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A key detail for conjugated polymers is to focus on the stability of the patterned nanostructure profile and

the molecular alignment within the topography structure. We demonstrate here that the fabrication of

a patterned poly(3-hexylthiophene) (P3HT) nanopillar film can be achieved by a simple and cost-effective

solvent-assisted room-temperature nanoimprinting lithography (SART-NIL) method. This indicates that

a face-on molecular alignment is induced in the nanostructure of the arrays of the nanopillars. In order

to investigate the thermal stability of the P3HT nanopillar film, the effect of thermal annealing treatment

on the nanostructure morphology and molecular alignment of the nanopillar film is performed here. This

confirms that the thermal annealing plays a different role in the stability of the nanostructure

morphology and molecular alignment for the P3HT nanopillar film. The stability of the patterned

nanopillar profile significantly depends on the annealing temperature, however, the stability of the

nanoimprint-induced face-on molecule alignment is immune to heating during annealing. The

nanoimprint-induced face-on molecule alignment is maintained after the thermal annealing. In addition,

the evolution of the surface topography and the molecule alignment during the thermal annealing is also

investigated in detail.
Introduction

During the past few decades, conjugated polymers have
emerged into an effective functional material and attracted
more and more focused attention. The optical and electronic
properties of conjugated polymers are intrinsically anisotropic
due to the delocalization of the p-electrons along their back-
bones1 and the strong inter-chain electronic-coupling.2

Thereby, control over the molecular and crystallographic
alignment of conjugated polymers allows for efficient charge
transport along specic directions in organic optoelectronic
devices such as light-emitting diodes,3 eld-effect transistors4

and photovoltaic cells.5 Various approaches such as self-
assembly,6 external elds,7 epitaxy8 and nano-connement9

have been developed to control the orientational order of
conjugated polymer thin lms and to improve the performance
of organic optoelectronic devices. In addition to the required
preferential alignment in thin lm architectures, the fabrica-
tion of nanostructures of conjugated polymers is also desirable
because this would enable the fabrication of miniaturized
ce, Huaibei Normal University, Huaibei

n

ls, Anhui, 235000, China

tion (ESI) available. See DOI:

hemistry 2017
optoelectronic devices10 or sensors with improved sensitivity.11

For example, for organic photovoltaic cells, creating nano-
structures with a well-dened morphology in the active layers is
signicant because an ordered bulk heterojunction consisting
of vertically aligned conjugated polymer nanorods (donor)
surrounded by the acceptor materials allows for highly efficient
lateral exciton diffusion and vertical charge transport with
reduced recombination rates.12

Fortunately, when the imprinting conditions were appro-
priately applied, the nanoimprinting lithography (NIL)
method was not only able to fabricate the nanostructures of
materials but also to adjust the molecular and crystallographic
alignment of the imprinted materials which were able to self-
organize.13–22 NIL is investigated as a promising method to
fabricate nanostructures due to its advantages of having a high
resolution and an effective cost and being a simple process.23

Since the NIL method is an essential mold technique acting at
the nanometer scale, it can thus be used to directly fabricate
some functional so materials into nanostructures with a well
dened morphology, for example, semiconducting poly-
mers.13–16,24–27 Hu et al.15 indicated that the vertical chain
alignment could be observed in both nanoimprinted poly(3-
hexylthiophene) (P3HT) nanogratings and nanopillars. Ocko
et al.16 showed that the nanoimprinting method can transfer
topographical features from the master to the P3HT lm with
a high delity, and further that the imprint process reorients
RSC Adv., 2017, 7, 49227–49234 | 49227

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra09667d&domain=pdf&date_stamp=2017-10-20
http://orcid.org/0000-0002-0021-1209
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra09667d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007078


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 2

/6
/2

02
6 

2:
29

:5
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the polymer material from an edge-on to face-on molecular
alignment. Typically, conjugated polymers have been heated
to a temperature above their glass transition temperature or
melting point. Conjugated polymers, however, are easily
oxidized and decomposed at an elevated temperature, leading
to a decrease in the performance of the optoelectronic
devices.28 To overcome the drawback of thermal NIL, the NIL
method at room temperature has been proposed to fabricate
polymer nanostructures.29 Recently, our group has presented
a simple and cost-effective solvent-assisted room-temperature
NIL (SART-NIL) method based on the NIL technique to fabri-
cate the polymer nanostructure or induce the molecular
alignment.30–33 However, a comprehensive understanding of
the NIL process in dening or reorienting the molecular
alignment is unclear and the simultaneous determination of
the polymer chain alignment and nanostructure morphology
still has a long way to go.

