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anoimprinting provides a route for
controlling the morphology of func-
tional polymer nanostructures' >
in addition to its originally intended appli-
cation as a high-resolution lithographic
technique. 8 Thin organic films, including
light-emitting conjugated polymers,’ block
copolymers,? piezoelectric polymers® and
semicrystalline polymers,** have been directly
patterned using nanoimprinting to obtain
desired morphological features. More recent
studies have shown that nanoimprinting can
control the molecular chain configurations of
liquid-crystalline polymers such as poly(9,9-
dioctylfluorene-co-benzothiadiazole).® For
thermoplastic fluoropolymers (e.g., polyviny-
lidene fluoride), this method also induces
preferential polymer chain alignment.>'°
In this work, we investigate nanoimprint-
ing as a means to control both the morphol-
ogy and molecular chain orientation of thin-
film conjugated polymers. These properties
are inherently difficult to control in conju-
gated polymers such as poly-3(hexyl thio-
phene) (P3HT) and have a profound effect
on the electrical and optical performance.
For example, a thin film's molecular chain
orientation depends on processing condi-
tions such as the casting solvent, method of
deposition (e.g., spin-coating, blade-coating),
and substrate surface treatment.'' ' P3HT
films cast from slowly evaporated solvents
exhibit polymer chains oriented with their
m—a stacking direction in the plane of the
substrate and their corresponding side-
chain-induced lamellar structure stacked
substrate-normal (Figure 1a, edge-on ori-
entation), with the degree of crystallinity,
domain size, and orientation dependent
on the polymer's molecular weight and
regioregularity."* "¢ In contrast, P3HT films
cast from fast-evaporating solvents (e.g.,
chloroform) have some degree of 7—x

HLAING ET AL.

ABSTRACT The morphology and orientation of thin films of the polymer poly-3(hexylthiophene)—
important parameters influencing electronic and photovoltaic device performance—have been signifi-
cantly altered through nanoimprinting with 100 nm spaced grooves. Grazing-incidence small-angle X-ray
scattering studies demonstrate the excellent fidelity of the pattern transfer, while wide-angle scattering
convincingly shows an imprinting-induced ;77— 77 reorientation and polymer backbone alignment along the
imprinted grooves. Surprisingly, temperature-dependent scattering measurements indicate that the
imprinted induced orientation and alignment remain intact even at temperatures where the imprinted
topographical features nearly vanish.
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polymer chain orientation - GISAXS - GIWAXS

stacking along the substrate-normal with
their lamellar structure arranged substrate-
parallel (Figure 1a, face-on orientation) but
with the polymer backbone randomly or-
iented in the surface plane."’ The thermal
stability of the face-on orientation has not
been studied in detail, and it is possible that
some of these structures are kinetically trap-
ped, rather than thermodynamically stable
orientations. Controlling the P3HT polymer
chain orientation is important because of its
strongly anisotropic electrical conductivity,
where the charge carrier mobility in the
plane of 7—z stacking and the conjugated
backbone can be several orders of magni-
tude higher than that in the lamellar stack-
ing direction, where carriers must traverse
the insulating P3HT alkyl chains.">"” While
an edge-on chain orientation is desirable for
devices having in-plane charge transport
(e.g., transistors), a face-on orientation ben-

efits architectures with charge transport ™Address correspondence to

normal to the substrate plane, such as solar
cells or light-emitting diodes.

Here, we show that nanoimprint methods
can transfer topographical features from
the imprint master to a P3HT film with high
fidelity, and further that the imprint process
reorients some of the polymer material from
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Figure 1. Schematics of (a) edge-on and face-on orientation
of P3HT domains and (b) the nanoimprint process. (c) SEM
image of the imprinted P3HT gratings with a 100 nm period
(inset: grating cross-sectional view). (d) Geometry of
GISAXS/GIWAXS measurements.

edge-on to face-on. The P3HT backbones are well-
aligned along the grating direction, in contrast to a
previously published study which reported that the
P3HT backbones are oriented vertically in the nanograt-
ings with s-stacking along the grating direction.'® The
utilization of a synchrotron X-ray source, coupled with
area detectors and precise control of the sample angles,
has enabled unambiguous mapping of the polymer
chain orientation.

