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ABSTRACT We have investigated the effects of a directly nanopatterned

active layer on the electrical and optical properties of inverted polymer solar cells
(i-PSCs). The capillary force in confined molds plays a critical role in polymer
crystallization and phase separation of the film. The nanoimprinting process
induced improved crystallization and multidimensional chain alignment of

Flat device

polymers for more effective charge transfer and a fine phase-separation between

Pressured flat device Patterned device

polymers and [6,6]-phenyl-C;;-butyric acid methyl ester (PC;4BM) to favor exciton dissociation and increase the generation rate of charge transfer excitons.

Consequently, the power conversion efficiency with a periodic nanostructure was enhanced from 7.40% to 8.50% and 7.17% to 9.15% in PTB7 and PTB7-Th

based i-PSCs, respectively.
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olymer solar cells (PSCs) have re-

ceived considerable attention as next-

generation solar cells that can be
applied to portable electronic devices such
as tablets, laptops, and cellular phones due
to their advantages of transparency, light-
weightiness, and flexibility. Although the
power conversion efficiency (PCE) of PSCs
has seen a dramatic increase in the past few
years and has reached nearly 10%," there is
still need for enhancing their PCE further to
be commercially viable. Previous studies
have mostly focused on developing new
active materials to improve the efficiency
of PSCs.>* However, in order to extract the
full potential from given active materials,
device structure needs to be optimized to
enhance the optical performance as well as
electrical properties.

Better crystalline nature of the donor
polymer, smaller and better dispersed do-
mains of the acceptor fullerene derivative,
and favorable phase separation between
the donor and acceptor with continuous
pathways facilitate enhanced charge transport
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properties of blend films.*> Furthermore,
proper vertical phase segregation for
electrode selectivity, in which donor and
acceptor materials are preferred toward
the anode and cathode, respectively, can
improve charge transport and collection.®’
Electrical properties in PSCs are reportedly
related with the process of exciton dissocia-
tion at the interfaces between donors and
acceptors,*® diffusion of charge carriers,>®
and charge collection at each electrode.'®"’
Controlling the nanomorphology in the
blend film is thus very important to promote
the electrical properties in the PSCs.'*'3
Nanomorphology within a blend film can
be controlled by various approaches, in-
cluding thermal and solvent annealing,®'*
control of the solvent evaporation rate,'”
and the use of processing additives such
as 1,8-diiodooctane (DIO) and 1,8-octane-
dithiol (ODT) for selective solubility."®"7 It is
well-known that the nanomorphology of
polymer blend films can be controlled by
adjusting the crystallization of the poly-
mer.'8=2% For example, when a solvent is
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Figure 1. Effect of nanoimprinting and fabrication process: (a) the proposed mechanism of vertical phase separation induced
by the nanoimprinting process and (b) the nanoimprinting process to induce nanomorphological change and the device

structure of i-PSCs with a periodic nanostructure.

more slowly evaporated, the polymer crystal is more
uniform and phase separation between polymer crys-
tallite structures and acceptor domains is effectively
formed, which is favorable for exciton dissociation.'®*'

The use of periodic metallic nanostructures has
recently become one of the favored schemes to
improve the performance of PSCs. Introduction of
periodic metallic nanostructures into PSCs has often
targeted optical absorption enhancement via surface
plasmon resonance (SPR) effects near specific resonant
wavelengths.?*?* Moreover, it has been recently re-
ported that random wrinkles in PSCs can significantly
enhance the photoresponse in the NIR region due to
effective direct formation of hot charge transfer ex-
citons (CTXs) and additional wave guiding effects into
the active layer to increase the path length of the NIR
photons.®* These results imply that the appropriate
introduction of nanostructures in PSCs can efficiently
boost the absorption of NIR photons due to increased
generation of CTXs despite intrinsic low absorption in
this range.?>%