The patterning resolution is mainly determined by the
viscoelastic deformation of the polymer lm under applied
pressure and thus is dependent on many rheological factors,
for example, the molar mass, the internal stress and the
imprinting temperature.34,35 Therefore, the stability of the
pattern structure fabricated by the NIL process is a signicant
concern for the optimization of the imprinting process and its
developed application.36 As for the conjugated polymer, aer
the NIL process, it is, of course, very important to nd a suit-
able solvent or annealing operation process to protect the
pattern stability during the application of the imprinted
structure.37,38 For example, Trimmel et al. indicated that the
nanostructures of the conjugated polymer formed by the NIL
method were retained till the annealing temperature up to
160 �C and the hybrid solar cell based on them showed
signicantly improved efficiency.39 Typically, thermal anneal-
ing is used to fabricate the organic semiconducting device of
the conjugated polymer to obtain the modication of the nal
morphology and internal structure accordingly.40 In addition,
it is indicated that the molecular packing and molecular
orientation of the conjugated polymer is signicantly depen-
dent on the thermal annealing treatment.41,42 Therefore, it is
signicant to focus on the inuence of thermal annealing on
the pattern structure deformation and molecular alignment
stability of the conjugated polymer nanostructures assisted by
the NIL method.

Here, we want to fabricate nanopillars on the surface of
a P3HT polymer lm assisted by the employment of the SART-
NIL method and investigate the stability of the morphology
and molecular alignment of the P3HT nanopillars during the
thermal annealing process. The molecular alignment is care-
fully detected by a grazing incidence wide angle X-ray diffrac-
tion (GIWAXD) measurement. The results indicate that the
SART-NIL processing is able to adjust the chain alignment
within the nanopillar lm. Surprisingly, the imprinting-induced
molecular alignment of the P3HT nanopillar lm is maintained
as the nanopillar pattern morphology is largely deformed
during the thermal annealing treatment. A detailed transition
process of both the molecular alignment and nanopattern
morphology is carefully discussed.
49228 | RSC Adv., 2017, 7, 49227–49234
Experimental

The conjugated polymer P3HT (Mw 50 000 g mol�1; regior-
egularity 98%) was purchased from Rieke Metals Inc. and was
used without any further treatment.

The P3HT lm was formed by virtue of spin-coating from the
polymer solution onto the substrate. The polymer was rstly
dissolved in chlorobenzene solvent at a concentration of 20 mg
ml�1 and was ltered using polytetrauoroethylene lters with
a 0.25 mm aperture. Silicon sheet (2 cm � 2 cm) was chosen as
the substrate and was washed with deionized water, ethanol,
acetone and isopropyl alcohol for 15 min in that order. Aer the
silicon sheet was dried, the P3HT solution was spin cast onto
the substrate surface. The spin speed for the spin coating was
1600 rpm and held for 10 s. Then, the P3HT polymer lm was
immediately transferred to the nanoimprinting system.

The patterned P3HT nanopillar lm was fabricated by the
assistance of the SART-NIL method under ambient atmosphere
and room temperature conditions. The spin-casted P3HT lm
was covered by an anodic aluminum oxide (AAO) template. The
fabrication of the AAO template was performed by the two-step
anodization method.43 The AAO template was soaked in per-
uorooctyltrichlorosilane vapor for 12 h at 110 �C under N2 to
protect it, aiming to get a super hydrophobic surface for
demolding successfully and easily. The SART-NIL process was
performed at room temperature (23 �C) and a pressure of 60
bars for 15 min. Aer the AAO template demolded, the
patterned P3HT nanopillar lm was fabricated successfully. For
contrast analysis, an unpatterned P3HT lm was also fabricated
by spin-coating P3HT onto the substrate surface without going
through the SART-NIL process. Finally, the whole P3HT lms
were subsequently dried for at least 24 h under vacuum.

