not humidity dependent.
These films exhibiting anionic conduction can be a potential
alternative to those conducting polymers/polymer electrolytes
where ionic transport is determined by the electrolyte which is
mostly water or salt, and thus, can have degraded performance
when subjected to a large temperature gradient. Moreover, these
substrate-adherent P3HT films, on doping, attained the free-
standing motif. In search of the plausible mechanism behind
huge n-type Seebeck coefficient, we propose that ionic conduction
in FeCl3 arises due to formation of (Fe2Cl5)þ and (Fe2Cl7)� ionised
species in equilibrium with bitetrahedral Fe2Cl6 molecules as sup-
ported by Tosi et al. [23] The movement of negatively charged Cl�

ions i.e. anions from (Fe2Cl7)� resulted in n-type conduction of
P3HT films. In order to investigate the use of these P3HT films for
real applications, we designed a prototype thermoelectric power
generator which delivered an output electrical power of 25 mW
with open circuit voltage of 128 mV for a DT of 46 �C. However,
inability of ions to find passage through the interface between
doped P3HT and metallic contact will not allow generating a con-
stant electrical power under continuous operation (i.e. under con-
stant temperature gradient) but such thermo-diffusion of ions can
produce a large constant voltage to be exploited for heat flux
sensing or temperature measurements [15]. In fact, the reported
P3HT films having a huge n-type Seebeck coefficient can be a
promising material for intermittent heat conversion/super-
capacitor charging; and being free-standing would realize flexible
and wearable energy harvesting.

2. Experimental procedures

2.1. Fabrication of P3HT samples

For preparation of films, P3HT powder, procured from Sigma
Aldrich, was dissolved in ortho-dichlorobenzene tomake a solution
of 35 mg/ml concentration, which was homogenised for 2 h using a
magnetic stirrer. The solution was drop-casted on Kapton (poly-
imide) substrates to deposit P3HT films. The films were kept for air-
drying and annealed for 15 min at 70 �C in an oven. The resulted
undoped films were found to be golden in colour and highly
adherent to the substrate. Thickness of these substrate-adherent
films was found to be ~10 mm and estimated by determining the
mass of the deposited film and density of P3HT.While, for doping of
ferric chloride (FeCl3) into the P3HT matrix, the annealed films
were dipped for 7 min in a FeCl3 solution in Nitrobenzene (pro-
cured from Sigma Aldrich) with three different concentrations i.e.
25, 50 and 75 mM of FeCl3 (and the films doped using 25, 50 and
75mMof FeCl3 solution are named as F25, F50 and F75 respectively
in the later part of the manuscript). After dipping in FeCl3, golden
colour of the pristine films at once changed to (shining) blackish
which clearly indicated that doping had taken place. Also, after
getting doped, the films themselves peeled-off from the substrates
and achieved a free-standing motif which had a very good me-
chanical strength (could be bent by 180� for many times). Thickness
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of the doped films was estimated 12 mm and such enhancement in
comparison to thickness of pristine films can be attributed to
fluffiness due to intercalation of dopants. The mechanical strength
of the doped P3HT films is revealed through the photographs of the
films taken during the bending process, and also at the time of
making live measurements for the resistance of films during
bending experiment. The photographs along with the description
about the films’ behaviour during bending process are shown in
Figure S1 of supplementary information. In fact, we found that
pristine solution could be deposited on any large-area substrate
such as a glass slide (7.5 cm � 2.5 cm) to achieve free-standing film
of desirable dimensions. Schematic of the process describing steps
of samples (films) preparation along with photographs of actual
films is shown in Fig. 1.
2.2. Films’ characterizations

The films were characterized using various techniques. The
change in morphology was investigated through Atomic Force
Microscopy using Solver Next (NT-MDT) as well as by scanning
electron microscope (Model: Vega 3, MV 2300/T40, Tescan). While
chemical nature of films was studied by X-ray photoelectron
spectroscopy (XPS) carried out using Mg-Ka (1253.6 eV) source and
DESA-150 electron analyzer (Staib Instruments, Germany). A high
resolution XPS spectrum for each element was recorded by taking
an average of 15 scans. The binding-energy scale was calibrated to
C-1s line of ~284.6eV and Gaussian distributions functions were
used to fit the XPS peaks. In addition, while fitting the XPS data
having 2 or more peaks, the boundary condition of full-width at
half maximum (FWHM) was applied for each of the peaks. The
samples were also characterized by Fourier-transform infrared
spectroscopy (Bruker 80V) and the Raman spectroscopy measure-
ments were carried out using LABRAM-1, ISA micro-Raman spec-
trometer with 632.8 nm line of He-Ne laser for excitation. Room-
temperature Hall measurements were done for estimation of car-
rier concentration, type of carriers, and mobility in Vander Pauw
four-probe configuration geometry. These measurements were
carried out in a standard set-up (ECOPIA, Model No. HM55000) at
applied magnetic field and DC current of 0.5 T and 100 mA respec-
tively. The lab-made experimental set-up was used to measure
temperature-dependent thermoelectric properties of samples. In
this set-up, four-probe electrical conductivity and Seebeck coeffi-
cient can be simultaneously measured in a temperature controlled
oven. Eurotherm PID temperature controller (Model No.: 2416) was
used tomaintain the oven temperaturewith an accuracy of ±0.5 �C.
Hot- and cold-end temperatures of the samples were measured
Fig. 1. Schematic showing the procedure for synthesis of P3HT films along with the actual
standing) films.
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using platinum resistors (Pt-100). Keithley nanovoltmeter (Model
No. 2182) was used for measurement of Seebeck voltage and
Keithley source meter 2400 was used to measure four-probe elec-
trical conductivity. Electrical contacts, for these measurements,
were made on the sample surface with the help of silver wires (of
diameter ~200 mm) that were attached through high conductivity
silver paint (Electrolube UK make). The prepared free-standing
films were also characterized by electron spin resonance (ESR)
technique by using JEOL JES-FA200 spectrometer at room temper-
ature. The observed g-value was determined from the resonance
field of ESR signal and the peak-to-peak line width of the field-
induced signal by applying magnetic field perpendicular to the
films’ surface.
3. Results and discussion

