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Scalable organic electronic devices necessitate effective charge
transport over long distances. We assess here the conductivity
and its distance-resilience in doped polythiophene films with alkyl
and oligoether side chains. We find that the polymers with oli-
goether side chains retain 80-90% of the conductivity over five
orders of magnitude in distance (from tens of nanometers to
millimeters), when doped with 2,3,5,6-tetrafluoro-tetracyano-
quinodimethane (F;TCNQ). For P(g42T-T) co-processed with
F4,TCNQ, this leads to an over 100 times enhanced long-range
conductivity (43 S cm™Y) compared to doped poly(3-hexylthio-
phene) (P3HT, 0.2 S cm™Y). Optimization of the oligoether side
chain length and doping protocol pushes the conductivity to
330 S cm™ . Kinetic Monte Carlo simulations of nanoscale terahertz
conductivity data reveal that the local mobility of the doped
P(g42T-T):F,TCNQ film benefits from a higher dielectric constant
(reduced Coulomb binding to the ionized dopant) and from lower
energetic disorder. Those benefits persist on the macroscopic scale,
while spatial charge confinement and a lack of connectivity hinder
the long-range transport of moderately doped P3HT:F,TCNQ.
However, strongly doping P3HT using magic blue leads to enhanced
conductivity with distance-resilience >80%. The distance-resilience is
generalized for different polymer:dopant systems once a highly con-
ductive regime (>30 S cm™?) is reached. This highlights an effective
strategy to overcome limitations in terms of electrostatic binding and
multi-scale polymer ordering, enhancing both the short-range and the
long-range conductivity of doped conjugated polymers.
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New concepts

The new concept here is the distance-resilience of the transport in doped
conjugated polymers with high conductivity. We demonstrate that 70-
90% of the conductivity is maintained over five orders of magnitude in
distance (from tens of nanometers to millimeters) when the conductivity
exceeds 30 S em ™' in doped polythiophene films with alkyl or oligoether
side chains. Typically, transport in solution-processed organic materials
is dispersive and the conductivity severely drops when going from the
local nanometer scale to the microscopic scale that is relevant for devices.
This makes up-scaling for optoelectronic applications particularly chal-
lenging. In contrast, we find here that the local conductivity found by
terahertz spectroscopy is almost the same as the one obtained over
1.2 mm by four-point probe measurements. Kinetic Monte Carlo simula-
tions link this effect to the dielectric constant, disorder and charge
confinement in the film. The concept of distance-resilience does not only
have practical implications but also enhances the understanding of the
transport physics in complex material systems.

Introduction

Polythiophenes are a prominent class of conjugated polymers
used as organic semiconductors in electronic and photonic
applications. Advantages of such materials include their
chemical tunability, flexibility and solution-processability.
Recently, polythiophenes with oligoether side chains have been
investigated extensively as organic mixed ionic-electronic con-
ductors due to improved ionic transport with respect to their
alkyl-bearing counterparts.’™ Interestingly, the electronic con-
ductivity is also enhanced in the oligoether derivatives when
they are p-doped with molecular dopants.> "' Molecular doping
overcomes the intrinsically low conductivity of organic semi-
conductors by introducing redox-active species into the poly-
mer structure to form radical ions via electron transfer.'>'?
When the prototypical conjugated polymer poly(3-hexylthio-
phene) (P3HT) and its analogue with tetra-ethylene glycol side
chains (P(g42T-T))" are doped with 2,3,5,6-tetrafluoro-tetra-
cyanoquinodimethane (F,TCNQ), the conductivity is almost
two orders of magnitude higher for P(g,2T-T)."!
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A straightforward explanation for this effect is the higher
dielectric constant of the more polar P(g,2T-T) film, which
lowers the electrostatic binding of positive charges on the
polymer backbone to the negatively charged dopant counter-
14717 However, other structural and energetic parameters must
also be taken into account, and can vary significantly depending
on the side chain nature of the polymer. For instance, it is known
that F,TCNQ incorporates into the crystalline regions of P3HT,
leading to deterioration of the polymer packing, especially if the
polymer and dopant are co-processed from the same solution and
aggregate before film formation.'®° Alternative processing routes
such as sequential doping of neat P3HT films have been proposed
to reduce such doping-induced disorder.”>* In contrast, copro-
cessing of F,TCNQ and P(g,2T-T) does not lead to aggregation
and thus allows for the preparation of highly conductive films."*
While neat P(g,2T-T) forms very disordered films, the doped
polymer shows improved n-n-stacking and reduced static ener-
getic disorder.

