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ABSTRACT: In this work, strong chain alignment in large
molecular weight polymer solar cells is for the first time
demonstrated by nanoimprint lithography (NIL). The
polymer crystallizations in nonimprinted thin films and
imprinted nanogratings with different molecular weight
poly(3-hexylthiophene-2,5-diyl) (P3HT) are compared. We
first observe that the chain alignment is favored by medium
molecular weight (Mn = 25 kDa) P3HT for nonimprinted thin
films. However, NIL allows large molecular weight P3HT (>40
kDa) to organize more strongly, which has been desired for
efficient charge transport but is difficult to achieve through any other technique. Consequently P3HT/[6,6]-penyl-C61-butyric-
acid-methyl-ester (PCBM) solar cells with large molecular weight P3HT nanogratings show a high power conversion efficiency
of 4.4%, which is among the best reported P3HT/PCBM photovoltaics devices.
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1. INTRODUCTION

Polymer solar cells have potential to provide a low cost,
lightweight, and flexible source of renewable energy.1,2 However,
this type of solar cell has relatively low power conversion
efficiency (PCE) when compared to those of other inorganic
counterparts.3 To improve PCE, one needs to simultaneously
control the polymer donor−fullerene acceptor phase separation
within the short exciton diffusion length (∼10 nm) and increase
the charge mobility, especially hole mobility, which is important
for efficient charge separation and transport.4,5 The bulk
heterojunction (BHJ) has provided a promising solution to
these two issues through its large donor−acceptor interface area
as well as its annealing assisted polymer chain ordering.6−8

However, the discrete and randomly distributed phases in this
structure cause charge recombination, resulting in poor charge
separation and transport.9 Moreover, the chain ordering and hole
mobility in this type of solar cell are greatly dependent on the
intrinsic properties of the polymer donor materials, for example,
the polymer molecular weight (MW).10−14 Although low MW
polymers are easy to crystallize, largeMWpolymers are preferred
for efficient charge transport in devices, due to the latter being
able to travel further along the chains before having to hop a large
distance to other molecules.15 However, it is found that, for many
polymers, such as the widely used poly(3-hexylthiophene-2,5-
diyl) (P3HT), hole mobility initially increases or remains
constant when MW increases within the low range (Mn ∼ 10−
20 kDa), but starts decreasing when it further increases to the
high range (>30 kDa). A mediumMW (20−30 kDa) is therefore
found to be optimal for solar cell applications.10,16,17 It is believed
that the long chains of large MW polymers are easy to tangle and

cause twisting of the polymer backbone, decreasing intrachain
transport by creating more traps and/or reducing interchain
charge hopping by allowing less overlap of conjugated seg-
ments.16,18,19 To better improve charge transport, new
approaches that can overcome the chain entanglement problem
enabling a strong chain alignment in large MW semiconducting
polymers are needed.
In this work, strong chain alignment in large molecular weight

P3HT is for the first time demonstrated by nanoimprint
lithography (NIL). The chain alignments in nonimprinted thin
films and imprinted nanogratings made from medium to large
MW (Mn ∼ 25−50 kDa) P3HT are compared using grazing
incident X-ray diffraction (GIXRD) and UV−vis light
absorption. We found that nonimprinted thin films with medium
MW (25 kDa) show the strongest chain alignment, consistent
with literature reports. However, NIL causes stronger polymer
ordering in large MW (43 kDa) samples. Then, BHJ and
nanoimprinted P3HT/[6,6]-phenyl-C61-butyric-acid-methyl-
ester (PCBM) solar cells with different MWP3HT are fabricated
to compare its influence on device performance. Consistent with
the GIXRD results, higher PCEs for BHJ structure are observed
from medium MW P3HT solar cells, but nanoimprinted devices
with large MWs are more efficient. The highest PCE of
nanoimprinted solar cells is 4.4%, which is among the best
reported for P3HT/PCBM photovoltaics.
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2. EXPERIMENTAL SECTION
2.1. Nanoimprint Lithography, GIXRD, and UV−Vis Measure-

ments of P3HT Nanogratings. The number-average molecular
weight, Mn, and polydispersity (given by Mw/Mn where Mw is the
weight-average molecular weight) of the P3HT batches used in this
study are given in Table 1. Since polymer regioregularity has been shown

to affect charge mobility, all polymers used in this study have high
regioregularities over 96%. It should be noted that P3HT MW starting
with 25 kDa is used in this study for two reasons: the previous studies
have shown that BHJ P3HT solar cells withMW∼ 25 kDa give the most
efficient hole transport, and highest PCE.10,16,17 Choosing the same
MWwould then allow us to compare the performance of nanoimprinted
solar cells with efficient nonpatterned BHJ reference devices. Second, we
have found that MW needs to be at least 25 kDa for P3HT to be
insoluble in dichloromethane (DCM), an orthogonal solvent used to
spin-coat acceptor materials such as PCBM into the imprinted
nanogratings when making solar cells.20

