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Enhancing the Thermoelectric Properties of Conjugated
Polymers by Suppressing Dopant-Induced Disorder

Suhao Wang,* Wenjin Zhu, Ian E. Jacobs, William A. Wood, Zichen Wang,
Suraj Manikandan, Jens Wenzel Andreasen, Hio-Ieng Un, Sarah Ursel, Sébastien Peralta,
Shaoliang Guan, Jean-Claude Grivel, Stéphane Longuemart, and Henning Sirringhaus*

Doping is a crucial strategy to enhance the performance of various organic
electronic devices. However, in many cases, the random distribution of
dopants in conjugated polymers leads to the disruption of the polymer
microstructure, severely constraining the achievable performance of
electronic devices. Here, it is shown that by ion-exchange doping
polythiophene-based P[(3HT)1-x-stat-(T)x] (x = 0 (P1), 0.12 (P2), 0.24 (P3), and
0.36 (P4)), remarkably high electrical conductivity of >400 S cm−1 and power
factor of >16 μW m−1 K−2 are achieved for the random copolymer P3, ranking
it among highest ever reported for unaligned P3HT-based films, significantly
higher than that of P1 (<40 S cm−1, <4 μW m−1 K−2). Although both
polymers exhibit comparable field-effect transistor hole mobilities of
≈0.1 cm2 V−1 s−1 in the pristine state, after doping, Hall effect measurements
indicate that P3 exhibits a large Hall mobility up to 1.2 cm2 V−1 s−1,
significantly outperforming that of P1 (0.06 cm2 V−1 s−1). GIWAXS
measurement determines that the in-plane 𝝅–𝝅 stacking distance of doped P3
is 3.44 Å, distinctly shorter than that of doped P1 (3.68 Å). These findings
contribute to resolving the long-standing dopant-induced-disorder issues in
P3HT and serve as an example for achieving fast charge transport in highly
doped polymers for efficient electronics.

1. Introduction

Doping of conjugated polymers is one of the most important
milestones during the preceding four decades in the field of
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organic electronics and its significance was
acknowledged by the Nobel Prize in Chem-
istry in 2000.[1] In addition to acting as an
enabler in conventional organic electron-
ics such as organic solar cells (OSCs),[2]

organic field-effect transistors (OFETs),[3]

and organic light-emitting diodes,[4] the in-
terests in doping of conjugated polymers
have been further sparked by emerging
applications,[5] such as thermoelectrics,[6]

sensing,[7] and bioelectronics.[8] Despite
these advances and widespread applica-
tions, a long-lasting challenge, that has been
limiting the achievable performance of var-
ious electronic devices, is the trade-off be-
tween achieving a high doping level and
minimizing dopant-induced structural dis-
order in the doped films. Recent experimen-
tal and theoretical investigations suggest
structural disorder, rather than Coulomb
trapping, is what limits charge transport
and ultimate conductivities.[9] Thus, the
limiting factor for electronic devices in
doped polymers is not carrier density,
but carrier mobility. However, research
on minimizing structural disorder and

maximizing charge carrier mobility in the doped state is still
rarely reported, and the charge-transport mechanism in highly
doped polymers is still poorly understood.
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Figure 1. A) Schematic illustration of ion-exchange doping process, and B) molecular structures of P[(3HT)1-x-stat-(T)x], BMP, TFSI, and FeCl3.

Because the microstructure of the doped polymer films plays a
critical role in determining the optoelectronic characteristics,[10]

it is important to adopt appropriate doping techniques for
conjugated polymers.[6f,11] Recently, a newly developed ion-
exchange (IEx) doping method has been recognized as an ideal
testbed for the realization of high-performance conducting poly-
mers and understanding the underpinning structure–property
relationships.[12] Different from conventional molecular doping,
IEx doping is based on the doping of a solid-state polymer film
with a solution that contains both a molecular dopant and an elec-
trolyte. During IEx doping, after charge transfer from the poly-
mer onto the molecular dopant, the ionized molecular dopant
is exchanged for a stable, closed-shell ion, which finally serves
as a stable counterion. (Figure 1A) IEx doping not only prevents
the formation of fractional charge transfer complex and unsta-
ble radical ions, which are often formed in conventional molecu-
lar doping, limit the achievable conductivity and induce degra-
dation but also allows for a considerably wider choice of ions
from a variety of commercially available ionic liquids/salts.[12c]

