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� Low temperature and time promote P3HT nanowires; high temperature
dissolves them

� P3HT coils first elongate into nanorods, then assemble into lamellae
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conductivity
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Abstract

The crystallization of poly(3-hexylthiophene) (P3HT) to form nanowires has
attracted considerable interest because this process significantly increases
the hole mobility when compared to amorphous P3HT, leading to improved
performance in photovoltaic and other organic electronic devices. However,
full characterization of the crystallization self-assembly of the polymer chains
in solution has not been achieved yet, due to limited use of in − situ not
destructive techniques. Here, we investigate the ageing-driven formation and
evolution of regioregular (rr) P3HT nanostructures in chlorobenzene solution
using small angle neutron scattering (SANS) and UV-Vis spectroscopy. We
have monitored how the shape of the rr-P3HT aggregates evolve. The initial
states for rr-P3HT chains are the random coils, which straighten to form rods.
These subsequently π - π stack to form 2D lamellae, which further stack to
create nanowires. The formation of nanowires is promoted both by the length
of ageing and by low temperatures (4◦C). Temperatures above > 40◦C
reverse the formation of nanowires. Additionally, atomic force microscopy
(AFM) and grazing incidence wide angle x-ray scattering (GIWAXS) reveal
that the nanowires can be successfully aligned during deposition by off-axis
spin coating. Finally, the anisotropic conductivity of the aligned rr-P3HT
nanowire films is reported. This is significant for applications such as gas
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sensing or organic thin film transistors, where increased conductivity and
controlled nanostructure are desirable.

Keywords: P3HT, conjugated polymer, nanowires, small angle neutron
scattering SANS, solution ageing, alignment

1. Introduction

The semiconducting polymer poly(3-hexylthiophene) (P3HT, figure 1a)
has attracted considerable research interest because it is an effective electron
donor and hole transporting material in photovoltaic devices Dang (2011);
Onoda (1998); Berger (2018); Guo (2014); Xiao (2015); Zhou (2018); Poelk-
ing (2014); Laquai (2015); Agbolaghi (2017). Recently, P3HT as a mate-
rial for solution processed solar cells has been superseded by other poly-
mers such as Poly[N-9’-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-
2’,1’,3’-benzothiadiazole)] (PCDTBT)Wong (2017); Zhang (2016); Park (2009);
Kwak (2016) and Poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-
2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl] thieno[3,4-b]thiophenediyl]] (PTB7)
Fernandes (2018); Liang (2010); Lu (2014), as well as organic - inorganic hy-
brid materials such as lead perovskite Wang (2015); Hu (2015); Wong (2018).
However, P3HT has also shown promising potential in other applications such
as organic field effect transistors Chu (2016), organic light emitting diodes
Jeong (2011); Roige (2012); Kumar (2012), and vapor sensing devices Ellis
(1996); Chan (2018); Im (2011). The presence of crystallinity within a P3HT
thin film has a strong effect on its electronic properties and is known to im-
prove device performance Seidler (2013); Bao (1996); Surin (2006). This im-
provement is due to increased hole mobility Joshi (2008); Woo (2012) caused
by the formation of long crystalline nanowires which increase the intercon-
nectivity of conductive pathways within the a device. The nanowires can
increase the conductivity of the material as they provide an extended lower
resistance channel for holes to be transported through a thin film compared
to amorphous P3HT Poelking (2013). Therefore, understanding the forma-
tion of nanocrystalline P3HT structures and developing methods to improve
the quantity and quality of nanowires in P3HT thin films remain a topic of
considerable interest.

The formation of nanostructures commences as soon as the conditions of
supersaturation in a suitable solvent are reached Newbloom (2014), and the
polymer chains start to reorganize into more energetically favorable struc-
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(a)

(b)

Figure 1: Chemical structure of P3HT and representation of a P3HT nanowire.

(a) The repeating unit of the conjugated polymer P3HT and (b) a schematic diagram of
the structure of a P3HT nanowire. Information from GIXD and TEM/XRD studies.
Reprinted with permission from Merlo (2004). Copyright 2004 American Chemical Society.

tures. Figure 1a shows the structure of P3HT, and figure 1b shows the struc-
ture of a P3HT nanowire Merlo (2004) (not dimensionally accurate). P3HT
experiences lamellar stacking which gives the nanostructures greater height
as shown in figure 1b. At the same time, the delocalized π electrons on neigh-
boring molecular chains interact causing the P3HT chains to π - π stack to
form long fibrous nanowires Merlo (2004); Dag (2010). Several solvents have
been successfully employed for the formation of P3HT nanostructures, in-
cluding toluene, xylene, chloroform, trichlorobenzene, dichlorobenzene, and
chlorobenzene Kleinhenz (2015); Oh (2012); Newbloom (2014). In particular,
chlorobenzene is a solvent widely used for P3HT, specifically for electronic
applications.