The schematic of the nanoimprint process is shown in Figure 1a,b. A
110 nm P3HT (Reike Metal, Ltd.) thin film was spin-coated onto
substrates (silicon or glass) from solution in chlorobenzene and brought
into contact with a silicon nanograting mold treated with an
antiadhesion monolayer 1H,1H,2H,2H-perfluorodecyltrichlorosilane
(FDTS). The nanograting samples were imprinted at 170 °C and 50
MPa for 600 s. Figure 1c,d shows that the nanogratings on a Si mold are
transferred into P3HT film with excellent fidelity, with height h = 170
nm, width w = 60 nm, and spacing p = 80 nm. As shown in eq 1, the ratio
of imprinted nanostructure interface area (A) to nonimprinted flat thin
film (A0) is defined by interface enhancement factor (IEF).

21,22 The IEF
is 3.43 for these imprinted nanogratings, which is the largest we can
achieve in this work.
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Nonimprinted reference samples were pressed by a flat mold at the
same temperature, pressure, and duration. It should be noted that in the
GIXRD measurements we chose Si substrate because it exhibits no
peaks within the range of interest of P3HT (5°−25°). Additionally,
silicon substrate gives the same type of P3HT chain orientation as ITO
or PEDOT:PSS coated ITO, and is therefore widely used in literature to
simulate crystallization in solar cells.7,23−25

The chain alignment of nonimprinted thin films and imprinted P3HT
nanogratings with various MWs as listed in Table 1 are studied using
GIXRD (Rigaku Ultima III diffractometer). According to literature
studies, the edge-on configuration is the dominant chain orientation in
flat P3HT thin films, and it changes to vertical orientation in imprinted
nanostructures.3,25−28 The edge-on and vertical orientations can be
properly analyzed using two kinds of GIXRD configurations, i.e., out-of-
plane and in-plane, respectively. As shown in Figure 2a1,a2, in the out-

of-plane GIXRD, the detector is rotated vertically with respect to the
P3HT surface with a scan axis of 2θ, so that the strong vertical diffraction
signals from the large polymer backbones with spacing a in edge-on
orientation can be collected. However, the diffraction signals from the
small P3HT hexyl side chains with distance c are very weak, making out-

Table 1. Number-Average Molecular Weight (Mn), Weight
Average Molecular Weight (Mw), Polydispersity (PDI), and
Regioregularity (RR) of P3HT Samples Used in This Study

P3HT batch no. Mn (kDa) Mw (kDa) PDI RR (%)

B1 25 50 2.0 >96
B2 35 70 2.0 >96
B3 43 90 2.1 >96
B4 50 110 2.2 >96

Figure 1. Schematic process flow of nanoimprint of P3HT: (a) a thin layer of P3HT was deposited on a substrate, and (b) P3HT nanogratings of
negative replication are transferred from the mold by nanoimprint lithography. SEM images of (c) Si mold and (d) imprinted P3HT nanogratings.

Figure 2. (a1) Schematic of out-of-plane GIXRD setup with scan axis of
2θ for (a2) edge-on chain alignment; (b1) in-plane GIXRD setup with
scan axis of ϕ/2θχ for (b2) vertical chain alignment in P3HT. The
incident X-rays in both setups are at a small incident angleω to the plane
of sample surfaces.
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of-plane GIXRD difficult for vertical alignment characterization.
Nevertheless, it can be analyzed by in-plane measurement, which
reveals the lateral chain orientation. As illustrated in Figure 2b1,b2, in
this type of measurement, both sample stage and detector are rotated
horizontally with scan axes of ϕ and 2θχ, respectively, so that the
horizontal diffraction signals from the large backbones with spacing a
and π−π stacking spacing b in the vertical orientation can be detected. It
should be noted that, in P3HT solar cells, the active layer is normally
vertically sandwiched between the anode and the cathode. It is therefore
preferable for their molecules to align with an orientation which allows
for a smaller hole hopping distance along the vertical electric field
direction and thus larger hole mobility. As shown in Figure 2, the vertical
hopping distance c (∼0.38 nm) in vertical orientation is much shorter
than a (∼1.69 nm) in edge-on orientation, making the former more
efficient for hole transport. In both GIXRD setups, a wavelength of
0.154 nm and angular spectrum of 3°−30° with the incident angle ω =
0.5° with respect to the plane of sample surface were used. It should be
noted that this incident angle had been optimized in our preliminary
experiment, so that the X-ray could go deep into the 170 nm high
nanogratings to collect the crystallite information as much as possible,
while not penetrating into the substrate and causing intensity loss. The
irradiation area of the X-ray beam was 15 mm × 5 mm, smaller than the
imprinting area (25 mm × 25 mm).