When assessing the impact of the dielectric constant, ener-
getic disorder and structure on the conductivity of doped
polythiophene films, it is essential to consider the distance-
dependence of the probed transport properties. An intrinsically
high short-range mobility due to favorable local polymer con-
formation, packing and electrostatics will not necessarily trans-
late to superior macroscopic transport over length-scales that
are relevant to devices. Grain boundaries or energetic barriers
between domains can spatially confine charges to certain
regions of the film, unless connectivity is promoted over longer
distances, for example by tie chains.?*?¢73

We investigate here the parameters that impact the con-
ductivity in the above-mentioned P3HT:F,TCNQ and P(g,2T-
T):F,TCNQ systems over multiple length scales, in order to
determine how resilient the transport is to distance. By modeling
nanometer-scale measurements obtained by terahertz (THz)
spectroscopy with kinetic Monte Carlo (kMC) simulations, we find
that there is a moderate improvement of the short-range conduc-
tivity (by about 10 times) when co-processed P(g,2T-T):F,TCNQ is
compared to P3HT:F,TCNQ. This is explained by a combination of
local parameters such as the higher dielectric constant, lower
energetic disorder and reduced charge confinement. Importantly,
the difference between the two systems is amplified to a 100 times
higher conductivity in P(g,2T-T):F,TCNQ, when measured across
macroscopic distances by four-point-probe experiments. Indeed,
only 4% of the local THz conductivity is maintained over milli-
meter distances for P3HT, while the polymer with oligoether side
chains shows a distance-resilience (defined here as the ratio of
long/short conductivity) of almost 90%.

The distance-resilience is generalized at high doping levels
(achieved for alkyl side chains by sequential doping with the
strong oxidant Magic Blue (MB, tris(4-bromophenyl)aminium
hexachloroantimonate)). Now, even P3HT films of different
regioregularities and oligoether derivatives with different side
chain lengths maintain 80-90% of their nanoscale conductiv-
ity. Once this highly conductive regime is reached, the trans-
port does not suffer anymore from structural or energetic traps
that disrupt conductive pathways over longer distances, such as

ions.
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disorder, domain/grain boundaries or electrostatics. The general-
ized distance-resilience at conductivities exceeding ~30 S cm™* in
doped conjugated polymers is of paramount importance for the up-

scaling of organic electronic devices.

Results and discussion

The energy levels of P3HT and P(g,2T-T) suggest that both can
be doped by F,TCNQ, with a higher redox offset for P(g,2T-T)
(Fig. 1(a)). P(g42T-T) was dissolved with 15 mol% F,TCNQ per
thiophene unit in a 1:1 mixture of chloroform and acetonitrile
and either spin coated (film thickness d ~ 50 nm) or drop-cast
(d ~ 12 um), as shown on the top of Fig. 1(b) and detailed in
the Methods. The thick films are necessary for the THz spectro-
scopy. Equivalent co-processed (co) films at a similar doping
level were obtained for P3HT mixed with 13 mol% F,TCNQ in
chlorobenzene. To investigate the effect of disorder without
changing the dielectric constant, an additional P3HT sample
was prepared by sequential (sq) doping (bottom of Fig. 1(b)).
Typically, the higher degree of order of the neat film is main-
tained during sequential doping of P3HT.?>***>3> The neat
P3HT film was spin coated from xylene and F,TCNQ was
deposited on top from an orthogonal solvent (dichloro-
methane). Micrometer thick films were obtained by alternating
10-12 polymer and dopant deposition steps.

We carried out GIWAXS experiments to determine the
ordering in the doped thin films (Fig. S1-S6). Doped P(g,2T-T)
preferentially orients edge-on to the substrate. In agreement with
literature, the film depicts a clear (010) m-m-stacking peak at
17.6 nm ! in the out-of-plane direction (OOP), much larger than
the amorphous halo at 15 nm ™', as well as (100)/(200)/(300)
lamellar stacking peaks at 3.0, 6.0 and 9.0 nm™ " (Fig. 1(c) and
Table 1).>"" We have previously shown that the n-n-stacking peak
in undoped P(g,2T-T) films is negligible, so that co-processing with
F,TCNQ enhances the backbone ordering.'"*” Moreover, F,TCNQ
was found to be molecularly dispersed in P(g,2T-T). Given the shift
of the lamellar (100) stacking peak in P(g,2T-T):F,TCNQ compared
to the undoped polymer, it was concluded that the dopant
incorporates in the polymer crystals and causes slightly enhanced
disorder in the side chains.

