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ABSTRACT: In this work, we demonstrate the feasibility of
using nanoimprint lithography (NIL) to make efficient low
bandgap polymer solar cells with well-ordered heterojunction.
High quality low bandgap conjugated polymer poly[2,6-(4,4-
bis(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]-dithiophene)-
alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT) nanogratings
are fabricated using this technique for the first time. The
geometry effect of PCPDTBT nanostructures on the solar cell
performance is investigated by making PCPDTBT/C,, solar
cells with different feature sizes of PCPDTBT nanogratings. It
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is found that the power conversion efficiency (PCE) increases with increasing nanograting height, PCPDTBT/C,, junction area,
and decreasing nanograting width. We also find that NIL makes PCPDTBT chains interact more strongly and form an improved
structural ordering. Solar cells made on the highest aspect ratio PCPDTBT nanostructures are among the best reported devices

using the same material with a PCE of 5.5%.

KEYWORDS: morphology of polymer solar cell, nanoimprint lithography, ordered heterojunction, chain ordering,

nanostructure geometry effect

1. INTRODUCTION

In recent years, polymer solar cells have drawn considerable
amounts of research interest due to their attractive features
including flexibility, semitransparency, and manufacturability
using cost-effective continuous printing processes.l’2 However,
one challenge limiting their commercialization is the relatively
low power conversion efficiency (PCE) when compared to
their inorganic counterparts. One of the causes for their low
performance is the difficulty to simultaneously realize donor—
acceptor phase separation within the short exciton diffusion
length (~10 nm) and high charge mobility, especially hole
mobility, which are critical for charge separation and trans-
port.g”4 The bulk heterojunction (BHJ) has shown promise to
solve these two issues through its large donor—acceptor
interface area as well as thermal or solvent vapor annealing
assisted polymer crystallization.”~” However, the active layer
morphology in this structure cannot be precisely controlled.
Significant charge recombination is caused by discrete and
randomly distributed phases, resulting in inefficient charge
separation and transport.® Nowadays, nanoimprint lithography
(NIL) has emerged as an effective fabrication technique to
precisely define the nanomorphology in polymer solar cells.”
Controlled chain ordering as well as a bicontinuous and
interdigitized heterojunction can be achieved by imprinting
conjugated polymers, where a nanoimprint induced chain
alignment is present, followed by infiltrating fullerene into
patterned polymer nanostructures.'®™"” However, it is noted
that, in literature, most studies are focused on nanoimprinted
poly(3-hexylthiophene-2,5-diyl) (P3HT)/fullerene solar cells,
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the most studied material combination. This

combination is not ideal due to a mismatch between the
absorption of P3HT and solar spectrum, which has a maximum
photon flux at 1.6—1.8 eV while P3HT has a relatively large
bandgap of 1.9—2.0 eV. Therefore, a bandgap of 1.3—1.5 eV is
considered to be ideal for polymer—fullerene solar cells.** In
recent years many low bandgap polymers have been
synthesized with record-breaking efficiencies.”*™>’ However, it
has been proven that the donor and acceptor phase separation
for these polymers cannot be realized by thermal or solvent
vapor annealing, which is usually carried out on P3HT/
fullerene solar cells.”?®* Although additives such as 1,8-
octanedithiol are added into the solution to help separate donor
and acceptor domains, this separation cannot be controlled
precisely.”***™*> Therefore, NIL would provide an effective
solution if an ordered active layer morphology could be formed
by it. However, no work has been reported thus far and it
remains unknown if NIL can be applied to a wide variety of
materials in the polymer solar cell field. Moreover, inconsistent
geometries of imprinted polymer nanostructures have been
used by different groups, which result in different
PCEs." > #18213%35 1t s therefore difficult to compare the
results of one work to another. A systematical study on the
correlation between nanostructure geometry and device
performance is needed to unleash the full potential of this
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Figure 1. Process flow to form ordered PCPDTBT/C,, heterojunction: (a and b) NIL of PCPDTBT nanogratings; (c and d) complete coverage of

C; on top of PCPDTBT nanogratings.