The light absorbance of nonimprinted thin films and imprinted
nanogratings on glass substrates wasmeasured by UV−vis (Agilent 8453
spectrometer) with wavelength 350−800 nm.

2.2. Solar Cell Fabrication and Characterization. To study the
impacts of molecular weight dependent chain alignments on the device
performance, P3HT:PCBM blend (BHJ) and imprinted P3HT/PCBM
solar cells with different MWs of P3HT as listed in Table 1 were
fabricated. For both types of solar cells, 20 nm PEDOT:PSS (CLEVIOS
P VP Al 4083, H. C. Starck, Inc.) was spin-coated onto the patterned
ITO coated glass substrates (Luminescence Technology) and baked at
150 °C for 15 min. Low conductivity PEDOT:PSS was chosen to
minimize the measurement error from device areas due to the lateral
conductivity of PEDOT:PSS. Also, 1 nm LiF and 100 nm Al were
thermally evaporated onto the active layer as the cathode for all devices.
For the BHJ solar cells, the active layer is made of 200 nm blended
P3HT:PCBM (Nano-C) from 1:1 P3HT:PCBM solution in chlor-
obenzene, followed by being pressed by a flat Si mold at the same
conditions as imprinted ones (170 °C and 50 MPa for 600 s). For NIL
devices, 120 nm PCBM was spin-coated onto P3HT nanogratings from
dichloromethane which serves as an orthogonal solvent. In this work, we
could not obtain a clear cross-section image after PCBM deposition due
to the challenge in sample preparation. Nevertheless, we can derive that
the contact between P3HT and PCBM was well-formed from the high

Figure 3. (a) Out-of-plane GIXRD measurements of nonimprinted P3HT thin films and (b) in-plane measurements of imprinted P3HT nanogratings
with direction initially (b1) parallel and (b2) perpendicular to the incident X-ray beamwith molecular weights of 25 kDa (F1 andNIL1), 35 kDa (F2 and
NIL2), 43 kDa (F3 and NIL3), and 50 kDa (F4 and NIL4). The inset figures in part a show the magnified views of the (100) peaks, corresponding to
edge-on oriented crystallites. The inset figures in parts b1 and b2 show the magnified views of the (100) and (010) peaks representing vertically oriented
crystallites.
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PCE (4.4%) generated from these devices. Otherwise, the PCE would
be very poor if there was an infiltration or dissolving issue as we observed
before. The top PCBM thickness after infiltration f was estimated to be
∼20 nm using

= −
·
+

f L
p h

w p (2)

where L is the spin-coated PCBM thickness, and w, p, and h are P3HT
nanograting width, spacing, and height, respectively. In our preliminary
studies, the impact of PCBM spin-coating thickness was investigated,
and we found the device performance started significantly dropping
when L was less than 100 nm (no top PCBM left according to this
equation), proving this estimate approach is reliable. After the solar cells
were made, their current density−voltage (J−V) characteristics were
measured using Air Mass 1.5 global solar simulated light (AM. 1.5G)
calibrated using an NREL traceable KG5 color filtered silicon
photodiode (PV Measurements Inc.) to an intensity of 100 mW/cm2.
Four solar cell pixels with an active area of 9 mm2 each were formed on
each substrate. To reduce the experimental errors, 10 batches of solar
cells were made in this work. The average and standard deviation of
device characteristics were calculated from these 10 batches (10 × 4
devices in total for each molecular weight).