To study the lm morphology, the characterization was
performed with a Scanning Electron Microscope (SEM, Hitachi
S-4800) and Atomic Force Microscope (AFM, Multimode 8,
Bruker). The SEM investigation was operated at 15 kV. AFM was
mainly employed to measure the morphology transition of the
P3HT samples during the thermal annealing process. The AFM
morphology was recorded in situ (xed hot stage) with the
tapping mode during the annealing process. The annealing
temperature was xed from 23 to 180 and then to 23 �C under
ambient atmosphere. Grazing incidence wide angle X-ray
diffraction (GIWAXD) data were obtained at beamline BL14B1
of the Shanghai Synchrotron Radiation Facility (SSRF) using X-
rays with a wavelength of 1.2398 Å. Detailed information about
beamline BL14B1 can be found in a previous report.44 The
incident angle of the X-ray beam was 0.18�. Data conversion to q
space was obtained by calibration using LaB6 powder. The
intermediate beam stop was put down to block the primary
beam line. GIWAXD data were collected in situ with the aid of
xed heating equipment for thermal annealing.

Results and discussion

Here, we continue to demonstrate that the fabrication of the
patterned P3HT nanopillar lm can be achieved by the simple
and cost-effective SART-NIL technique. The preparation process
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Top-down SEM images of the AAO template (a) and the P3HT
nanopillar film (b).
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of the P3HT nanopillars based on the SART-NIL method is
illustrated in Scheme 1. Firstly, the P3HT solution is used to
spin cast onto the clean silicon substrates for a very short time
to obtain the P3HT lm. Then, the P3HT lm is directly trans-
ferred to the nanoimprint lithography system at once to carry
out an immediate NIL process at room temperature for some
time. Finally, P3HT nanopillars are gained successfully aer the
AAO template is demolded directly from the P3HT lm. The
residual solvent due to the very short spinning time lowers the
viscosity of the polymer effectively and enhances the mobility of
the polymer molecule. Thus, this forces the polymer molecule
to ll the whole nanopore of the AAO template and acts as
a solvent-assisted technique. During conventional NIL, the
polymer molecule is pressured with difficulty into the mold at
room temperature and thus is heated to higher temperature in
order to ow into the nanopore. However, the polymer here can
be patterned easily at ambient temperature under the employ-
ment of the solvent-assisted method. It is noted that, in order to
obtain a very ordered pattern lm with large areas, it is neces-
sary to pay more attention to the AAO template having
a uniform smooth and superhydrophobic surface for the NIL
process.

Fig. 1 shows the top-down SEM images of the AAO template
and the P3HT nanopillar lm. We can see that the AAO
template, as shown in Fig. 1a, includes regular and hexagonally
packed nanopores bearing a diameter of �85 nm and a center-
to-center distance (period) of �150 nm. The cross-sectional
SEM image of the AAO template is shown in Fig. S1 of the
ESI† and the length of the nanopores of the AAO template is
about 1000 nm. Aer the AAO template demolded, the diameter
and period of the obtained P3HT nanopillars precisely replicate
the dimensions of the nanopores within the AAO mold (except
for the length of the nanopores due to the limit of the polymer
lm thickness). This conrms that uniform arrays of the P3HT
nanopillars can be obtained by the SART-NIL method. In
addition, it is noted that the excellent surfacemorphology of the
P3HT nanopillars indicates that the P3HT molecules are able to
ow into and ll the nanopores of the AAO template conve-
niently during the SART-NIL process. To achieve this goal, the
combined action of some factors is a key effect in determining
the perfect nanostructure morphology, such as the residual
Scheme 1 The fabrication and thermal annealing process of the P3HT
nanopillar film fabricated by the SART-NIL method.

This journal is © The Royal Society of Chemistry 2017
solvent assistance within the polymer lm, the stiffness of the
AAO template and the applied pressure.