RESULTS AND DISCUSSION

The imprinted film's nanostructure and its molecular
chain configurations were investigated in situ using
grazing-incidence small- and wide-angle X-ray scatter-
ing (GISAXS and GIWAXS). From the GISAXS pattern
analysis, we extracted the periodicity, height, side-wall
angle, and the relative roughness of the top and
bottom surfaces of the P3HT nanostructure. Detailed
characterizations of the P3HT structure, including their
molecular orientations within the nanostructure, were
obtained from the GIWAXS measurements. In order
to obtain insight into the thermal stability of the
nanoimprinted P3HT films, essential information for
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the fabrication process, and to assess the impact of
heating effects for organic photovoltaic applications,
temperature-dependent studies were also carried out
on the nanoimprinted P3HT films.

The imprinting process involved applying a pressure
of 3.4 MPa between the master and the coated poly-
mer substrate stack at 150 °C for 5 min (schematic in
Figure 1b); the stack was then quenched to room
temperature before releasing the applied pressure.
Top-down and cross-sectional SEM images confirm a
uniformly imprinted P3HT film (Figure 1c). The GISAXS
and GIWAXS experiments were performed at the X9
undulator beamline at the NSLS (Brookhaven National
Laboratory) where the 14.0 keV photons (1 = 0.0886 nm)
are focused to a spot 80 um high and 200 um wide at
the sample position. Figure 1d shows the experimental
geometry of the X-ray measurements (described in the
Methods and Materials section).

We define the scattering vector, q = (q,, q,, 9,) with
qy aligned along the groove direction, g, orthogonal to
qy in the film plane, and g, pointing along the surface
normal. Since a CCD image for a sample with a fixed
azimuthal angle ¢ has both g, and q, components, it is
convenient to define the surface radial component g, =
(a7 + q;)""?, whose value is independent of ¢, the angle
between the direction of the grooves, and the incident
X-rays. To acquire the GISAXS images in Figure 2a,b, the
sample was rotated at a constant speed over a limited
¢ range.'® Note that the maximum q, increases with
the ¢ range®® (41 or £3°) and that at the smallest g,
the g, range is restricted (see Figure 2a,b).

The GISAXS patterns from the silicon imprint master
and imprinted P3HT film are sensitive to morphological
features and exhibit a high degree of similarity (Figure 2a,
b). Both patterns exhibit scattering features along q, at
evenly spaced values of g,, known as Bragg rods (BRs). The
BR's sinusoidal-like intensity modulation is characteristic
of a relative scattering phase factor equal to H x q_,, where
His the height difference between the top and bottom of
the pattern. According to Babinet's Principle,' diffraction
from a pattern and its complement are equal apart from
an intensity scale factor, and thus the similar scattering
images from the master and the imprinted P3HT provide
a measure of the high fidelity of the imprinting process,
even in the absence of detailed analysis. However, refrac-
tive effects at small g, are different for the imprint master
(silicon) and the imprinted material (polymer) due to their
different electron densities, resulting in differences in the
two patterns at small g,. In addition, the dynamic scatter-
ing effects give rise to a streak of enhanced scattering
along q,, shown in Figure 2a,b when the outgoing angle
(o) is equal to the critical angle for the materials.

Although a rigorous analysis of the entire GISAXS
pattern is beyond the scope of this paper,?>2* detailed
quantitative morphological information can be ob-
tained from studying the BRs. The position of the BRs
along q, is related to the grating periodicity, while the
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Figure 2. Two-dimensional GISAXS patterns of (a) silicon imprint master and (b) nanoimprinted P3HT. (c) Diffraction peak
positions of the second and third BR maxima for the imprint master (blue circles) and P3HT nanogratings (red circles) in the
d,—q; plane. Solid lines represent the calculated peak positions with the corresponding side-wall angles. Inset: Schematic

master trapezoidal cross section.

BR intensity modulation along g, contains information
about the pattern feature height (H). For both the
silicon master and imprinted P3HT, the spacing be-
tween the two adjacent BRs is 0.063 nm ™', correspond-
ing to a 99.7 nm grating periodicity and consistent with
the lithographically defined distance of 100 nm. The
imprint master feature height of 54.6 nm is obtained
from the 0.115 nm ™' modulation period along each BR.
The imprinted polymer film has a feature height of
52.4 nm, implying that nearly the entire depth of the
master was imprinted into the P3HT film. The relative
roughness of the top and bottom surfaces is primarily
responsible for the damping of the intensity modula-
tion along BRs; we can estimate a relative roughness less
than 1.3 nm between top and bottom surfaces, based
upon the g, range over which the intensity falls by 1/e.
This simple calculation does not include the form factor,
and inclusion of this factor only reduces the estimated
roughness of 1.3 nm. The GISAXS measurements confirm
an excellent fidelity of the imprinting process.

