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ABSTRACT: We demonstrate the preparation of uniformly distributed poly(3-
hexylthiophene) (P3HT) nanowire (NW) networks on a variety of substrates. We
studied changes in the optical, electronic, and morphological properties upon
sequential doping by 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(F4TCNQ) by UV−vis spectroscopy, atomic force microscopy (AFM), Kelvin
probe force microscopy (KPFM), and electrical conductivity measurements. At a
moderate dopant concentration of 250 μg/mL, the P3HT NW networks retain their
morphological features with a clear evolution of an absorption band corresponding to
doping products. Higher dopant concentrations (∼1 mg/mL) lead to the
accumulation of dopant molecules on the surface of the film, forming “dot-like”
features. KPFM measurements show a clear difference in the contact potential
difference (CPD) of the P3HT NWs with varying doping concentration regimes.
Moreover, an increase in the electrical conductivity by 4 orders of magnitude from 10−5 to 10−1 S/cm is observed after
moderate doping, demonstrating that significant doping effects can be achieved for a mostly crystalline phase of P3HT such as
its nanowire form.
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■ INTRODUCTION

The chemical doping of conjugated polymers (CPs) remains
one of the most widely utilized methods to manipulate the
optical and electronic properties of these materials and increase
the electrical conductivity. This has resulted in a diversity of
technologies such as field effect transistors (FETs),1−3 organic
light-emitting diodes (OLEDs),4 and sensors5 with numerous
new applications continually emerging. Among methods of
chemically doping CPs, solution-based methods offer low-cost,
convenience, and compatibility with solution-processing
methods most commonly utilized for device fabrication.1−3

There are generally two solution-based approaches used to
dope CPs. The first, mixed solution doping, constitutes the
mixing of dopant molecules with the polymers before the
formation of the active layer. However, because of the complex
intermolecular interactions resulting from charge transfer
between dopant molecules and CPs and the decreased
solubility of the doped products, this method often leads to
nonideal morphological characteristics upon film formation.6,7

Another method, sequential doping, relies on the application of
a dopant solution to the surface of the CP film. Sequential
doping provides a valuable route to overcome the difficulties
associated with processing doped poly(3-hexylthiophene)
(P3HT) from solution and results in better film quality and
enhanced electrical conductivity.6−8

P3HT is widely considered a benchmark material for use in
organic electronic devices such as organic photovoltaics
(OPVs)9 and organic field-effect transistors (OFETs).10−12

Despite the extensive studies performed with P3HT as a
semiconductor in a variety of applications, there are still a
relatively limited number of studies related to P3HT nanowire
(NW) structures. These structures can be accessed via
controlled seeding,13−15 electric-field-assisted alignment,16−20

or electrospinning.21−26 The “whisker method” provides high-
aspect-ratio P3HT nanofibers, which crystallize from “poor”
solvents.27 P3HT NW samples can be prepared via solution
deposition of aggregated P3HT nanowhiskers onto a suitable
substrate by solution casting methods,28−36 which often lead to
heterogeneous coverage of NWs on surfaces. The character-
ization of isolated P3HT NWs has been previously
reported.37−41 Despite the significance of understanding the
fundamental electrical properties of isolated NWs, the
extensive lithographic techniques involved in accessing these
structures hinder practical device applications and provide a
limited understanding of their ensemble optoelectronic
properties. To utilize P3HT NW networks in optoelectronic
devices, a more uniform distribution of P3HT NWs on the
surface is preferred.42,43

Here, we demonstrate that P3HT NW networks can be
prepared by spin-coating a P3HT nanowhisker solution
formed at a low P3HT concentration of 60 μg/mL. Doping
of the nanowire network is performed by using 2,3,5,6-
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tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ), a
prototypical p-type dopant for P3HT.44−48 Results from
atomic force microscopy (AFM) and Kelvin probe force
microscopy (KPFM) measurements are used to distinguish
undoped, moderately doped, and excessively doped P3HT NW
networks and offer insight into their electronic properties.
Furthermore, an increase in the electrical conductivity by 4
orders of magnitude from 10−5 to 10−1 S/cm is observed after
moderate chemical doping of the P3HT NW networks.

