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D
uring the past decade, conjugated
polymers have emerged as cost-
effective functional materials for

organic electronic devices such as solar

cells1,2 and field effect transistors (FETs).3,4

In organic devices, polymer morphology

(size and shape of polymer nanostructures

or phases) and chain orientation or crystal-

linity have been shown to have strong ef-

fects on charge-carrier mobility and overall

device performance.5,6 This is because

charge transport in conjugated polymer is

anisotropic, resulting from electrons delo-

calized along the polymer backbone and

the overlap of �-orbitals.7 For example,

charge mobility of poly(3-hexylthiophene)

(P3HT) along the ��� stacking and back-

bone direction can be higher than 0.1 cm2/

V · s, while being several orders of magni-

tude lower along the insulating side

chains.8,9 Consequently, charge transport,

mobility, and even optical properties across

the active layer of a device can be signifi-

cantly affected by ordering and crystallinity

of P3HT.8�11 In addition to chain orientation,

control over polymer morphology can be

important for device performance as well.

For example, in bulk heterojunction (BHJ)

solar cell structures, control of nanomor-

phology of the heterojunction plays a criti-

cal role in exciton dissociation and charge

transport.5 In most cases, chain alignment

and morphology are interrelated and it is

difficult to control both factors simulta-

neously and favorably. In BHJ solar cells,

the hole mobility is just on the order of 10�4

cm2/V · s, which is attributed to both ran-

dom chain alignment and overlapping

phase morphology.5,10,12

Several techniques have been reported

to promote nanoscale phase separation,

polymer crystallization, and chain align-
ment in bulk heterojunction solar cells and
FETs. Studies suggest polymer chain align-
ment and crystallization can be controlled
to some extent by spincoating techniques,13

solution concentration, and composition,
drying process,5,14 and surface
modification.9,15,16 Processing techniques
such as nanorubbing,17,18 electrospinning,19

and nanoimprint lithography20�23 have
been attempted to control polymer mor-
phology and improve crystallinity/orienta-
tion of P3HT. These techniques have
achieved some degree of chain ordering,
some of them leading to improved device
performance. However, a comprehensive
understanding of chain alignment in de-
fined nanostructure morphologies remains
unknown. Simultaneous control of polymer
chain alignment and morphology is still a
challenge.

Previously, we have demonstrated the
use of nanoimprint lithography to define
high-density nanopillars/pores in P3HT
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ABSTRACT Control of polymer morphology and chain orientation is of great importance in organic solar cells

and field effect transistors (OFETs). Here we report the use of nanoimprint lithography to fabricate large-area,

high-density, and ordered nanostructures in conjugated polymer poly(3-hexylthiophene) or P3HT, and also to

simultaneously control 3D chain alignment within these P3HT nanostructures. Out-of-plane and in-plane grazing

incident X-ray diffraction were used to determine the chain orientation in the imprinted P3HT nanostructures,

which shows a strong dependence on their geometry (gratings or pillars). Vertical chain alignment was observed

in both nanogratings and nanopillars, indicating strong potential to improve charge transport and optical

properties for solar cells in comparison to bulk heterojunction structure. For P3HT nanogratings, ��� stacking

along the grating direction with an angular distribution of �20° was found, which is favorable for OFETs. We

propose the chain alignment is induced by the nanoconfinement during nanoimprinting via ��� interaction

and hydrophobic interaction between polymer chain and mold surfaces.

KEYWORDS: polymer chain alignment · nanostructures · poly(3-hexylthiophene) or
P3HT · organic solar cells · organic field effect transistors
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and form vertically interdigitized bicontinuous hetero-
junction morphology for P3HT-fullerene derivative so-
lar cells.20 In this study, a similar process is used to make
large-area P3HT nanostructures with different geom-
etry, for example, gratings and pillars. We then show
that the nanoimprinting process induces favorable
chain alignment in all three-dimensions in these P3HT
nanostructures, which is determined primarily by the
geometry of nanoconfinement during nanoimprint and
the surface properties of the mold. Interestingly, such
3D chain configuration is desirable for both solar cell
and FET applications.