The GIWAXS patterns for the P3HT:F,TCNQ films indicate
n-n-stacking diffractions at 17.7 nm ™' (OOP) and 17.1 nm (IP),
without significant changes between the co-processed and
sequentially doped samples (Table 1).** There is a slight pre-
ference for face-on orientation, in contrast to the corres-
ponding undoped P3HT films cast from the same solvent
(Fig. S2). For the used P3HT batch (88% regio-regularity, RR),
some improvement of the n-m-stacking in the IP direction
occurs upon doping, especially with co-processing (see peak
position, paracrystalline disorder (g) and coherence length of
crystallites (CCL), Table S1). However, the (100) lamellar stack-
ing peak (in the OOP direction) shifts with respect to the
undoped P3HT film and shows higher paracrystallinity, indi-
cating that F,TCNQ incorporates between the side chains of
crystalline polymer regions. The m-rn-stacking in the doped

This journal is © The Royal Society of Chemistry 2025
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(a) Molecular structure of P3HT, P(g42T-T) and F4,TCNQ, together with the reported ionization energies for the two polymers (IE = —4.5 eV and

—5.1 eV for P(g42T-T) and P3HT, respectively) and the electron affinity of the dopant (EA = —5.2 eV). 3¢ (b) Schematic for the preparation of doped
polythiophene films with A. co-processing or B. sequential doping. Nanometer and micrometer thick films were prepared for the different
characterization experiments. (c) Linecuts from out-of-plane (OOP) and in-plane (IN) GIWAXS data of the doped films.

Table 1 Peak position (q), peak full width at half maximum (Aq), paracrystallinity (g) and coherence length (CCL) from the GIWAXS out-of-plane (OOP)

and in-plane (IP) line cuts of the doped P(g42T-T) and P3HT films

q (010) Ag (010) g (010) CCL (010) g (100) Ag (100) g (100) CCL (100)
(nm~* (nm™) (%) (nm) (nm™7) (nm™?) (%) (nm)
0oOoP
P(g,2T-T): F,TCNQ co 17.6 2.0 13.3 2.6 3.0 0.8 20.8 6.2
P3HT: F,TCNQ sq 17.7 4.8 20.7 1.1 3.4 0.7 18.9 6.7
P3HT: F,TCNQ co 17.7 4.1 19.1 1.2 3.4 0.7 18.3 7.0
P
P(g,2T-T): F,TCNQ co 17.7 2.5 15.0 2.0 2.9 0.9 22.1 5.7
P3HT: F,TCNQ sq 17.1 3.5 17.9 1.4 3.2 0.9 21.3 5.5
P3HT: F,TCNQ co 17.1 3.3 17.5 1.5 3.1 1.2 24.3 4.4

P3HT films is weaker than in P(g,2T-T):F,TCNQ, which has a
much more pronounced (010) peak, higher CCL and lower
cumulative disorder (in both OOP in IP directions, Fig. 1(c)
and Table 1). In contrast, compared to P(g,2T-T):F,TCNQ, the
lamellar ordering of the P3HT:F,TCNQ films is somewhat
higher, which is likely related to a higher degree of disorder
in the oligoether side chains.

Four-point probe measurements and THz spectroscopy were
used to determine the long- and short-range conductivity of the
doped polythiophene films, respectively (Fig. 2(a)). The dis-
tance probed for the long-range transport is defined by the
electrode spacing of 1.2 mm in the four-point probe experi-
ment. In THz spectroscopy, the charges are displaced by the
electric field of a short THz pulse. The probed distance is
determined by the duration of the THz pulse of around
one picosecond, during which the charges move several tens
of nanometers. The short-range conductivity (oghor;) can be

This journal is © The Royal Society of Chemistry 2025

interpreted as the intrinsic limit of conductivity in the doped
polythiophene films, while the long-range conductivity (cong)
can be interpreted as a resilience over distances that are
relevant for macroscopic device geometries. We define their
ratio (Glong/Oshore) as the distance-resilience of the transport.
Here, g1ong is clearly superior for P(g,2T-T):F,TCNQ (43 S cm ™ %),
followed by sequentially doped P3HT (3 S cm ') and finally the
co-processed P3HT sample (0.2 S cm ™, Fig. 2(b)). Although the
trend is similar, gghore is only improved by about 10 times
between the co-processed doped P3HT and P(g,2T-T) films
(compared to a >100 times improvement for gion,). The film
thickness can be ruled out as the origin of this effect, as both
measurements were recorded using micrometer films. We also
verified that a similar o},,g Was found for the micrometer- and
nanometer-thick samples, ruling out any loss of conductivity
due to the thick sample preparation or film roughness (Table S2
and Fig. S7). Instead, the effect is caused by a fundamentally

Mater. Horiz., 2025, 12,10827-10838 | 10829
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(a) Schematic of the long-range four-point probe conductivity measurement and the short-range THz spectroscopy technique. (b) Histogram of

short-range conductivity in color and long-range conductivity in grey (both for thick films). The ratio between the two, which is the distance—resilience of
the transport, is shown in the legend. (c) Temperature-dependent long-range conductivity of the doped polythiophene films in an Arrhenius plot:
log(conductivity) vs. 1/temperature. The room temperature conductivity and the activation energy (E,) are shown next to the curves.

different distance-resilience in the conductivity of the two poly-
mers. The doped P(g,2T-T) film maintains 88% of the intrinsic
THz conductivity over a distance of 1.2 mm. In contrast, doped
P3HT has only few percent of the conductivity remaining over
longer distances, with a small improvement with sequential dop-
ing from 4% (co) to 12% (sq).