Furthermore, it is also in essence a sequential doping approach
that helps minimize the disruption to the polymer microstruc-
ture after doping.[13]

Poly-3-hexyl-thiophene (P3HT) is a conjugated polymer model
system, that has been widely studied for applications in
OFETs.[14] Compared to thiophene-based copolymers, such
as poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene]
(PBTTT), the side chain density of P3HT is high and the side
chains do not interdigitate.[15] In IEx-doped films of PBTTT the
layer of interdigitated side chains expands and a well-defined
molecular cavity opens up to accommodate the dopant coun-
terions; this results in doped films retaining a very high level
of crystallinity. Highly doped films of PBTTT tend to exhibit
lower paracrystallinity values (<8%) than undoped films and
achieve very high conductivities >1000 S cm−1.[12c,16] In con-
trast, doping-induced disorder is more pronounced in P3HT;
doped films tend to exhibit significantly higher paracrystallinity
values than undoped films and conductivities are typically lim-
ited to <100 S cm−1, in most cases <10 S cm−1.[17] Recently,
several reports demonstrated that side chain density engineer-
ing is an effective approach to improve the intermolecular pack-
ing and enhance the electrical properties of both pristine and
doped polymer films.[18] In the present work, we report for the
first time the IEx doping of a family of regioregular P3HT-
based random co-polymers, P[(3HT)1-x-stat-(T)x] containing dif-

ferent proportions of unsubstituted thiophene units (x = 0 (P1,
i.e., P3HT, Mw = 27.3 kDa, PDI = 1.63), 0.12 (P2, Mw = 27.2 kDa,
PDI = 1.62), 0.24 (P3, Mw = 28.0 kDa, PDI = 1.67), and 0.36
(P4, Mw = 28.2 kDa, PDI = 1.65)). Our original idea in the
present work was to enhance interchain interactions to create
well-defined molecular cavities in the random copolymers, in
which the dopant counterions can be incorporated without caus-
ing pronounced structural disorder. To dope the co-polymers by
IEx doping, we used FeCl3 as a molecular dopant and BMP-
TFSI in acetonitrile as the electrolyte. We show that both 𝜋–
𝜋 stacking and side-chain packing of the doped polymer films
reach an optimal level with minimized structural disorder in the
case of P3 and that doped P3 exhibits the highest electrical con-
ductivities in excess of 400 S cm−1, compared to that of doped
P3HT/P1(<40 S cm−1). We present a careful discussion of the
origin of this surprising improvement in conductivity on the ba-
sis of optical spectroscopy, X-ray measurements, microstructural
characterization, and Hall effect measurements.

2. Results and Discussion

We first evaluated the charge transport properties of the pris-
tine polymers using top-gate bottom-contact (TGBC) OFETs.
As shown in Figure S1 (Supporting Information), P1, P2 and
P3 all have similar hole mobilities of ≈0.1 cm2 V−1 s−1,
((0.08 ± 0.001) cm2 V−1 s−1 for P1, (0.084 ± 0.005) cm2 V−1 s−1

for P2, and (0.136 ± 0.025) for P3) that are typical for high
quality P3HT films, whereas P4 has slightly lower mobility
((0.028 ± 0.005) cm2 V−1 s−1). Because the field-effect mobility is
highly sensitive to polymer microstructure, these results already
suggest that P1, P2, and P3 have similarly ordered microstruc-
tures. To gain insights into the origin of the comparable mobil-
ities of these polymers, we then measured photothermal deflec-
tion spectroscopy (PDS), which probes the energetic disorder in
the joint density of states due to sub-bandgap tail states.[19] As
shown in Figure S2 (Supporting Information), all pristine poly-
mers exhibit strong sub-bandgap absorption at energies below
1.7 eV, which could arise due to a combination of polymer ag-
gregation and polaron-induced absorptions due to residual dop-
ing, for example due to oxygen exposure. The inserted figure in
Figure S2 (Supporting Information) displays the calculated val-
ues of Urbach energy for all the polymers. Note that these ex-
tracted values of the Urbach energy may not reflect the real situa-
tion of the energetic ordering since the slopes of the linear regime
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Figure 2. UV–vis–NIR spectra of A) P1, B) P2, C) P3, and D) P4, with the doping time of 0, 2, and 60 s, respectively.

