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ABSTRACT Nanostructured grating surfaces with groove widths less
than 200 nm impose boundary conditions that frustrate the natural
molecular orientational ordering within thin films of blended polymer
semiconductor poly(3-hexlythiophene) and phenyl-C¢;-butyric acid methyl
ester, as revealed by grazing incidence X-ray scattering measurements.
Polymer interactions with the grating sidewall strongly inhibit the polymer
lamellar alignment parallel to the substrate typically found in planar films, in
favor of alignment perpendicular to this orientation, resulting in a preferred
equilibrium molecular configuration difficult to achieve by other means.

Grating surfaces reduce the relative population of the parallel orientation from 30% to less than 5% in a 400 nm thick film. Analysis of in-plane X-ray

scattering with respect to grating orientation shows polymer backbones highly oriented to within 10 degrees of parallel to the groove direction.
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onjugated polymers have found ap-
Cplication in electronic devices such

as field-effect transistors,’? light-
emitting diodes,® and solar cells.* The ma-
terial's molecular arrangement dramatically
influences its electronic and optical proper-
ties. For example, the electronic mobility of
regioregular poly(3-hexlythiophene) (P3HT)
can vary significantly with molecular weight
and degree of molecular crystallization and
orientation.>~” The electrical conductivity®®
and light absorbance® of crystalline P3HT
are directionally anisotropic, with charge
transfer along polymer backbones and be-
tween m-stacked chains easier than across
insulating side-chains.

Thin-film blends of highly regioregular
P3HT and phenyl-Cg;-butyric acid methyl
ester (PCBM) have been widely studied
for semiconductor photoactive layers in
organic bulk heterojunction solar cells. In
this work, we examine the crystalline P3HT
structure within P3HT:PCBM blends con-
fined to one-dimensional (1D) grooves
with widths <200 nm and find that compet-
ing horizontally and vertically oriented
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interfaces frustrate the natural P3HT mole-
cule orientational ordering exhibited on flat
surfaces.

RESULTS AND DISCUSSION

Thin films of a 50:50 wt % P3HT:PCBM
composite cast from a slow-evaporating
solvent (chlorobenzene) (e.g., 240 nm thick-
ness, Figure 1a) include a crystalline P3HT
population with a strong degree of lamellar
alignment parallel to the substrate,"®'%™" as
evidenced by the 2D grazing incidence
wide-angle X-ray scattering pattern (GIWAXS)
showing three equally spaced peaks in the
out-of-plane direction, located at g, =
0.39, 0.77, and 1.15 A" (Figure 1b). In our
discussion, we use the conventional P3HT
crystallographic notation, with this lamellar
direction defined as <100>, the 1—z stacking
direction as <010>, and the polymer backbone
direction as <001>."% A line-cut along the
out-of-plane scattering direction (Supporting
Information) shows that these peaks are con-
sistent with a 1.60 nm spacing between
stacked P3HT lamellae, in agreement with
previous observations.*'"'? The scattering
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Figure 1. (a) 70 degree angle SEM cross-section of a P3HT:
PCBM film. (b) 2D GIWAXS pattern from a P3HT:PCBM
thin film on a planar substrate. (c) Magnified 2D GIWAXS
pattern (area bounded by white box in (b)), emphasizing the
(100) scattering peak. (d) Angular cuts of scattering inten-
sity along arc of constant |g| corresponding to P3HT (100)
lamellar scattering peak in (solid line) spin-cast 200 nm thick
film, and (dotted line) drop-cast 4.4 um thick film. Dashed
line shows an angular cut of scattering intensity along an
arc of constant |g| corresponding to P3HT (010) 77—z stack-
ing in a spin-cast 200 nm thick film.