Temperature dependent thermoelectric properties (i.e. elec-
trical conductivity, Seebeck coefficient and power factor) have been
measured for both the undoped and doped films and results are
shown in Fig. 2. The films named as F25, F50 and F75 show three
different concentrations of the doping content i.e. 25, 50 and
75 mM of FeCl3 solution. Undoped (pristine) films showed the
lowest electrical conductivity of ~3.6 � 10�5 S/cm at room tem-
perature that increased slowly with the temperature. However,
electrical conductivity increased by 2-5 orders of magnitude with
doping in case of F25 and F50 films but reduced on further doping
i.e. for F75 films as shown in Fig. 2(a). The Seebeck coefficient (a) for
undoped films was found to have a small positive value of ~55 mV/K
(at 70 �C); thus, indicating p-type conductivity. On the other hand,
films doped with FeCl3 exhibited a very large negative a (in the
range from 1 to 15 mV/K) indicating predominantly negative-ion
conductivity as such high values have only been reported in case
of ionic polymer conductors [10e14].

Seebeck coefficient for these doped films showed systematic
enhancement with the FeCl3 concentration with a very large
(negative) value of a ~�14mV/K for F75 films at room temperature.
However, value of a began to decreasewith increase in temperature
in case of F75 films. Whereas, both the F25 and F50 samples
exhibited a reasonably high negative value of a with weak tem-
perature dependence (shown in Fig. 2(b)). This strong temperature
dependence of F75 films in comparison to both F25 and F50 films
can be attributed to different concentration of the doping content
in these films. F75 films being heavily doped have large numbers of
polarons with positive charge; also confirmed by ESR measure-
ments discussed in Fig. 4(e and f). Moreover, heavy doping in these
F75 films perhaps results in better connected network of FeCl3
photographs of both the undoped (pristine and substrate-adherent) and doped (free-



Fig. 2. Temperature dependent thermoelectric properties of P3HT films: (a) Electrical conductivity; (b) Seebeck coefficient; and (c) Power factor; (d) Comparison of average power
factor for different films (Note that power factor values for undoped samples have been multiplied with 106).
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domains and thus, can provide high mobility path to anions.
Therefore, with the increase in temperature, more numbers of
polarons and bipolarons will reach the cold-end in case of heavily
doped F75 and cancel out the negative Seebeck voltage generated
by the anions. The strong temperature dependence of the F75 film
was reproduced for a different batch (as shown in Figure S4 of the
supplementary information). We have provided a qualitative
explanation for this peculiar temperature dependence in case of
heavy doping. However, such behaviour is interesting and should
be elucidated further in future works. On the other hand, F25 and
F50 having relatively less concentration of the dopants, therefore,
exhibited negligible dependence on temperature.

In fact, Seebeck coefficient of doped P3HT samples is found to be
much higher than that of conventional inorganic thermoelectric
materials such as Bi2Te3 and to the best of our knowledge, such a
high negative Seebeck coefficient has not been reported yet for
pure organic thermoelectric materials with polaronic transport. We
would like to point out that a similar absolute value (but typically
positive) of Seebeck coefficient ~14 mV/K due to cationic conduc-
tion has been reported recently, in case of the hybrid films of
poly(3,4-ethylenedioxythiophene)-tosylate (PEDOT-Tos) and car-
bon nanotubes [13,24]. However, the doped P3HT films reported
here, exhibited a very high power factor a2s also (shown in
Fig. 2(c)) because of the cumulative effect of high electrical con-
ductivity and Seebeck coefficient. Average values of power factors
for different films have been compared in Fig. 2(d) and it was
observed that 50 mM samples showed the highest value of a2s
4

~628 mW/mK2 (at 70 �C). Such a large and negative Seebeck coef-
ficient obtained in case of doped films indicates that majority of the
conduction occurred by negative ions. To further confirm the type
of conduction as well as to estimate carrier concentration of P3HT
films, both the F50 (i.e doped) and undoped samples were char-
acterized by impedance spectroscopy and Hall’s measurements.
The results of Hall measurements are given in Table 1. The undoped
films show extremely low p-type carrier concentration (of
~4.5 � 1016 cm�3) and low mobility values that are in agreement
with those reported in literature [25,29]. While, for doped films
Hall measurement showed that the carriers’ concentration
increased by nearly four orders of magnitude with doping and also
confirmed their n-type conduction.