Several processing conditions have been investigated in order to optimize
this process and some have been shown to successfully promote nanowire for-
mation such as the above mentioned favorable solvent selection Han (2015);
Chang (2004), solution doping Kim (2010), use of ultrasound Xi (2018), use
of an appropriate film deposition technique Diao (2014); Katz (2004), and
post-treatments such as thermal Cho (2006); Cui (2003) and solvent anneal-
ing Fu (2015); Dickey (2006); Hu (2014). A long-term (> 2 hours) ageing of
the P3HT solution to self-assemble nanowires is one of the simplest meth-
ods of P3HT nanowire formation. This method promotes nanowire growth
without the need for additional treatments or dopants, and it is not limited
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to the deposition technique, simplifying in this way the device fabrication
process considerably.

Despite the interest in P3HT nanowires, a small amount of work has
been reported on monitoring the self assembly process directly in solution.
Ex−situ analysis allows observation of the nanowires only after they passed
through several processes (e.g. deposition and drying), that could have sig-
nificantly altered the structure Newbloom (2011). In contrast, in − situ
techniques directly monitor the nanowires in solution. SANS (small angle
neutron scattering) distinguishes itself amongst the in− situ techniques for
the passive interaction with the system under study, the possibility to simul-
taneously investigate a wide range of length scales, and the significant pen-
etration of neutrons into chlorine-based solvents, which makes SANS more
suitable than small angle X-ray scattering Newbloom (2012); Keum (2013);
Bernardo (2018). Previous studies have reported measurements and mod-
elling of P3HT nanowire self-assembly via SANS, under different conditions:
P3HT concentration, solvent Newbloom (2011), or different compositions of
a mixture of solvents Keum (2013); Newbloom (2014). However, other pa-
rameters fundamental for the growth of P3HT nanowires have not been as
widely studied. Temperature has been studied over a limited range New-
bloom (2012), and the ageing time has been reported only once Newbloom
(2014).

In addition to the ability of P3HT to self-assemble into nanowires in solu-
tion, the possibility of transferring these nanowires onto substrates with the
nanowires aligned along a preferential direction plays an important role influ-
encing the charge transport properties within the final applications Dorling
(2014); Lee (2011); Giri (2015); Na (2015). Charge transport is dependent
on crystal morphology, grain boundary effects, and inter-crystal morphol-
ogy Jimison (2009); Chang (2013). Several techniques have been successfully
employed to create aligned P3HT thin films, for example blade coating Chu
(2016), deposition under electric fields Xi (2017), spin coating Yuan (2014);
Kim (2015), mechanical stretching Chu (2016), and use of rubbed templates
Dorling (2014). In particular, spin coating appears to be the most desir-
able, due to its simplicity, accurate reproducibility, and highly controllable
parameters such as thickness. Conventional on-center spin coating produces
a network of randomly aligned nanowires. In order to align the nanowires
on the substrate, an off-center technique was developed Yuan (2014); Kim
(2015), whilst keeping the experimental apparatus simple and guaranteeing
optimal properties of the deposited material, specifically its electrical prop-
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erties.
In this work, we have studied the growth of regioregular (rr) P3HT (96.6%

regioregularity, Mw = 65, 500, Mn = 32, 000) nanowires in chlorobenzene
during long-term solution ageing using UV-Vis spectroscopy and small an-
gle neutron scattering (SANS). Conditions under which extensive nanowire
networks form in solution without the need for any treatment are identified.
Additionally, with SANS we are able to follow directly the evolution of the
geometrical shape of the rr-P3HT, as a function of the thermal history, vary-
ing simultaneously the ageing time and the temperature. Furthermore, we
have deposited aligned rr-P3HT nanowires from nanowire-rich solution via
two techniques: on-center spin coating, where a spin speed threshold for ra-
dial alignment has been found, and off-center spin coating. The preferential
alignment and the anisotropic properties are confirmed by atomic force mi-
croscopy (AFM), grazing incidence wide angle X-ray scattering (GIWAXS),
and electrical conductivity measurements. The increase in conductivity and
the control of structure formation during crystallization may be beneficial
for electronic applications of rr-P3HT.

2. Results and discussion

2.1. UV-Vis spectroscopy

In order to verify that ageing promotes nanowire growth of rr-P3HT in
chlorobenzene and to determine the time scale of this phenomenon, we mea-
sured the UV-Vis absorption spectra of a 10mg/mL solution at six time
points during a 312 hours period. Each measurement was done by extracting
a small sample from the 10mg/mL solution at each time step and diluting
it to 0.02mg/mL, to allow significant light to transit through the strongly
absorbing solution to permit meaningful absorbance spectra to be recorded.
As can be observed in figure 2, the 0 hours (as prepared) sample exhibits a
single broad absorption peak which is an indication of good dissolution of the
rr-P3HT in the solvent Fei (2015), suggesting that there is no aggregation or
crystallinity present in the sample. However after 24 hours the absorption
spectrum of the solution reveals one shoulder at 552nm and a small peak at
604nm which are attributed to P3HT π − π* transitions Shrotriya (2005);
Zhao (2010). The appearance of these vibronic peaks indicates that there is
aggregation in the solution and a higher degree of ordering of the polymer
chains Kim (2015), which is a sign of increased crystallinity and nanowire
formation. As the solution continues to age, the intensities of the second and
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Figure 2: UV-Vis absorbance. UV-Vis spectroscopy absorption data showing the evo-
lution of the absorbance spectrum of 10mg/ml rr-P3HT in chlorobenzene over a period of
13 days.

third peaks increase as shown after 48 hrs, 144 hrs, and 216 hrs, evidencing
further nanowire growth and improved rr-P3HT crystallinity. However, the
increase in intensity of the peaks from those samples is smaller, implying that
the formation of π−π* stacked lamellae is fast during the first 24 hours, and
decreases with time thereafter. Nonetheless, the 312 hours data confirm that
nanowire formation will continue as the solution ages, since its absorption
spectrum exhibits further higher intensities for the second and third peaks.