It has been reported that the SART-NIL method is not only
able to fabricate the P3HT nanostructures simply but also to
adjust the polymer molecule alignment.31,33 To probe the
inuence of the NIL method on the molecular alignment of the
P3HT nanopillars, the crystallization and chain orientation of
the P3HT molecule were investigated by grazing incidence wide
angle X-ray diffraction (GIWAXD) measurements at a synchro-
tron radiation facility to provide the beam source. The experi-
mental geometry of the X-ray measurements is shown in
Scheme 1d and a two-dimensional charge-coupled device
detector is employed to collect the sample image. An incidence
angle of 0.18�, above the critical angle of the P3HT polymer
(0.16�), was chosen to probe the alignment throughout the
entire lm.45 Here, we also dene the diffraction vector qxy and
qz pointing along and normal to the substrate plane, respec-
tively. The peaks at q¼ 3.8 nm�1 and q¼ 16.8 nm�1 correspond
to the (100) plane and (010) plane reections of P3HT,31,33

respectively. To illustrate themolecular alignment explicitly and
precisely, we simultaneously investigate the two-dimensional
(2D) images and one dimensional (1D) GIWAXD intensity
proles of the unpatterned and nanopillar P3HT lm, as shown
in Fig. 2.

For the unpatterned lm, only the (100), (200) and (300)
peaks arise along the qz direction, and, simultaneously, only the
(010) peak is observed along the qxy direction. Therefore, the
unpatterned P3HT lm displays an edge-on molecular align-
ment, in accordance with previously reported results.15,16

However, for the nanoimprinted P3HT nanopillar lm, it is
indicated that the (100), (200), (300) and (010) peaks emerge
along the qz direction, and the (100) and (010) peaks also come
up along the qxy direction. Together, there is both edge-on and
face-on molecular alignment for the P3HT nanopillar lm.
Here, the standard crystallographic notation for the P3HT
polymer is employed and the two typical edge-on and face-on
molecule orientations of the P3HT chain alignment are indi-
cated in Fig. S2 of the ESI.† The lattice parameters a, b and c are
pointed out to be the distance between the backbones, the p–p
stacking distance and the distance between the side chains,
respectively. Therefore, compared to the unpatterned lm, this
indicates that a face-on molecular orientation is induced in the
arrays of the nanopillars, in addition to the edge-on chain
alignment. This edge-on chain orientation observed in the
RSC Adv., 2017, 7, 49227–49234 | 49229
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Fig. 2 The two-dimensional (2D) GIWAXD images of the P3HT film
for: (a) the unpatterned P3HT film; (b) the P3HT nanopillar film. The
one dimensional (1D) GIWAXD intensity profiles of the unpatterned and
nanopillar polymer film integrated along the qz direction (c) and along
the qxy direction (d). The integrated data in (c) and (d) are collected
from the corresponding 2D images as shown in (a) and (b).

Fig. 3 AFM height image (a) and 2D GIWAXD image (b) of the P3HT
nanopillar film after the thermal annealing. The P3HT nanopillar film
was annealed under a fixed temperature (180 �C) and then was cooled
down to room temperature (23 �C) to perform the AFM and GIWAXD
measurement.
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nanopillar lm arises primarily from the effect of the residual
layer beneath the nanopillar structures, in agreement with
previous reports.31,33 Compared to the unpatterned lm, a face-
on molecular orientation is induced in the arrays of the nano-
pillars and is based on three conclusions reported in our
previous works.31,33 Firstly, the limited pressure applied to the
samples during the SART-NIL process does not give rise to
either the phase transition or the orientation transition from an
edge-on to face-on alignment within the unpatterned P3HT thin
lms.33 Secondly, our previous results indicated that the edge-
on molecular alignment dominates in the unpatterned P3HT
thin lms with various thicknesses.31 Thirdly, the unpatterned
lm is prepared using the same treatment process as for the
nanopillar lm, but the face-on molecular orientation is absent
in the unpatterned lm. Therefore, this proves that the face-on
molecular orientation is induced in the P3HT nanopillars.
Unfortunately, the portion of the edge-on chain orientation
from the nanopillar lm cannot be estimated accurately based
on the present GIWAXD data. However, it cannot affect the
conclusion analysis in this paper because in this paper we aim
to investigate the effect of the thermal annealing treatment on
the nanostructure morphology and molecular alignment of the
nanopillar lm. In addition, it is noted that the peak positions
of all of the reections are determined to be steady before and
aer the SART-NIL process, meaning that there is no change in
the crystallographic dimensions of the polymer crystal.
However, compared to the peak intensity of the unpatterned
lm, the intensities of the (010) peak along the qz direction and
the (100) peak in the qxy direction are enhanced slightly for the
P3HT nanopillar lm. On the contrary, the intensities of the
(100) peak along the qz direction and the (010) peak in the qxy
direction are decreased slightly for the P3HT nanopillar lm.
This phenomenon of intensity variation may result from the
transition of the molecular alignment during the SART-NIL
49230 | RSC Adv., 2017, 7, 49227–49234
process. Therefore, we demonstrate that the SART-NIL process
is able not only to fabricate the topographical nanostructures of
the P3HT nanopillar lm, but also to induce the molecular
alignment transition from edge-on to face-on.