RESULTS AND DISCUSSION
In our experiments, regioregular or RR P3HT was

used to prepare thin films of 80 nm thickness on a Si
substrate and baked to drive out the solvent. As shown
in Figure 1A, the film was nanoimprinted with Si nano-
grating (unpublished data) and nanoporous20 molds
that were prepared previously. The molds were treated
with an antiadhesion monolayer, 1H,1H,2H,2H-
perfluorodecyltrichlorosilane (FDTS). The nanograting
mold consists of 200 nm deep, 65 nm wide trenches
with a pitch of 200 nm (Figure 1B) while the nanopo-
rous mold consists of a hexagonal array of 350 nm deep
nanopores with 80 nm diameter (Figure 1D). Selection
of the imprint conditions is strongly related to physical
properties of the P3HT polymer. Typically, polymer is
imprinted at 20�50 °C above its glass transition tem-
perature (Tg). The Tg of P3HT is around 67 °C.24 However
imprinting at 20�50 °C higher than this temperature
has resulted in poor polymer filling. This is because the
crystallization occurs at this temperature range. The
crystallization temperature (Tc) of P3HT ranges from 80
to 128 °C depending upon thermal history, cooling or

heating rate and time.25,26 In addition, P3HT does not
have a well-defined Tg since it undergoes a twist-glass
transition (twist of thiophene ring), which is a quasi-
ordered phase transition of liquid crystals and plastic
crystals.24 With this understanding, the nanoimprint
temperature was chosen at 170 °C, which is much
higher than Tg and Tc but lower than the melting tem-
perature Tm, so as to enhance P3HT chain disentangle-
ment during polymer flow into nanocavities of the
mold. The sample was cooled to 25 °C for demolding.
The cooling process takes about 30 min, during which
chain ordering and crystallization occur. Figure 1C
shows SEM images of P3HT nanogratings with 200 nm
period, 65 nm width, 200 nm height, and 20 nm residual
layer, which are faithfully transferred from the mold.
Figure 1E shows a hexagonal array of nanopores with
diameter of 80 nm and height of 200�250 nm, and
pitch of 100 nm. The optimized nanoimprint condi-
tions have resulted in excellent polymer filling and pat-
tern transfer fidelity.

P3HT crystallization and chain orientation were ex-
amined by out-of-plane and in-plane grazing incidence
X-ray diffraction (GIXRD) measurement, which has pre-
viously been used to study film crystallinity.15,16 Both
out-of-plane (detector rotates vertically with respect to
the sample) and in-plane (detector rotates horizontally
with respect to the sample) GIXRD were obtained, as il-
lustrated in Figure 2A. Figure 2A shows three typical
P3HT chain orientations, edge-on, face-on, and verti-
cal, where the lattice constants a, b, c are distance be-
tween backbones (�1.69 nm), �-stacking distance
(�0.38 nm), and distance between side chains (�0.38
nm), respectively. In GIXRD, the orientation of the
sample, with respect to the detector can be equally as
important as with respect to the X-ray source. For P3HT

Figure 1. (A) Schematic of nanoimprinting process. (B) SEM top view of Si nanograting molds of 200 nm in pitch, 65 nm in
width, and 200 nm in depth. Inset image shows the cross section of the mold; (C) SEM 45° tilted view of imprinted P3HT
nanogratings of the same dimensions as the mold. The residual layer is about 20 nm and inset image shows the cross sec-
tion of the grating. (D) Nanoporous Si mold with hexagonal pore array of 80 nm in diameter, 350 nm in height, and 100 nm
in pitch. Inset image shows the cross section. (E) SEM 45° tilted view of the nanoimprinted hexagonal array of nanopillars
of 80 nm in diameter, 200�250 nm in height, and 100 nm in pitch. The residual layer is also about 20 nm. Scale bar is 200
nm unless otherwise specified.
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nanograting samples, in-plane GIXRD measurements

were taken with grating direction along or parallel to

the direction of incident X-rays (y-axis in Figure 2A, re-

ferred to as Grating�) and with grating direction perpen-

dicular to the direction of incident X-rays (x-axis in Fig-

ure 2A, referred to as Grating �).