Table 1. Summary of PCPDTBT Nanogratings with Different Geometries

geometry (G) no. 1 2
width/spacing (nm) 280/280
height (nm) 70 (thin film) 110
residual layer (nm) 20
IEF (A/A,) 1 1.39

3 4 S 6
210/210 60/80 60/80 60/80
110 S0 110 170
20 20 20 20
1.52 1.71 2.57 3.43

emerging technique toward significant improvement of polymer
solar cell performance. Whether there is any NIL improved
chain ordering for these materials is worth investigating as well.

In this work, we have utilized NIL to pattern the low
bandgap (1.4 eV) solar cell polymer, poly[2,6-(4,4-bis(2-
ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]-dithiophene)-alt-4,7-
(2,1,3-benzothiadiazole)] (PCPDTBT).*>*”*** High quality
nanogratings for this polymer are achieved using this technique
for the first time. We then study the nanostructure geometry
effect on the solar cell performance by making PCPDTBT/C,,
solar cells on nanogratings with consistently varied widths and
heights. It is found that the performance increases with
increasing nanograting height, PCPDTBT/C,, junction area,
and decreasing nanograting width. We also find that NIL makes
PCPDTBT chains interact more strongly and form an
improved structural ordering. Solar cells with the narrowest
and highest PCPDTBT nanogratings among all devices give the
optimal PCE of 5.5%, which is among the best efficiencies
reported for this polymer in literature.

2. EXPERIMENTAL SECTION

2.1. Nanoimprint Lithography and UV-Vis Measurement of
PCPDTBT Nanogratings. To fabricate nanogratings, PCPDTBT (1-
Material, Inc.) solution was first prepared in chlorobenzene and then
spin-coated onto substrates (Si or glass). As described in our previous
study, the polymer has to be mechanically strong if one wants to

fabricate high aspect ratio (AR) nanostructures by NIL.* To test this
polymer, a Si mold with the highest AR (~2.83) we could make with
width w = 80 nm, spacing p = 60 nm, and height / = 170 nm was used
initially. The mold was treated with 1H,1H,2H,2H-perfluorodecyltri-
chlorosilane (FDTS) as an antiadhesion coating.37 NIL was performed
at a temperature of 170 °C and a pressure of 5 MPa for 10 min. Then,
the system was cooled slowly to 70 °C, and the mold was released
from the substrates. The schematic of imprint process is shown in
Figure la. Figure 1b shows that high quality PCPDTBT nanogratings
were fabricated from the Si mold with excellent fidelity, which made it
possible to fabricate solar cells with these nanostructures. To study if
there was any NIL improved chain ordering, NIL formed nanogratings
were characterized by UV—vis measurement (A%llent 8453 spec-
trometer), a common method for this polymer.””***° It should be
noted that in this study we also tried X-ray diffraction, which is usually
employed to study the chain alignment in polymers such as P3HT in
literature. However, it was found that this characterization approach
did not work well for this low crystallinity polymer because it could
not generate high and sharp peaks on the X-ray spectra and made
result analysis difficult. UV—vis measurement is more sensitive to the
structure change in this type of polymer, as elaborated in the
literature.”®

In this work, the geometry of PCPDTBT nanogratings were
consistently varied to study its effects on solar cell performance, as
summarized in Table 1. It should be noted that G1, 70 nm flat thin
film, was used as reference and approximately the same thickness as
G2 (w =280 nm, p = 280 nm, and h = 110 nm), G3 (w =210 nm, p =
210 nm, and h = 110 nm), and GS (w = 60 nm, p = 80 nm, and h =
110 nm) before they were imprinted into nanostructures. Moreover in
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all experiments of this work, the flat thin film G1 was imprinted by a
flat mold at the same temperature and pressure as nanostructured
samples. The residual layer was 20 nm and constant for all geometries.
The imprinted nanogratings increase the interface area of hetero-
junction from the bilayer structure, which can be quantified using a
term named interface enhancement factor (IEF) in eq 1. IEF describes
the ratio of imprinted nanostructure interface area (A) to non-
imprinted or the initial area before imprinting."®

24
w+p (1)

It constantly increased from G1 to G6 as listed in Table 1. In this work
we could not increase the IEF any further due to our limitations on
mold fabrication and demolding process after NIL.