The side-wall slope angle can be directly measured
from the phase shift in the BR modulations with q,.° In
Figure 2c, the positions of the second and third max-
ima along the BRs are shown for both the master and
the imprinted polymer film. Theoretically, for a side-
wall angle (y), the diffraction maxima of the same order
(along the BR) will form a straight line with a slope of
(90°—y).%> From the data shown in Figure 2c, we
approximate the side-wall angles for both the master
and imprinted P3HT (open circles) of 78 £ 1° (solid
line). These measurements are consistent with cross-
sectional SEM images (Figure 1c).

GIWAXS patterns, acquired simultaneously with the
GISAXS measurements, provide detailed information
about the polymeric molecular structure, including the
lattice constants, coherence lengths, and orientations of
the P3HT domains. The radial scattering profiles, extracted
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from the GIWAXS images, were well-described by Gauss-
ian profile, exp(—(q — go)*/2Ag?), along with a smoothly
varying background. Here the P3HT lattice constant is a =
271/q, and the coherence length is ¢ = 7t/(Aq), a value
often associated with the average grain size.® We have
not included strain-induced broadening in the present
analysis.”” A uniform P3HT thin film, annealed at 150 °C
for 5 min, was also investigated as a control. We
adopt the standard crystallographic notation for P3HT
where the (100) is the layering direction, {010) is the
sr-stacking direction, and (001) is along the backbone
direction.'*'>"7?8 For the P3HT control film, a well-de-
fined (100) P3HT lamellar peak along the g, direction
(Figure 3a) indicates that the lamellar stacking direction is
predominately aligned along the surface normal direction.
We observe the (010) peak oriented along g, consistent
with the P3HT 7— stacking direction being parallel to the
substrate. The orientation of the (100) and (010) peaks
confirm an edge-on chain conformation (Figure 1a) for
the control P3HT film, in agreement with previous
studies."*'>"” The invariance of the scattering patterns
with azimuthal sample rotation verified the absence of
preferred in-plane orientation. We obtain the layer spa-
cing (1.62 nm) and the s7—z stacking distance (0.38 nm)
from the (100) and (010) peak positions, respectively.
We also calculate the P3HT coherence lengths, 20 nm
for the lamellar and 2 nm for 7—s stacking directions,
from the respective radial (100) and (010) scattering
profiles. The P3HT control film structural parameters are
comparable with previously reported values.'*'%'7
The GIWAXS pattern of a nanoimprinted P3HT
film differs significantly from that of the control film.
Although we observe scattering peaks at the same radial
positions, they no longer exhibit a simple edge-on
conformation. Further, the scattering pattern depends
on the azimuthal alignment of the imprinted grating
pattern with respect to the direction of the incident
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Figure 3. Two-dimensional GIWAXS patterns of (a) uniform
P3HT thin film and (b—d) imprinted P3HT taken with
azimuthal angle (b) ¢ = 0°, (c) ¢ = 20°, and (d) ¢ = 90°. The
azimuthal angle (¢) is defined as zero when the grating is
parallel to the direction of incident X-rays. (e) Polar angle (1)
scans along the (100) peak positions for various ¢.