The out-of-plane GIXRD results of thin film, nano-

grating, and nanopillar samples are shown in Figure

2C. Large intensity (100) peaks at 5.2°, corresponding

to lattice parameter a, were observed for all samples,

suggesting dominance of edge-on chain orientation. In

addition, the (010) peak at 23.4°, corresponding to the

lattice parameter b, was not detected, indicating

face-on chain orientation is not present (or negligible)

in all samples. Comparatively, the (100) peak intensity

for nanopillars and nanogratings was significantly re-

duced compared to thin film with similar volume, show-

ing that edge-on dominance in the nanoimprinted

P3HT is much reduced compared to unpatterned P3HT

(thin film). This could be attributed to reordering of

P3HT chains in the nanopillars and nanogratings dur-

ing the nanoimprint process. We believe that the finite,

lower intensity of this peak for patterned P3HT is result-

ant primarily from the residue layer of the nanoim-

printed structures. This observation seems to be in

agreement with a study by Cui et al.22 The out-of-plane

GIXRD results alone cannot provide a complete under-

standing of chain orientation of P3HT inside nanoim-

printed structures. To gain a better understanding, in-

plane XRD measurement was performed both along

and perpendicular to the grating direction and results

are shown in Figure 2D. The (100) peak was strongest

for Grating �, while the same peak was weakest for Grat-

ing �, indicating strong anisotropic chain orientation

in nanoimprinted gratings. The strong (100) peak for

Grating �, corresponding to lattice constant a, indicates

that the only possible chain configurations in nanograt-

ings are either face-on or vertical. However, the out-of-

plane GIXRD measurement (Figure 2C) showed no

face-on chain orientation (010 peak) in all samples.

Therefore, this proves that chain orientation inside

nanoimprinted gratings is, indeed, vertical. Further-

more, when the same nanograting samples were ro-

tated by 90° for Grating �, the (100) peak disappeared

and (010) peak intensity increased, showing that for ver-

tical chain orientation, the �-stacking is not randomly

distributed in the x�y plane, but rather anisotropically

aligned in one direction, that is, along the grating. With

the combination of out-of-plane and in-plane GIXRD re-

sults, a complete picture of 3D P3HT chain configura-

Figure 2. (A) Schematic of GIXRD setup for out-of-plane and in-plane measurements. (B) Schematic of edge-on, face-on,
and vertical orientation of P3HT chains on surface. Out-of-plane and in-plane measurement are used to detect the lattice con-
stants along z- axis and x-axis, respectively. (C) Out-of-plane GIXRD measurement graphs for the nanogratings, nanopillars,
and unpatterned thin film samples. (D) In-plane GIXRD measurement graphs for all samples, where Grating � and Grating �
referred as measurements made with grating direction parallel and perpendicular to the direction of incident X-rays, respec-
tively. The side figures show magnified views of the (100) peaks (top) and (010) peaks (bottom).
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tion for nanogratings is obtained, that is, vertical back-

bone alignment with �-stacking along the grating

direction as shown in Figure 3B (ideal case).

As for the nanopillar morphology, the (100) peak in-

tensity in in-plane GIXRD (Figure 2D) was much lower

than Grating � but stronger than the unpatterned film

as well as Grating �, as shown in top magnified figure

of Figure 2D. Similarly, the (010) peak for nanopillars is

equally intense but broader compared to Grating � and

unpatterned film (bottom magnified figure of Figure

2D). These observations indicate the presence of verti-

cally oriented P3HT chains in the nanopillars. The mea-

sured signal for pillars did not change when the
samples were rotated during measurements, in-
dicating random or isotropic chain configuration
in the x�y plane. Figure 3C depicts the chain
configuration in nanopillars (ideal case). Com-
pared to nanograting and nanopillar samples,
unpatterned P3HT film mostly exhibits edge-on
chain orientation (Figure 2B) with random chain
configuration in the x�y plane, as evidenced by
no peaks for the film in Figure 2D.