are influenced by the quite intense absorbance in the tail regime
(<1.8 eV) due to aggregation and/or air doping. Note all the poly-
mers have comparable ionization energy (IE) values, all ranging
between −4.9 and −5.0 eV (IESS: −4.94 eV for P1; −4.97 for P2;
−4.91 eV for P3;−5.00 for P4), thus the different sub-bandgap ab-
sorption is most likely dictated by their different air doping level
to the polymer chains. The argument of the increased unsubsti-
tuted thiophene rings and the stronger chain stacking is actually
consistent with the gradually more visible residual absorbance
peak of the pristine polymer chains at ≈500 nm as observed in
Figure 2A–D. Note the P3HT that is used in the current study has
lower Mw and lower PDI than that of the commonly used com-
mercial P3HT. Previous studies showed that both Mw and PDI
have a non-negligible impact on the solid-state microstructures
of polymer films.[20]

IEx doping was performed by covering the solid-state polymer
films with 100 μL of 1 mm/100 mm FeCl3/BMP-TFSI in acetoni-
trile solution and keeping the solution in contact with the film
for a variable delay period ranging from 2 to 100 s before spin-
ning off the excess. During the spinning, 1 mL of acetonitrile
was dropped on the spinning doped films to remove electrolyte
and FeCl3 from the doped film surface. The optical properties
of all polymer films before and after IEx doping were investi-
gated by UV–vis–NIR absorption spectroscopy. As is shown in
Figure 2A–C, the pristine polymers of P1, P2, and P3 all exhibit
pronounced vibrational progressions (see the shoulder in the in-
serted zooming-in figures), indicating substantial levels of inter-
molecular aggregations as suggested by Spano et al.[21] In com-
parison, the vibrational progression is weaker in the case of P4,

(Figure 2D) suggesting a reduced extent of intermolecular aggre-
gations, which is consistent with its slightly lower hole mobilities.
For all four polymers, the 𝜋–𝜋* band at ≈540 nm is continuously
bleached with the doping time increasing from 2 to 60 s while
the polaron-induced absorption band at ≈820 nm increases. At
the doping time of 60 s, the neutral absorption band almost dis-
appears for all polymers, indicating a high doping level without
remaining neutral chains and probable formation of bipolaron
or multipolaron states, as previously observed in electrochemi-
cally doped P3HT films and IEx doped PBTTT films.[12c,22] While
the residual 𝜋–𝜋* absorption is slightly higher in doped P3 and
P4, the similar peak intensity of the polaron-induced absorption
band for all polymers indicates a similarly high doping level for
P1, P2, P3, and P4.

The in-plane electrical conductivity of the doped polymers was
measured for different doping times ranging from 2 to 100 s. As
shown in Figure 3A, with the doping time increasing, the elec-
trical conductivity first increases, and then reaches a saturated
level for P1 and P2 at the doping time of ≈40s, whereas for P3
and P4 it keeps increasing after the doping time of 60 s. Finally,
the maximum electrical conductivity for doped P3 is achieved at
100 s, reaching 437.0 (±57.3) S cm−1, over 10 times higher than
that of doped P1 of 34.1 (±4.1) S cm−1. Figure 3B displays the
maximum electrical conductivity for each polymer. To evaluate
the thermoelectric performance of the polymers, the Seebeck co-
efficient of the doped polymers was measured as well. As shown
in Figure 3C, all four polymers show similar Seebeck coefficient
values and a similar decreasing trend with increased doping time.
The resulting power factor of all the polymers was calculated
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Figure 3. A) Exposure time-dependent electrical conductivity B) Maximum electrical conductivity, C) Exposure time-dependent Seebeck coefficient, and
D) the exposure time-dependent power factor of the four doped polymers.

and shown in Figure 3D. Remarkably, doped P3 reaches the max-
imum power factor of 16.3 (±0.06) μW m−1 K−2, in comparison to
3.7 (±0.10), 8.6 (±0.07) and 10.2 (±0.04) μW m−1 K−1 for doped
P1, P2 and P4, respectively. It is known that TFSI allows for a
more efficient doping than FeCl3. We performed FeCl3 doping
on the random copolymer P3 and measured the electrical con-
ductivity of the FeCl3-doped films after exposing the films for
2, 20, 60, and 100 s. As shown in Figure S4 (Supporting Infor-
mation), the maximum conductivity values of the FeCl3-doped
films were recorded at the exposure time of 100 s, reaching
148.4 (±25.6) S cm−1, approximately three times lower than that
of the BMP-TFSI-doped P3.