It should be noted that ionic conduction in FeCl3 has also been
reported earlier due to formation of (Fe2Cl5)þ and (Fe2Cl7)- ionised
species in equilibriumwith bitetrahedral Fe2Cl6 molecules [23]. On
a similar note, conduction in case of FeCl3 doped P3HT films has
been attributed to the hopping of Cl� ions from (Fe2Cl7)-. Though
charge carriers in the doped films are expected to be predominantly
negative ions yet some electronic (p- or n-type) conduction could
also exist. This predominance of ionic conduction was further
confirmed by the impedance spectroscopy, whereas electron spin
resonance and Kelvin probe data discussed ahead indicated that
there existed a small (negative) electronic contribution also.
However, somemore studies are required to determine the detailed
conduction mechanism but the results as obtained show reason-
able agreement with this proposition. Impedance spectroscopy



Table 1
Results of Hall measurement (carried out at 300 K) for P3HT films.

Sample details Conductivity (S/cm) Carrier concentration (cm�3) Charge carrier mobility (cm2/Vs) Type of conduction

Undoped films 3.6 � 10�5 4.5 � 1016 0.005 p-type
Doped, F50 films 0.76 2.6 � 1020 0.018 n-type
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data for both undoped and F50 films are shown in the form of
Nyquist plots in Fig. 3. In case of undoped films, one can see a
segment of a semi circle in the high frequency region and a small
linearly rising lower frequency component. Linear low frequency
component is attributed to the electrode polarization effects.
Whereas for doped films, a depressed semicircle at high fre-
quencies, a segment of semicircle at mid frequencies, and a linearly
rising lower frequency component is observed. Size of semicircle at
mid frequencies suggests dominance of ionic conduction
[12,30,31]. Finally, the results of impedance spectroscopy were
analyzed by fitting them to equivalent circuits (shown in the insets
of Fig. 3) and a summary of the results is given in Table 2 [12,31,32].
It can be concluded that doped FeCl3 served as an active material
that is dispersed into the P3HT matrix and therefore, functioned
simultaneously as the conductor of chloride anions (Cl�) and
electronic charge as supported by Balsara et al. also [31]. In fact,
thermodiffusion of Cl� ion through the P3HT matrix has also been
confirmed by the XPS data of hot- and cold-ends of the sample and
discussed in S2 section of the supplementary information.

In addition, dopant FeCl3 served as a connecting material when
inserted between the polymer chains and supported hopping of
charge carriers; but at the same time disturbed the aligned struc-
ture making it the amorphous one (as confirmed by XRD analysis
also) which in turn would reduce electronic conductivity. The re-
sults of impedance spectroscopy clearly exhibit that conduction in
doped samples is predominantly ionic (about 500 times that of
electronic contribution) as expected.

The results of surface morphology and crystalline structure of
films as studied by AFM and XRD are shown in Fig. 4(a). The AFM
images reveal that undoped films have granular morphology with
typical RMS surface roughness of ~12.1 nm, and doping with FeCl3
did not cause any significant change in this surface roughness
(shown in the image of sample F50). However, the SEM images
shown in Figure S3 of the supplementary information revealed that
undoped films were quite smooth in comparison to the doped
films. XRD spectrum for undoped films shows three sharp diffrac-
tion peaks at 5.3�, 10.8� and 16.4�, (corresponding respectively to
100, 200 and 300 planes) which indicate that films are predomi-
nantly crystalline with edge-on stacking of P3HT planes [33,34].
Whereas, a broad peak seen at 2q ~21.8� indicates a small
Fig. 3. Nyquist plots for (a) Undoped; and (b) F50 films (Insets show equiva
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amorphous component [35]. The analysis of XRD data for undoped
films reveals that polymer chains are highly oriented in a stacked
structure (due to p-p interaction of overlapping aromatic rings)
with out-of-plane spacing as 16.7 Å (zipper like connection of side
alkyl chains) [19,34]. While, the XRD data of doped films showed a
broad and small (100) peak at lower 2q (~4.9� and FWHM~0.97�)
and a much larger amorphous component. Reduced 2q value for
(100) peak indicates increased out-of-plane stacking distance
(~18.7 Å) and such an increase of interplanar spacing occurred due
to intercalation of ions [33,34,36,37]. However, very low electronic
conductivity exhibited by the doped films has been attributed to
the amorphous structure that inhibited movement of carriers. On
the other hand, high ionic conductivity has been explained on the
basis of flexible backbone of the amorphous structure as already
reported in a study on ‘FeCl3 doped HPMC films’ [38].Wewould like
to mention that if the doped films were annealed at temperature
>70 �C or kept in air for a long time (greater than 3 months), they
started exhibiting usual p-type conduction and positive Seebeck
effect. To understand this change in conduction nature, XRD of a
doped film which had prolonged air exposure (>3 months) was
carried out and the obtained data is given in an inset of Fig. 4(a).
From the inset, it is clear that (100) diffraction peak at 2q ~5.1� is
very sharp (FWHM ~ 0.49�) similar to that observed in case of
undoped films (2q~5.3� and FWHM ~0.47�); but the broad peak at
2q ~21.8� related to the amorphous structure got depressed in in-
tensity. This reveals that these doped but air-exposed (for long
duration >3 months) films are crystalline in nature and show usual
hole polaron conduction; but at the same time it can be concluded
that amorphous structure is necessary for exhibiting negative ion
dominated large Seebeck effect.