from a planar film (see Figure 1¢) provides a baseline
for understanding the structural changes induced by
the nanostructured grooves. The scattering intensity as
a function of polar angle (y) with respect to the surface
normal at |g| = 0.39 A7, corresponding to the g-vector
of the (100) planes, is a measure of the P3HT orienta-
tion. The y scattering profile shows that the lamellar
alignment is predominantly parallel to the substrate
(x ~ 0°) (Figure 1d, solid line). A Scherer peak width
analysis of the radial scattering profile, including
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Figure 2. Schematic (a) edge-on and (b) face-on P3HT
orientations.
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GIWAXS instrumental broadening,'® reveals a P3HT
coherence length of £ = 21 nm along the lamellar
stacking direction, similar to previous findings.! A
weaker, vertical streak of scattering at g, = 1.64 A
(Figure 1b), corresponding to a distance of 0.38 nm, is
consistent with (010) mw—ax stacking, oriented within
the substrate plane, at y ~ 90° (Figure 1d, dotted line).
These observations together imply a significant frac-
tion of the ordered P3HT population within the P3HT:
PCBM blend is oriented “edge-on” (shown schemati-
cally in Figure 2a). A 90° reoriented P3HT lattice with
backbone oriented in the surface planeis termed “face-
on” (Figure 2b)."#%"! The broad ring at |g| = 1.37 A ™
(0.46 nm) is scattering from phase separated, noncrys-
talline PCBM. In this work we focus exclusively on the
effect of confinement on the P3HT phase within
blended P3HT:PCBM, as we have not observed any
measurable grating-induced change in scattering from
PCBM.

Thin films of the P3HT:PCBM blend exhibit a strong
preference for the edge-on orientation, likely arising
from ordering at both the substrate and film—air inter-
faces (parallel to each other). In particular, the P3HT
side-chains preferentially wet these interfaces, as this
configuration is driven by the lower interfacial energy
of terminal methyl groups.'*'* For example, from anal-
ysis of a similar angular line-cut of the (100) scattering
peak of a drop-cast P3HT:PCBM film, >10 times thicker
(t = 44 um) (Figure 1d, dashed line), we estimate
that ~20—30% of the crystalline P3HT population is
oriented in the edge-on configuration. This is a sig-
nificantly higher fraction of the film volume than would
be the case if the orientational order extended only a
distance ~& away from substrate and air interfaces
(which would contain only (2 x 21 nm)/4400 nm =~
1%). The increase in scattering intensity across all angles
is due to crystalline P3HT without a preferred orientation
(i.e., isotropic), presumably in the film interior.'?

We present X-ray scattering measurements of the
P3HT molecular morphology when confined to
grooves with widths between 50 nm < w < 170 nm
and depths between 150 nm < d < 520 nm (Table 1).
We fabricated silicon substrates into parallel arrays of
1D grooves, with nanometer-scale width (w) and depth
(d) defined using electron-beam lithography and re-
active-ion etching.'® We dehydrate the Si grating
substrates by baking at 250 °C (10 m on a hot plate,
in Ar) prior to spin-casting the P3HT:PCBM blend.
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TABLE 1. Nanostructured Groove Dimensions and Polymer Film Thicknesses Used in Experiments®

Nominal Average Average groove | Average film
groove width | groove width | depth (d) (nm) thickness (t)

(nm) (w) (nm) (nm)

IR
t
w

45 47 £ 2 143+3 1296
80 875 32413 26215
100 113+11 455+ 18 387 + 37
140 138+12 490 +12 408 + 36
160 16010 513+4 429 +10
180 1757 523+6 460 + 14

“Nominal groove widths for nanostructured grating surfaces, and measured average groove width (w), depth (d), and P3HT:PCBM film thickness (). We measured average
values from SEM cross sections. Uncertainties represent one standard deviation calculated from a minimum of 5 measurements.

We confirmed template filling and measured the thick-
ness within the grooves (t) using scanning electron
microscopy. The reported thickness values are average
measurements from a minimum of 5 grooves, with
uncertainty corresponding to one standard deviation
on this mean. We removed all organic material from the
template's top surface, as well as from the planar substrate
surrounding the ~mm? patterned grating region, in order
to avoid collecting signal from X-ray scattering of uncon-
fined material (Supporting Information).