To elucidate if a different transport regime affects the two
polymers, we have measured ojo,e Of the doped films as a
function of temperature. We find that the conductivity always
increases at higher temperatures, which is typical for thermally
activated hopping transport. The activation energy (E,) to
charge transport is extracted from an Arrhenius plot (Fig. 2(c)).
A comparable E, of 130-150 meV is found for P(g,2T-T):F,TCNQ
and P3HT:F,TCNQ (sq), while the higher E, in P3HT:F,TCNQ (co)
points to a less ordered nanostructure of this film. Charge trans-
port and activation energy depend on the doping level.**** Here,
the Arrhenius plot indicates that all the investigated films are in a
similar doping regime and are ruled by similar transport physics.
To confirm the similar doping level, we turn to the steady-state
absorbance spectra of the three thin films, shown in Fig. 3. They
are decomposed into different spectral components. The neutral
polymer sites (denoted as [0]) absorb in the 400-650 nm region.
When doped, the polymer segments can be oxidized once [1+] or
twice [2+], yielding characteristic spectral signatures in the near-
infrared (NIR) region.”® We have determined the absorption
cross section spectra of the different oxidized species using a
combination of spectroelectrochemistry and chronoamperometry,
following our previously reported procedure (Fig. S8 and S9).*

In addition to the polymer signatures, the ionized F,TCNQ ™
peaks are present at 760 and 860 nm.*® As their cross sections
in solution are known, we deduce the charge densities present
in the doped films, given that each singly ionized dopant
generates one positive charge on the polymer backbone.® This
yields a lower bound estimate, under the assumptions that the
absorbance cross section of F,TCNQ™ is the same in solution
and film,* and that each F,TCNQ molecule is only ionized

10830 | Mater. Horiz., 2025, 12,10827-10838

once (neglecting double doping).>°® The resulting charge den-
sity (including bound and mobile charges) is similar for
the doped P(g,2T-T) and P3HT samples (2-4 x 10°° cm >,
Table S3). Alternatively, we determined the total charge density
([Charge]ior = [1+] + 2 X [2+]) from the absorbance and cross
sections of the polymer charged species and find only slightly
higher values of 5-7 x 10 ecm > (Table 2). Charge densities
over 10°° cm > seem high, but agree with reports on doped
polymers probed by a variety of techniques.**>* Independently
of the absolute value, the important point is that the charge
density and the transport regime are similar for the P(g,2T-T)
and P3HT samples and are thus not responsible for the
observed differences in conductivity.

Another parameter that impacts the conductivity of doped
samples is the co-existence of different oxidized species in the
polythiophene films. The singly charged species (referred to as
polarons) and doubly charged species (referred to as polaron
pairs or bipolarons depending on their spin characteristics)
have distinct transport properties. For polythiophenes, the
conductivity first increases and then stabilizes or drops with
increasing [2+] concentration.****>* 1t is therefore essential to
determine the ratio of the different oxidized species in our
P3HT:F,TCNQ and P(g,2T-T):F,TCNQ samples (Table 2). The
first observation is that the P(g,2T-T):F,TCNQ film shows no
signature of the neutral polymer, while about 20% of neutral
sites remain in the ordered and disordered regions of the
P3HT:F,TCNQ samples. The incomplete doping can be related
to the small energetic offset between P3HT and the dopant
(Fig. 1(a)). In contrast, the large offset with P(g,2T-T) allows this
polymer to be completely doped. The second observation is that
the [2+] concentration is always significantly lower than that of
[1+], as highlighted by the ratio of the two charged species,
which is around 0.2:1. In this moderate doping regime,
we have previously shown that the [2+] species are located in
the more amorphous parts of the film and have a beneficial
effect on the transport.*>*” However, the small trends between

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Steady-state absorbance spectra of the three investigated doped
thin films: (a) P(g42T-T):F4,TCNQ, (b) P3HT:F,TCNQ (sq) and (c)
P3HT:F4,TCNQ (co). The experimental spectra (black lines) were fit to the
sum (dashed line) of the scaled individual spectral components (colored
lines), as extracted from spectroelectrochemistry or obtained from the
literature (see main text).

the three samples are not significant within the experimental
error and film-to-film variation (Fig. S10 and Table S3), so that
the [2+]:[1+] ratio is unlikely to be the primary cause of the
different conductivity behaviour.