The typical UV-vis-NIR absorption spectra of both undoped and
F50 films are shown in Fig. 4(b). It is observed that intensity of p-p*
transition peak at 525 nm gets significantly reduced for doped films
whereas new intense absorption bands appear at 790 nm and in
NIR region (>1400 nm). These bands may be attributed to forma-
tion of polarons and bipolarons through doping [39e41]. However,
even after formation of polarons and bipolarons, electronic con-
duction remained poor mainly due to amorphous structure. This
formation of polarons/bipolarons has also been confirmed by the
ratio Avg Spin No./Mass as estimated by the ESRmeasurements that
lent circuits used to fit data where fitted pattern is shown by red line).



Fig. 4. Results for undoped and F50 films: (a) X-ray diffraction data and AFM images (Inset on the top left shows the XRD of doped films after very long exposure to air); (b) UV-vis-
NIR spectra; (c) FTIR spectra; (d) Raman spectra; (e) ESR signal intensity (first derivative) versus Magnetic field; (f) Plot of g-factor, and average number of spins (Ns) per unit mass
(shown in the inset) versus dopant concentration.

Table 2
Summary of the results obtained from Impedance spectroscopy.

Sample details C (F) Re (kU) CPE-e (S-sec) Ri(kU) CPE-i(S-sec)

Pristine P3HT 9.97 � 10�12 3.51 � 103 1.2 � 10�7 e e

Doped P3HT 5.28 � 10�11 2.72 � 102 4.1 � 10�7 0.52 3.6 � 10�7

M. Bharti, A. Singh, A.K. Debnath et al. Materials Today Physics 16 (2021) 100307
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are discussed ahead. FTIR spectra of both the undoped and F50
samples along with that of Kapton substrate (so that signals from
the film and the substrate can be differentiated) are shown in
Fig. 4(c). Usually, for undoped P3HT sample, the bands at 724 and
821 cm�1 are assigned to C-H out-of-plane vibrations while C-H in-
plane vibrations appear at 1052 cm�1. The band at 1377 cm�1 is
attributed to the eCH3 deformational vibration. Whereas, FTIR data
of doped samples show the presence of bands at 1392, 1293, 1142,
1069, 977, 854 and 823 cm�1 which correspond to the polaron
bands [39,40]. For doped F50 sample, the relatively higher intensity
of band at 1142 cm�1 in comparison to the bands at 1392 cm�1 and
1293 cm�1 shows that the carriers generated are bipolarons; thus
showed consistency with UV-Vis-NIR analysis.

Fig. 4(d) shows the Raman spectra of typical undoped and F50
samples in the region 600-1600 cm�1. The main in-plane skeleton
mode assigned to Ca ¼ Cb stretching vibration is observed at
1447 cm�1 for undoped samples and is blue shifted to 1453 cm�1 on
doping [39,40]. This blue-shift (1453 cm�1) is quite unusual and can
be attributed towards the high frequency of the bipolaron band
[39]. Shift of this in-plane mode to higher energies indicates
reduced molecular planarity on doping due to intercalation of ions
[39]. While, the peak at 1378 cm�1 assigned to Cb-Cb (intra-ring)
stretching vibration, on doping, got broadened as well as slightly
red shifted to 1375 cm�1. Higher width (FWHM) and shifting (blue/
red respectively) of both these Ca ¼ Cb and Cb-Cb (intra-ring) peaks
in case of F50 indicate molecular disorder; and thus, on doping,
shows predominance of amorphous structure as already observed
by XRD analysis. Doped F50 sample also exhibits similar broad-
ening and shift of peaks for the inter-ring C-C stretching (at 1211 to
1205 cm�1) and C-S-C deformation modes (at 732 to 723 cm�1).
Due to red-shifting and peak broadening of C-S-C modes, it can be
concluded that the thiophene rings of P3HT got deformed and
probably, tensile strain due to dopant inclusions caused confor-
mation to be more linear (i.e. quinoid configuration) [34,39].