The pristine and IEx-doped polymer films were subjected to
atomic force microscopy (AFM) (Figure S5, Supporting Infor-
mation), and no discernible morphological differences were ob-
served. The solid-state microstructure of the pristine and doped
polymers was further investigated using 2D Grazing-incidence
wide-angle X-ray scattering (GIWAXS), and the results are dis-
played in Figures 4, S6 (Supporting Information), and Table 1. As
shown in the 2D diffraction patterns in the top row of Figure 4A,
all pristine polymers display lamellar packing, with the polymer
backbone typically oriented edge-on. The GIWAXS pattern of the
P1, P2, and P3 film shows considerable long-range crystallinity
with both well-ordered out-of-plane peaks (h00) and in-plane
stacking peaks being clearly visible. For pristine films, the coher-
ence lengths extracted from the width of 𝜋–𝜋 stacking diffraction
(Table 1) are similar for P1 – P3 and reduced in P4. After IEx dop-
ing, the same trend is observed. Notably, both 𝜋–𝜋 stacking and

lamellar stacking distances decrease from P1 to P3, as shown in
Figure 4B,C and Table 1. After IEx doping, the 𝜋–𝜋 stacking dis-
tance generally decreases for all the polymers (Figure 4B), with
P1 decreasing from 3.85 to 3.65 Å, and P3 from 3.67 to 3.44 Å.
The significantly closer backbones of doped P3 naturally facilitate
much faster charge transport, well explaining the much higher
conductivity of >400 S cm−1 and much larger thermoelectric
power factor of 16.3 μW m−1 K−2 (Figure 3). Hereby, the shorten-
ing of the pi–pi stacking d-spacing is attributed to the polaronic
coupling between the chains. In fact, as previously suggested,
without the actual existence of any dopant molecules, polaron
delocalization between neighboring chains results in attractive
forces that shorten the 𝜋–𝜋 stacking distance.[23] Notably, recent
studies demonstrate that although long-range crystallinity seems
not necessary in aggregating polymers,[24] due to the fact that the
mean free path of charges in the 𝜋-stacks is as short as ≈1nm,[25]

the shorter 𝜋–𝜋 distances do facilitate better molecular orbital
overlap and thus more efficient charge transport.[26] For instance,
as Bao and coworkers reported, by bringing the polymer back-
bones closer, that is reducing the 𝜋–𝜋 stacking distance from 3.76
to 3.58 Å in an isoindigo-based conjugated polymer, the charge
carrier mobility increased from 0.30 up to 2.0 cm2 V−1 s−1.[26a]

On the other hand, the lamellar spacing generally expands for
all the polymers upon IEx doping (Figure 4C), a clear-cut signa-
ture that the counterions mainly reside in the alkyl side-chain
zones, which is in line with previous findings on P3HT and
PBTTT.[9a,17c] Taken together, the evolution of the GIWAXS in-
dicates that dopants primarily inhabit the side-chain region and
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Figure 4. A) 2D GIWAXS patterns of pristine (left row) and ion-exchanged doped (right row) polymer thin films. B) 𝜋–𝜋 stacking distances in qxy direction
for the pristine and doped polymers. C) lamellar packing distances in qz for the pristine and doped polymers.

the IEx doping enhances the planarization of the backbone, thus
facilitating charge transport in the doped films, especially of the
random copolymer P3.