The above-mentioned results and analysis
have shown that reordering of polymer chains is
strongly affected by the geometry (gratings or
pillars) of the mold, which confines and guides
the flow of polymer to form P3HT nanostructures.
While in-plane measurements (Grating � and
Grating �) clearly prove that chains inside nano-
gratings are preferentially aligned in a certain di-
rection, the two measurements do not reveal
the variation in direction of chain alignment, with
respect to grating direction. To measure the dis-
tribution of chain alignment directions, an azi-
muthal (�) in-plane-prefer-orientation scan with
the detector fixed at a 2� angle of 5.2°, corre-
sponding to (100) peak, was performed. As
shown in Figure 4A, the sample was rotated
from �40° to 115° in increments of 0.04° to scan
a slew of directions, including the Grating � and
Grating � cases, for the (100) peak. Figure 4B
shows the (100) peak intensity with respect to

nanograting sample rotation (only �30° to 30° is
shown). As expected, a peak maximum was observed
when the incident beam is almost parallel to the nan-
ograting direction (an angle of �3°, likely due to align-
ment error), which agrees with Grating � data in Figure
2D. As seen in Figure 4B, the distribution has a width of
�20°, indicating the chain alignment (� stacking) has
a finite variation along the grating direction. We believe
that this variation can be minimized with optimized
nanoimprint conditions (e.g., longer imprinting time),
appropriate structural aspect ratio, and better quality
polymer.

Figure 3. (A) Mechanism of P3HT chain alignment due to polymer flow and inter-
action between P3HT side chain and FDTS treated surface of the mold cavity dur-
ing nanoimprinting; schematic of ideal structures of P3HT chain alignment in (B)
nanograting and (C) nanopillars.

Figure 4. (A) Schematic of GIXRD setup for orientation measurement of nanograting sample. The detector is fixed at 2� �
5.2° and the angle between X-ray incident beam and line grating varies when the thin film stage rotates though an angle �.
(B) Diffraction intensity vs � for the detector fixed at 2� � 5.2°.
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This study provides a more complete understand-
ing of polymer chain orientation in nanoimprinted
structures and proves that the 3D configuration of P3HT
chains can be controlled by geometry of nanostruc-
tures. Understanding of the fundamental mechanism
that governs such unique chain orientation is impor-
tant in applying this technique for controlling chain
configuration in various applications. Previous studies
have shown that reconfiguration of polymer chains can
occur under various circumstances: (1) flow induced
ordering,27,28 flow in nanoscale dimensions,29 flow at
molten state,30 flow under high pressure;31 (2) hydro-
phobic interaction between side walls of the Si mold
and P3HT side chains,32 due to surface treatment
effects;15,16 (3) self-assembly of polymer due to side
chain�side chain interaction and ���

interaction.15,16,33 These studies prove polymer chain or-
dering can occur during reflow in the viscoelastic state
and such ordering can be strongly affected or even in-
duced by the surfaces that the polymer contacts and
the direction in which it flows. During the nanoimprint
process, polymer flows into the nanocavities of the
mold (gratings, pillars), under applied heat and pres-
sure. As this process continues, polymer chains align
along the flow direction, which was observed for the
liquid crystalline and amorphous polymers.34 The P3HT
side chain interactions and the effect of hydrophobic
mold surface add an extra feature for the 3D configura-
tion of the chains for this polymer. We believe during
our nanoimprint process (�170 °C) molecular chains ro-
tate around the polymer backbone and its hydropho-
bic side chains interact with and turn toward the hydro-
phobic sidewalls of the mold (treated with hydrophobic
FDTS), as shown in Figure 3A. This preferential chain
alignment on surfaces of different surface energy has
been shown in previous studies.15,16 Thus, crystallization
begins when this effect is cascaded throughout the im-
printed P3HT. Studies have shown this directed organi-
zation can go up to tens of nanometers (�50 nm) for
thin film P3HT contacting a substrate.15 For imprinting,
P3HT is confined in the mold cavity (at least two walls),
this range should be at least doubled. This self-