2.2. Small Angle Neutron Scattering

In order to understand nanowire formation by solution ageing, we studied
their growth at the molecular length scale using small angle neutron scat-
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tering (SANS). This was done by fitting the obtained 1D scattering plots
with the Guinier-Porod function Hammouda (2010); Hammoudabis (2010)
which can be used as an empirical model to determine the dimensionality
of the scattering objects. This function is a combination of the Guinier and
Porod models. The Guinier model is a standard model used to determine the
dimension of dilute, monodisperse spheres of coiled polymers Guiner (1955),
while the Porod model is used for elongated objects such as uncoiled poly-
mer chains, lamellar structures, and nanowires Feigin (1987). The combined
function includes a Porod exponent to determine the degree of elongation
of the polymer chains and lamellar stacking to form nanowires in a lamellar
Porod regime Hammouda (2010). The Guinier-Porod model makes it pos-
sible to follow the nanowire growth process from the Guinier regime when
the rr-P3HT molecules exist as small and almost point like objects (discrete
polymer coils), through the Porod regime as the P3HT elongates into rods
which π−π* stack to form lamellae and eventually forming nanowires, which
are readily observed upon spin coating (see figure 7a). Based on the gener-
alized Guinier law for such elongated objects Guiner (1955); Glatter (1982),
one can obtain the Porod-Guinier equations:

I(Q) =

{

G
Qs exp (

−Q2R2
g

3−s
), Q ≤ Q1

D
Qm , Q ≥ Q1

(1)

where two boundary conditions must be satisfied:

Q1 =
1

Rg

[

(m− s)(3− s)

2

]1/2

(2)

and:

D =
G

Rg
(m−s)

exp

[

−
m− s

2

][

(m− s)(3− s)

2

]
m−s

2

(3)

Where I(Q) is the scattered intensity, Q is the scattering variable, Rg is
the radius of gyration, m is the Porod exponent, G andD are the Guinier and
Porod scale factors, respectively, and s is a dimensionality factor Hammouda
(2010). Our main focus was on the s factor since it gives information on
the shape of the observed objects. All the parameters obtained from the
modelling can be found in table S1 in the supporting information document.
For any given scattering sample, an s value of 0 indicates globular objects
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extended in 0 macroscopic dimensions such as spherical polymer coils in the
solution; an s value of 1 indicates objects elongated in 1D, such as rods; and
finally an s value of 2 suggests 2D objects, for example lamellae or platelets.
Values of s between these integer values indicate that there is a mixture
of dimensional symmetries present. Additionally, the Porod exponent m
contains information about the origin of the scattering features Hammouda
(2010). For example, m = 4 indicates point like particles, m = 2 Gaussian
polymer coils or 2D objects (lamellae) at low Q, and m = 1 stiff rods.

Firstly, the growth of nanowires in a solution aged over a time period of
17.7 hours was monitored by measuring a fresh (as prepared) 3mg/mL rr-
P3HT solution three times overall this period. In order to achieve sufficient
contrast between rr-P3HT and the solvent the solution was prepared by dis-
solving rr-P3HT into deuterated (d5) chlorobenzene. In this first experiment,
a lower concentration was used, as this was proved to hinder the nanowire
formation process Malik (2004). A possible slowing down of nanowire forma-
tion was considered beneficial due to the long measurement times needed for
neutron experiment. However, the formation was sufficiently slow to follow
with SANS analysis, so for all subsequent SANS the standard 5mg/mL was
used. The rr-P3HT was dissolved at 80◦C, filtered, and cooled down to 25◦C.
This temperature was maintained constant during the subsequent measure-
ments. For each measurement, data were collected for 1.87, 1.07, and 1.02
hours after 0, 9.32, and 16.68 hours respectively (figure 3). According to the
Guinier Porod model fit, the dimensionality factor of the freshly prepared
sample (0 hours) was 0.58± 0.14. This suggests that the distribution of ob-
jects within the solution is partway between 0D and 1D structures. These
objects can be interpreted as spheres and rods indicating that the polymer
chains start to uncoil and elongate into rods as soon as the solution is cooled
to 25◦C. After 9.32 hours, the solution data showed an increased s factor of
0.88± 0.08 demonstrating that increased rod formation has occurred during
the ageing period. This was further confirmed by the data collected after
16.68 hours which had an s factor of 1.00± 0.02, corresponding to a regime
comprised of virtually only rods, demonstrating that after a further 6.3 hours
of ageing, the morphology had become that of entirely rod-like structures.
These results are summarized in table 1, and prove the extensive formation
of rods within first hours of ageing.