■ EXPERIMENTAL SECTION
Materials. Solvents, unless otherwise specified, were purchased

from Fisher Scientific and used without additional purification.
Regioregular (RR) P3HT (Mn = 70.5 kDa, dispersity (Đ) = 1.7, head-
to-tail (H−T) regioregularity >98%) was purchased from Sigma-
Aldrich. F4TCNQ (>98%) was purchased from TCI America and
used as received. Indium tin oxide (ITO)-coated glass substrates were
purchased from Colorado Concept Coating, LLC, USA. Glass slides
(2 cm × 2 cm × 0.17 mm) were purchased from Fisher Scientific,
USA. Quartz substrates (S151) for conductivity measurements were
purchased from Ossila, Ltd., UK.
Nanowire Preparation. 2.4 mg of RR-P3HT was added to 40

mL of an 4:1 (v/v) anisole/chloroform mixture.42,43 The resultant 60
μg/mL P3HT solution was heated at 90 °C for 15 min until an orange
solution was obtained. The P3HT solution was subsequently cooled
to 25 °C at a rate of 25 °C/h controlled by a Quantum Northwest
TC1 temperature controller and then aged at that temperature for 18
h. After aging, the orange-colored P3HT solution became purple,
indicating the formation of NWs.
Characterization. UV−vis absorption spectra were recorded on

an Agilent Cary 60 UV−vis spectrometer. For solution absorption
measurements, P3HT was dissolved in a 4:1 (v/v) anisole/chloroform
mixture at a concentration of 60 μg/mL and transferred into airtight
custom-made cuvettes (2 mm optical path length). For solid-state
absorption experiments, glass slides (0.17 mm thick) were cleaned by
dipping in hot concentrated HNO3 for 15 min, followed by rinsing in
deionized water before use. An aged 60 μg/mL P3HT solution was
spin-coated at 3000 rpm for 120 s to form P3HT NW networks.
Doped samples were prepared by covering the P3HT-coated substrate

with solutions of F4TCNQ in acetonitrile for 15 s. The liquid was
subsequently removed from the surface by spinning at 2000 rpm for
30 s.

The 1 × 1 cm2 ITO substrates were ultrasonicated in a 1:1:1
mixture of chlorobenzene, toluene, and acetone for 15 min and then
heated at 90 °C for 15 min. Next, the substrates were soaked in
toluene, which was previously filtered through a 0.25 μm pore size
membrane filter and subsequently blown dry under a flow of nitrogen
before use. The preparation of pristine and doped P3HT NWs on
ITO substrates follows the same protocol as previously described on a
glass substrate. AFM and KPFM measurements were performed on an
NTEGRA Prima AFM from NT-MDT Spectrum Instruments. Both
topography and KPFM images were collected using Pt-coated silicon
tips (NSC18-Pt) from μMasch with a typical resonant frequency of 75
kHz and a spring force constant of 1.2−5.5 N/m. Topography
imaging was performed using semicontact mode. Two-pass lift mode
was used in KPFM measurements. The first KPFM pass was
performed in semicontact mode. Tracing the recorded topography
scan, a second pass with a lift height of 10 nm could resolve the
contact potential difference (CPD) between the tip and surface
features. The surface coverage (ϕ) of P3HT NW networks on the
ITO substrate is determined by using the mark grains module in
Gwyddion software (http://gwyddion.net/, Czech Metrology In-
stitute). The difference in CPD values between P3HT NWs and the
ITO region can be regarded as the difference in their work functions
without concerning work function variations of the AFM tip.

Device Fabrication and Charge Transport Measurements.
Quartz substrates were sequentially cleaned by ultrasonication in
detergent (2% Hellmanex in deionized water), deionized water,
acetone, and isopropyl alcohol for 15 min each followed by drying in
an oven. Gold (Au) electrodes (60 nm) were thermally deposited on
quartz at 10−6 Torr by using a patterned shadow mask, resulting in a
well-defined channel length (L) of 30 μm and width (W) of 1 mm.
Undoped and doped P3HT NW networks were prepared following
the same protocol that was used for glass and ITO substrates. Devices
were tested on a Signatone 1160 series probe station coupled to a
Keithley 4200 semiconductor characterization system inside a
nitrogen-filled glovebox. The conductivity of the P3HT NW networks
was calculated from the expression