We performed survey scans of the X-ray photoelectron spec-
troscopy (XPS) spectra of ion-exchange doped P1 and P3(both at
the exposure time of 60 s). From Figure 5A,B, we can see clearly
that there are neither Cl2p peaks at ≈200 eV nor Fe2p peaks
at ≈710 eV. Instead, we observe the F1s peaks at ≈690 eV and
S2p peaks at ≈170 eV. This is clear evidence of the success of

ion-exchange doping. We additionally performed a more detailed
analysis of the S2p region, which allows us to quantify the doping
level in the IEx-doped P1 and P3 films. Although both polymers
and TFSI contain sulfur, the difference in charge density leads to
the appearance of peaks at different binding energies. As shown
in Figure 5, the XPS spectra for P1(Figure 5C) and P3 (Figure 5D)
show a strong signal with a maximum at 168.4 eV. This is ev-
idence that TFSI has efficiently been doped into the film. Fit-
ting with two doublets yields a very good agreement with the
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Table 1. GIWAXS quantitative data of all the polymers.

Polymers Lamellar packing 𝜋–𝜋 stacking

d[Å]pr CL[Å]pr d[Å]do CL[Å]do d[Å] pr CL[Å] pr d[Å]do CL[Å]do

P1 16.3 121 18.1 133 3.85 14 3.68 15

P2 15.8 126 18.1 147 3.66 18 3.53 16

P3 15.8 132 17.7 118 3.67 16 3.44 17

P4 14.6 92 22.7 167 3.72 14 3.54 16

d- means d-spacing, CL- means coherent length, pr means pristine, do means doped (exposure time: 60s).

measured signal for the polymers between 161 and 167 eV, which
is attributable to an increased binding energy for polarons. The
TSFI dopant requires only one set of peaks for fitting, indicat-
ing both S atoms on the molecule are chemically equivalent. De-
tails for the fitting is shown in SI. By computing the areas of the
peaks originating from the polymers (between 161 and 167 eV)
and comparing them with those of the peaks from the TFSI ions
(between 167 and 172 eV), the sulfur atomic ratio of TSFI to a
polymer can be estimated. Consequently, the doping level is cal-
culated to be 11% for P1, and 15% for P3, where doping level is
defined as the number of TFSI ions per thiophene ring. These
values are consistent with previously reported maximum doping
levels in P3HT, which range between 13% and 17%.[9a,17a,27]

To shed further light on the effect of ion-exchange doping
on the charge transport properties we performed Hall mea-
surements (see Supporting Information); for these, we focused
on a comparison of P1 and P3. As shown in Figure 6A, the
measured Hall coefficient of both P1 and P3 decreases with

increasing temperature. The carrier density p (Figure 6B) ex-
tracted by assuming an ideal Hall response (RH = 1/(p × e))
is very high; it is comparable to one charge per repeat unit
of the polymer backbone, that is, a carrier concentration of
≈2 × 1021 cm−3. The carrier concentration of doped P1 is slightly
higher than that of doped P3. The corresponding Hall mobility
of P1 reached ≈0.055 (±0.019) cm2 V−1 s−1, whereas this value
for P3 is 20 times higher, reaching up to 1.2 (±0.09) cm2 V−1 s−1

(Figure 6C). Figure 6D displays the temperature-dependent con-
ductivity of doped P1 and P3, indicating that in both films the
charge transport is thermally activated. From 20K to 200K, the
electrical conductivity of P1 increased from 3.2 to 27.8 S cm−1

(by a factor of 8.7), whereas the conductivity of P3 increased
from 105.0 to 262.8 S cm−1 (by a factor of 2.5), implying much
stronger temperature-dependence of P1. Indeed, as shown in
Figure S9 (Supporting Information), the activation energy Ea
of doped P3 is distinctly lower than that of P1: Between 100–
200 K, Ea is 16.3 (±1.1) meV for P1 and 8.98 (±0.63) meV for P3;

Figure 5. Survey scans of the XPS spectra of IEx-doped P1(A) and P3(B). Sulfur 2p XPS spectra of IEx-doped P1(C), and P3 (D) (60 s exposure time,
BMP TFSI/FeCl3).
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Figure 6. Plots of temperature-dependent data acquired from the IEx-doped Hall bar devices of P1 and P3, A) Hall coefficient, and B) carrier density, C)
Hall mobility, D) conductivity and estimates of T∗ for different threshold values of temperature for E) P1, and F) P3.

between 50K–100K, Ea reduces to 4.84 (±0.24) meV for P1 and
0.84 (±0.16) meV for P3.