Knowing that the number and nature of doping-induced
charges are comparable, we hypothesize that the charge mobi-
lity plays the major role in differentiating the P(g,2T-T):F,TCNQ
and P3HT:F,TCNQ samples. This mobility represents an aver-
age value, as not all charges contribute equally to the transport.
Indeed, it has been shown that only a small fraction of the
charges in doped P3HT films actively participate to the con-
ductivity at a given point of time."*** For instance, charges in
amorphous film regions or those that are bound to the ionized
dopant are expected to contribute less. We turn to the details of

This journal is © The Royal Society of Chemistry 2025
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the THz data to selectively investigate the nanoscale mobility of
the charges that contribute to the transport. Their transport
characteristics are reflected by the shape of the complex con-
ductivity spectra (Fig. 4(a)). We draw attention to three obser-
vables, namely (i) the amplitude of the real part, (ii) the relative
amplitude of the imaginary with respect to the real part and
(iii) the slope of the real part (Fig. 4(b and c¢) and Fig. S11).
The amplitude of the real part at 1 THz reflects the short-
range conductivity (Fig. 2(b)). We found a 10-fold increase in
the short-range conductivity when going from co-processed
P3HT:F,TCNQ to P(g,2T-T):F,TCNQ. To highlight the other
two effects, we normalized the real conductivity at 1 THz and
scaled the imaginary part by the same factor (Fig. 4(b)). The
slope of the real part becomes flatter when going from P3HT:
F,TCNQ (co), via P3HT:F,TCNQ (sq) to P(g,2T-T):F,TCNQ. Also,
the two P3HT samples have a similar imaginary-to-real ratio,
but their negative imaginary part is much more pronounced
than for doped P(g,2T-T).

The complex conductivity spectra of organic materials are
commonly interpreted using the Drude-Smith model (DSM),
which allows to disentangle the charge mobility from their
density. Being derived for band-like transport in the presence of
backscattering or a restoring force, its applicability in hopping
systems is not per se given.> For polymers, ballistic transport
can phenomenologically be thought of as delocalized transport
along conjugated segments, while the hopping can be asso-
ciated with charges being bound by one or more of a multitude
of effects, including structural and energetic disorder, coupling
to vibrational modes, Coulomb attraction to the ionized dopant
or confinement in an crystalline aggregate.”® In the framework
of the DSM (eqn (1)), the negative imaginary part in all our
doped samples confirms that hopping dominates the short-
range transport (similar to the thermally activated long-range
transport, Fig. 2(c)). Moreover, the flatter real part and smaller
relative imaginary part in P(g,2T-T):F,TCNQ indicate that the
charges in this sample are less bound.

Quantitatively, eqn (1) is fitted to the complex conductivity
spectra (Fig. 4(a) and Table 3):

Ncondezf C1
= 1
a(@) m*(1 —iwr)<1+l —iwr) @)

Here, g(w) is the frequency-dependent complex conductivity,
Neona 18 the density of conductive charges, 7 is the scattering
time, m* is the effective mass (~1.7),>”  is the frequency, and
¢; is the localization parameter (—1 < ¢; < 0). Interestingly,
Ncona is always below the total density of charges from the
absorbance spectra ([Charge],, Table 2). For P(g,2T-T):F,TCNQ
and P3HT:F,TCNQ (sq), less than 5-20% of the total charges
contribute to the transport (Table 3). This drops to only 1% in
the case of P3HT:F,TCNQ (co), partially explaining the low
short-range conductivity of this film. Moreover, in both P3HT
samples, the localization parameter approaching —1 is indica-
tive of strongly bound charges, while doped P(g,2T-T) shows
a smaller localization around —0.74. The scattering time
(representative only in the context of ballistic transport) has
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Table 2 Conductivity and charge densities in doped polythiophene films: long-range conductivity from four-point probe measurements (giong), short-
range conductivity from THz spectroscopy (oshort), distance-resilience of the conductivity (giong/dshort). total polymer charge density ([Chargelio; =
[1+] + 2[2+4]), relative densities of the different oxidized species ([0], [1+] and [2+]) and ratio of the doubly to singly charged species ([2+]: [1+])

Polymer Dopant Glong (S €M ™) Ggnore (S M) Glong/Tshore (%)  [Chargelioe (10° cm ™) [0]% [1+] % [2+] %  [2+]:[1+]
P(g,2T-T) F,TCNQco  43° 49° 88 7.3 0 80 20 0.3:1
F,TCNQ im 32 40 80 3.3 0 82 18 0.2:1
MB im 20 26 77 4.2 0 39 61 1.5:1
P3HT® 88% RR  F,TCNQ co 0.2° 4° 5 4.8 22 68 11 0.2:1
F,TCNQ sq 2.8% 23? 13 5.9 21 63 16 0.3:1
MB im 60 67 90 7.5 8 53 39 0.8:1
P3HT 98% RR  F,TCNQ co° 3.9 29° 13 9.7 28 59 13 0.2:1
F,TCNQ sq 1.8 10° 18 5.3 22 68 10 0.1:1
F,TCNQ im 5.9 11 54 2.4 38 59 3 0.1:1
MB im 108 122 89 6.7 8 57 35 0.6:1
P(g;2T-T) F,TCNQ im 330 395 84 9.4 0 68 32 0.5:1
MB im 140 210 67 13 0 45 55 1.2:1