Meanwhile, there have been few studies on the
effects on electrical properties of the incorporation of
periodic metallic nanostructures into PSCs. In the pres-
ent study, we demonstrate a nanoimprinting process
can induce a dramatic nanomorphological change of
the bulk active layer of the PSCs, effectively improving
electrical properties as well as optical performance
in inverted polymer solar cells (i-PSCs). In the nano-
imprinting process, a concentrated solution containing
organic materials filled the periodic nanomold by
capillary pressure and the solvent was evaporated
slowly; the materials were solidified or crystallized
while confined in the molds.?”?® The capillary force
in the nanoimprinting process plays roles in polymer
crystallization and phase separation of the film. After
the solvent reaches a critical volume, crystallites of the
polymer grow and pack orderly by the upward driving
force of the capillary force.?*>° Figure 1a schematically
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illustrates the morphological transition induced by the
proposed nanoimprinting process. In our experiments,
the incorporation of periodic nanostructures on
poly[[4,8-bis[(2-ethylhexyl)oxylbenzo[1,2-b:4,5-b']-
dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]-
thieno[3,4-blthiophenediyl]] (PTB7):(6,6)-phenyl C71-
butyric acid methyl ester (PC;,BM) and poly[4,8-bis(5-
(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-bTdithiophene-
2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]-
thiophene-)-2-carboxylate-2-6-diyl)] (PTB7-Th):PC;,BM
increases the power conversion efficiency (PCE) by
approximately 15% and 28%, respectively. We discuss
the origin of the enhanced electrical properties, such
as internal quantum efficiency (IQE) and fill factor (FF),
upon the introduction of periodic nanostructures.

RESULTS AND DISCUSSION

A simple nanoimprinting method using a polydi-
methylsiloxane (PDMS) mold was applied to induce a
nanostructured pattern onto the surface of an active
layer consisting of PTB7 and PC;,BM. Figure 1b sche-
matically illustrates the fabrication process of the
periodically nanostructured i-PSC devices. The as-spun
PTB7:PC,,BM layer was immediately contacted with a
patterned PDMS mold (period, 556 nm) and then dried
on a hot plate under the pressure of 52.95 Pa. Fabrica-
tion details for the PDMS mold and devices are pre-
sented in the Methods. A mold with a depth of 40 nm
and period of 556 nm was prepared and applied to
fabricate nanopatterned i-PSC devices. Figure 2a pro-
vides a cross-sectional scanning electron microscopy
(SEM) image of the device with the patterned active
layer comprising PTB7 and PC;,BM, exhibiting a peri-
odically structured surface. It confirms that periodic
patterns have been successfully formed on the surface
of the active layer by the nanoimprinting process.

The photovoltaic performance of i-PSCs with peri-
odic nanostructures was investigated to assess the
effect of the periodic nanostructures, as summarized

A N NS
VOL.9 = NO.3 = 2773-2782 = 2015 @L%N {\)

WWwWW.acsnano.org

2774



(a)

MoO;
PTB7:PC;,BM
nO

ITO

(c) 4
-100|':|'|
EGO- 1 80 §
W40 PTB7 2
g 3
w —mFlat 3
20 ‘:Q,}ro—Nanopaﬁerned 3
ol =
) m
580 g_
c 1009
6 60+ g
B PTB7 b
240 3
5 —=—Flat 50 3
2 20{ —*—Nanopatterned =
* o 0 &
80 - )
?60-
W 40
g PTB7
20{ —=—Flat
0 —>—Nanopatterned
400 500 600 700 800

Wavelenth [nm]

(b) = °
g PTB7 PTB7-Th (
E 5| —=— —o—Flati-psc
>
=
2 101
[
-]
-t
c
.15
3 3 o
0 — T T T T
0.0 0.2 0.4 0.6 0.8
Voltage
(d) . ge [V] .
L1005
=
80 8
60 O
2
r40 @
[ 50 —
=
0 m
=
=
L1003
[+)
(]
3
.50 O
-
=
0

—>=—Nanopatterned

400 50

0

0 600 700
Wavelenth [nm]

Figure 2. (a) The cross-sectional SEM image of a patterned i-PSC device with PTB7:PC,,BM. White scale bar: 500 nm. (b) J—V
characteristics of flat i-PSCs (black rectangles) and nanopatterned i-PSCs (red circles) with PTB7:PC;,BM (filled) or PTB7-Th:
PC;,BM (open) under AM 1.5G 100 mW/cm? illumination. EQE spectra and EQE enhancement (top), absorption spectra and
absorption enhancement (middle), and IQE spectra and IQE enhancement (bottom) of flat i-PSCs (rectangles) and
nanopatterned i-PSCs (circles) with (c) PTB7:PC,,BM (filled) or (d) PTB7-Th:PC,,BM (open).