This stretched conformation supports facile motion of ions/
charge carriers as confirmed by the enhanced mobility values ob-
tained for doped films by Hall measurements (given in Table 1).
However, it can be concluded that these deformed thiophene rings
supporting mobility of ions could obstruct facile movement of
polarons and thus, would reduce electronic conductivity. Electron
spin resonance technique was used to obtain further insight into
mechanism of charge transport in the films. ESR signal as a function
of magnetic field is plotted in Fig. 4(e). It is seen that undoped films
have relatively sharp peak as compared to doped films, while the
peak-broadening increases on doping by FeCl3 which indicates the
occurrence of magnetic dipolar interactions between spins of
charge carriers generated due to doping [41e43]. In addition,
doped films exhibit lower resonance field. Average number of
spins/unit mass (Ns) has also been estimated for different films and
results are shown in the inset of Fig. 4(f). Ns that was found to in-
crease by about two orders of magnitude on doping, indicates
formation of charge carriers i.e. polarons/bipolarons. Spin g-factor
determined from the resonance field was found to increase from
2.0026 for undoped films to ~2.0042 in case of doped, and shown in
Fig. 4(f). Sharp increase in g-factor on doping indicates a change in
conduction nature. As conduction in undoped films is because of
positive carriers (also observed from Seebeck coefficient and Hall
Effect measurements), we expect that doping caused formation of
negative electronic charge carriers. The enhancement of spin g-
factor from ~2.002 for positive polarons to ~2.005 for negative
polarons as reported for organic semiconductors Th-DTTzTz and 4-
CN-Ph-TDTzTz supports above interpretation regarding change of
conduction type in our films [44]. The value of g-factor was how-
ever nearly independent of dopant concentration. In fact, this
doping independent behaviour as shown by g-value (saturated at
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2.0042) also finds agreement with this interpretation; since all the
doped samples have similar type of negative electronic charge
carriers (in addition to conducting ions), spin-orbit interactions at
local site (around) FeCl3 did not get altered much with further
change in doping levels and hence, resulted in saturation of g-factor
that is determined mainly from spin-orbit interactions [43,45].
Further support for n-type conduction is provided by work-
function mapping data measured by Kelvin probe and shown in
Fig. 5.

The undoped and doped films exhibited work functions of ~5.34
and 5.28 eV respectively. Lower value of work function in case of
the doped film indicates that Fermi-level got shifted towards the
conduction band; thus, confirms the n-type doping as expected.
Mechanism of doping is further analyzed with the help of XPS
measurements and the results are shown in Fig. 6. The survey
spectra in Fig. 6(a) show that undoped films exhibited S2p, C1s and
O1s peaks while in case of doped samples additional Cl2p and Fe2p
peaks were also present. High resolution S2p spectra (shown in
Fig. 6(b)) for undoped samples may be deconvoluted into S2p3/2
and S2p1/2 peaks with binding energies of 163.1 and 164.7 eV
respectively; corresponding to S-C bonding in the thiophene ring.
By taking the area ratio of C1s and S2p peaks, along with their
respective sensitivity factors of 0.296 and 0.666, C/(C þ S) ratio for
undoped films was estimated as ~0.9; which shows good agree-
ment with the chemical formula (C10H14S) of P3HT [46]. In case of
doped samples, the S2p spectra exhibited components at higher
binding energy values (S2p3/2 at 169 eV) that may be attributed to
the oxidation of the thiophene units of P3HT by the dopant [47].

High resolution C1s spectra for undoped films shows a broad
asymmetric peak in Fig. 6(c), that can be deconvoluted into four
components at binding energies of 283.5, 284.8, 286.2, and
288.3 eV respectively. These peaks are respectively assigned to b

carbon atoms (i.e. next to a carbon), a carbon atoms (i.e. C atom
with attached C6H13 chain), C-atoms bonded to S-atoms and ‘shake-
up’ line due to aromatic thiophene ring [46,48,49]. Higher binding
energy value of 286.2 eV is assigned to C-atoms that are bonded to
the S-atoms because more electro-negativity of the S-atom in P3HT
withdraws electron density from the adjacent C-atoms [47]. The
extinct binding energy peak (at 283.5 eV) in C1s spectrum for the
doped F50 films shows that the chemical environments certainly
have a predominance of a carbons as compared to b carbons and
this finding is in consistence with the results reported in case of
higher doping levels [50]. Fe2p spectra of F50 films given in Fig. 6(d)
shows that Fe2p3/2 peak may be deconvoluted into two compo-
nents with binding energies of 709.5 and 712.5 eV that are attrib-
uted to different oxidation states of Fe [51]. As reported by Tosi
et al., it is proposed that dopant FeCl3 forms dimers of Fe2Cl6 that
partially decompose into Fe2Cl5þ and Fe2Cl7�with peaks at 709.5 and
712.5 eV respectively [23]. Based on their findings, we propose that
ionic conduction in our films occurs due to movement of Cl� ions
from one Fe2Cl6 dimer to nearby neutral dimer leaving behind
(Fe2Cl5)þ and forming (Fe2Cl7)� as well as through reverse/back
transfer of Cl� from (Fe2Cl7)� to neighbouring Fe2Cl6. However, if
there occurs such a thermodiffusion of Cl� in (Fe2Cl5)þ and
(Fe2Cl7)� ion path, it can cause accumulation of ions near the cold-
end to cause charge imbalance across the whole sample. Therefore,
to confirm this, a doped sample was subjected to the temperature
gradient, and XPS spectra of both the hot- and cold-ends were
taken by slicing the sample into two parts. The results shown in
Figure S2 of supplementary information reveal a measurable
change in the high resolution S2p peak in which the positively
charge sulphonate component got enhanced in the hot-end sample
in comparison to the cold-end sample. While the high resolution
Fe2p peak in Figure S2(b) shows that the relative contribution of
high binding energy peak 712eV corresponding to (Fe2Cl5)þ



Fig. 5. Work function mapping of P3HT films: (a) Undoped; (b) Doped F50 sample.