Figure 1. (a) UV−vis absorption spectra of P3HT in 4:1 (v/v) anisole/chloroform solvent in the fully solubilized state (t = 0 h, T = 90 °C) and
aggregated state (t = 18 h, T = 25 °C). Note that the cooling rate was 25 °C/h, and the temperature was held constant once 25 °C was reached. (b)
UV−vis absorption spectra of P3HT NWs on glass slides. F4TCNQ solutions in acetonitrile with concentrations from 0 to 1 mg/mL were applied
to the surface, resulting in the formation of a wide absorbance band above 650 nm that is attributed to P3HT polarons and F4TCNQ anions. Inset:
absorbance at 768 nm as a function of dopant concentration.
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σ
ϕ

= G
L

Wha

where G is the conductance, L is the channel length, W is the channel
width, and ha is the average thickness/height of the NW network,
respectively. G of each device is interpreted from the slope of its
current−voltage (I−V) characteristic curve. ϕ is defined as the surface
coverage of the P3HT nanowire networks. Note that the product ϕW
can be regarded as the effective width of the network Weff between
two 30 μm channel length Au electrodes. For the undoped and doped
samples, the reported conductivity was averaged from 10 devices.

■ RESULTS AND DISCUSSION

As shown in Figure 1a, an absorption maximum (λmax) at 445
nm was observed for P3HT in a 4:1 (v/v) anisole/chloroform
mixture corresponding to fully solubilized P3HT.49−51

Following controlled aging at 25 °C, there is a bathochromic
shift in the absorption profile with two peaks at 603 and 553
nm, which can be assigned as the 0−0 and 0−1 vibronic
transitions of the P3HT aggregate, respectively.52−54 After
aging, no significant absorption peak can be observed at 445
nm. The A0−0/A0−1 ratio indicates whether aggregates show H-
or J-type character.52−54 Here, a ratio of 0.66 corresponds to

the formation of H-aggregates as A0−0/A0−1 < 1. By assuming a
Huang−Rhys factor of 1, the free exciton bandwidth (W) of
the H-aggregate can be determined from the expression52−54
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where Ep is the energy of dominating intramolecular C=C
vibrations that are assumed to be at 0.18 eV.55,56 The
calculated W for the P3HT aggregate in this binary solvent is
about 113 meV, comparable to the value of solid-state P3HT
films prepared from low boiling point solvents such as
chloroform.51,57,58 The absorbance at 445 nm is reduced in
intensity by 55% when compared to the fully solubilized
P3HT, indicating the formation of 45% crystalline P3HT.
Alternatively, the absorption spectra of aged P3HT solution
can be deconvoluted into a combination of fully solubilized
absorption band As‑P3HT and aggregate absorption ANW‑P3HT
following previously reported methods.49,59,60 The analysis
shows that 48% P3HT is converted into the H-aggregate state
after aging, which is comparable to previously reported values

Figure 2. (a) AFM topography image of P3HT nanowires on ITO. A magnified 2 × 2 μm2 image is shown in panel (b). The KPFM image of
pristine P3HT NW network (c) presents a distinguishable 10 mV CPD contrast between NWs and the ITO substrate. Sequentially doped P3HT
NWs with 250 μg/mL F4TCNQ retain the morphology of pristine NWs (d, e) while the average thickness of NWs increases. Noticeably, KPFM
result in panel (f) shows CPD of NWs and ITO becomes indistinguishable. Upon 1 mg/mL F4TCNQ sequential doping of P3HT, irregular dot-
like features associated with excessive neutral dopant emerge (g, h), showing significantly lower CPD values as compared to the doped NWs and
the ITO substrate. The height profiles of marked cross sections (1−6) in panels (b) and (e) are summarized and can be found in Figure 3, while
the CPD profiles of marked cross sections (1−6) in panel (i) can be referred to Figure S3.
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of ∼50%.15,58 The disappearance of the peak at 450 nm has
been used as an indicator of the formation of purely (∼100%)
crystalline P3HT and as a reference to estimate the crystallinity
of less crystalline samples.61 Despite the discrepancy on the
precise determination of P3HT crystallinity in solution, it is
reasonable to conclude that aged P3HT formed following this
approach shows significant crystallinity.
The P3HT NWs formed can be deposited onto glass