To corroborate the findings from UV-Vis, a second solution for SANS with
increased concentration was measured after one week of ageing. A solution of
5mg/mL of rr-P3HT in deuterated (d5) chlorobenzene was stored for 7 days
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Figure 3: SANS of fresh P3HT solution. SANS data and their corresponding fits
(gray) of the freshly prepared rr-P3HT solution collected three times after 0 hours (pink),
9.32 hours (red), and 16.68 hours (claret), during a 17.7 hours period while kept at 25◦C.
The three measurements are shown offset by two decades from each other to enable com-
parison.

Table 1: Dimensionality factors (s) resulting from applying the Guinier Porod function to
fit the three SANS data sets collected for the fresh rr-P3HT solution over a period of 17.7
hours. Temperature and interpretation of the contents of the solution are also shown for
comparison.

Time (hrs.) Temperature (◦C) s factor Morphology
0 25 0.58± 0.14 slight majority of rods, and spheres

9.32 25 0.88± 0.08 mostly rods
16.68 25 1.00± 0.02 rods
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Table 2: Dimensionality factors (s) resulting from applying the Guinier Porod function to
fit the three SANS data sets collected for the one week aged rr-P3HT solution at tempera-
tures of 18◦C, 25◦C or −2◦C over a period of 181.93 hours.

Time (hrs.) Temperature (◦C) s factor Morphology
168 18 (ageing), 25 (measure) 1.29± 0.11 mostly rods, and lamellae
169.5 25 1.10± 0.13 mostly rods, and lamellae
181.57 25 after −2 1.39± 0.19 majority of rods, and lamellae

at 18◦C. This concentration has been chosen because it is within the typical
range for P3HT in solution Chu (2016); Kim (2015); Heo (2018); Newbloom
(2011). The solution was then loaded into the sample chamber and kept at a
constant temperature of 25◦C during 0.37 period of data collection. Figure
4 shows the scattering plot for the sample along with its corresponding fit.
According to the Guinier Porod model fit, the dimensionality factor was
1.29± 0.11 which suggests a system comprised mostly of 1D objects, but 2D
objects as well (table 2). Compared to the freshly prepared sample shown
in table 1 the s factor of the one week aged solution is higher. While s
factor increases from 0 to 1 indicate the evolution of polymer chains from
spherical random coils towards elongated rods, further increases towards 2
represent the π - π stacking of rods into lamellar structures. The lamellae can
ultimately stack into a nanowire. This confirms our findings from the UV-
Vis section that a suitably long ageing period promotes nanowire formation.
A second measurement (lasting 0.52 hours) was performed after that the
solution was kept at 25◦C for 1.13 hours. The dimensionality factor was
1.10±0.13, slightly lower than the previous one, but still in the mixed regime
of rod-like and lamellar structures. Therefore, the s factor has changed after
a period at higher temperature, an indication that the dimensionality of the
nanostructures depends on the temperature. In order to validate this, a
third measurement was taken also at 25◦C, but after a short period (0.55
hours) at significantly lower temperature (−2◦C). The temperature was
then set back to 25◦C for the 0.37 hour measurement. The dimensionality
factor of 1.39± 0.19 suggests that more rr-P3HT chains had assembled into
lamellar structures due to the cooling process, evidencing that decreases in
temperature significantly promote lamella formation and therefore nanowire
growth.

The effect of solution temperature on nanowire formation was more sys-
tematically investigated by preparing a fresh 5mg/mL solution, and mea-
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Figure 4: SANS of 1 week aged P3HT solution. SANS data and their corresponding
fits (gray) of the one week aged rr-P3HT solution collected three times after a total ageing
of 168 hours (light blue), 169.5 hours (azure), and 181.57 hours (dark blue). The solution
was kept at 18◦C during the ageing, at 25◦C during the measurements, and dropped for
33min at −2◦C just before the third measurement. The three measurements are shown
offset by two decades from each other to enable comparison.
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suring it 8 times during a period of 42.77 hours at different temperatures
(see figure 5 and table 3). During the first step, the solution was kept at
75◦C for 7.5 hours, and measured twice for 0.75 hours, after 3.45 and 6.75
hours. In the supporting information, Figure S1 shows the data collected
for the two measurements, and the corresponding fits for all the SANS mea-
surements are reported in table T1. The dimensionality factors of the data
collected were 0.48 ± 0.12 and 0.38 ± 0.16, for the 3.45 hours and the 6.75
hours measurements, respectively. These values indicate a regime between
that of globular or spherical scattering objects, and that of rods. As we ex-
pected, this suggests that the formation of nanowires has not been able to
proceed due to the high temperature, that keeps the polymer solubility high,
and prevents aggregation of the rr-P3HT chains. The decrease in s factor
for the second measurements could indicate further dissolution of polymer
towards spherical structures, but a more final conclusion is prevented by the
values being within error estimations.