X-rays. In Figure 3b—d, GIWAXS scattering patterns are
shown for ¢ values ranging from 0 to 90°. At ¢ = 0°
(Figure 3b), we observe (100), (200), and (300) lamellar
scattering peaks along both the g, and g, directions,
indicating that the imprinting process has realigned
some of the lamella parallel to the surface. For the ¢ = 0°
imprinted film, the (010) reflection exhibits intensity
along the g, axis that is not observed for the control
film. Together, these results indicate both edge-on and
face-on orientations for the imprinted film. While all
polymer domains with edge-on orientations contri-
bute to the (100) peak along q,, only face-on domains
with their backbones aligned with the imprinted
grooves satisfy the Bragg condition for the (100) peak
along q,. The absence of a strong (100) peak along q;,
for ¢ > 20° (shown in Figure 3c,d) demonstrates that
the backbones associated with the face-on domains
are preferentially aligned along the imprinted grooves.
The (010) peak along the g, direction, arising from
sr-stacking of the face-on domains, satisfies the Bragg
condition regardless of in-plane sample rotation and
hence remains visible at all ¢. The 1D polar scans
obtained at (100) peak position from the scattering
patterns with different ¢ (Figure 3e) confirm the narrow
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in-plane orientation distribution of the P3HT backbones
with respect to the imprinted grating pattern. In the
polar scans, the peak at 7 = 90 and 0° corresponds to the
edge-on and face-on oriented P3HT domains, respec-
tively (Figure 1a). The intensity of the = 0° peak
decreases rapidly with increasing ¢, and completely
disappears at about ¢ = 20°, indicating that the back-
bones of the face-on domains are well-aligned along
the grating grooves within an angular range of ~20°
full width at half-maximum (fwhm). However, the
presence of the (010) peak along q; for all ¢ suggests
that the backbones of the edge-on domains are still
randomly oriented in the plane of the substrate. More-
over, the ratio of the integrated intensity between the
(010) peak along g, and (100) peak along g, remains
the same for both ¢ = 0 and 90°, indicating that the
observed (010) scattering is mainly coming from the 7-
stacking of the edge-on domains. This further implies
that little or none of the P3HT backbones are oriented
vertically in the nanogratings, in contrast to a previously
published study where the vertical rather than face-on
orientation was deduced on the basis of the absence
of the (010) reflection along the g, (out-of-plane)
direction.'® Since this reflection is clearly observed in
our study, their “missing reflection” might result from the
following: (1) the much higher background scattering,
(2) poor counting statistics, and (3) the much weaker
X-ray source (conventional source compared to the
synchrotron-based source used in the present study).

In situ GISAXS measurements of imprinted P3HT films
atincreasing temperatures show a rapid decay of higher-
order BRs, indicating a smoothing-out of the imprinted
pattern features (see Supporting Information, S1). How-
ever, the first-order BR peak remains at temperatures as
high as 200 °C (inset in Figure 4a), showing that remnants
of the imprinted profile exist even at this elevated
temperature. The extinction of higher-order BRs indicates
a transformation from a trapezoidal imprinted profile to a
sinusoidal-like height profile, consistent with previous
studies of imprinted polystyrene films using critical di-
mension small-angle X-ray scattering, specular X-ray
reflectivity, and optical measurements.? 32

Although the imprinted P3HT morphology largely
disappears at elevated temperatures, the imprint-in-
duced molecular orientation remains present. The
GIWAXS pattern of an imprinted P3HT film at 200 °C
at ¢ = 0 shows evidence of face-on oriented P3HT
domains (Figure 4a) (see Supporting Information S1 for
other annealing temperatures). The 1D scattering pro-
files along the g, and g, radial directions were ex-
tracted from 2D scattering images in the vicinity of
the (100) peak and fitted to a Gaussian line shape
(discussed above). In the fitting analysis, we have
included the effects of refraction, beam divergence,
beam bandwidth, and geometric smearing.?® The fit-
determined temperature-dependent lattice constant and
coherence length are similar for both the edge-on and
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Figure 4. (a) Two-dimensional GIWAXS pattern at 200 °C with
corresponding GISAXS pattern (inset). (b) Temperature-de-
pendent angular scattering width for edge-on (red) and face-
on (black) oriented P3HT domains obtained from Gaussian fits
to the (100) scattering profiles during in situ heating.

face-on orientations, whereas the angular scattering
width differs significantly for the two orientations. With
increasing temperature, the lattice constants for both
domain orientations increase monotonically from
1.65 nm at 30 °C to 1.80 nm at 200 °C. Within our
resolution, after accounting for refraction effects, there
is no significant difference between the lattice con-
stants for the face-on and edge-on configurations. At
30 °C, the coherence lengths for edge-on and face-on
oriented P3HT domains, 25 and 30 nm, were similar to
those of P3HT control films heated to 150 °C and about
a factor of 2 larger than the same films at 30 °C prior to
annealing. During a second heating cycle of the im-
printed film (the first heating cycle was carried out
during the imprinting) the coherence length increased
by about ~5 nm for the edge-on oriented domains and
~10 nm for the face-on oriented domains. This increase
may be due to the relaxation of temperature-depen-
dent strain effects after removing the master.