Fig. 6. XPS results for undoped and doped F50 films: (a) Survey spectra; High resolution (b) S2p, (c) C1s, and (d) Fe2p spectra (in doped film only).
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enhanced in case of a hot-end sample. The presence of more
numbers of chlorine deficient (Fe2Cl5)þ species in the hot-end
sample confirmed our proposition that there occurred thermo-
diffusion of Cl� ions across the P3HT matrix. Schematic given in
Fig. 8(a) shows the proposed mechanism of anionic conduction in
case of a doped P3HT matrix. Such movement of Cl� ions from the
hot-end to cold-end also finds support from the work-function
mapping data measured using Kelvin probe technology for
8

separate parts of the film (i.e. hot- and cold-ends of the film) that
were subjected to a temperature gradient for a long time. Fig. 7
depicts that work function of hot- and cold-end of the doped
samples is ~5.27 and 5.31 eV respectively, which shows agreement
with the assumption that the Cl� ions moved towards the cold-end.
And this movement of ions, hence, resulted in holes’ doping (or
reduction in electron doping) for maintaining the electrical
neutrality.



Fig. 7. Work function mapping of P3HT films: (a) Hot-end part; and (b) Cold-end part.

Fig. 8. (a) Schematic showing mechanism of thermodiffusion of Cl� ions through the P3HT matrix; (b) Seebeck voltage versus time of a single doped film showing regenerative
behaviour of Seebeck voltage as observed under See-saw type of arrangement of heater for creating temperature difference.
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Furthermore, we like to add that in addition to this anionic
movement, the positively charged polarons/bipolarons will also try
to move towards the cold-end but the deformed polymer chains
along with amorphous nature of doped films will restrict their
movement to cold-end. Hence, it can be concluded that a consid-
erable value of electrical conductivity (as confirmed by increase in
mobility and carrier concentration values obtained by Hall mea-
surement) and a huge n-type Seebeck coefficient that have been
achieved in doped P3HT films are mainly due to anionic movement
under temperature gradient. To the best of our knowledge, such
ionic conduction mediated huge negative Seebeck coefficient has
never been observed in P3HT. Perhaps, the electrostatic interaction
between mobile chloride ions and immobile polyions reduces the
activation energy required for thermodiffusion of anions, and thus,
supported facile motion of the anions [16]. Moreover, Seebeck
voltage in case of doped P3HT films exhibited regenerative
behaviour. In order to confirm this behaviour of Seebeck voltage in
case of doped P3HT films exhibiting ionic conduction, we carried
out a simple experiment in which two heaters were mounted (as
shown in inset of Fig. 8(b)) on both the ends of a doped P3HT film to
create temperature difference. At first, only Heater 1 was made ON
to create a temperature difference of 45 �C, and it was observed that
the obtained open circuit voltage got saturated at 140 mV after a
time period of 20 min. After that, Heater 1 was switched off, and
Heater 2 was turned ON. From the data shown in Fig. 8(b), it can be
9

easily observed that approximately 45min are needed to nullify the
effect of temperature produced by Heater 1.

Moreover, nearly 30 min are further needed to build up the
reverse open circuit voltage of �140 mV. The long duration of time
that was required to achieve the saturation of output voltage may
be due to low mobility of ions as well as due to the time needed to
develop a stable gradient of 45 �C depending upon the thermal
mass of heater assembly. In fact, this regenerative behaviour of
Seebeck voltage (shown in Fig. 8(b)) confirms that the doped P3HT
samples are reusable. It is noteworthy that polyelectrolytes which
consist of solvent (mainly water) and salt (for instance as reported
by Crispin et al. [10e12]) when subjected to a temperature gradient
can exhibit degraded performance since ionic conduction is hu-
midity dependent in their case [15,16]. But FeCl3 doped P3HT
polymeric films reported here are humidity independent. It was
observed that the change in the conductivity values was not
appreciable within the accuracy of ±3%, even when films were
measured in two different humidity conditions (i.e. 40% and 60%) at
room temperature. However, degradation in n-type conductionwas
observed above 70 �C but this degradation is not due to humidity
rather can be attributed to the regaining of the crystalline nature of
the films which enhances the polaronic conduction resulting in
suppression of n-type ions-mediated conduction. In fact, it has
been observed that the degradation of Seebeck voltage occured
only after extended use of samples above 70 �C and was very much
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similar to that obtained in case of the samples that were kept in
storage for more than 3 months. This also confirms that such
degradation occurs due to crystallization as shown by the XRD data
(given in Fig. 4) of a sample kept in long time storage.