Generally, the stability of both the nanostructure
morphology and molecular alignment is very signicant for the
fundamental study and application of conjugated polymers. It
has been reported that thermal annealing was able to affect the
stability of both the nanostructure morphology and molecular
alignment of conjugated polymers signicantly.39,41 Thus, in
order to investigate the thermal stability of the P3HT nanopillar
lm, the effect of the thermal annealing treatment on the
nanostructure morphology and molecular alignment of the
nanopillar lm is studied here in detail. Fig. 3 shows an AFM
height image and 2D GIWAXD image of the P3HT nanopillar
lm aer the thermal annealing. The P3HT nanopillar lm was
annealed under a steady temperature and then was cooled
down to room temperature to perform the AFM and GIWAXD
measurements. As shown in Fig. 3a, this indicates that the
regular surface structure of the P3HT nanopillar lm has been
changed to become a smooth surface aer the thermal
annealing. It is noted that the diameter of the deformed P3HT
nanopillars aer the thermal annealing shis toward an
increased size and the surface is inclined to be at, although the
period of the patterned prole remains to be investigated aer
applied elevated temperature. Upon the thermal annealing
treatment, the polymer is enabled to ow and smooths out to
form a at lm surface due to classic surface tension driven
viscous ow.35 Thus, nally the thermal annealing treatment
process contributes to some collapse of the nanopillar struc-
ture. Therefore, the smoothing out of the nanopatterned
morphology structure indicates that the imprinted P3HT lm
shows a rapid decay of the nanostructure prole with increasing
temperature.

As shown in Fig. 3b, the 2D diffraction image of the P3HT
nanopillar lm aer the thermal annealing is very similar to
that of the nanopatterned lm before the thermal annealing
(shown in Fig. 2b). The 1D GIWAXD intensity proles integrated
along the qz and qxy directions were also collected for the
nanopillar lm before and aer the thermal annealing, as
This journal is © The Royal Society of Chemistry 2017
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shown in the ESI (Fig. S3†). This indicates that there is no
variance in the number of the reection peaks. For the P3HT
nanopillar lm before and aer the annealing, the (h00) and
(010) reections both appear in the qz and qxy directions,
respectively, indicating that the edge-on alignment is observed
due to the existence of a residual layer, and additional reec-
tions of the (010) and (100) planes can also be observed along
the qz and qxy directions, respectively, conrming that the
induced face-on molecular alignment of P3HT exists in the
nanopillars both before and aer the annealing. In addition, it
is noted that there is a slight uctuation of the crystallographic
dimensions and it can be revealed by the negligible variance of
the reection peak (h00) or (010) positions before and aer the
annealing. Compared to the nanopillar lm before the
annealing, the intensities of the diffraction peaks are enhanced
slightly aer the thermal annealing. This enhancement of the
intensity may result from the improved crystallization through
a thermal history process. Therefore, the nanoimprinting-
induced molecule alignment (face-on orientation) by the
SART-NIL process is maintained in the P3HT nanopillars and is
not able to be signicantly affected by the thermal annealing.