substrates for solid-state UV−vis measurements through spin-
coating (Figure 1b). Because of the dramatic reduction of the
absorbance of P3HT NWs on the surface as compared to
solution samples, the signal-to-noise ratio of the spectra
decreases. Meanwhile, the absorption peaks of the undoped
P3HT NWs assigned to the 0−0 and 0−1 transition are
slightly shifted to 602 and 546 nm, respectively. The A0−0/A0−1
ratio is 0.67, which is very close to the ratio in solution,
implying that the H-aggregate character remains after
deposition. Upon sequential doping with a 50 μg/mL
F4TCNQ solution, the aggregate absorption peaks decrease,
accompanied by the emergence of a broad absorption band
above 650 nm. This is due to the formation of P3HT polarons
as a result of integer charge transfer between P3HT and
F4TCNQ.49,62 The 768 and 850 nm peaks associated with
absorption by F4TCNQ anions cannot be resolved as a result
of the sensitivity limits of the instrumentation.49,50,62,63 Despite
this limitation, the progress of sequential doping upon
increasing dopant concentration can be tracked by monitoring
the absorbance at 768 nm, which can be attributed to doping
products. In the inset of Figure 1b, the absorbance at 768 nm
sharply increases as a function of F4TCNQ concentration and
saturates at a solution concentration >250 μg/mL. As the
dopant concentration further increases above 500 μg/mL, the
absorbance between 550 and 615 nm increases. This is likely
due to the absorbance attributed to excess neutral F4TCNQ
(λmax = 380 nm, Figure S2).
P3HT NWs were spin-coated onto ITO substrates for a

detailed analysis of these nanostructures using AFM. In Figure
2a, a 5 × 5 μm2 overview of pristine P3HT NWs shows high-
aspect-ratio P3HT NWs on the order of several micrometers in
length that are uniformly distributed on the surface and which
form an interconnected NW network. According to statistical
analyses, the average height of undoped P3HT NWs is around
3.3 nm with a surface coverage around 33% (Table 1). A
similar morphology with evenly dispersed P3HT NWs is
shown in the first pass topography results obtained by using
KPFM (Figure 2b), while the higher resolution image
highlights the areas where multiple NWs overlap. Six cross-
sectional height profiles of random isolated NWs marked with

dotted lines were sampled (Figure 3 and Table 2). Because the
statistical average thickness of P3HT NWs is around 3.3 nm,

the NW network largely consists of double and triple layers.
Interestingly, unlike our previous report on P3HT nano-
whiskers where P3HT monolayers were more common,29 no
monolayer is observed here. This phenomenon can likely be
attributed to the relatively long aging time of 18 h during
which P3HT monolayers aggregate into more stable multi-
layered structures. No multilayered structures thicker than
quadruple layers are observed, which may originate from the
low P3HT concentration of 60 μg/mL.
When a moderate amount of F4TCNQ (i.e., 250 μg/mL)

was applied to the pristine P3HT NWs, the overall network-
like morphology remains intact (Figure 2d). Therefore,
sequential doping does not drastically interfere with the
structure of the nanostructures, which helps to preserve the
crystallinity and domain orientation.6−8 From the data in Table
1, the average thickness of the moderately doped P3HT NWs
is about 4.3 nm, which is about 1 nm larger than the pristine

Table 1. Quantities of Undoped and Doped P3HT
Nanowire Networksa

NWs Excess Dopant

Statistics

Average
Height
(nm)

RMS
(nm)

Surface
Coverage

(%)

Average
Height
(nm)

RMS
(nm)

Surface
Coverage

(%)

Undoped 3.3 1.8 33
250 μg/
mL

4.3 2.1 34

1 mg/mL 4.8 2.9 31 18.4 5.5 10

aNote that in 1 mg/mL doped cases a significant presence of
excessive dopant was observed on the surface. Therefore, surface
coverage includes P3HT NW networks and excess dopant.

Figure 3. Typical cross-section height profiles of P3HT NWs on ITO
substrate as marked by dotted lines in panels Figures 2b, 2e, and 2h,
associated with panel (a) as-deposited, (b) sequentially doped with
250 μg/mL F4TCNQ, and (c) sequentially doped with 1 mg/mL
F4TCNQ, respectively.