The GIWAXS pattern of a t = 460 nm thick P3HT:
PCBM film confined within grooves with average width
w =175 nm and depth d = 520 nm (Figure 3a) shows
clear differences in the P3HT (100) lamellar stacking
peak (Figures 3b,c), compared to that from a planar
P3HT:PCBM film (Figure 1c,d). Here, we maintained
the incident X-ray beam parallel to the long-axis of
the gratings. Confinement within the grating changes
the lamellar orientation, as evidenced by significantly
increased scattering intensity at y ~ 90° and consistent
with P3HT lamellae oriented parallel to the grating's
sidewall (Figure 3b, and solid line, Figure 3c). Concom-
itantly there is a decrease in scattering at y ~ 0° and
an increase in scattering from isotropically oriented
P3HT (appearing as a ring at constant |g| in Figure 3b
and as a constant scattering intensity across all
angles in Figure 3c, solid line). In further support of
the grating-induced reorientation, the (010) scattering
intensity from P3HT z—x stacking is now predomi-
nately at y ~ 0° (Figure 3¢, dotted line). These changes
are consistent with an increase in the P3HT face-on
population. We do not observe any change in the P3HT
molecular arrangement when blend samples are mea-
sured at 200 °C (near the P3HT melting point), and also
upon recooling to room temperature (Supporting
Information). We have also measured similarly invar-
iant orientations in films of pure P3HT in grating
grooves, both at room temperature and at 200 °C,

Intensity (a.u.)
Intensity (a.u.)

% 1020 30 40(§()) 60 70 80 9C
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Figure 3. (a,d) 70 degree angle SEM cross-sectional images
of silicon gratings with (a) 175 and (d) 47 nm average groove
widths, filled with P3HT:PCBM. Scale bar denotes 100 nm.
(b,e) Corresponding 2D GIWAXS patterns showing P3HT (100)
scattering peak orientation. (c,f) Corresponding angular
cuts of scattering intensity showing the distributions of
(solid lines) P3HT 100 lamellar scattering peaks, and
(dashed line) scattering from (010) 7—x stacking. X-ray
beam is parallel to the grating long-axis direction (¢ = 0).

as well as infiltrated into gratings at a temperature
(230 °C) above the P3HT melting point and then slowly
cooled. Because of the invariance with temperature,
we believe this represents a thermodynamically stable
configuration, rather than a kinetically trapped state
such as observed when casting films of P3HT:PCBM
from a fast-evaporating solvent.'?
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Decreasing the confining groove width (w) increases
the relative P3HT population with face-on orientation.
The smallest average groove width used in this study
(w = 47 nm) (Figure 3d) approaches the length-scale
of the P3HT crystalline domains (~21 nm) so that most
P3HT lies within one correlation length of a groove
wall. A quantitative measure of the orientation is
provided by the y scans (Figures 3e/[f). The much
stronger (100) scattering intensity at y = 90°, compared
to y = 0° especially in the 47 nm grooves, strongly
supports a preferred lamellar alignment parallel to the
groove sidewalls. This arrangement is also supported
by the m—m stacking peak, which is preferentially
aligned along the substrate-normal (Figure 3f, dotted
line), and azimuthal X-ray scans (discussed below). This
is consistent with a face-on molecular orientation that
is 90° rotated compared with the orientation found for
the planar film. The P3HT lamellar orientation and
backbone alignment within the grooves are similar
to that measured in pure P3HT films nanoimprinted
with similar dimensions'® and confined within grating
channels with ~50 nm width,'® but contrasts with a
study suggesting a significant degree of vertical back-
bone alignment in pure P3HT films imprinted with
deeper grooves.'”'® Optical measurements of P3HT
confined within cylindrical channels having sub-
100 nm diameters show a substantial reduction in ab-
sorption anisotropy compared to planar P3HT films,
consistent with a change in molecular packing orienta-
tion,'® and X-ray measurements show suppression of
the edge-on orientation without the significant face-
on orientation observed in gratings.>*' The present
study systematically measures the effect of varying
groove width and provides the most direct evidence to
date on the effects of confinement on the orientation
and alignment of P3HT:PCBM blends.