The environmental stability as well as such a high and regen-
erative negative Seebeck coefficient, worked as stimuli to investi-
gate the potential of these P3HT films in thermoelectric
applications. Therefore, a small prototype thermoelectric power
generator was fabricated by connecting seven stripes of F50 films in
parallel as shown by the photograph given in the inset of Fig. 9(a).
The parallel combination has been adopted to boost the current
generation capability of the device. Open-circuit voltage (VOC) of
the device was measured as a function of temperature difference
(temperature of cold-end was fixed at 24 �C). Notably, at the
maximum hot-end temperature (Th) of 70 �C (i.e. for DT ~46 �C), the
device exhibited VOC of ~128 mV which is consistent with the
measured Seebeck coefficient of ~2.7 mV/K in case of individual
film/strip. The device could not be heated above 70 �C as on heating
at high temperatures ionic conductivity was lost, and device
showed hole type conduction with low p-type Seebeck coefficient
as reported in several studies [18,19,25,26]. Such loss of ionic con-
ductivity is the conventional behaviour that is usually exhibited on
crystallization of films [18].

Such degradation of ionic conductivity on crystallization has
also been observed for our films/device that have been kept in air
Fig. 9. (a) Current generated by the 7 thermoelements’ device at the matched load (equivale
the thermoelectric power generator fabricated using F50 doped films; (b) Open-circuit volta
the matched load i.e. 166 U; (d) Plot showing time dependence of Open-circuit voltage, Loa
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for a long period of few months (i.e. greater than 3 months), and
this fact is confirmed by the XRD shown in the inset of Fig. 4(a) that
reveals crystallization in such air-exposed films. Time dependence
of VOC given in Fig. 9(b) showed a small decrease by 2.5% over
60 min. To extract power from the device, a matched load of 166 U
(i.e. equivalent to the device resistance at 30 �C) was also connected
at the terminals of device. Measured current and power were seen
to increase as a function of DT as shown in Fig. 9(a&c). The device
tested for continuous operation with a fixed load resistance of
166 U at Th ¼ 70 �C showed an initial voltage of 64 mV with a
current of ~391 mA. However, estimation of the magnitude of cur-
rent obtained at matched load has also been done theoretically in
order to check that whether such a high current is the result of the
ionic movement. For this, we calculated the amount of fraction of
chlorine ions that move from hot-end to cold-end in a 2-h period.
As current reduces from ~391 mA to nearly zero over a period of 2 h,
the total charge flowing through the external circuit is estimated to
be ~0.7 C by integration of current versus time curve. As thickness
of undoped films is ~10 mm and considering P3HT density equal to
1.1 g/cm3 as reported in the literature, the film has 6� 1020 Sulphur
atoms/cm2 area. XPS measurements for F50 films show that Fe/S
atomic density is 0.39; thus, indicate that there are ~2.4 � 1020 Fe
atoms/cm2 in the film. Since the total area of the film used in the
device is 7 cm2, we get total Fe content of ~1.7 � 1021 atoms.
Considering that one Cl atom per Fe2Cl6 dimer may take part in
nt to the device resistance of 166 U at 30 �C) and Inset shows the actual photograph of
ge (VOC) as a function of temperature difference; (c) Power generated by the device at
d voltage (at 166U) and power of the device fabricated using doped films.



Table 3
Comparison of the thermoelectric power generation capability of devices made with various conducting polymer and their composites.

Thermoelements Device configuration Output Ref.

n-TTF-TCNQ/PVC blend
p-PEDOT-Tos

54 p-n legs, DT ¼ 10 �C, Power: 0.128 mW
Power Density: 0.32 mW/cm2

52

p-Te nanowire coated with P3HT Connecting two p-type layer in series,
DT ¼ 55 �C (in series & parallel configuration)
Connecting two p-type layer in series,

Voltage: 38 mV,
Current: 320 nA

53

n-poly[Nax(Ni-ett)]
p- poly[Cux(Ni-ett)]

35 p-n legs, DT ¼ 82 �C, TH ¼ 150 �C Voltage: 0.26 V,
Current: 10.1 mA,
Power: 750 mw
Power Density: 1.19 mW/cm2

54

p-PEDOT:PSS DT ¼ 70 �C
10 windings of 576 junctions (�1m2) without
any adhesive with heater at the centre

Power: 50e60 pW 55

p-PP-PEDOT DT ¼ 5.3 �C Voltage: 590 mV 56
p-PEDOT:PSS/paper composite 300 pieces of parallel connected paper (10 in parallel,

30 in series, each piece contain 11 PEDOT:PSS arrays), DT ¼ 100 �C
Voltage: 40 mV,
Power: 50 mW

57

n-poly[Kx(Ni-ett)]/PVDF/DMSO composite
p-poly[Cux(Cu-ett)]/PVDF/DMSO composite

6 p-n legs,
DT ¼ 25 �C, TH ¼ 50 �C

Voltage: 15 mV,
Current: 3 mA,
Power: 45 nW,
Power Density: 50 mW/cm2

58

n-Bi2Te3/PEDOT: PSS composite
p-Sb2Te3/PEDOT:PSS composite

7 p-n legs at DT ¼ 50 �C, TH ¼ 60 �C) Voltage: 85.2 mV, 59

p-PEDOT:PSS 5 p strips at DT ¼ 75.2 �C Voltage: 4.3 mV,
Power: 12.29 nW
Power Density: 43.1 nW/cm2

60

n-Cu0.1Bi2Se3/PVDF composite DT ¼ 15 �C Voltage: 1.3 mV 61
p-doped polypyrrole free standing 7 stripes (p- legs) connected in series,