The bimodal distribution of the scattering profiles
for the (100) peak at ¢ = 0 (see Figure 3e) provides
information on the polar angular widths of the edge-on
and face-on orientations. To obtain the profile widths,
An, we have fit the data in two regions, 70° < < 110°
for the edge-on orientation and 8° < 1 < 45° for the
face-on orientation to Gaussian profiles. The data for
7 < 8°was not used due to the strong refraction affects,

METHODS AND MATERIALS

We imprinted (Nanonex NX-B200 instrument) 10 x
10 mm? areas of 100 nm thick P3HT films (Rieke Metals,
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and the peak position was fixed to 7 = 0° due to the
symmetry. At 30 °C for the face-on orientation, Ay = 44°
fwhm (calculated from the Gaussian widths), which is
more than twice the 17° fwhm of the edge-on orienta-
tion. For comparison, the edge-on domains of the
control film exhibit a 13° fwhm. This relatively narrower
angular spread of the edge-on domains results from
crystal nucleation which occurs at the flat silicon
substrate.'® Similarly, the rough and titled side walls
of the imprint master may contribute to the broader
angular spread observed for the face-on domains.
Upon annealing of the imprinted film—in the absence
of the master—Ax decreases (see Figure 4b) with
increasing temperature, suggesting that the vapor
interface has a strong effect on the P3HT orientation.

This study provides insight into the structure and
morphology of flat and imprinted P3HT thin films. The
edge-on configuration observed on flat substrates is
likely the lowest energy configuration since it max-
imizes the coverage of the low-energy methyl groups
at both interfaces. This same driving force is believed to
be the origin of surface freezing in chain molecules.>
For the imprinted film, with its considerable side-wall
area, the observed ~90° reorientation is likely driven
by the reduction of the side-wall interfacial energy,
which induces the (100) direction to be along the local
surface normal. However, we cannot rule out other
factors such as flow-induced reorientation,'® which
may also contribute. Despite the smoothing-out of
the topographical profile with increasing temperature,
the molecular orientation does not simply restore to
the edge-on configuration; rather, both orientations
remain. Evidently, annealing (to 200 °C) does not
randomize the molecular orientation but instead re-
laxes imprint-induced strain while simultaneously al-
lowing the imprint-induced orientations to grow and
become better defined. This suggests that a wide
range of techniques that induce mild orientational bias
may be amenable to directing P3HT assembly when
coupled with suitable annealing. Finally, the imprint
process partially aligns the P3HT chain backbones
along the imprinted groove direction. Combined,
these results demonstrate that nanoimprint is a power-
ful tool for controlling molecular orientation in semi-
conducting polymer materials. The ability to simulta-
neously control nanometer-scale order and topography,
while selecting the desired molecular orientation,
should provide new opportunities for an improved un-
derstanding of the structure—properties relationship
in organic devices since their anisotropic structural and
electronic properties are difficult to ascertain in con-
ventional, poorly oriented samples.

M,, ~ 50000 g-mol~", regioregularity ~95%, 2 wt % in chloro-
benzene) spin-cast onto silicon substrates using a silicon master
imprint template prepared using interference lithography.>*
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The master template pattern consisted of a uniform 100 nm
pitch grating with 50 nm deep trapezoidal-shaped grooves.
To facilitate release of the master after imprinting, a 1—2 nm
thick low-energy coating (perfluorodecyltrichlorosilane)
was deposited on the template using a vapor deposition
process.

Grazing-incidence small- and wide-angle X-ray scattering
(GISAXS and GIWAXS) measurements were performed at the
X9 undulator-based beamline at the National Synchrotron Light
Source, Brookhaven National Laboratory. The incident X-ray
beam (1 = 0.0886 nm) was collimated using slits and focused
onto the sample position using Kirkpatrick—Biaz mirrors. This
provides a 200 um wide by 80 um high spot at the sample
position whose footprint along the sample spreads out by the
inverse incident angle. The sample stage was located inside the
vacuum chamber (pressure ~ 40 Pa) where both the incident
angle and azimuthal rotations are computer controlled. A two-
dimensional charged-coupled device (CCD) detector was posi-
tioned ~270 mm from the center of the sample stage to collect
the GIWAXS images inside the same vacuum chamber. The
GISAXS images were collected by a second CCD detector
located at a distance 3.5 m from the sample. A rectangular
beam stop was positioned to block the primary and the
reflective beams. Data conversion to g space was accomplished
by calibration using Silver Behenate powder.

For a fixed azimuthal angle of the sample, the in-plane
component of q rotates slightly as q, is increased. Thus, to
obtain a complete Bragg rod around an in-plane position,
the scattering intensity was integrated while the samples
were rotated azimuthally at a constant angular rate. The
extent of q, was determined by the range of the azimuthal
angle ¢. Increasing the ¢ range also increased the diffuse
background.

For thermal annealing experiment, the scattering patterns
were obtained every 30 °C and the effective heating rate was
10 °C min~". At each temperature, the sample was equilibrated
for 10 min before collecting the X-ray scattering patterns.
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