On the other hand, the pronounced temperature dependence
of the Hall coefficient, which is similar to that previously reported
for PBTTT,[24] indicates that the Hall effect in our polymers may
be affected by screening effects from localized carriers. These ex-
hibit a thermally activated transport and are either not deflected
by the magnetic field (while undergoing hopping), or whose de-
flection is partially frustrated (during quasi-1D transport). Such
carriers diminish the measured Hall coefficient because they do
not contribute to the generation of the Hall voltage, but screen
the Hall voltage that is generated by more delocalized carriers.
As temperature is increased, the mobility of localized carriers in-
creases and their contribution to overall conduction increases,
leading to a greater suppression of the Hall coefficient.

We can use our previously proposed model[28] to interpret the
Hall coefficient more quantitatively in this regime:

RH (T) = 1
qnd

[
1 + hexp

{
−
(

T∗

T

)D
}]−2

(1)

where 〈nd〉 is the average density of “deflectable” carriers (i.e.,
carriers that respond to magnetic fields fully as a free charge
would), T* is a variable-range-hopping-like coefficient that char-
acterizes the transport of the localized carriers and is related to
the energetic disorder of disordered regions of the polymer, D is
a variable-range-hopping-like dimensionality parameter, and h is
a parameter that reflects the ratio of the conductivity from non-
deflectable and deflectable carriers when T ≫ T*.
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These parameters can be determined by a careful fitting rou-
tine, that has been detailed in the previous report.[28] Of particu-
lar interest is the parameter T*, as it should shed some light onto
the relative degree of energetic disorder in both systems. This
is because T* controls how quickly the Hall coefficient saturates
with temperature, with a smaller value indicating that contribu-
tions from incoherent transport saturate at lower temperatures.
As such, a smaller value of T* can be argued to imply a lesser
amount of energetic disorder.

As shown in our previous report[28] (and in the Supporting In-
formation), T* can be estimated without performing a full fit of
the data. However, this estimate will be an underestimate if not
in the correct temperature limit. Therefore, a cut-off tempera-
ture is defined, Tmin, as being the temperature value below which
data points are excluded from the estimation. As can be seen in
Figure 6E,F, the maximum estimate of T* for the P3 device is
≈55 K, whereas it is ≈190 K for P1. The ranges of their estimates
do not overlap, with both exhibiting a minimum value roughly
equal to 70% of their maximum values. As such, it is reasonable
to assume that while we might not be in the limit required to cal-
culate T* accurately, we are comparably far away from the said
limit in both cases. As such, this (potential) underestimate of T*
for P1 being greater than that for P3 implies that the true values
of T* have a similar ordering (i.e., that TP1

∗ > TP3
∗ ), suggesting

a lower degree of energetic disorder in P3 than in P1, consistent
with the conclusions drawn from comparing Hall mobilities. Tak-
ing together the conductivity measurement in Figure 3 and Hall
results in Figure 6, the greatly improved electrical conductivity of
doped P3 can be attributed to its more energetically ordered land-
scape, thus enabling greater charge-carrier mobilities. The lower
carrier concentration in P3 than in P1 could be attributed to the
closer stacked polymer chains.

Since environmental stability is a crucial concern for industrial
applications, we evaluated the ambient stability of the IEx-doped
random copolymer P3 (doping time of 60 s). As shown in Figure
S11 (Supporting Information), when exposing the doped films to
air, the electrical conductivity dropped from ≈300 to ≈220 S cm−1

after 30 min and further decreased to ≈205 S cm−1 after 1h. Then
it dropped to ≈137 S cm−1 upon exposure to air for 24 h. After
24 h, the conductivity remains nearly invariant despite longer
exposure, with only a slight decrease, remaining higher than
120 S cm−1 after 120 h in the air.

3. Conclusion

The energetically ordered landscape was achieved in highly
IEx-doped polythiophene-based random copolymer P[(3HT)0.76-
stat-(T)0.24] (P3) films, leading to high Hall mobility of up to
1.2 cm2 V−1 s−1 and high electrical conductivity of >400 S cm−1,
significantly outperforming that of benchmark polymer P3HT
(P1) (0.06 cm2 V−1 s−1 and <40 S cm−1). Moreover, P3 exhibited a
high thermoelectric power factor up to 16.3 μW m−1 K−2, much
higher than that of P1(3.7 μW m−1 K−2). GIWAXS measurement
indicates that after doping, the in-plane 𝜋–𝜋 stacking distance of
doped P3 is shortened from 3.67 to 3.44 Å, distinctly shorter than
that of the doped P1 (3.68 Å), well corroborating the observed
high Hall mobility and conductivity. Comprehensive Hall mea-
surement indicates that the doped P3 exhibits much lower ac-
tivation energy and a lesser amount of energetic disorder. This

work offers an effective strategy to realize fast charge transport
in highly doped conjugated polymers and highlights the impor-
tance of overcoming dopant-induced disorder in order to achieve
next-generation efficient organic electronics.