3. RESULTS AND DISCUSSION
3.1. Effects on Chain Alignment. Nonimprinted P3HT

thin films F1−F4 with four different MWs as listed in Table 1 are
first characterized by out-of-plane GIXRD. Before measure-
ments, all thin films are pressed by a flat Si mold at the same
nanoimprint conditions. As shown in Figure 3a, these four
samples show large (100) peaks at 5.2°, corresponding to lattice
constant a and edge-on orientations, but with different
intensities, indicating that crystallite density in planar P3HT
thin films is highly dependent on the MW. The (100) peak
intensity decreases as the MW increases from F1 (25 kDa), F2
(35 kDa), F3 (43 kDa), to F4 (50 kDa), suggesting that it
becomes more difficult for P3HT chains to organize when the
chains become longer. It is consistent with the observations in
literature that long polymer chains are more prone to
entanglement.29 People have suggested that this may cause the

alignment of neighboring conjugated segments to be more
difficult to achieve, resulting in a reduced mobility.16,19 It is
therefore reasonable to speculate that the sample F1 with
medium MW P3HT is optimal for the BHJ solar cells.
To characterize the lateral chain arrangement with respect to

the imprinted P3HT nanogratings using in-plane GIXRD, as
shown in Figure 3b, the nanograting direction was initially
adjusted to be parallel and perpendicular, respectively, to the
incident X-ray beam. As shown in Figure 3b1, all nanostructures
show large (100) peaks and ultralow (010) peaks whenmeasured
in the parallel direction. While in the perpendicular direction, all
(100) peaks are quenched, and larger (010) peaks are present as
shown in Figure 3b2. These results indicate that significant
amounts of P3HT chains are vertically aligned after nanoimprint,
with hexyl side chain spacing a perpendicular to and π−π
stacking b along the grating direction. The tiny (010) peaks in
Figure 3b1 and (100) peaks in Figure 3b2 are believed to come
from the finite alignment variations. However, their intensities
are much lower, suggesting that the vertical chain configuration
as described is dominant within the imprinted nanogratings. It
can also be seen that large MW sample NIL3 (43 kDa) shows
larger peak intensity than medium MW samples NIL1 (25 kDa)
and NIL2 (35 kDa) in Figure 3b1,b2, suggesting that NIL allows
longer P3HT chains to align at a much stronger degree, which is
different from what is observed in nonimprinted thin films. This
shows for the first time that strong chain alignment in large
molecular weight P3HT can be realized. We believe this
phenomenon can be attributed to two combined mechanisms
occurring during NIL: when polymer is squeezed, forcing it to
flow into the mold cavities, the molecular confinement enables
entangled polymers to reorganize, and this reorganization is
favored by longer polymer chains with large MW due to its lower
viscosity at the nanoscale.10 Second, high pressure upward flow
in the molten state and hydrophobic interaction between
sidewalls of the Si mold and P3HT hexyl side chains allow the
reorganized polymer chains to crystallize.3,10−12,14,27,30 In
addition, it is noted that when MW increases further to 50 kDa

Figure 4. Normalized integrated intensities (peak area) of (a) (100) peaks in Figure 3a for nonimprinted P3HT thin films, and (b1) (100) peaks in
Figure 3b1 and (b2) (010) peaks in Figure 3b2 for imprinted nanogratings with different molecular weights.
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in NIL4, the peak intensity starts going down. This indicates that
when the P3HT chains become very long, NIL under the current
conditions is not effective enough to induce strong vertical
alignment.
To better quantitatively understand the impact of MW on the

chain alignment in both types of samples, we plot the normalized
integrated intensities (area) of (100) peaks in Figure 3a,b1 as
well as (010) peaks in Figure 3b2 (indication of P3HT crystallite
density), respectively, as a function of MW. As shown in Figure
4a, the integrated peak intensity decreases almost linearly with
MW for nonimprinted thin films. While for the imprinted
nanogratings in Figure 4b1,b2, it first increases linearly and more
sharply with MW (NIL1 to NIL3) but drops at NIL4 in both a
and b directions. These results demonstrate that longer P3HT
chains are less organized in regular nonimprinted thin films but
can be effectively aligned by NIL until the MW becomes very
large.
In XRD spectra, the integrated intensity of each peak is

proportional to the P3HT crystallite density. The crystallite size
L can be obtained by the Scherrer formula