Table 2. Summary on the Heights of P3HT NWs on ITO
Substrate as Marked by Dotted Lines in Figures 2b, 2e, and
2h

Height (nm)

NWs Sampling 1 2 3 4 5 6

Undoped 4.0 4.9 3.7 3.6 3.8 2.3
250 μg/mL 3.6 5.2 3.0 2.5 5.8 2.6
1 mg/mL 3.3 3.4 4.7 4.2 4.5 5.4
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NWs. Upon applying a larger amount of F4TCNQ (i.e., 1 mg/
mL), dot-like features with submicrometer size can be
observed on the surface (Figure 2g), which are attributed to
neutral dopant. The excess dopant on the surface not only
increases the average thickness of the NWs by about 1.5 nm
but also introduces an additional surface coverage of about
10% (Table 1). Despite the drastic difference in the overall
morphology between moderately doped and excessively doped
surfaces, the surface coverage of the P3HT NWs remain at
about 33%, confirming the minor effect associated with
sequential doping on the existing structures. However, because
of dopant deposition, the sampled cross-section heights of
NWs increase in both doped cases (Table 2), resulting in an
increase of layer thicknesses when compared to undoped NWs.
The precise location where the F4TCNQ dopant resides
within P3HT film remains elusive. From grazing-incidence
wide-angle X-ray scattering (GIWAXS) studies on P3HT films
derived from conventional mixed solution doping, Duong et al.
first reported that the in-plane (010) peak at q ∼ 1.65 Å−1,
which corresponds to π−π spacing of 3.81 Å, splits into two
peaks when sufficient doping of P3HT is achieved in
solution.63 Meńdez et al. suggested the shifts of the (010)
peaks can be attributed to the intercalation of dopants into the
π−π stacks of the P3HT backbones as a result of the formation
of P3HT/F4TCNQ mixed cocrystallite phase from mixed
solution doping.64 However, according to Scholes et al., the
intercalation of F4TCNQ into the P3HT π-stacks is not
evident in both mixed solution and sequential doping
methods.7 Instead, they claimed that the change in π−π
spacing is due to the incorporation of the dopant into lamellar
domains regardless of doping methods (solution mixing or
sequential doping), which not only shifts side chain packing
but also alters the π−π stacking due to the dopant-induced
interchain delocalization of polarons, which futher results in
pulling adjacent polymer chains closer.7 Despite the ongoing
discussion on whether the dopant intercalates into π−π stacks
in P3HT films, the doping approach in this work may not lead
to the infiltration of dopants into π-stacks because orthogonal
solvents such as acetonitrile have a minimal swelling effect on
the crystalline phase of P3HT.8 Thus, intercalation of dopants
into π-stacks of P3HT NWs during sequential doping seems
unlikely. Additionally, upon doping, the shift of (100) peaks to
the lower q region (increased lamellar d spacing) in GIWAXS
indicates the possible incorporation of dopants into the
lamellar region.7,50,63,64 Based on this, the F4TCNQ dopant
could reside in the internal lamellar regions of P3HT NWs
through lateral diffusion or on the top surface of the NWs. The
accurate determination of the dopant position with respect to
the well-dispersed P3HT NWs is beyond the spatial resolving
capability of our instrumentation.
Figure 2c highlights the CPD of undoped P3HT NWs. The

imaging contrast presents a distinguishable separation of CPD
values of NWs and the ITO background, resulting in a bimodal
distribution in the CPD histogram as shown in Figure 4a.
However, the CPD peak of P3HT NWs is 10 mV higher than
the peak of the ITO reference (Figure 4a), indicating a slightly
higher work function of the undoped P3HT NWs on ITO.
Upon moderate doping (i.e., 250 μg/mL), CPD imaging of the
doped P3HT NWs becomes featureless (Figure 2f). The CPD
peak of P3HT NWs shifts to lower values and becomes
indistinguishable to the ITO substrate (Figure 4b). When the
P3HT NWs are excessively doped (i.e., 1 mg/mL), the CPD of
P3HT NWs remains featureless while the excessive neutral

dopant shows significantly reduced CPD readings (Figure 2i).
These lower CPD values result in an extended tail in the CPD
histogram in the excessively doped case (Figure 4c). CPD
profiles of marked cross sections in Figure 2i confirm the lower
CPD values ranging from −20 to around −100 mV (Figure
S3). This observation is qualitatively consistent with our
previous report on the doping of ultrathin P3HT films,65 in
which KPFM imaging shows lower CPD values of −50 mV
throughout the doped film in the presence of an excessive
amount of dopant, while the CPD value of the film approaches
that of the ITO reference when excessive dopant is removed by
acetonitrile.
P3HT NWs can be deposited on quartz substrates for the