For the second temperature step, the sample chamber was cooled down
to 4◦C during a 1 hour ramp, and kept at that temperature for an additional
time of 29.93 hours. During this time, data were collected for 1 hour three
times at total times of 9.5, 17.5, and 36.5 hours respectively (see supporting
information, figure S2). The s factors of the sample at the three different
times were 0.52± 0.14, 1.39± 0.03, and 1.52± 0.04, respectively. The small
increase of the s factor from the final high temperature measurement at 6.75
hours, to the first low temperature measurement at 9.5 hours indicates a
slight reduction in the presence of spherical objects (polymer coils) in solution
and the appearance of some rod-like structures, suggesting that the decrease
in temperature has already started to promote chain elongation, although
it is noted this change is relatively small. The positive effect that lowering
the temperature has on nanowire formation is demonstrated by the further
increase in the s factor when the sample is maintained at 4◦C for the 17.5 hour
and 36.5 hour measurements. There is a significant increase in s indicating
the presence of lamellar structures and nanowires already at 17.5 hours (9
hours at 4◦C). This is a clear indication that a prolonged period of time at
low temperature is highly beneficial for nanowire formation.

During the last step, the sample chamber temperature was stepwise in-
creased to 20◦C, 40◦C, 60◦C and 80◦C, with ramps of 0.17 hours. The
temperature was held at each of these increments for 0.92 hours for data
collection. Three measurements were taken at 38.6, 39.68, and 41.85 hours,
corresponding to 20◦C, 40◦C, and 80◦C (see figure S3 in supporting informa-
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Table 3: Dimensionality factors (s) resulting from applying the Guinier Porod function to
fit the SANS data sets collected for the fresh rr-P3HT solution. Temperature and time for
each result are shown for comparison

Time (hrs.) Temperature (◦C) s factor Morphology
3.45 75 0.48± 0.12 spheres and rods
6.75 75 0.38± 0.16 majority of spheres, and rods
9.5 4 0.52± 0.14 spheres and rods
17.5 4 0.93± 0.40 rods
36.5 4 1.52± 0.05 rods and lamellae
38.6 20 1.39± 0.05 majority of rods, and lamellae
39.68 40 0.49± 0.13 spheres and rods
41.85 80 0.28± 0.16 majority of spheres, and rods

tion). The corresponding dimensionality factors were 1.39±0.05, 0.49±0.13,
and 0.28 ± 0.16, respectively. The slight decrease of the s factor between
the previous 4◦C, measurement and the 20◦C measurement suggests a small
decrease of lamellar structures in the solution attributed to nanowires re-
dissolving due to increasing temperature. The removal of nanowire struc-
tures by increasing the temperature is evident with the dramatic drop in s
factor between 20◦C and 80◦C, suggesting a rapid disappearance of lamellar
structures. At 40◦C there is an evenly mixed regime of rod-like and spherical
objects. At 80◦C the P3HT has mainly re-dissolved, therefore the majority
of the rr-P3HT is present in the shape of sphere-like objects. All these results
highlight the important role of temperature plays in the formation and the
shape of rr-P3HT nanostructures in solution, and that a strong asymmetry
exists between formation and dissolution of nanostructures. Formation of rr-
P3HT nanostructures during cooling is much slower than dissolution during
heating.

The results from the analysis of s values are supported by the interpreta-
tion of the Porod exponent m. As one can see in table S1 in the supporting
information and in figure 5, m usually follows the same trends as s, increasing
when s increases. Values of s = 2 indicate the presence of lamellae. At high
temperature 40− 80◦C these disappear and m is closer to 1 which indicates
rods. Note that at 16.68 hours in table 1, m is equal to 4, but in this case
the fit is poor, and the errors for m are very large.
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Figure 5: Evolution of s factor with time and temperature. Temperature (blue line
and scale), m exponent (gray bars and red scale) and dimensionality factor s (red bars and
scale) as a function of the ageing time of a 5mg/mL rr-P3HT solution.

2.3. Alignment of nanowires in thin films

Nanowires formed in a solution aged for long period of time were deposited
as thin films and their alignment as a function of spin speed was investigated
by atomic force microscopy (AFM). A one month aged 5mg/mL rr-P3HT
solution in chlorobenzene was on-center spin-coated at 1000, 2000, 4000,
and 5000rpm. As shown in figures 6a and 6b, at low spin speeds (1000
and 2000rpm) some of the nanowires are aligned, mainly those close to the
substrate, but most of the nanowires have a random direction throughout the
film. The nanowires closest to the substrate are most likely to align along
the radial flow direction suggesting that the alignment is a result of pinning
to the substrate and then being drawn out in the radial direction by the
flowing solution. When the film is spin-coated at higher speeds (> 4000rpm)
a clearer pattern of preferential alignment for the nanowires appears on the
film, especially towards the edge of the substrates, as shown in figures 6c and
6d. The dependence of nanowire alignment on spin speed can be attributed
to the magnitude of the centripetal and centrifugal forces. At lower speeds
these forces seem insufficient to align the nanowires in the radial direction.
However, as the spin speed increases, the magnitude of the radial forces
increases, becoming capable of forcing the nanowires to align in the radial
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direction.
The typical height and width of nanowires were determined by analyzing