2.2. Solar Cell Fabrication and Characterization. Solar cells
were fabricated using imprinted PCPDTBT nanogratings in the
following structure: ITO/PEDOT:PSS/PCPDTBT/C,,/AL First a
thin layer (~20 nm) of PEDOT:PSS (CLEVIOS P VP Al 4083, H. C.
Starck, Inc.) was spin-coated onto patterned ITO coated glass
substrates (Luminescence Technology) and baked at 150 °C for 1S
min. In this work, low conductive PEDOT:PSS was chosen to
minimize the measurement error from device areas due to the lateral
conductivity of PEDOT:PSS. Then, PCPDTBT thin films were spin-
coated and imprinted by nanograting molds with different feature sizes
to form different geometries under the above temperature and
pressure. After NIL, an optimized layer of C;, (Nano-C, Ltd.) with a
thickness of 50 nm was thermally evaporated onto the PCPDTBT
nanostructures at the rate of 0.5 A/s, as shown in Figure 1c. To
improve the C,, coverage onto PCPDTBT nanogratings, a rotational
deposition method was introduced, which thermally evaporated C,,
from all directions at a fixed angle of 20°. Figure 1d shows that a
complete coverage of C,, onto the imprinted PCPDTBT nanogratings
was realized. In this work, spin-coating of the widely used acceptors
[6,6]-Phenyl-C61-butyric acid methyl ester (PC¢;BM) or PC,;BM was
not chosen because there is no orthogonal solvent available. Moreover,
Cyo has a stronger absorbance compared to Cg, due to its asymmetric
structure and can thus form a complementary absorption range with
PCPDTBT, similar to PC,;BM.*® Finally, 100 nm Al was deposited
obliquely on top as the cathode by thermal evaporation. In this work,
we could not obtain a clear image after Al deposition because the
cross-section consisting of multiple layers can be easily damaged
during sample preparation. However, we can confirm that the contact
between Al and active layer is well formed from the high PCE (5.5%)
generated from these devices. Otherwise, the PCE would be very poor
if there was an infiltration issue as we observed before. For bilayer solar
cells in literature, people usually thermally anneal devices so that the
donor and acceptor can diffuse into each other, form a larger interface
and increase PCE. However, in our work thermal annealing was
avoided because we wanted to precisely control the interface area
between PCPDTBT and C,, so that the geometry effect of imprinted
nanostructures on solar cell performance could be studied. Four solar
cell pixels were formed on each substrate with an active area of 3 X 3
mm?* each. To improve the reproducibility and accuracy, all devices
were well masked to minimize the shadow and edge effects before
measurement. The 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 KGS color filtered silicon
photodiode (PV Measurements Inc.) to an intensity of 100 mW/
cm?. To reduce the experimental errors, ten batches of solar cells were
made in this work. The average and standard deviation of device
characteristics were calculated from these ten batches (10 X 4 devices
in total for each geometry).

IEF = A/A, = 1 +

3. RESULTS AND DISCUSSION

The J—V characteristics of these solar cells are shown in Figure
2. Open circuit voltage (V,.), short circuit current (J.), fill
factor (FF), and PCE of these devices are extracted from the J—
V curves and listed in Table 2. The overall dependence of these
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Figure 2. J—V characteristics of PCPDTBT/Cy, solar cells fabricated
with different PCPDTBT geometries: 70 nm flat thin film (D1),
nanogratings with width and height of 280 and 110 nm (D2), 210 and
110 nm (D3), 60 and 50 nm (D4), 60 and 110 nm (DS), and 60 and
170 nm (D6), respectively.