TABLE 1. Average Photovoltaic Performance of i-PSCs
without or with Periodic Nanostructure®

active materials performance flat i-PSCs nanopatterned i-PSCs
PCE [%] 7.33 + 0.06 8.45 + 0.05
(7.40) (8.50)
Jc [mA/em?] 14.67 £ 0.15 16.37 £ 0.22
(14.72) (16.30)
PTB7:PC;1BM Vo V] 0.75 - 0.00 073 + 001
(0.75) (0.74)
FF 0.68 + 0.01 0.70 = 0.01
(0.67) (0.71)
PCE [%] 715 £ 0.14 9.03 4 0.12
(7.17) (9.15)
Jge [mA/cm?] 14.50 4+ 0.23 17.22 £ 0.15
(14.54) (17.21)
PIBZ-TRPGBM 1wy 081 % 0.00 0.79 = 0.00
(0.81) (0.79)
FF 0.61 & 0.01 0.66 + 0.01
(0.61) (0.67)

“The () illustrate the performance of devices having the highest PCEs. The average
PCE values were obtained from 15 PTB7 based devices and 5 PTB7-Th based devices.

JEONG ET AL.

in Table 1. Current density vs voltage (J—V) char-
acteristics of representative devices under AM 1.5G
100 mW/cm? are shown in Figure 2b. For all devices
with a nanopatterned active layer composed of PTB7
and PC;;BM, the PCE was increased by approximately
15% with enhancement of both the short-circuit cur-
rent density (Jsc) and fill factor (FF) of approximately
11% and 6%, respectively. The best PCE of flat control
devices was 7.40% with a J. of 14.72 mA/cm?, whereas
the best PCE of devices with periodic nanostructures
was 8.50%, mainly benefiting from the improved J,.
value of 16.30 mA/cm?.

The proposed scheme is not limited to the PTB7:
PC;1BM system, but it can be applied to various BHJ
systems consisting of polymer and fullerene derivative.
For example, the introduction of periodic nanostruc-
ture to i-PSC with the active layer comprising PTB7-Th
and PC;BM (Figure 2b) also enhanced the PCE
significantly from 7.17% to 9.15% with enhancement
of both J;. and FF of approximately 18% and 10%,
respectively. Detailed photovoltaic performance is
summarized in Table 1.
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To investigate the origin of the enhanced J,. of the
devices with periodic nanostructures in greater detail,
we characterized EQE and absorption spectra of de-
vices with and without the periodic nanostructures and
estimated the enhancement factor of the EQE of the
devices. The J,. values were well matched (within 2%
error) with the integrated J;. values obtained from the
EQE spectra. Compared with the flat device, EQE values
for all nanopatterned devices were improved in an
overall range from 350 to 900 nm with prominent
enhancement at around 425 and 625 nm and a distinct
peak in the NIR region, as shown in Figure 2¢,d (top).

Absorption spectra were extracted from the mea-
sured reflectance spectra in the same setup as used for
the EQE study, as shown in Figure 2¢,d (middle). In the
wide range of 400—850 nm, enhanced absorption is
observed with distinct peaks at 400 and 550 nm, which
can be ascribed to Wood's anomaly and localized
surface plasmon modes near a grating.>' >* In fact,
the SPR peaks of films having a grating period of
556 nm appears experimentally at 935 nm (not shown),
which is located outside the effective absorption range
of PTB7:PC;:BM from 300 to 850 nm, as shown in
Figure 3c. In addition, absorption beyond the absorp-
tion edge of 750 nm is dramatically increased in the
i-PSC with periodic nanostructures, compared to the
flat i-PSC device. This could be related with increased
charge transfer exciton (CTX) states as it is known that
photocurrent near the absorption edge of the active
layer in i-PSCs results from directly generated CTXs,
although absorption in the range of the flat film is very
weak.?* The generation of CTXs can be influenced by
the nanoscale morphology, as they are bound to the
interfacial area of the BHJ system. We measured EQE
under applied bias (4 V), which can collect the disso-
ciated free charges that would otherwise recombine.
Figure S1 in the Supporting Information demonstrates
the enhanced EQE under bias in the nanopatterned
i-PSC at the CT state energy region. The relatively low
photocurrent was obtained despite the dramatically
increased absorption beyond the absorption edge
(~750 nm) due to inefficient dissociation of excitons
by direct absorption of the CT state.3>3¢