the height profiles across selected nanowires. In order to obtain high quality
nanowires but with low density so that we can isolate them for analysis, we
stored a 10mg/mL at 4◦C for 27 days, and then diluted it to 1.67mg/mL
for spin-coating at 5000rpm for 60sec. Initially, 8 homogeneous sections
of nanowire in a single image 7a were selected, and their profiles obtained
by averaging the height profile along a constant length of the respective
nanowires (the length of the sections averaged is indicated by the bars in
figure 7a). Subsequently, the nanowires with profiles 1 to 5 were identified as
being exposed on the surface, whereas profiles 6 to 8 belonging to nanowires
partially embedded within an amorphous layer of rr-P3HT, and therefore not
an accurate representation of the nanowire population. Lastly, the overall
average height and average width were calculated: the average height by
averaging the maximum values of profiles 1 to 5, and the average width by
averaging the full width at half maximum height values of the same profiles
(figure 7b). The overall average height and width of nanowires were found
to be 6.4 ± 0.7 and 25 ± 3nm, respectively. These height and width values
for nanowires agree with those reported in literature given that the width of
the nanowire is proportional to the average molecular weight of the polymer,
i.e. dependent upon the average polymer chain length Oosterbaan (2009).

2.4. Conductivity dependence of nanowires on directional alignment

In order to confirm possible electrical anisotropy arising from nanowire
alignment, nanowires were deposited on ten different glass substrates each
with two lithographically defined rectangular gold electrodes separated by
a 10µm gap. The substrates were positioned 2cm away from the center of
rotation of the spin coater Yuan (2014); Kim (2015), with the gap between
electrodes aligned in two possible ways: either parallel to the radial direction
(substrate on the right in figure 8) or perpendicular (substrate on the left).
In total, 5 samples were deposited for each configuration, from a 5mg/mL 1
month aged solution cast at 5000rpm, which generates a centripetal accelera-
tion of 139m/s2. AFM height images of the nanowire coated samples, shown
in figure 9, confirm that the nanowires align along the radial direction of
rotation. Therefore the nanowires are oriented perpendicular across (figure
9a) or parallel along (figure 9b) the gap between the electrodes.

Once prepared, each of the 10 samples was subjected to a −1V to 1V
voltage sweep across the gap between the electrodes. The averaged current-
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(a) (b)

(c) (d)

Figure 6: AFM images of on-center spin coated samples. Atomic force microscopy
height images of one month aged 5mg/ml rr-P3HT in chlorobenzene, spin coated on-center
at (a) 1000rpm, (b) 2000rpm, (c) 4000rpm, and (d) 5000rpm.
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(a) (b)

Figure 7: Analysis of nanowire dimensions via AFM. (a) AFM image of a rr-
P3HT film deposited from a 27 days aged solution, and (b) 8 height profiles of highlighted
nanowires, averaged along a section of 130nm along the nanowire length with the software
Gwyddion.

Figure 8: Graphical representation of the off-axis spin-coating technique. Sub-
strates are placed in one of the extremities of a glass slide to promote the alignment of
nanowires (red). Note the different orientation of the gold electrodes substrates (yellow),
so that the nanowires are aligned by centripetal forces either along (right) or across (left)
the gap between electrodes.
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(a) (b)

Figure 9: AFM images of off-center spin coated samples. Height images of the
rr-P3HT films deposited from a one month aged solution onto electrode patterned glass
substrates. Both images are oriented such that the electrodes are positioned to the left
and right sides of the images resulting in films with nanowires aligned (a) across the
gap (perpendicular to the electrodes), or (b) along the length of the gap (parallel to the
electrodes).

voltage data reported in figure 10 are split between the two configurations
(averaging 5 samples each), and show resistances of 5.83MΩ when nanowires
are aligned parallel along the gap, and 3.83MΩ when perpendicular across
the gap. As expected, the current travels with greater ease along the length
of the nanowires. This anisotropic conductivity exhibited by rr-P3HT sug-
gests that the nanowires that are perpendicularly aligned across the gap
between electrodes provide a more favorable path for the charge carriers to
travel from one electrode to another, resulting in improved conductivity. On
the other hand, in the samples where nanowires are aligned parallel to the
channel, the charge carriers have to jump from nanowire to nanowire, or are
restricted to the limited number of misaligned nanowires crossing the gap
between electrodes. This preferential alignment is easily controlled during
the production process, and can have beneficial effects for the properties of
devices, because it significantly improves the electrical conductivity along
the desired direction.