“ Batch used throughout the text, unless stated otherwise. ” Conductivities measured on micrometer thick films. All other data in the table is
shown for nanometer thicknesses indicated in Table S3. Differences between o,n, for nanometer and micrometer films were negligible (Table S2).
For the more conductive films, the same film could be used for optical, THz and four-point probe measurements.  Due to film inhomogeneity,

absolute values in this sample might be exaggerated, but trends and ratios are correct.

no trend between samples. From 7 and ¢; we calculate an
effective short-range mobility (uesr) according to eqn (2):

et
Befr = W(l +a) (2)

We find a high pieg of 6.7 cm® V™' s7* for the charges that
contribute to transport in P(g,2T-T):F,TCNQ films (Table 3).
Both P3HT:F,TCNQ films have a lower short-range mobility of
1-2 ecm® V' s, but the fraction of charges participating in the
transport is higher in the sequentially doped film, leading to an
overall higher short-range conductivity. To take this effect into
account, we averaged the short-range mobility over all conduc-
tive and non-conductive charges in eqn (3):

N, cond Meff
= 3
Hav [Charge],,, )

The obtained average mobilities closely follow the trend in
short-range conductivity of the three doped samples and
explain the differences in the conductivity at similar doping
level (Table 3). Finally, we evaluate if the DSM can account for
the distance-dependence of the transport, by extrapolating the
DSM fit to zero frequency (Fig. S11) to find the DC conductivity
(0pc, Fig. 4(c) and Table 3). For P(g,2T-T):F,TCNQ, this predicts
a distance-resilience of 88%, which perfectly matches the
experimental ratio (Fig. 2(b)). However, for the doped P3HT
films, the extrapolated DC conductivity is overestimated by
5-10 times.

To overcome the lack of physical meaning behind the
phenomenological DSM parameters, we have investigated the
short-range transport using kMC simulations. Specifically, we
target the effect of the energetic disorder and dielectric con-
stant on hopping (Fig. S13). Hopping-type transport is justified
here by the thermally activated conductivity (Fig. 2(c)) and the
negative imaginary part of the THz spectra (Fig. 4(a)).
As detailed in the Methods, the kMC simulations were run
using a rectangular grid of 10 x 10 x 10 with a lattice parameter
of 1.8 nm and allowing for only nearest-neighbour hopping

10832 | Mater. Horiz., 2025, 12,10827-10838

events (input parameters in Table S4).>*”% A constant dopant
concentration of 10% compared to the total number of sites
was used to mimic the experimental conditions (both charges
and dopant ions were randomly added on the grid). We have
included the energetic disorder in the density of states (DOS) of
the hopping sites. Note that this is a short-range parameter
(representative of the local polymer ordering) and therefore
differs from the long-range paracrystalline disorder obtained by
GIWAXS. The Coulomb interactions of charges with all sur-
rounding dopant ions and other charges were recalculated after
every hopping event at the chosen dielectric constant.

There is overall good agreement between the simulated
complex conductivity spectra and the experimental data (Fig. 4
and Fig. S14). Decreasing the energetic disorder from 0.1 to 0.05 eV
is sufficient to reproduce the increase and flattening in the real
conductivity when going from co-processed to sequentially doped
P3HT:F,TCNQ. Thus, a higher degree of nanoscale ordering of the
polymer chains is the main reason for the improved shortrange
conductivity of P3HT:F,TCNQ (sq). In addition to lower disorder, a
higher dielectric constant (¢ = 5 instead of 2.5) is necessary to
simulate the further increase in the real conductivity of P(g,2T-
T):F,TCNQ, in line with the experimental increase in polarity from
& = 2.7 to 4.4.%° Binding of charges to the ionized dopant reduces
the mobility of doped polymers, especially in the low to moderate
doping regime."****° At high doping levels, the electrostatic
potential wells of the dopants overlap and bound charges become
mobile.>”**®! As such, a higher dielectric constant can mitigate
Coulomb trapping in organic semiconductors, which can be
thought of as reducing the restoring force in the Drude-Smith
model."*'*'7%%% Our results demonstrate that Coulomb effects
are indeed important at the doping level investigated here, and
that the use of oligoether side chains is an effective chemical
design strategy to overcome this limitation.