device characteristics on the nanostructure width, height, and
IEF are illustrated in Figure 3. It is found that the J,. and FF of
these devices are highly dependent on the nanograting
geometry. Let us first discuss the geometry effect on J. As
shown in Figure 2 and 3a, when compared to D1, D2, D3, and
DS, which have the same height, show improved J,.. Moreover
among D2, D3, and DS, ], increases constantly with the
decrease of nanograting width. This is expected because smaller
widths of nanostructures with the same height would result in
bigger interface area, or larger IEF according to eq 1. When the
nanostructure width gets smaller, that is, closer to the exciton
diffusion length, charge separation can be improved. For
devices D4, DS, and D6 with the same width/spacing (60 nm/
80 nm) but increasing height from SO nm, 110 to 170 nm, we
observe an increase in ], with increasing nanostructure height.
Similarly, this is expected as increasing height would result in
larger IEF, and also better light absorption in the higher
nanostructures.

When it goes to the geometry effect on FF, Table 2 and
Figure 3b have shown that there is a constant increase of FF
with decreasing nanostructure width and the same height, that
is, from FF = 0.51 for flat thin film device D1, FF = 0.55 for D2
when w = 280 nm, FF = 0.56 for D3 when w = 210 nm, to FF=
0.58 for D5 when w = 60 nm. FF is dependent on many factors
such as charge carrier mobility, charge collection efficiency and
charge recombination rate. It should be noted that in this work,
Cyo is deposited onto different sizes of PCPDTBT nanogratings
in the same way to study the nanostructure geometry effect.
This results in different C,, coverages for these devices, making
it difficult to separate the effects of above factors from each
other. Therefore, it is challenging to find all possible reasons for
these changes, and here, we only aim to find part of them. In
literature, people have found that the improved FF is due to the
enhanced chain ordering for imprinted P3HT nanostruc-
tures.'"'*7*"** Here, we speculate that these changes in FF
might be partially explained by the same reason. As we
introduce in the Experimental Section, X-ray diffraction is not a
proper tool to confirm this due to the low crystallinity of
PCPDTBT. Instead it can be characterized by the absorption
measurement, that is, an improved chain ordering of this
polymer is usually associated with a red-shift on the absorbance
spectra, as suggested in literature.””>® There is a concern that
the periodic structures of imprinted nanogratings, which are
within the wavelength of visible light, might affect the spectra
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Table 2. Performance of PCPDTBT/C,, Photovoltaic Devices Built on PCPDTBT Nanogratings with Different Geometries

D1 D2 D3 D4 D5 D6
width/spacing/height (nm) 70 nm thin film 280/280/110 210/210/110 60/80/50 60/80/110 60/80/170
IEF = A/A, 1 1.39 1.52 1.71 2.57 343
V.. (V) 0.65 + 0.01 0.63 + 0.01 0.62 + 0.01 0.61 + 0.01 0.60 + 0.01 0.59 + 0.01
J. (mA/cm?) 643 + 039 8.33 + 0.28 8.79 + 0.36 9.12 + 0.49 12.54 + 0.66 16.15 + 0.63
FF 0.51 + 0.01 0.55 + 0.01 0.56 + 0.01 0.59 + 0.01 0.58 + 0.01 0.58 + 0.01
PCE (%) 2.13 + 0.17 2.89 + 0.13 3.05 + 0.15 328 + 024 436 + 027 5.52 + 031
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Figure 3. PCPDTBT nanograting geometry effect on the PCPDTBT/C,, solar cell performance: (a, b) the width/height, and (c, d) IEF (A/A,)

effects on V,, J,, (3, b) FF and PCE (c, d), respectively.