2.5. Grazing Incidence Wide Angle X-ray Scattering

The structural orientation of aligned rr-P3HT nanowires was also investi-
gated by grazing-incidence wide angle x-ray scattering (GIWAXS). This was
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Figure 10: I−V graph. Averaged I−V responses of the 10 samples of rr-P3HT nanowires.
Each plot is an average of 5 samples, with those aligned parallel (gray) and those aligned
perpendicular (black) to the gap.
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done using nanowire samples spin-coated onto Si substrates from a 1 month
aged, 5mg/mL solution at 5000rpm. Figure 11a shows the two-dimensional
GIWAXS image of an on-center spin-coat sample, where nanowires are ran-
domly aligned in the center of the substrate. The three distinctive peaks
along the vertical out-of-plane direction at Qz ∼ 0.39Å−1, Qz ∼ 0.78Å−1,
and Qz ∼ 1.17Å−1 correspond to the lamellar spacing in the (100), (200),
and (300) axes, due to spacing between the polymer backbones as a results of
the rr-P3HT side chains. The peak along the horizontal in-plane direction at
Qx ∼ 1.62Å−1 corresponds to the π-π stacking in the (010) axis, as reported
by others Sirringhaus (1999); Yang (2005). This preferential ordering of rr-
P3HT chains is typical of an edge-on position in which the alkyl side-chains
face the substrate Kwon (2014). We then analyzed two off-center spin-coat
samples, one measured such that the x-ray beam was incident parallel to the
direction of the nanowires and another one such that the x-ray beam was per-
pendicular to them. Figures 11b and 11c show the two-dimensional images of
the x-ray scattering from the samples (having been corrected for the curved
surface of the Ewald sphere), and figures 11d and 11e show one-dimensional
radial integrations taken from the images either vertically in the out-of-plane
direction Qz, or horizontally along the in-plane direction Qx. Both the GI-
WAXS images of the samples with aligned nanowires confirm the edge-on
orientation of rr-P3HT polymer backbones evidenced by the three peaks at
Qz ∼ 0.39Å−1, Qz ∼ 0.78Å−1, and Qz ∼ 1.17Å−1 in the out-of-plane di-
rection due to the side chains spacing, and the Qx ∼ 1.62Å−1 peak in the
in-plane direction, corresponding to π-π stacking in the (010) axis. All of the
x-ray scattering features are more intense in the randomly oriented sample
compared to the aligned samples which we attribute to a greater density of
nanowires being present in the on-center sample due to reduced centripetal
forces. According to the out of plane data, for the nanowires aligned across
the x-ray beam direction, the peaks at Qz ∼ 0.39Å−1, Qz ∼ 0.78Å−1, and
Qz ∼ 1.17Å−1 are more intense (approximately double) compared to the one
in the sample where the nanowires run parallel to the beam direction. We
attribute this increased scattering associated with lamellar stacking to the ge-
ometry of the measurement which samples a larger number of nanowires when
they run across the beam. Furthermore, when comparing the in plane x-ray
scattering, it is evident that the intensity of the peak at 0.39Å−1 is stronger
in the measurement across the nanowires, but the 1.62Å−1 peak, if considered
relative to the intensity of the 0.39Å−1 peak, is stronger in the measurement
where the x-ray beam is oriented along the length of the nanowires. We
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attribute the relative increase in scattering on the Qx ∼ 1.62Å−1 peak to the
parallel alignment of the nanowires with respect to the direction of the x-ray
beam. Since the length of nanowires depends on π-π stacking (see figure 1b)
the x-rays travelling along the nanowires are increasingly scattered by the
repeating π-π stacks resulting in the relatively more intense peak shown by
the in plane data.

3. Conclusions

In summary, we have been able to follow the formation of rr-P3HT nanos-
tructures in−situ in chlorobenzene solution via small angle neutron scatter-
ing, modelling the data using the Guinier-Porod equation, and we were able
to directly link processing conditions (ageing, heating, cooling) to the nanos-
tructure shape and morphology. Optical absorption spectroscopy revealed
that crystallization is initially fast, but continues for a period of at least
13 days, albeit with a decreasing rate. We showed that the solution tem-
perature significantly impacts nanowire formation and enables control over
nanowire population. Low temperatures (−2◦C to 4◦C) for a suitable time
period promote rr-P3HT elongation into rod structures, followed by stacking
of these rods into lamellae and lamellae into nanowires, whilst high tem-
peratures (40 − 80◦C) disassemble these higher dimensionality structures.
We also noticed that the dissolution rate is faster than the crystallization
rate. Additionally, we deposited the nanowires as thin films via on-center
and off-center spin coating, demonstrating the conditions to achieve align-
ment of nanowires, in particular in terms of spin coating speed and distance
from the center of rotation. Such alignment and anisotropy were corrobo-
rated by AFM and grazing-incidence wide angle x-ray scattering. Finally,
via I − V characterization we demonstrated an improved conductivity of
selectively aligned nanowires; therefore, the formation of crystalline phases
such as lamellae and nanowires can have a significant impact. They have
the potential to improve the performance in electronic devices, such as or-
ganic transistors and gas sensors. We demonstrated the existence of a close
relationship between the thermal and temporal conditions of the rr-P3HT
solution and the nanowire formation within it. This may well explain the
large variations in performance when rr-P3HT is used to fabricate organic
devices. To mitigate this it is important to accurately control the thermal
history of the solution and the conditions of deposition, taking into account
that for the production of devices the solutions are usually heated at 80◦C
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(d) (e)

Figure 11: GIWAXS data and profiles. GIWAXS 2D graphs of rr-P3HT nanowires
randomly aligned (a), predominantly aligned perpendicular to (across the nanowires) the
x-ray beam (b), and predominantly aligned parallel (along the nanowires) to the x-ray
beam (c). Vertical out-of-plane (d) and horizontal in-plane (e) 1D sector radial integration
graphs are shown for the nanowires aligned perpendicular and parallel to the the x-ray
beam.
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in order to molecularly dissolve rr-P3HT.