The simulation with reduced disorder and high dielectric
constant accounts for all features of the experimental P(g,2T-
T):F,TCNQ spectrum, including the real slope and imaginary-
to-real ratio (Fig. 4(f)). The significant DC conductivity from the

This journal is © The Royal Society of Chemistry 2025
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Experiment Simulation
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Fig. 4 (a) Complex conductivity spectra of the doped polythiophene films obtained from THz spectroscopy (real part as solid lines, imaginary part as
dashed lines) and fits with the Drude-Smith model (DSM, thin lines). (b) Experimental complex conductivity spectra normalized by the magnitude of the
real part at 1 THz. (c) Selected observables visualized in different histograms: real conductivity at 1 THz (6short), Zero frequency conductivity extrapolated
from the DSM (opc), ratio between the imaginary and real part at 1 THz (Im/Real), and slope of the real part between 0.8 and 1.4 THz (Slope). (d) Complex
conductivity spectra simulated by kMC simulations for different dielectric constants and static energetic disorder (scaled by a factor 20 to match the
experiment). (e) Simulated complex conductivity spectra normalized in the real part at 1 THz. (f) Same output parameters as in (c) obtained from kMC
simulations under different conditions (disorder, dielectric constant and confinement).

kMC simulation at zero frequency also predicts the high dis-
tance-resilience of transport in these films (Table S5). However,
for both doped P3HT films, the simulations (with varied dis-
order and dielectric constant) underestimate the relative ima-
ginary part and overestimate the DC conductivity (Fig. 4).
Therefore, there must be an additional parameter that causes
the charges in P3HT to be more bound and less mobile.
We suggest that this is due to spatial confinement of the
charges in the film, meaning that certain regions are

This journal is © The Royal Society of Chemistry 2025

inaccessible to mobile charges. The effect is somewhat related
to the high n—r stacking paracrystallinity of both P3HT samples
(Table 1), but encompasses more complex phenomena such as
grain boundaries, energetic barriers between crystalline and
amorphous domains, undoped regions (20% neutral polymer
segments are left), dopant aggregates or lacking tie chains for
connectivity.'#?%?6%%* To test our hypothesis, we simulated
the confinement by removing one of the periodic boundary
conditions in the kMC simulations, such that a charge is
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Table 3 Fit parameters from the DSM analysis: density of charges that
participate in transport (Neona), percentage of total charges contributing to
transport (Neona/[Chargelior), scattering time t, localization parameter cy,
effective mobility (ue¢) and average mobility (u.,). The values in parenth-
eses indicate the range in which an acceptable fit can be obtained, as the
DSM allows for some flexibility (Fig. S12). Additionally, we calculated the
zero-frequency conductivity from the extrapolated DSM fits (opc)

P(g,2T-T): P3HT: P3HT:

F,TCNQ F,TCNQ sq F,TCNQ co
Neona (10 em™?) 4 (3-8) 10 (5-15) 0.4 (0.3-0.7)
Neona/[Chargelioe 5% (4-11%) 17% (8-25%)  0.8% (0.6-1.5%)
7 (fs) 25 (15-31) 17 (15-24) 35 (27-45)
o —0.74 (0.73-0.77) —0.95 (0.95)  —0.93 (0.92-0.97)
tegr (em®> V71 s71) 6.7 (3.6-8.7) 0.9 (0.8-1.2) 2.5 (1.4-2.5)

Hay (em®> V' s71) 0.37 (0.36-0.40)  0.15 (0.11-0.20) 0.02 (0.01-0.03)
opc (Sem™) 43 15 2

confined to 10 sites in the (z-)direction of the applied AC
electric field (Fig. S14 and Fig. 4(f)). This severe confinement
overshoots the experimentally observed effects, but leads to the
right trends: an increase of the negative imaginary part, a
steeper slope of the real part and a suppression of the DC
conductivity. We conclude that the spatial confinement is
indeed an additional parameter that governs the transport
and its distance-resilience in doped polythiophenes together
with the dielectric constant and energetic disorder.

Finally, we generalized our experimental findings to addi-
tional thiophene-based polymers and a stronger dopant,
namely a P3HT batch with higher regioregularity (98% versus
88%), a derivative of P(g,2T-T) with a shorter oligoether side
chain (P(g;2T-T))> and Magic Blue (MB) dopant (Fig. S15-518).
To reach high conductivities with P3HT, an optimized sequen-
tial doping protocol called immerse doping (im) was used,
whereby the undoped polymer film was immersed in a solution
of the dopant (see Methods). We find that increasing the
regioregularity of P3HT typically leads to higher conductivity
for a given doping condition, but has a marginal effect on the
distance-resilience and shape of the THz spectrum (Table 2
and Fig. S15). Importantly, the P3HT:MB (im) films with 88%
and 98% regioregularity both show high conductivity (61ong = 60
and 108 S cm™’, respectively), improved depletion of the
neutral sites (only 8% left), a higher [2+]/[1+] ratio and a
distance-resilience of 90%. This is related to the increased
oxidation strength of the dopant and to preferential insertion of
MB into amorphous polymer regions, limiting doping-induced
disordering of the crystalline regions.®>*®