We analyze the influence of the nanostructured
gratings on the relative populations of edge-on, face-
on, and isotropically oriented P3HT through quantita-
tive analysis of the angular (y) distribution of the (100)
lamellar peak scattering intensity. Because our mea-
surements exclude the presence of significant vertical
alignment of P3HT backbones (discussed further
below), the configuration where lamellae are parallel
to the vertical sidewalls must necessarily correspond to
face-on. For ease of analysis, we have employed a
geometric construct (Figure 4a) to determine the frac-
tional populations in each sample. Isotropically or-
iented P3HT produces a constant scattering intensity
across all angles (gray region in Figure 4a). We attribute
excess scattering intensity at smaller y to P3HT or-
iented edge-on (red region in Figure 4a), and excess
scattering intensity at larger y as due to P3HT oriented
face-on (blue region in Figure 4a). Decreasing the
groove width (w) increases the fractional P3HT popula-
tion having face-on orientation, at the expense of
edge-on (Figure 4b). For the smallest w in this study
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Figure 4. (a) Schematic angular cut of P3HT (100) peak
scattering intensity, with contributions from (red) edge-
on, (blue) face-on, and (gray) isotropically oriented P3HT.
(b) Fractional populations of (red squares) edge-on, (blue
dots) face-on, and (gray dots) isotropically oriented P3HT
versus confining groove width, w. Thick gray line is a plot
of ~2&/w (& = 21 nm) for w > 42 nm. Inset: Model showing
locations of (red) edge-on, (blue) face-on, and (gray) iso-
tropic P3HT populations within confining grooves. (c) Frac-
tional P3HT edge-on populations versus thickness for (dots)
planar P3HT:PCBM films and (squares) films confined to
grooves.

(47 nm), we estimate >80% of the crystallized P3HT is
oriented face-on, as a consequence of surface interac-
tions with the vertical grating sidewalls. Our data show
that even grooves as large as w = 175 nm orient ~30%
of the crystalline P3HT population as face-on, with an
additional >60% isotropically oriented—a conse-
quence of our fabrication scheme, in which groove
height-to-width aspect ratios emphasize sidewall in-
teractions over the top and bottom interfaces. The
P3HT face-on population decreases similarly with in-
creasing grating width for samples heated to 200 °C
(Supporting Information).

Our data are quantitatively described by a simplified
geometric model that assumes P3HT located within a
distance £ of the two vertical walls will orient face-on,
P3HT located within a distance & from film top and
bottom surfaces orients edge-on, and the remaining
film volume has an isotropic orientation (Figure 4b,
inset). This model predicts a fractional face-on popula-
tion of ~2&/w (for w > 2&), in good agreement with the
observed decrease in P3HT face-on population with
increasing groove width (w). The thick gray line in
Figure 4b plots ~2&/w versus w and accurately de-
scribes the face-on population (blue circles) (with
& = 21 nm calculated from a Scherer analysis of the
P3HT (100) lamellar peak width). This supports the

VOL.8 = NO.1 = 243-249 = 2014 K@N&NK}

WWwWW.acsnano.org

WL

246



conclusion that all interfaces (air, substrate, and grating
sidewalls) have a similar effect of directing P3HT
orientation over an intrinsic coherence length, &.
Nanostructured grating surfaces frustrate the P3HT
lamellar alignment parallel to the surface that occurs
naturally in planar P3HT:PCBM films, most clearly evi-
denced by comparing the fractional populations of
edge-on P3HT in blend films of similar thickness (t)
applied to planar and grating substrates (Figure 4c). In
a P3HT:PCBM film on a planar substrate, the air and
substrate interfaces both induce an edge-on P3HT
orientation, and together these cause the entire film
to be predominantly edge-on even at thicknesses
substantially exceeding the average P3HT grain size
(§ ~ 21 nm). For example, the crystalline regions of
planar P3HT:PCBM films with ~100 nm thickness are
>60% edge-on oriented (Figure 4c). Introducing com-
peting interfaces driving a face-on orientation disrupts
this synergistic ordering. The four confining interfaces
of the grating groove each order the material over a
correlation length (~20 nm), but preferred orienta-
tional order within the bulk is frustrated. Introducing a
grating with average groove width w = 47 nm reduces
the edge-on population in ~100 nm thick P3HT:PCBM
to less than 5% (from >60%, Figure 4c). While ~30% of
the P3HT in a ~400 nm thick planar blend film remains
oriented edge-on, confining grooves with w = 140 nm
suppress the edge-on orientation to ~5% of the total
population. Because charge transport through stacked
P3HT lamellae is poor,? it is likely that reducing the
population with edge-on orientation will significantly
improve the out-of-plane P3HT charge mobility.'®'”1%2°
We obtain complete three-dimensional information
about the P3HT molecular stacking orientation by
rotating samples along the in-plane azimuthal angle
() with respect to the incident X-ray beam. Azimuthal
rotation of the grating axis away from the incoming
X-ray beam (¢ = 0°, Figure 5a) strongly decreases the
(100) scattering close to y = 90°, consistent with P3HT
lamellae being parallel to the grating's vertical side
walls (Figure 5a—d show scattering intensity from the
(100) peak for increasing ¢). For ¢ > 45°, the GIWAXS
pattern shows no contribution from P3HT lamellae
at y = 90° (Figure 5d). In contrast, scattering from P3HT
lamellae aligned parallel to the substrate (y = 0°) is
independent of ¢, as expected (Figure 5a—d). The
presence of excess scattering intensity at y = 0° for
the P3HT (010) ;t— stacking peak for all ¢, combined
with the strong ¢@-dependence of the (100) lamellar
scattering peak, is only consistent with a face-on
orientation with P3HT polymer backbones oriented
along the grating axis direction. By itself, the P3HT
(100) peak intensity at ¢ = 0° and y = 90° could be
ascribed to either a face-on or vertical orientation;
however, this is not supported by the full data set.
We exclude a vertical P3HT backbone orientation
without lamellar orientation on the basis of the strong
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Figure 5. (a—d) 2D GIWAXS intensity plots for a P3HT:PCBM
film confined within grooves with average width of 47 nm,
for azimuthal angles (¢) of 0, 5, 15, and 45 degrees. (e) Plot
of normalized in-plane P3HT 100 lamellar peak scattering
intensity versus azimuthal angle for (black) 47, (red) 87, and
(blue) 175 nm average groove widths. Red and black data
are offset from the horizontal axis for clarity. Solid lines are
exponential fits to the data. (inset) Characteristic decay
angle (¢o) versus groove width (w). Solid line is a linear fit
to the data.