λ
θ

∼
Δ θ

L
0.9

cos( )2 (3)

where Δ2θ is the full width half-maximum of the peak.31−33

Applying eq 2 to the (100) peaks in Figure 3a,b1, respectively,
one can compare the crystallite size La in nonimprinted P3HT
thin films and La* in imprinted nanogratings with different MWs
along the hexyl side chain direction a. As summarized in Table 2,

the crystallite size follows the same trend as peak intensity for
both types of P3HT samples; i.e., F1 shows the largest crystallite
size among all nonimprinted thin films, and NIL3 does so among
all imprinted nanograting samples. Moreover, when we compare
the crystallite sizes between thin films and nanogratings with the
same MW, the latter are always larger from MW 25 to 50 kDa.
The largest crystallite size (∼17 nm) in nanogratings with MW
43 kDa in NIL3 is also larger than the largest (∼14 nm) in
nonimprinted thin film with MW 25 kDa in F1. Combining all of
these results, we can speculate that nonimprinted and imprinted
solar cells with these two MWs are likely the most efficient when
the same types of devices are compared, respectively. It is also
reasonable to speculate that the most efficient imprinted solar
cells have a higher PCE than the most efficient BHJ ones due to
the former’s larger crystallite density, crystallite size, as well as
vertical chain orientation.
In literature studies, people have found that a better polymer

chain alignment is usually associated with a smaller bandgap and
red-shift of the absorbance spectra. To further investigate the
effect of MW on the chain alignment, here we measure the light
absorption of nonimprinted and imprinted samples. As shown in
Figure 5a, the degree of red-shift increases with increasing MW
for nonimprinted thin film samples from F1 to F4, while that for
imprinted samples in Figure 5b first increases, reaching the
largest on NIL3 with 43 kDa, and starts decreasing when MW
further increases to 50 kDa on NIL4. They are very consistent

with the GIXRD results. Moreover, when plotted together as
shown in Figure 5c, NIL3 shows a larger red-shift and broader
absorption shoulder than the nonimprinted F1 (25 kDa), which
again indicates that the NIL induced chain alignment for polymer
with large MW is likely stronger than that of nonimprinted thin
films with medium MW.

3.2. Effects on Solar Cell Performance. To investigate the
impacts of P3HTMW and chain alignment on the photovoltaics
performance, BHJ and nanoimprinted solar cells with these
different MWs of P3HT in Table 1 are fabricated. Their J−V
characteristics are shown in Figure 6a,b, respectively. Voc, Jsc, FF,
and PCE of these two types of devices extracted from the J−V
curves are listed in Tables 3 and 4, respectively. Their overall
dependences on the P3HTMW are illustrated in Figure 7. Let us
first discuss the impacts ofMWon the BHJ solar cells. The results
show that Jsc has monotonic decreasing correlation with the
increasing P3HT MW. Referring to the GIXRD measurement
results, which show a monotonic decreasing correlation of
crystallite density and size with increasing MW in Figure 4a and
Table 2, we can speculate that the lowest photocurrent in the
largest MW sample F4 would be likely due to its weakest chain
ordering and inefficient charge transport. This speculation can be
further confirmed by the change of FF. In literature studies,
people have found that FF is highly dependent on the hole
transport for P3HT solar cells and can decrease with the reduced
chain ordering.24,34,35 Here the constantly decreasing FF with
increasing MW agrees well with the trend in GIXRD measure-
ments. The degree of chain alignment in different MWs can be
further revealed by the change of Voc. When the chain alignment
becomes weaker, it would decrease the highest occupied
molecular orbital (HOMO) level of conjugated polymers to
widen their effective bandgap, and thus increase the Voc.

36−38 In
Figure 7a, Voc keeps increasing from F1 to F4 (0.62−0.64 V),
confirming that the bandgap becomes larger and the polymer
chain ordering is lowering.
Regarding the nanoimprinted solar cell devices, Table 4 and

Figure 7b illustrate that larger MW NIL3 (43 kDa) show higher
Jsc, FF, and PCE than the lower MW NIL1 (25 kDa) and NIL2
(35 kDa). The performance reduces when the MW increases
further to the ultralarge NIL4 (50 kDa). Moreover, the Voc first
decreases with MW from NIL1, NIL2, reaches the lowest at
NIL3, and then starts increasing at NIL4. We believe these
findings are consistent with the GIXRD results as shown in
Figure 3b and light absorption results in Figure 5b, where NIL3
shows the strongest chain alignment. These findings together
demonstrate that nanoimprint lithography is an effective
technique to generate stronger chain alignment and more
efficient devices at larger MW. It is also noted that the PCE of
NIL3 with large MW 43 kDa is 4.4%, higher than the most
efficient nonimprinted BHJ device F1 with mediumMW 25 kDa
(PCE of 3.45%). Although NIL3 shows a red-shift and broader
absorption shoulder when compared to those of F1, which may
have positive impact on exciton generation, it would be
farfetched to attribute such a great increase in PCE (∼1%) to
light absorption enhancement only. Instead, similar to reports in
the literature, we tend to believe they are signs of a smaller
bandgap due to better chain alignment, allowing for better charge
transport and efficiency, as further supported by NIL3’s larger
crystallite size (Table 2), lower Voc, and higher FF than F1. The
NIL defined bicontinuous interdigitized heterojunction may
benefit the charge transport as well, since the phase separation in
BHJ solar cells is difficult to precisely control.