To clarify the aforementioned effect on the electrical
properties in the i-PSC with a periodic nanostructure in
more detail, IQE was calculated from the relation EQE =
absorption x IQE. As shown in Figure 2c,d (bottom),
the device with the periodic nanostructure shows an
enhanced IQE in the overall range except at around
800 nm of the band edge of PTB7 (and PTB7-Th),
indicating an enhanced EQE in the i-PSC with nano-
structures originated from dual improvement of absorp-
tion and IQE. The IQE value approaches approximately
85% in the visible range, suggesting that excitons are
more effectively dissociated and relevant electrodes
collect charge carriers efficiently with less recombina-
tion loss in the i-PSC with periodic nanostructures.
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Along with the enhanced J,. in i-PSCs with periodic
nanostructures, the FF was also improved compared
with that of the flat devices. The enhanced FF indicates
improvement of electrical properties by the incorpora-
tion of periodic nanostructures in i-PSCs.?” In particular,
control of the nanomorphology can have a significant
effect on the FF, because ordered and crystallized
polymer chains increase charge carrier mobility and
more finely intermixed donor and acceptor domains
decrease exciton recombination and charge trapping.
More detailed evidence of the optimized nanoscale
morphology in the blend film by the incorporation of
periodic nanostructures is discussed below.

In addition to the morphological change between
electron donor and acceptor materials in the BHJ active
layer, we also note that PDMS stamping can increase
the interfacial area between the active layer and the
contacted metal electrode slightly. With a depth of
40 nm and period of 556 nm, the interfacial area was
increased by 12.2% for the nanostructured device. An
extended interface between the active layer and the
metal electrode can foster carrier extraction and de-
crease the series resistance of devices, leading to an
improved FF.°

It has been widely recognized that the nanomor-
phology of a BHJ system largely influences separation
of bound polaron pairs, CTXs into free charges at the
junction between the PTB7 and PC,,BM domains.83°
More finely intermixed PTB7 and PC;;BM domains
can result in an increased amount of CTXs, indicating
elevated interaction between PTB7 and PC,,BM.*°
A nanoimprinting process can provide the driving
force for finely intermixed PTB7 and PC,;BM domains
due to the surface confining effect by the mold,
resulting in increased generation rate of CTXs at the
donor/acceptor interface.3®3°

To further verify the more finely intermixed PTB7
and PC;;BM domains, the surface morphology of
the active layer was investigated using a transmission
electron microscope (TEM). Top-down TEM samples
were prepared by floating the PTB7:PC,;BM layers on
deionized water and transferring the films to 300 mesh
copper TEM grids. Figure 3a,b shows TEM images of a
BHJ system composed of PTB7 and PC,;BM without
and with periodic nanostructures, respectively, mea-
sured at the same defocused imaging conditions of
25 um.*'*" The bright and dark regions result from
the domain/network of polymer crystals and PC;,BM
domains, respectively. The TEM image of the PTB7:
PC,41BM layer with periodic nanostructures (Figure 3b)
shows very fine and smaller PTB7 domains, suggesting
increased interfacial area between PTB7 and PC;,BM,
which favors the formation of CTXs.*>*® The flat PTB7:
PC,:BM layer (Figure 3a), however, shows relatively
larger phase-separated PTB7 and PC;;BM domains.

Figure 3c shows the UV—vis absorption spectra of
PTB7:PC;;BM blend films both with and without
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Figure 3. TEM images measured at the same defocusing distance of (a) flat PTB7:PC;;BM surface and (b) ridge area of
nanopatterned PTB7:PC;,BM surface. (Inset, valley area of nanopatterned PTB7:PC7;BM surface) White scale bar, 20 nm.
UV—vis absorption spectra of (c) flat PTB7:PC,,BM film (black rectangles) and nanopatterned PTB7:PC;,BM film (red circles)
and (d) pure PTB7 and PC,,BM films with (open red circles) and without (filled black circles) periodic nanostructure.
(e) Photoluminescence spectra excited at 533 nm for flat PTB7:PC,,BM film (black rectangles) and nanopatterned PTB7:
PC,:BM film (red circles). (f) Time-resolved photoluminescence spectra; the emission at 750 nm was recorded after excitation
at 633 nm. The time traces have been normalized to 10 000 counts.

periodic nanostructures. The absorption spectrum of
the nanopatterned film exhibits a distinguishable ab-
sorption peak near 800 nm compared to the flat film,
showing increased ordering of PTB7 chains and im-
proved probability of CTX distribution across the PTB7
and PC,;BM interfaces in the optimized morphology
by the nanoimprinting process.**** Interestingly, the
prominent peak near 800 nm in the nanopatterned
PTB7:PC;;,BM blend film was not observed in the PTB7
and PC;;BM only films even with inclusion of the periodic
nanopattern, suggesting that the additional peak resulted
from interaction between PTB7 and PC;,BM (Figure 3d).