However, MB is not the optimal dopant for the polymers
with oligoether side chains (P(g,2T-T) and P(g;2T-T)), which
both show reduced conductivity and lower distance-resilience
when doped with MB (im) compared to F,TCNQ (im) (Table 2).
This is due to an overdoping effect, where a too high [2+]
density, exceeding that of [1+], limits the conductivity.***%*
The best conductivity (oiong = 330 S cm ', 84% distance-
resilience) is achieved with P(g;2T-T):F,TCNQ (im), ten times
higher than in the equivalent P(g,2T-T) film. For P(g,2T-T),
immerse doping is less successful than co-processing owing to
the very disordered nature of the undoped polymer film.""
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Better ordering of the shorter side chains improves the lamellar
stacking in undoped P(gz2T-T).” It was shown that F,TCNQ
does not disrupt this ordering and further improves the n-n
stacking, explaining the excellent performance of the P(g;2T-T):
F,TCNQ system.” Overall, we find that the absolute conductivity
is highly dependent on the nature, processing conditions and
film structure of each polymer:dopant pair. Nevertheless, the
concept of distance-resilience depends much less on those
parameters. In fact, we show that all films exceeding a aj,ng Of
~20-30 S cm™ " have an important resilience of their conduc-
tivity over several orders of magnitude in distance. Once this
high-conductivity regime is reached, the transport does not
suffer anymore from structural or energetic traps that disrupt
conductive pathways over longer distances, such as disorder,
domain/grain boundaries or electrostatics.

Conclusion

In conclusion, we explore here the distance-resilience of the
transport in polythiohene:dopant systems. We start with a
detailed investigation of F,TCNQ-doped films in the moderate
doping regime and show superior conductivity of a polythio-
phene derivative with oligoether side chains (P(g,2T-T)) with
respect to P3HT. For co-processed films, the long-range con-
ductivity is enhanced by two orders of magnitude in P(g,2T-
T):F,TCNQ compared to P3HT:F,TCNQ. Importantly, doped
P(g,2T-T) retains 90% of its conductivity from the nanometer
to millimeter scale, in contrast to just a few percent distance-
resilience (defined as the ratio of long-range to short-range
conductivity) for doped P3HT. All investigated samples have a
charge density ~5.0 x 10*° em® and a low concentration of
doubly charged species ([2+]:[1+] ~ 0.2:1). The increase in
conductivity with P(g,2T-T) is related to changes in the average
mobility, meaning that either more charges contribute to the
transport or that the conductive charges are more mobile. This
is confirmed by a Drude-Smith analysis of the THz conductivity
data, which shows that the average nanoscale mobility scales
with the short-range conductivity (P(g,2T-T):F,TCNQ >
P3HT:F,TCNQ (sq) > P3HT:F,TCNQ (co)). Within this frame-
work, the more negative imaginary part of the complex con-
ductivity also points to more bound charges in the doped
P3HT:F,TCNQ films.

We carried out kMC simulations to pinpoint this effect to
physically meaningful parameters. We find that decreasing the
energetic disorder (representative of local polymer ordering)
from 0.1 to 0.05 eV is sufficient to reproduce the increase in
short-range conductivity when going from co-processed to
sequentially doped P3HT:F,TCNQ. However, this simulation
underestimates the relative imaginary part and overestimates
the DC conductivity at zero frequency for both doped P3HT
samples. Additional spatial confinement of the transport is
necessary to capture these phenomena in the simulations. This
agrees with the high paracrystalline disorder in the doped
P3HT films and with the incomplete doping (20% neutral sites
remain that might not accommodate charges for transport).

This journal is © The Royal Society of Chemistry 2025
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Grain boundaries, energetic barriers between amorphous and
crystalline domains, dopant aggregates or lacking tie chains are
further limitations to long-range transport. In contrast, kMC
simulations with reduced energetic disorder (0.05 eV) and a
high dielectric constant (¢ = 5), without need for any additional
confinement, account for all features of the complex conduc-
tivity of P(g,2T-T):F,TCNQ films, including the high short-
range conductivity, reduced relative imaginary part and high
distance-resilience of the transport. Our results thus demon-
strate that Coulomb effects are important at the moderate
doping level investigated here, and that the use of oligoether
side chains is an effective chemical design strategy to overcome
this limitation. Moreover, we show that the improved proces-
sability and polymer ordering over multiple length scales is
essential to foster the nanoscale conductivity of P(g,2T-
T):F,TCNQ, and to maintain 90% of its high conductivity up
to millimeter distances, thus over five orders of magnitude.

We then extend the concept of distance-resilience to a larger
set of polymer and dopant materials in the high doping regime.
We find that the absolute conductivity strongly depends on the
nature, processing conditions and film structure of each poly-
mer : dopant pair, but the distance-resilience is quite indepen-
dent of those parameters. Generally, all films exceeding a
conductivity of ~30 S cm™" show highly distant-resilient trans-
port. We thus demonstrate that a high-conductivity regime can
be reached in molecularly doped conjugated polymers, where
structural, energetic and electrostatic traps play a minor role in
limiting the conductivity over macroscopic distances. This
finding is highly relevant for the upscaling of organic electronic
devices.
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