In all, this indicates that the stability of the nanostructure
morphology and molecular alignment of the P3HT nanopillar
lm is different during the thermal annealing. The patterned
P3HT lm shows a rapid decay of the nanostructure prole at
elevated temperature, however, the nanoimprint-induced face-
on molecule alignment is retained within the deformed nano-
structure morphology. To further reveal the thermal stability
process of the nanostructure morphology and molecular
alignment of the P3HT nanopillar lm in detail, we investigated
the evolution of the surface topography of the nanopillar lm
and the nanoimprinting induced face-on molecule alignment
through a continual increasing temperature approach in which
the nanopillar lm is annealed for a xed time at a controlled
temperature. GIWAXD and AFM measurements in situ were
employed to investigate the evolution of the thermal stability.

Fig. 4 shows the 2D GIWAXD patterns of the P3HT nanopillar
lm under the thermal annealing treatment in situ for various
temperatures from 23 to 180 �C. To investigate clearly, the 1D
integrated intensity prole of the GIWAXD images along the qz
Fig. 4 The 2D GIWAXD patterns of the P3HT nanopillar film under the
thermal annealing treatment in situ for various temperatures: (a) 23 �C,
(b) 80 �C, (c) 140 �C, (d) 180 �C, (e) 140 �C, and (f) 80 �C.

This journal is © The Royal Society of Chemistry 2017
and qxy directions was also obtained for the corresponding
annealed temperature, as shown in the ESI (Fig. S4†). Compared
to the peak intensities of the nanopillar lm at 23 �C, the
intensities of all of the diffraction peaks of the nanopillar lm
are reduced successively as the annealing temperature is
increased from 23 to 180 �C until the peak intensities become
negligible at a temperature of 180 �C. On the contrary, the
intensities of all of the peaks are enhanced concomitantly and
successively during a temperature decrease from 180 to 80 �C.
Therefore, the melt and re-crystallization of the polymer crystal
was investigated during the whole annealing process. It is noted
that no additional diffraction peak is induced during the
annealing process and this can be revealed by the presence of
only the (h00) and (010) diffraction planes in the qz or qxy
direction. Thus, this indicates that in addition to the edge-on
molecule alignment revealed by the (h00) and (010) reections
both appearing in the qz and qxy directions, respectively, the
nanoimprint-induced face-on molecule orientation of the P3HT
nanopillar lm, estimated from the (010) and (100) planes along
the qz and qxy directions, respectively, vanishes and next grows
concomitantly and successively during the whole thermal
annealing process. Therefore, it is concluded that the thermal
stability of the molecular alignment of the P3HT nanopillar lm
is favorable and that the nanoimprint-induced face-onmolecule
alignment is retained within the deformed nanostructure
prole aer the thermal annealing.

It is noted that the investigation of the diffraction peaks of
the (100) and (010) reections both in the qxy and qz directions is
signicantly able to determine the transition of the molecular
alignment during the thermal annealing, and thus the magni-
ed details of the (100) and (010) peaks along the qz direction
are shown in Fig. S4 of the ESI.† It can be concluded that
a feeble uctuation of the crystallographic structure occurs for
the P3HT polymer crystal during the thermal annealing process
and it can be revealed by the slight movement of the peak
position in the GIWAXD images during the thermal annealing
process, as shown in Fig. S3b and c.† As for the (100) peak, the
peak position rst shis slightly to a smaller q value and then is
improved back during the heating and cooling process.
However, as for the (010) peak, the position rst moves slightly
to a higher q value and then goes back during the annealing
process. Of course, the change in the peak position is limited
and can be ignored.