measurements of conductivity by the same spin-coating
method used in the preparation of AFM samples. In Figure
5a, a similar morphology of P3HT NWs with a surface
coverage of ∼30% can be achieved. A summary of the statistics
on the morphological parameters of undoped and doped
P3HT NWs on quartz substrates can be found in Table S1.
The average thickness of P3HT NWs on quartz substrates is
3.3 nm, close to that on ITO substrates. Upon doping by 250
μg/mL F4TCNQ, the thickness increases by 2 nm, larger than
the ∼1 nm increment on ITO. While this difference might
originate from differences in the substrate, it is within the 2 nm
RMS of both undoped and doped P3HT. The I−V curves of
both undoped and doped samples are shown in Figure S4. The
average conductivity of moderately doped P3HT is about 0.27
S/cm, which is significantly higher than 1.64 × 10−5 S/cm of
undoped P3HT. Depending on molecular weight, regioregu-
larity, solvent, or preparation methods, the electrical
conductivity of pristine P3HT films is around 10−6−10−4 S/
cm.8,57,62,63,65,66 The conductivity of the pristine P3HT NW
network is within the range of values reported in the literature.
For doped P3HT, the conductivity of films prepared from
mixed solution doping ranges from 0.1 to 1 S/cm,63,66−68 and
that of sequentially doped P3HT films is shown to be 1−10 S/
cm.6,8,57 The conductivity of moderately doped P3HT NW
networks is lower compared to a typical sequentially doped
film.65 It has been suggested that the infiltration of F4TCNQ
into the amorphous region of P3HT film facilitates the
segregation of dopant anions and charge transport pathways of

Figure 4. CPD histograms of (a) undoped P3HT NWs, (b) NWs
sequentially doped with 250 μg/mL F4TCNQ, and (c) P3HT NWs
sequentially doped with 1 mg/mL F4TCNQ, which corresponding to
the CPD image as shown in Figures 2c, 2f, and 2i, respectively. The
average CPD value of ITO is deliberately shifted to zero in all
scenarios as an internal reference.
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P3HT polarons, which may account for the higher
conductivity of the sequentially doped P3HT film compared
to mixed solution doping, particularly at lower doping levels.8

Owing to the insignificant presence of amorphous P3HT
regions in the NW networks, infiltration of F4TCNQ into
highly ordered P3HT NW networks might be limited. In
addition, because most of the nanowires are only a few
nanometers thick, the diffusion of dopant in the doping of
P3HT nanowires will play a much smaller role than in the
doping for bulk films, where dopant molecules need to diffuse
through thicknesses up to hundreds of nanometers or higher
with substantial amount of amorphous domains. As previously
mentioned, the most probable location of the dopant may be
restricted to the lamellar region in the side chain direction or
the top layer. This might hamper the overall doping level of
P3HT NWs, which is consistent with the relatively lower
conductivity as compared to the values obtained from typical
sequential doping of a P3HT thin film.

■ CONCLUSION
A well-dispersed P3HT NW network was successfully prepared
using an ultralow concentration of P3HT on a variety of
substrates with ∼33% coverage. The average thickness is ∼3.3
nm, indicating that the majority of P3HT NWs are double- or
triple-layer. The overall thickness of NW feature upon
moderate doping (i.e., 250 μg/mL F4TCNQ) increases by
1−2 nm. A high concentration of dopant results in dot-like
features on the surface of the film, which can be associated
with excess neutral dopant dried out after the sequential
doping process. These dot-like features have a broad
distribution of CPD values well below the value of ITO,
which is significantly different from the CPD of undoped NWs
(∼10 mV) and moderately doped NWs (∼0 mV). The in-
plane conductivities of undoped (1.64 × 10−5 S/cm) and
doped P3HT NW networks (0.27 S/cm) demonstrate 4 orders
of magnitude increase upon moderate doping of the highly

ordered P3HT NW network. This proved that effective doping
is still possible without a significant presence of amorphous
domains that typically exist in P3HT thin films. However, this
result is still lagging behind conducting nanofibers based on
small molecules that show metallic charge transport behavior
with conductivities significantly above 10 S/cm.69,70 The
possible locations of the dopant molecules include the lamellar
region of the side chains or on the top layer. These results
strengthen the understanding of doping of P3HT NW
networks and shed light on improved design guidelines toward
nanowire-based conjugated polymer devices.
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