DT ¼ 80 �C, TH ¼ 70 �C
Voltage: 336 mV,
Current: 46 nA
Power: 7.7 pW
Power Density: 0.03 mW/cm2

62

n-doped P3HT
free-standing

7 stripes (n- legs) connected in parallel,
DT ¼ 46 �C, TH ¼ 70 �C

Voltage: 128 mV,
Current: 391 mA
Power: 25 mW
Power Density: 6 mW/cm2

This work

n-doped P3HT
free-standing

7 stripes (n- legs) connected in series,
DT ¼ 46 �C, TH ¼ 70 �C

Voltage: 700 mV,
Current: 40 mA
Power: 14 mW
Power Density: 3.28 mW/cm2

This work
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conduction, total charge that may take part in conduction is esti-
mated as ¼ 136 C. It comes out that the charge of 0.7 C that was
flowing through external circuit and estimated experimentally
from current verses time plot, constituted 0.5% of the total ionic
charge (i.e. 136 C estimated theoretically); and conduction of such
amount appears reasonable.

Furthermore, Fig. 9(d) reveals that in contrast to time inde-
pendence of VOC which was quite stable over a time period of 1 h,
the output power (as well as the load voltage) significantly reduced
with time i.e. from initial value of 25 mW it decreased to 2 mW in an
hour (extrapolated current reduced to near zero in about 2 h) as
also reported by Crispin et al. in case of polyelectrolytes [16].
Regarding this behaviour, we note that initially due to ionic diffu-
sion, negative charge (due to Cl� ion movement) gets concentrated
at the cold-end which in turn resulted in the accumulation of
positive charges at the hot-end. So, when load is connected to the
device, electrons flowing through the external circuit neutralize the
accumulated ions at the ends. Therefore, the power/load voltage
reduces probably because of the two reasons: (a) the movement of
the electrons through the external circuit neutralizes the ionic
charge much faster than their separation by continued ionic
movement; and (b) as more and more Cl� ions move towards the
cold-end, the changed concentration gradient reduces further
movement of the ions.

However, the device connected in the series configuration
delivered VOC ¼ 700 mV and ISC ¼ 40 mA. This may be compared to
expected values of VOC ¼ 130 � 7 ¼ 910 mV, and ISC ¼ 111 mA
calculated as 1/7th of the short-circuit current of seven devices in
parallel. The observed open circuit voltage of 700 mV in case of
11
series connection of films was less than the expected value of
910 mV perhaps due to loss of thermal gradient. Since the wires
that were used to connect hot-end of the film with the cold-end of
the next onemight have conducted some heat resulting in lowering
the temperature difference across the sample. Whereas, the short
circuit current is found less than the expected value because of two
reasons: (i) reduced temperature difference, and (ii) short circuit
current of the devices in series is controlled by the device having its
minimum value. It can be seen from Fig. 9(a) in which actual
photograph of the 7 films shows that width of samples is not same;
and short circuit current being proportional to width for devices in
series is therefore, expected to be controlled by the sample with
minimum width. Comparison of the thermoelectric power gener-
ation capability of P3HT films reported in this work with other
conducting polymers and their composites has been summarized
in Table 3. It can be seen that power generation capability of thin
film devices reported here compares well with other reported de-
vices [52e62]. Moreover, it is emphasized that the thermoelectric
power generator fabricated in this work consists of only 7 stripes
(n-legs), and when placed under a temperature difference of 46 �C,
it exhibited much better voltage/current/power in comparison to
the other reported devices under similar conditions.

4. Conclusion

The present work focusses on revealing the role of ionic
contribution in conduction mechanism. Doping of ferric chloride in
poly(3-hexylthiophene) (P3HT) films not only caused transition in
conduction nature from p-to n-type but also peeled-off the films
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from the substrates to result in a free-standing motif. Negative Cl�

ions of dopant FeCl3 generated a very large n-type Seebeck coeffi-
cient (�2.7 mV/K at 70 �C) which suggests that these films can fill
the gap for a stable and reliable n-type polymer that is much
needed in the organic thermoelectric domain. Impedance spec-
troscopy studies confirmed the predominance of ionic conduction
(~500 times more than electronic conduction) in the films; which is
further supported by the results of many characterization tech-
niques. The dominance of ionic conduction is also reflected by the
amorphous structure of P3HT films (as revealed by FTIR and Raman
analysis) since such type of structure can minimize the electronic
conduction. In pursuit of the practical use of these free-standing
films, a prototype device was fabricated that delivered an open-
circuit voltage of 130 mV; and on applying load, a current of
~391 mA was obtained for a temperature difference of 46 �C.
Measured voltage under open-circuit conditions was found to be
quite stable (reducing by 2.5% over 1 h) while current under load
reduced to about 25% of initial value in 1 h. In short, the rare n-type
behaviour can be obtained, and thermo-diffusion of anions in such
free-standing P3HT films not only generates huge Seebeck co-
efficients useful for intermittent heat conversion but can also be
utilized for charging of supercapacitors to power other devices later
on. Moreover, such a strategy of utilizing ionic transport to
dramatically improve Seebeck coefficient reveals that ionic con-
duction can be channelized along with electronic transport to use
such polymeric films in the devices that require both types of
transport.
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