4. Experimental

4.1. Preparation of P3HT solution

A number of rr-P3HT solutions with different concentrations were pre-
pared by dissolving rr-P3HT (Ossila Ltd, M101, 96.6% regioregularity, Mw =
65, 500 and Mn = 32, 000) in chlorobenzene (Sigma Aldrich Ltd, 99% grade).
The solutions were stirred for 10 minutes at 80◦C and then left to cool for
5 minutes, before the solutions were filtered through a 0.45µm Whatman
PTFE filter. They were stored before use in the dark at room tempera-
ture (18◦C) and approximately 30% relative humidity for the required age-
ing period. For the AFM measurement in figure 7, a different batch of rr-
P3HT was used (Ossila Ltd, M102, 95.6% regioregularity, Mw = 65, 200 and
Mn = 29, 600). Slight variations in the rr-P3HT used for these measure-
ments were noted with the solution requiring slightly lower temperature for
nanowire formation. This was attributed to improved solubility due to the
Mw and regioregularity differences. For the neutron scattering experiments,
deuterated chlorobenzene (d5, 99%) from Goss Scientific Instruments Ltd,
was used as solvent to enhance the scattering contrast between the solvent
and the rr-P3HT.

4.2. Nanowire Deposition and Alignment by Spin Coating

The nanowires produced in this study were spin coated either onto 15mm
by 24mm Si wafer pieces for AFM and GIWAXS characterization, or onto
glass substrates with lithographically defined gold electrode pads (10µm spac-
ing between the two electrical contact pads) for electrical characterization.
All substrates were washed prior to use in an ultrasonic bath for 10 minutes
in a 1% Hellmanex �III/deionized water solution and subsequently in a 2-
Propanol reflux unit. After the sonication, the substrates were rinsed twice
in hot D.I. water and once in cold D.I. water. The substrates were then
dried under a nitrogen gas flow and lastly cleaned with oxygen plasma for
5 minutes. 100µL of the rr-P3HT solution (containing nanowires) was then
spin-coated at the required spin-speed for 1 minute, then the samples were
left to dry in air at 18◦C for 15 minutes.
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4.3. Characterization methods

The optical absorption spectra of the solutions was obtained using a
Mikropack UV-VIS-NIR mini D2 light source (350 − 850nm) and an Ocean
Optics USB 2000 spectrometer. The small angle neutron scattering (SANS)
experiments were conducted using the SANS2D small-angle diffractometer
Heenan (2011) at the ISIS Pulsed Neutron Source (STFC Rutherford Ap-
pleton Laboratory, Didcot, UK). A pulsed neutron beam with an incident
wavelength range of 1.75− 16.5Å was directed through the samples simulta-
neously delivering a scattering q-range of 0.0045− 0.75Å-1 measured using a
1m2 detector offset vertically by 150mm and horizontally 180mm. The sam-
ples were contained within quartz banjo cells (Hellma GmbH) with a 2mm
path length. The temperature of the vials was controlled using a recircu-
lating water bath. The diameter of the beam was 12mm. The small angle
scattering data collected were processed to correct for the detector response,
transmission of the sample and background scatter, and reduced to a one
dimensional plot of intensity versus momentum transfer using the Mantid
data reduction software Arnold (2014). The intensity data were normalized
to an absolute scale (cm-1) which was determined by comparing with a stan-
dard sample (a solid blend of hydrogenous and perdeuterated polystyrene)
in accordance with established procedures Wignall (1987). The atomic force
microscopy (AFM) images were collected using a Veeco Dimension 3100 AFM
with a Nanoscope IIIa controller and basic extender. The instrument was
operated in tapping mode with Bruker TESPA tapping mode cantilevers,
with a nominal spring constant of 42N/m and a nominal resonant frequency
of 320kHz. I-V curves were obtained with software developed in LabView
and a Keithley 2400 voltage source meter. Grazing-incidence wide angle X-
ray scattering (GIWAXS) experiments were conducted at the Diamond Light
Source, beamline I07 (Didcot, UK). Here, a 8keV energy X-ray beam was
incident on the sample surface at a grazing incidence angle of 0.22◦. The
images were collected using a Pilatus 2M x-ray detector with a sample to de-
tector distance of 337mm. A purpose built sample chamber in which a steady
low flow rate of helium gas was used to reduce background X-ray scattering
housed the samples during the experiment. The resulting data were cali-
brated using a sample of silver behenate, and analyzed using DAWN x-ray
analysis software.
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