It is noted that the higher temperature chosen as 180 �C in
this paper is mainly based on two points. One is that the general
annealing temperature of conjugated polymers is 180 �C in
organic devices and it provides new insight and guidance for
understanding the structure–property relationships of organic
semiconducting devices. The other is that the intensities of all
of the diffraction peaks of the nanopillar lm are reduced
successively as the annealing temperature increases from 23 to
180 �C until the peak intensities are negligible at a temperature
of 180 �C. In addition, we note that a single thermal annealing is
not able to affect the molecule alignment transition from the
edge-on to face-on alignment and it can be estimated by the
thermal stability of the unpatterned P3HT lm during the
annealing process. The unpatterned P3HT lm was employed to
RSC Adv., 2017, 7, 49227–49234 | 49231
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carry out the same annealing process as that of the nanopillar
lm and the corresponding molecule alignment was investi-
gated before and aer the annealing, as shown in the ESI
(Fig. S5†). This shows that the edge-on molecule alignment,
inferred from only the (h00) and (010) reections existing in the
qz and qxy directions, respectively, is still retained before and
aer the thermal annealing process and no additional diffrac-
tion peak is induced during the annealing. Therefore, it can be
inferred that a single heating cannot induce the transition of
the molecular alignment and the edge-on molecule alignment
within the P3HT nanopillar lm due to the fact that the residual
layer discussed above cannot be induced to the face-on orien-
tation during the annealing process. Thus, the thermal stability
of the face-onmolecular orientation of the P3HT nanopillar lm
has nothing to do with the effect of the molecular orientation
within the residual layer.

Fig. 5 shows the AFM height images of the P3HT nanopillar
lm for various temperatures during the thermal annealing
process, taken to obtain the detailed structure evolution of the
nanograting lm surface. As shown in Fig. 5a, the P3HT nano-
pillar lm consists of a regular and hexagonally packed topog-
raphy nanostructure bearing a period of �150 nm, in
accordance with the SEM result, as shown in Fig. 1. Here we
note that it is difficult to probe the AFM tip during measure-
ment to the bottom of the nanometer spaces between the
nanopillars completely due to the lateral resolution of the
equipment and thus the height and diameter of the nanopillar
structures are indicated to be vague and inaccurate. But this
cannot affect the investigation of the stability of the nanopillar
prole during the thermal annealing. Therefore, during the
annealing at a temperature from 23 to 180 �C, compared with
the topography prole at 23 �C, the P3HT nanopillar prole is
induced to deform little by little and the diameter of the P3HT
nanopillars shis toward an increased size although the period
of the patterned prole remains unchanged. When heating at
180 �C, a relatively uniform and regular nanopillar prole
cannot be seen and the surface topography is inclined to
become at. Furthermore, the deformed or similarly smooth
Fig. 5 AFM height images of the P3HT nanopillar film for various
temperatures during the thermal annealing process: (a) 23 �C, (b)
80 �C, (c) 120 �C, (d) 140 �C, (e) 180 �C, and (f) 23 �C.

49232 | RSC Adv., 2017, 7, 49227–49234
surface morphology is still retained when the polymer lm is
cooled to room temperature. It is noted that the height change
of the P3HT nanopillar prole can be investigated during the
whole thermal annealing process, but the period of the nano-
pillars is unchanged aer one thermal annealing cycle. There-
fore, this indicates that the stability of the nanostructure of the
P3HT nanopillars can be affected mainly by the thermal
annealing.

Therefore, this conrms that the thermal annealing plays
a different role in the stability of the nanostructure
morphology and molecular alignment of the P3HT nanopillar
lm. The stability of the patterned nanopillar prole signi-
cantly depends on the thermal annealing temperature,
however, the stability of the nanoimprint-induced face-on
molecule alignment is not dependent on the annealing
temperature, as shown in Fig. 6. As a matter of fact, the
stability of the P3HT nanopillar prole under the thermal
annealing is mainly determined by the surface tension or
internal stress.35 The deformation of the nanopillar structures
can be investigated due to the increase of the tension or
internal stress induced by the heating energy. Thus, this
nally leads to the deformation or collapse of the P3HT
nanopillar prole at elevated temperature. The effect of the
heating temperature from 23 to 180 �C demonstrates that the
crystal of the face-on molecular orientation is melted gradually
until the completion of the melt. As the temperature is
decreased from 180 to 23 �C, the nucleation and growth of the
face-on crystal during the crystallization process are improved
from the polymer melt. Finally, the face-on molecular orien-
tation before annealing is retained in the deformed or
collapsed P3HT nanopillar lm. Therefore, this indicates
a stability of the molecular alignment and an instability of the
nanostructure morphology during the whole annealing
process. As discussed above, this demonstrates that the SART-
NIL technique is not only used to fabricate the nanostructure
but also induces a face-onmolecular alignment in the arrays of
the nanopillar nanostructures. It can be inferred that there is
Fig. 6 Schematic images of the stability of the nanostructure
morphology and molecular alignment for the P3HT nanopillar film
during the thermal annealing.