organization range may depend on the surface proper-
ties of the substrate, polymer, imprint time, and tem-
perature. Final chain configuration is formed as temper-
ature is reduced for demolding, likely resulting in
comblike polymeric structures (Figure 3A). The pos-
sible comblike segments are ordered in a parallel
lamella-type stack with interdigitized alkyl side chains
to achieve maximum van der Waals interactions.33 This
mechanism, based on ��� interchain interactions and
side chain hydrophobic interactions with FDTS treated
mold walls, can explain the geometry-dependent 3D
chain alignment observed in this study.

CONCLUSION
In summary, the crystallization and chain align-

ment of P3HT by nanoimprint lithography are stud-
ied by GIXRD. We prove chain alignment is signifi-
cantly impacted by geometry-dependent
nanoconfinement during thermal nanoimprinting
processes. The morphology and extent of chain or-
dering can be controlled by mold geometry as well
as nanoimprint process conditions. The mechanism
of ordering and alignment is proposed to be a com-
bination of ��� interchain interactions and side
chain hydrophobic interactions with hydrophobic
mold walls. The resulting P3HT nanostructures with
vertical chain alignment have strong potential to im-
prove charge transport and optical properties in
both solar cell and FET applications alike. For ex-
ample, ��� stacking along the nanograting can en-
hance charge-carrier mobility for FETs, while the ver-
tical chain alignment in nanopillars and
nanogratings can enhance vertical charge transport
in solar cells. At the same time, these nanostructures
also provide vertically interdigitizing heterojunction
morphology as demonstrated in our previous work.20

We believe the demonstrated simultaneous control
of P3HT nanomorphology and vertical chain align-
ment holds great potential to improve efficiency of
organic solar cells using high-density interdigitized
bicontinuous nanoheterojunction with ordered
polymer chain alignment.

EXPERIMENTAL METHODS
A 1.5 wt % (17.55 mg/mL) portion of region-regular or RR-

P3HT (Reike Metals Inc.) solution was prepared in chlorobenzene.
The solution was filtered with 0.22 �m PTFE filter. P-type (100) Si
was cleaned with acetone and isopropyl alcohol. An 80 nm thick
P3HT film was then spincoated onto the Si substrates. The thick-
nesses of the thin film were measured with profilometer and con-
firmed in SEM. A grating mold of 65 nm width and 200 nm pitch
and a nanoporous mold of hexagonal array of 80 nm wide nanop-
ores with 100 nm pitch were used in the nanoimprint process. The
detailed fabrication process of these molds was described else-
where.20 The molds were treated with FDTS as an antiadhesion
coating. The nanoimprint was performed at a temperature of 170
°C and a pressure of 50 bar for 10 min. The system was cooled

down slowly to room temperature, and the mold was released

from the substrate. The nanostructures were characterized using
SEM. GIXRD was carried out to measure the P3HT chain alignment
on a Rigaku Ultima III diffractometer. Out-of-plane and in-plane GIXRD
results were obtained. In the GIXRD experiments, the X-ray incident
angle � was fixed at 0.5° to the plane of sample surface during the
scan. The angular spectrum was collected for 2� ranging from 3° to 25°.
For the prefer orientation � scan measurement, the sample was placed
on the thin film stage aligning the nanograting direction manually
with the cross hair so that the nanograting becomes parallel to the in-
cident beam when � 	 0°, the scanning was done from � 	 �40° to
115° with fixed detector at 2�	 5.2°. The irradiation area of X-ray beam
in GIXRD experiments is estimated as 15 mm 
 5 mm, which is smaller
than the imprinted samples (20 mm 
 15 mm).
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