Figure 3e shows that photoluminescence (PL)
quenching, which supports exciton dissociation, is
facilitated by more finely intermixed PTB7 and PC;,BM
domains in the active layer with the periodic nano-
structure, as determined from the TEM characteriza-
tion. In the nanopatterned PTB7:PC;;BM film, the PL
intensity at 750 nm corresponding to radiative decay
of PTB7 when excited with a 633 nm laser source

JEONG ET AL.

dramatically decreased, compared to the flat PTB7:
PC;:BM film, due to promoted exciton dissociation
between PTB7 and PC,;BM.

In addition, the decay of emission at 750 nm is much
faster in the nanopatterned PTB7:PC,,BM film than in
the flat PTB7:PC,,BM film, as shown in Figure 3f and
summarized in Table S1in the Supporting Information.
The PL decay curves were fitted using the multiexpo-
nential function: IPL(t) = A; exp(—t/1;) + A, exp(—t/t>),
where A; and t; are the amplitude and the exponential
time constant, respectively.*” For the flat PTB7:PC;,BM
film, two exponential time constants, 7; and 7, are
obtained as 15.00 and 38.57 ps, respectively, providing
intensity weighted average lifetime ;. = 16.12 ps. The
nanopatterned PTB7:PC,;,BM film has faster constants
of 7, =9.70 ps and 7, = 38.33 ps from the remaining tail,
resulting in a lower value of 7, = 9.72 ps. The reduced
PL decay time is a result of more effective exciton
dissociation in the nanopatterned PTB7:PC;,BM film,
indicative of better-intermixed morphology between
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Figure 4. Surface topographic AFM images of (a) flat PTB7:PC;,BM surface and (b) nanopatterned PTB7:PC;,BM surface.
KPFM-surface potential images of (c) flat PTB7:PC;,BM surface and (d) nanopatterned PTB7:PC,,BM surface.

PTB7 and PC,,BM domains.*® This is consistent with
the TEM measurement, as shown in Figure 3a,b. The
enhanced exciton dissociation led to a reduction of
geminate recombination of photogenerated excitons
and thereby enhanced the FF of the patterned
device.””

To further examine the effect of the periodic nano-
structure on the blend morphology, we measured the
surface potential by Kelvin probe atomic force micros-
copy (KPFM), measuring the potential distribution of
the flat and nanopatterned films, as shown in Figure 4.
The average surface potential of the PTB7:PC;,BM layer
with periodic nanostructures (470 mV) was approxi-
mately 140 mV higher than that of the flat PTB7:
PC,1BM layer (330 mV). The surface potential is con-
siderably influenced by surface conditions such as the
surface charge density and chemical composition.*®4°
As shown in Figure 4d, a higher surface potential is
associated with the relative position of the PTB7
crystallite structure aligned toward the surface by
capillary force in the nanoimprinting, yielding effective
charge extraction.® Under a confined cavity after
a spin-coating process, fluidic PTB7 molecules with
lower surface energy can flow and align toward the
hydrophobic PDMS mold, causing a gradient of PTB7 in
the vertical direction of the active layer region.>' The
surface tension for PTB7 (22.7 mN/m) is much smaller
than that of PC;,BM (31.1 mN/m), suggesting that PTB7
molecules would be preferentially positioned toward
the top surface contacting with the PDMS mold with a
surface tension of 24 mN/m. The contact angle and
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surface tension for the PTB7 and PC,;BM were mea-
sured and are summarized in Table S2 in the Support-
ing Information. Interestingly, on the grooved films, a
remarkable difference in the surface potential was
observed between the ridge (520 mV) and valley
(450 mV), resulting from ordered packing of PTB7
chains upward dominantly by the capillary force in
the nanoimprinting process.>? A dynamics secondary-
ion mass spectroscopy (DSIMS) analysis was performed
to determine the relative distribution of PTB7 and
PC;1BM across the vertical direction of the active layer
(Figure S2 in the Supporting Information). The 325
signal was monitored to observe the relative amount
of PTB7 within the active layer. A vertical gradient of
PTB7 was observed, providing preferential carriers
paths to the electrodes.