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra09667d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 2

/6
/2

02
6 

2:
29

:5
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
a close connection between them. However, the transition of
the nanostructure and alignment is different during the
annealing process. Thus, it can be inferred further that there is
no direct interconnection between them during the annealing
or that the stability of the morphology and alignment is
signicantly different. A comprehensive understanding of the
stability difference between the alignment and morphology
during the annealing is unknown for now, however, it can be
concluded that annealing is a powerful tool for controlling
both the nanostructure and molecular alignment in polymer
materials and it should provide new insight and guidance for
understanding the structure–property relationships of organic
semiconducting devices.

Here, the P3HT nanopillar lm can be fabricated by this
SART-NIL method and the face-on molecular alignment is
induced in the arrays of the nanopillar nanostructures.
Furthermore, thermal annealing plays a different role in the
stability of the nanostructure morphology and molecular
alignment for the P3HT nanopillar lm. That is, the stability of
the patterned nanopillar prole depends signicantly on the
annealing temperature, however, the nanoimprint-induced
face-on molecule alignment is maintained aer the thermal
annealing. In our previous report,46 we reported that the
nanograting topography of the P3HT lm can also be excel-
lently fabricated by the SART-NIL method and the molecular
orientation transition from the edge-on to face-on alignment
was conrmed in the nanograting P3HT lm. This indicated
that the highly well-ordered nanostructure morphology of the
nanograting lm nearly vanished at elevated annealing
temperature, however, the nanoimprint-induced face-on
molecule orientation remained constant within the distorted
nanograting lm. Thus, this indicates that the conclusion
seems to be similar in the two papers. Of course, the most
signicant difference is that two different molds were used in
these two works, that is, the silicon mold for the P3HT nano-
gratings and the AAO mold for the nanopillars, however, the
signicance inferred from the two different molds is various.
First, the two typical nanostructure proles of the conjugated
polymers are the nanogratings and nanopillars, thus it is
necessary to focus on the thermal stability of the proles and
molecular orientations of the nanogratings and nanopillars
for the integrality study of conjugated polymer applications.
Second, the induced face-on orientation stems from the
different conned space due to the different nanostructure
dimensions, thus it is signicant to investigate the thermal
stability process of the molecular orientation for the nano-
gratings and nanopillars. Third, the deformed processing of
the nanoprole due to the different dimensions is various
between the nanogratings and nanopillars, therefore, the
investigation of different deformed processing is a powerful
tool for controlling both the nanostructures and molecular
alignment in polymer materials and provides new insight and
guidance for understanding the structure–property relation-
ships of organic semiconducting devices. In all, there is
a strong internal connection between these two works but an
obvious difference is still present.
This journal is © The Royal Society of Chemistry 2017
Conclusions

In all, we demonstrate here that the fabrication of a patterned
P3HT nanopillar lm can be achieved by this simple and cost-
effective SART-NIL technique. To probe the inuence of the
NIL method on the molecular alignment of the P3HT nano-
pillars, the crystallization and chain orientation of the P3HT
nanopillar lm were investigated by GIWAXD measurements at
a synchrotron radiation facility to provide the beam source. The
result indicates that face-on molecular orientation is induced in
the arrays of the nanopillar lm. In order to investigate the
thermal stability of the P3HT nanopillar lm, the effect of the
thermal annealing treatment on the nanostructure morphology
and molecular alignment of the nanopillar lm was studied.
The stability of the nanostructure morphology and molecular
alignment of the P3HT nanopillar lm is different during the
thermal annealing. The patterned P3HT lm shows a rapid
decay of the nanostructure prole at elevated temperature,
however, the nanoimprint-induced face-on molecule alignment
is retained within the deformed nanostructure morphology. In
addition, the evolution of the surface topography and the
molecule alignment was also investigated in detail during the
thermal annealing. The results will contribute to providing new
insight and guidance for the fabrication of topographical
nanostructures and the molecular orientation of conjugated
polymers.
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