4. Experimental Section
Preparation of Pristine Polymer Solutions: The polymers were synthe-

sized and the synthetic routes were reported in the literature.[18c,e,26c] Poly-
mer solutions (5 mg mL−1, in chlorobenzene) were heated at 60 °C for 1 h
before use. Ion dopant salt solution was prepared at 1 m concentration
in acetonitrile. FeCl3 solutions were prepared at 10 mm concentration in
acetonitrile. FeCl3 solutions were always prepared immediately before use.
All solution preparation processes were performed under a nitrogen atmo-
sphere (<1 ppm of H2O and O2). The polymer solution of 5 g L −1 was
first spin coated at 1500 rpm for 20 s, and then annealed at 120 °C for
30 mins.

Ion-Exchange Doping: Polymer films were sequentially doped on the
spin coater by covering the sample with an electrolyte/FeCl3 solution
(100 mm/1 mm in acetonitrile, unless otherwise specified), waiting for a
variable delay period (2–100 s) then spinning off the excess. While the sam-
ple was still spinning, the doped film was washed with 1 mL of acetonitrile
to remove any electrolyte and FeCl3 from the film surface.

OFET Fabrication and Characterization: Top-gate, bottom-contact
OFETs (L/W = 20 μm/1000 μm) were fabricated on glass substrates fol-
lowing a procedure of substrate patterning, thermal evaporation of bottom
contacts (3 nm Cr and 22 nm Au), polymer spin-coating (parameters de-
scribed above), Cytop spin-coating (2000 rpm for 20 s, annealing at 90 C
for 20 mins, resulting in a thickness of 500 nm) and thermal evaporation
of top gate (30 nm of Aluminum). FET characteristics were measured on
a Desert TTP4 probe station by an Agilent 4155C Semiconductor Param-
eter Analyzer. Samples were measured in the glovebox under a nitrogen
environment.

AFM Measurements: The surface morphology of polymer films was in-
vestigated by atomic force microscopy on Icon coupled at Nanoscope V
controller from Bruker in the Tapping mode. The probe was a ScanAsyst
Air (Bruker) with a spring constant of 0.4 N m−1.

Electrical Measurements: The in-plane electrical conductivity and
Seebeck coefficient measurements were performed on a four-parallel-
electrode device architecture (as shown in Figure S3, Supporting Informa-
tion) by an Agilent 4155B semiconductor parameter analyzer in nitrogen
atmosphere (Belle Technology, <10 ppm O2, <20 ppm H2O). Before each
measurement, the device was isolated by scratching off the film outside
the active device area. The temperature gradient (∆T) across the sample
was imposed by two Peltier modules. The Seebeck coefficient was mea-
sured by varying the ∆T across the substrate and measuring the corre-
sponding thermal voltage. Surface profilometry (Bruker DekTak XT) and
AFM were used for film thickness determination. More details are pro-
vided in the supporting information.

PDS Measurement: PDS was performed using a tunable light source
consisting of a 250 W quartz tungsten halogen lamp coupled to a 250 mm
focal length grating monochromator. The monochromatic excitation beam
was modulated with a mechanical chopper at 13 Hz and focused on the
sample surface at a normal incidence angle. The samples were immersed
in FluorinertTM FC-72 (3 m) liquid to improve the thermo-optic response
in the excitation spot surroundings. The thermal gradient at the sample
surface caused by nonradiative relaxation caused the deflection of a probe
laser beam passed parallel to the sample surface (transverse configura-
tion), detected by a quadrant photodiode and demodulated with a lock-in
amplifier (Stanford Research Systems SR830).