To verify vertical phase segregation induced by the
interaction between PTB7 molecules and the PDMS
mold, a flat device pressured under a flat PDMS mold
during a drying process was also fabricated. As shown
in the DSIMS depth profile of Figure S2c in the Support-
ing Information, the 32S signal of the pressured flat
PTB7:PC,,BM film increased gradually toward the top
surface, additionally signifying PTB7 molecules were
positioned near the top surface due to the attractive
interaction between the hydrophobic PTB7 and the
PDMS mold. Consequently, the EQE value increased in
a broad band, mainly due to improved IQE compared
to the flat device, while absorption showed little
change, as presented in Figure S4 in the Supporting
Information. As a result, enhanced performance was
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Figure 5. 2D GIWAXS profiles of PTB7:PC;;BM film (a) without and (b) with periodic nanostructure. (c) In-plane GIWAXS
profiles of flat PTB7:PC,,BM film (black rectangles) and nanopatterned PTB7:PC,,BM film (red circles). (d) Out-of-plane
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observed in the pressed device, with enhanced J,,
as shown in Figure S3 in the Supporting Information.
The enhancement (6.1%) was smaller than that of
the nanopatterned device (10.7%). This result verifies
that vertical phase segregation induced by the nano-
imprinting process improved the IQE of the devices.

We performed grazing incidence wide angle X-ray
scattering (GIWAXS) to clarify the effect of the nano-
imprinting process on crystallization and chain align-
ment of the PTB7 polymer. Figure 5 compares 2D
GIWAXS results of a nanopatterned PTB7:PC,,BM layer
with a flat layer. According to the 2D GIWAXS patterns
in Figure 5a,b, the (100) scattering peak corresponding
to periodic edge-on PTB7 lamellar shows ring-like pat-
terns at around 0.35 A~". In-plane scans in Figure 5¢
reveal that the peak intensity at around 0.35 A~' of
the nanopatterned PTB7:PC;;BM layer dramatically
increased, compared to that of the flat PTB7:PC,,BM
layer. Interestingly, the peak shifted from g, =
0.34—0.36 A~" upon the nanopatterned PTB7:PC,,BM
layer, indicating that the interstack spacing of PTB7
lamellar was reduced from 18.6 to 17.5 A, indicative of
more compact interdigitation of alkyl side chains in the
confined mold cavity.>®

In addition, (010) scattering peaks at 1.6 A~" asso-
ciated with r—s stacking of PTB7 molecules also reveal
enlarged crystalline domains of the nanopatterned
PTB7:PC,41BM layer. As shown in the inset of Figure 5d,
(010) scattering peaks were extracted from the peaks
that partially overlapped with the (311) Bragg diffraction
peak of PC;;BM at 1.35 A~"; the peaks were separated
by fitting the experimental data to a multipeak Gaussian
function in the region of g, = 1.1-1.8 A~ to determine

JEONG ET AL.

the m—m stacked crystalline size and domain
spacing.’”* The m—a stacked crystalline size was esti-
mated and compared by calculations of the crystalline
correlation length (Dgo;) of the polymers using the
Scherrer equation.>* The Dyo; value of the patterned
PTB7:PC,1BM layer (2.97 nm) is much larger than that
of the flat PTB7:PC,;,BM layer (2.21 nm), indicating that
the polymers in the patterned PTB7:PC,;BM layer had
stronger crystalline order. Interestingly, both the (100)
and (010) peaks of PTB7 in the patterned PTB7:PC;,BM
layer had stronger angular distributions. For quantita-
tive analysis, we calculated the intensity ratio (lou/lin) Of
the out-of-plane to in-plane PTB7 lamellar peaks (100),
which can be considered as the edge-on PTB7 lamellar
to face-on crystallite ratio.>> For the nanopatterned
PTB7:PC,1BM layer, lo/lin was calculated to be 2.47,
whereas the ratio of the flat PTB7:PC;,BM layer was 1.05,
indicating a higher degree of edge-on orientation. This
result suggests that multi-directional chain alignment
with respect to the substrate was induced by the
capillary forces in the nanoimprinting process, which
allows PTB7 to flow vertically and form lamellar along
the surface of the mold3°***® Thus, the holes can
be effectively collected through the patterned metal
electrode. Furthermore, the increased interfacial area
between the active layer and the metal electrode and
enlarged size of crystalline domains can result in en-
hanced charge carrier mobility of the nanopatterned
PTB7:PC,,BM layer.>® We also obtained GIWAXS pat-
terns of flat PTB7:PC,;BM layers pressured and dried
under a flat PDMS mold as another control device. As
shown in Figure S5c,d in the Supporting Information,
the (100) scattering peak of the pressured PTB7:PC;,BM
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layer did not increase as much as that of the nano-
patterned films. This comparative study implies that
the nanoimprinting process to form periodic nano-
structures effectively induced vertical chain alignment
of PTB7 molecules in addition to intrinsic face-on
alignments. Figure 1a schematically summarizes the
experimental results.