¢@-dependence of the (100) peak. A vertical orientation
with lamellae oriented along the groove direction is
also excluded because of the absence of any strong
(010) peak oriented at ¢ = 90°. Nevertheless, the P3HT
population we identify as isotropic includes all possible
orientations, including a small vertical-like fraction.
Analysis of the decrease in the integrated first-order
P3HT in-plane lamellar peak scattering intensity versus
azimuthal scattering angle (¢) provides a measure of
the degree of P3HT backbone orientation along the
grating axis (Figure 5e). For the three average confining
groove widths shown (w = 47, 87, and 175 nm), the in-
plane scattering intensity decreases rapidly as ¢ in-
creases away from parallel to the grating axis. In all
cases, the decay is reasonably well described by an
exponential expression ~ exp(—@/¢o), with @, a char-
acteristic angular decay value (solid lines in Figure 5e).
The P3HT backbones are closely aligned to grating
walls, to within ¢, = 7°, for the narrowest confining
grooves (w = 47 nm). Wider gratings offer less confine-
ment, with correspondingly broadened P3HT backbone
angular distribution; however, even w = 175 nm groove
widths align polymer chains to within ¢, = 16° of the
grating axis. One of several possible physical explanations
is consistent with previous studies of P3HT structure,
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which have shown that P3HT backbones can aggre-
gate into elongated needle-like structures.®*2~2* A
needle of length / confined within the grooves would
align within sinpy ~ @o ~ w/l, for | > w. From the
slope of the best fit to ¢q versus w (Figure 5e, inset),
we estimate | ~ w/@o ~ 590 nm, roughly consistent
with previous observations of P3HT molecular struc-
ture by atomic force microscopy>®?* and electron
microscopy.**%

METHODS

Grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurements were performed at the undulator-based X9
endstation at the National Synchrotron Light Source (NSLS),
Brookhaven National Laboratory. Two-dimensional scattering
images were acquired using an area detector, positioned
217 mm from the sample, and using an X-ray wavelength of
0.10332 nm (photon energy of 12.00 keV). Data conversion to
g-space was accomplished by measuring a standard sample with
known scattering features (Silver Behenate), and accounting for
detector position and tilt angle. The incident beam was collimated
using slits and focused onto the sample position using a KB mirror
system; the beam size at the sample position was approximately
100 «m horizontal width and 50 um vertical width. Measurements
were performed at a variety of incident angles (0.07°, 0.10°, 0.15°,
0.20°, 0.30°); all measurements above the critical angle had similar
features. The results presented in the manuscript used the data at
0.20°, which is well above the critical angle for any of the films
studied, and is thus representative of the entire film.