UV–vis Absorption Spectra: UV–vis–NIR spectra were collected on a
Shimadzu UV-3600i dual beam spectrometer, with a slit width of 3 nm
and a data interval of 1 nm. The background spectra from the blank glass
were collected separately.

GIWAXS Measurements: A laboratory setup was used (Xeuss 3.0 from
Xenocs S.A.). Here, supplied with a microfocus copper source, Cu K𝛼 ra-
diation (wavelength (𝜆) = 1.5418 Å) was focused and monochromatized
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with a 2D single reflection multilayer optic and collimated with scatterless
slits. The silicon substrate surface was aligned at a grazing incident an-
gle of 0.18° with respect to the incoming X-ray beam. The scattered X-rays
were detected on an Eiger 4M single-photon counting detector, with 75 μm
pixels (DECTRIS), 80.0 mm from the sample. Coherence lengths were
determined by application of the Scherrer equation to the FWHM peak
widths from fitting the first-order diffraction peaks corresponding to the
lamellar stack and pi–pi stack, assuming only size broadening. The anal-
ysis of coherence length is somehow limited by the instrumental broad-
ening. The uncertainty of ≈10% in the sample-detector distance results
in a peak broadening. Nevertheless, the determination of pi–pi stacking
distances is not affected.

XPS Measurements: XPS analysis was performed using a Thermo Sci-
entific Escalab 250Xi fitted with a monochromated Al k𝛼 X-ray source
(1486.7 eV). All data was recorded with an X-ray beam size of 650 μm,
and a pass energy of 20 eV at a step size of 0.1 eV. Electronic charge neu-
tralization was achieved using an ion source. Ion gun current = 100 μA.
Ion gun voltage = 40 V. All sample data was recorded at a pressure be-
low 10−8 Torr and a room temperature of 294 K. Data was analyzed using
CasaXPS v2.3.26rev1.0N. Peaks were fitted with a Shirley background prior
to component analysis. A lineshape of GL (30) was used to fit components.
Sulfur 2p spectra were characterized by a doublet (2p3/2 and 2p1/2) with a
1:0.511 area ratio and spin–orbit coupling Δ = 1.16 eV.

AC Hall Device Fabrication: For the measurement of the AC Hall, we
used the designed Hall bar pattern. The fabrication of the patterned de-
vice is as follows: First, the P3HT polymer of 5 g L−1 was spin-coated at
1500 rpm for 20 s, then annealed at 120 °C for 30 mins. Then the CYTOP:
solvent (1:5 ratio) was spin-coated at 5000 rpm for 90 s and annealed at
80 °C for 20 mins in the glovebox. Then the aluminum oxide film was evap-
orated with a four-turret evaporator of 1 nm at 0.5 A s−1 or less. Then the
S1813 was spin-coated at 6000 rpm for 30 s and was baked at 115 °C for
60 s. Then it was mask-aligned and was developed with MF319. Then oxy-
gen plasma for 10 min was carried out to remove the unexpected layer. And
finally, the scotch tape was used to detach the extra layers. The patterned
AC Hall device was done. More details are provided in the supporting in-
formation.

AC Hall Measurement: First, the device adhered to the sample space
on the board with the use of GE varnish, followed by the wire bonding
to the sample board. Here the device and the samples board were ready
for affixing to the sample holder in the cryostat. Then the cryostat was in-
serted into its vacuum jacket and several hours were waited for the GE
varnish to properly cure, followed by evacuating the cryostat. Finally, the
internal atmosphere was brought pumped down to ≈10–6 mbar. To carry
out the AC Hall measurement, we first use the software PID control to
spin up the magnet assembly. Once the frequency of the magnetic field
stabilized at the desired value, we waited for another period for the tem-
perature to be stable for at least 15 min. Then the largest current value to
be used would be injected to simulate the real conditions where the max-
imum signal would be found, and the lock-in amplifier was set to auto-
range and auto-offset. After this, the current was injected into the device
stepping from its lowest value to its highest value. Finally, after perform-
ing the vector subtraction and phase optimization, the hall coefficient was
determined.

Statistical Analysis: OFET, electrical, and Seebeck coefficient measure-
ments were repeated on three samples and then statistically analyzed to
get mean values and SD. The data are presented as mean ± standard de-
viation (mean ± SD). Origin was used for statistical analysis.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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