Table 2. Effects of P3HT Molecular Weight on the Crystallite
Sizes in Nonimprinted P3HT Thin Films (La) and Imprinted
P3HT Nanogratings (La*)

P3HT MW 25 kDa 35 kDa 43 kDa 50 kDa

La (nm) 14.23 13.74 12.85 11.53
La* (nm) 14.82 15.31 16.96 15.67
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From these results we believe that the top-down nano-
structured polymer solar cells by nanoimprint lithography can be
an effective device architecture by enabling the benefits of larger
MW polymers. The Jsc, FF, and PCE of nanoimprinted solar cells
using large MW 43 kDa P3HT show higher PCE than BHJ

devices using the optimal MW 25 kDa. The performance of this
type of solar cells can be further improved with stronger NIL
induced chain alignment, so that we can use even larger MW
(e.g., NIL4 or larger) P3HT to fully unleash its potential in
efficient charge transport. In our previous work, we have

Figure 5. Light absorbance of (a) nonimprinted P3HT thin films and (b) imprinted nanogratings with molecular weights of 25 kDa (F1 and NIL1), 35
kDa (F2 and NIL2), 43 kDa (F3 and NIL3), and 50 kDa (F4 and NIL4). (c) Light absorbance comparison between nonimprinted F1 and imprinted
NIL3.

Figure 6. J−V characteristics of the P3HT and PCBM solar cells fabricated on (a) P3HT:PCBM blend and (b) PCBM coated P3HT nanogratings with
different P3HT molecular weights: 25 kDa (F1 and NIL1), 35 kDa (F2 and NIL2), 43 kDa (F3 and NIL3), and 50 kDa (F4 and NIL4).

Table 3. Performance of P3HT:PCBM Photovoltaic Devices with P3HT and PCBM Blend

device F1 F2 F3 F4

Voc (V) 0.62 ± 0.01 0.63 ± 0.01 0.63 ± 0.01 0.64 ± 0.01
Jsc (mA/cm

2) 9.26 ± 0.54 8.15 ± 0.32 7.58 ± 0.27 6.87 ± 0.48
FF 0.60 ± 0.01 0.57 ± 0.01 0.55 ± 0.02 0.53 ± 0.02
PCE (%) 3.45 ± 0.12 2.92 ± 0.06 2.63 ± 0.05 2.33 ± 0.09

Table 4. Performance of P3HT/PCBM Photovoltaic Devices with Imprinted P3HT Nanogratings

device NIL1 NIL2 NIL3 NIL4

Voc (V) 0.63 ± 0.01 0.62 ± 0.01 0.61 ± 0.01 0.62 ± 0.01
Jsc (mA/cm

2) 7.75 ± 0.45 8.79 ± 0.32 10.98 ± 0.28 9.68 ± 0.39
FF 0.58 ± 0.01 0.60 ± 0.01 0.66 ± 0.02 0.61 ± 0.01
PCE (%) 2.83 ± 0.11 3.27 ± 0.05 4.42 ± 0.08 3.66 ± 0.06
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demonstrated that the chain alignment becomes stronger when
the interface area of imprinted polymer nanostructure increases,
due to the stronger polymer-to-mold interaction during
imprint.39 Therefore, a higher device efficiency can be achieved
by further decreasing the width while increasing the height of
P3HT nanostructures, i.e., increasing the interface area. In
addition to charge transport, the increase in interface area would
also improve the exciton separation between P3HT and PCBM.
There is a lot of room to increase this interface area since the IEF
is less than 3.5 in this study.

4. CONCLUSION
In this work, strong chain alignment in large molecular weight
solar cell polymer P3HT is for the first time demonstrated by
nanoimprint lithography. Consequently P3HT/PCBM solar
cells made from large MW P3HT nanogratings show a high PCE
of 4.4%, which is attributed to the efficient charge separation and
transport. The results indicate that the top-down nanostructured
polymer solar cells created by nanoimprint lithography can be an
effective device architecture by enabling the benefits of largeMW
polymers.
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