due to optical effects such as scattering and diffraction.
However, one can determine whether there is NIL improved
chain ordering from the V_ as well. If the chain ordering really
occurs, it would increase the highest occupied molecular orbital
(HOMO) level of PCPDTBT to narrow its effective bandgap,
and thus reduce the V,, because V,_ is scale with the difference
between the HOMO of the donor and the lowest unoccupied
molecular orbital (LUMO) of the acceptor materials.”>*" As
shown in Figure 4, compared to G1, G2 and G3 show red-shifts
and broader absorption shoulders and these changes are the
largest at GS. Furthermore, there is a constant decrease of V.
from D1 to DS, that is, from 0.65 V for D1, 0.63 V for D2, 0.62
V for D3, and 0.60 V for DS5. Therefore, these findings together
suggest that the polymer chains interact more strongly and
form an improved structural ordering when PCPDTBT
nanostructure width decreases. It is consistent with the trend
of FF and thus provides a preliminary evidence to our
speculation. We believe one possible explanation of this trend is
that when these samples are imprinted by molds with
decreasing widths but the same height, the total interface area
between the polymer and molds becomes larger (higher IEF).
This larger interface area enables a stronger polymer-to-mold
interaction, which has been proven to be one of the origins of
chain ordering in literature.*' ™ Here, we plot the peak
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Figure 4. Light absorbance of PCPDTBT samples with different
geometries: 70 thin film (G1), nanogratings with width w = 280 nm
and height / = 110 nm (G2), w = 210 nm and h = 110 nm (G3), and
w = 60 nm and h = 110 nm (GS).

wavelength of PCPDTBT absorbance spectra for these
geometries as a function of IEF. As shown in Figure S, the
NIL induced increase in peak wavelength changes almost
linearly with IEF, which proves our speculation preliminarily.
This enhanced chain ordering also adds one explanation why ]
constantly increases with decreasing nanostructure width as
observed in Figure 3a.
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Figure 5. Effects of IEF (A/A,) on the peak wavelength of PCPDTBT
absorbance spectra for geometries G1, G2, G3, and GS.

Among all the devices we have made, device D6 with the
smallest nanostructure width and largest height shows the
highest performance. It suggests that smaller nanostructures
with higher aspect ratio are favorable for high performance solar
cells. The simple factor IEF in eq 1 can be used to illustrate the
synergistic effects of width and height. As shown in Figure 3¢
and d, the increase of IEF generates constant increases of J
and PCE, which highlights the importance of a large
PCPDTBT/C,, interfacial area. In this work. the average
PCE of D6 (5.5%) is more than twice of that of D1 (~2.1%)
and similar to the efficiency record people have made on this
polymer (5.5%) when using the BHJ structure.”® It therefore
demonstrates that NIL can produce highly efficient low
bandgap polymer solar cells through the well-ordered
heterojunction when the nanostructure geometry is carefully
optimized. It should also be noted that despite considerable
effort, the highest PCEs obtained from nanoimprinted P3HT
solar cells in literature are limited to approximately 3—4%,
which are lower than the highest values (~4—5%) when the
same polymer is used in the BHJ structure. It therefore
indicates that NIL works better for low bandgap polymer solar
cells. One possible explanation is that the method of using
thermal or solvent vapor annealing to control the phase
separation in P3HT based BHJ solar cells is very effective, as
proven by a number of studies; while that of using additives in
the low bandgap polymer solar cells is not, as described in
literature.”® This less effective approach leaves NIL more space
to demonstrate its advantage in improving the solar cell
performance when compared to the BHJ structure. This is our
preliminary thinking and more studies are required to
understand these different behaviors. Here, we believe a higher
performance can be expected if one can further decrease the
PCPDTBT nanostructure width while maintaining a large
height, that is, increasing IEF. There is a large room to improve
our device performance, as the largest IEF in D6 is less than
3.5. For different nanostructures with the same IEF, it seems
that decreasing width can have a more positive impact than
increasing height because the former can enhance the exciton
dissociation and charge transport simultaneously. Our future
work will focus on confirming these speculations experimen-
tally.

4. CONCLUSION

In this work, we demonstrate the feasibility of using NIL to
make well-ordered and efficient low bandgap polymer solar
cells. High quality PCPDTBT nanogratings are fabricated using
this technique for the first time. To study the nanostructure

geometry effect, PCPDTBT/C,, solar cells with different
teature sizes of PCPDTBT gratings are fabricated. It is found
that the PCE increases with the decrease of nanostructure
width, increase of height and IEF. A NIL improved chain
ordering is observed as well. Devices with the highest PCE of
~5.5% are made on the highest aspect ratio PCPDTBT
nanostructures, which is attributed to efficient charge
separation, transport, and light absorption.
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