We computed the P3HT correlation length from the scatter-
ing peak width using a Debye—Scherer analysis, accounting for
instrumental broadening of the peak and intersection of the
scattering with the detector geometry."*

In order to quantify the orientation distribution of ordered
P3HT, we integrated the 100 lamellar peak along the arc at |q| =
0.38 A~" at each angle (y) with respect to the g, axis.'®?*° The
background at each y was subtracted by measuring the average
intensity just outside the peak. This method removes any diffuse
scattering contribution. The full peak width was integrated at each
%, in order to account for variation in peak width between samples
and with angle for a given sample. The x scale was corrected to
account for the intersection of the Ewald sphere with reciprocal
space.® To convert from detector intensity to the amount of
material within a particular orientation-population, one must
compute the integrated intensity throughout all of reciprocal
space (and not merely the slice of reciprocal space measured by
the detector plane). In our case, we intend to make a cross-
comparison between planar samples, which are in-plane powders,
and grating-confined samples, which are anisotropic in-plane. In an
in-plane powder, the radial symmetry (about the g, axis) allows us to
compute the integrated scattering by multiplying the detector peak
intensity by sin(y). This geometric correction factor is not applicable
to the grating samples. In this case one could instead compute
integrated intensity by reconstructing the full three-dimensional
reciprocal space of the sample. As we demonstrate, the P3HT 100
peak is highly concentrated near ¢ = 0° (grating aligned with X-ray
beam). Thus, for these samples the direct detectorimage at ¢ =0°is
used as a reasonable approximation for the orientation distribution
of the material. We note that we do not cross-compare intensities
between these two modes of data analysis: instead we compute
relative populations in each case, and only compare those.

Fabrication of grooved templates began with patterning
a p-doped Si wafer (1—12 Q-cm) by electron beam lithography
using a JEOL JBX6300-FS (100 KV, 220 uC/cm? 150 pA).
ZEP-520A resist (Zeon Corporation) was spin coated to a thick-
ness of 50 nm for use as the resist and etch mask. Exposed resist
was developed in hexyl-acetate (90 s), followed by isopropanol
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CONCLUSIONS

Confining blended P3HT:PCBM within nanostruc-
tured grooves induces a 90° P3HT backbone reorienta-
tion near the grating sidewalls, which frustrates the strong
tendency of P3HT molecules to orient edge-on relative to
substrate and air interfaces in planar thin films. Nanocon-
finement thus enables one to either select a particular
orientational state, or else emphasize the isotropic state
caused by competing wall interactions.

(90 s) and rinse in deionized water (90 s). Pattern transfer to the
Si was performed by inductively coupled reactive ion etching
using an Oxford Instruments Plasmalab 100 (40 sccm SFg, 18
sccm O,, 12 mTorr, —100 °C, ICP 800 W, RF 40 W for 3 s followed
by 15 W for 20 s). Residual resist was removed using a March
plasma etch tool (O, 100 mTorr, RF power 20 W for 1 min).
Substrates were dehydrated on a hot plate for 10 min at 250 °C.
A solution of 2.5% or 5% by weight (depending on desired film
thickness) 50:50 P3HT (Rieke Metals, Inc., M,, = 50—70K, regio-
regularity 91—94%): PCBM (American Dye Source) in anhydrous
chlorobenzene (Sigma-Aldrich Co.) was prepared in the glove-
box and deposited by spin coating at 1000 rpm for 1 min. Excess
blend material was removed by sliding a razor blade across the
film with the blade pressed firmly in contact with the unetched
polished Si surface. We confirmed that the physical process of
removing excess material from the grating top surface did not
change the molecular orientation of P3HT within grating grooves
by comparing GIWAXS data taken from samples of each type
(Supporting Information).
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ing intensity along g, from a planar film of P3HT:PCBM, a 2D
GIWAXS pattern from a P3HT:PCBM thin film confined within
~50 nm grooves without removing residual organic layer from
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analysis of the P3HT face-on populations under these three
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residual organic layer on top, with corresponding 2D GIWAXS
patterns of this sample as-cast, heated to 200 °C, and recooled
to room temperature, together with analysis of the P3HT face-
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