Indeed, hole mobility was dramatically improved, as
shown in Figures S6 and S7 in the Supporting Informa-
tion. Space charge limited current (SCLC) measure-
ments have been used to determine hole mobility
under steady state current in organic layers.>” The
hole-only devices were fabricated with a structure of
an ITO/PEDOT:PSS (40 nm)/active layer with and with-
out a periodic structure (100 nm)/MoOs (20 nm)/Ag
(150 nm). The hole mobilities for the devices with and
without periodic nanostructures were calculated to be
48 x 10*ecm’V 's'and 1.7 x 10> em? V' 57,
respectively. These results demonstrate that the incor-
poration of periodic nanostructures in PSCs consider-
ably increases the hole mobility, partly due to the
enhanced degree of PTB7 molecular packing and an
increase of the interfacial area between the active layer
and the metal electrode and the shortened distance
between PTB7 rich-domains and the metal electrode as
a result of the vertical gradient of PTB7 induced by the
nanoimprinting process, providing preferential carrier
paths to the electrodes.

As the GIWAXS results suggested, the nanoimprint-
ing process allows PTB7 chains to partially realign to be

METHODS

Mold Fabrication. A two-component elastomeric kit (Sylgard
184, Dow Corning) was used to prepare the PDMS mold with the
standard mixing ratio of base and hardener, 10:1 by weight. The
mixture was poured and spread onto the master mold with
periodic, 556 nm line patterns (1800 Grooves/mm, Edmund
optics) and cured at 80 °C for 1 h. The solidified PDMS mold was
later peeled from the master mold.

Device Fabrication. The photovoltaic devices were fabricated
on indium tin oxide (ITO) glass (10 Q/sq) as follows. ITO glass
was sequentially cleaned by ultrasonic treatment in a detergent,
deionized water, isopropyl alcohol, and acetone and then dried in
an oven for 30 min. The ITO glass was treated with O, plasma for
10 min, and a 40 nm-thick ZnO layer was spin-coated onto the ITO
glass and annealed at 200 °C for 60 min in air. After the substrate
was transferred into a nitrogen-filled glovebox, a 100 nm-thick
BHJ layer was spin-coated from a solution of PTB7 (or PTB7-Th):
PC;BM (25 mg/mL, 1:1.5 w/w) in chlorobenzene:1,8-diidoctane
(DIO) (97:3 v/v). Simultaneously, the PDMS mold was placed on
the slide glass with the patterned surface facing upward. The
formed PTB7:PC;,BM layer on the ZnO/ITO glass was turned over
immediately, put in conformal contact with the PDMS mold, and
dried at 70 °C for 20 min in the glovebox. The applied pressure on
the PTB7:PC71BM film by the PDMS mold in the nanoimprinting
process was calculated to 52.59 Pa. A MoO; layer (10 nm) and
an Ag layer (100 nm) were sequentially deposited on top of the
patterned PTB7:PC,,BM layer through a shadow mask by thermal
evaporation at 10~ Torr. The active area for all the devices was
defined as 15 mm? by a shadow mask.

Characterizations. Current density—voltage (J—V) characteris-
tics were measured under irradiance of 100 mW/cm? from a
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vertical to the substrate due to vertical flow of the
chains into nanocavities, originating from the interac-
tion between the hydrophobic fluorine-substituted
side-chain of PTB7 and the hydrophobic PDMS mold,
in contrast to the predominantly parallel chain align-
ment to the substrate in the control device.*** This
implies that the introduction of the periodic nanostruc-
ture into PSCs can produce enhanced conductivity in
both the lateral and vertical directions, which induces
more effective charge transport compared with that of
the control device.

CONCLUSIONS

In summary, we characterized the nanomorphologi-
cal changes of a PTB7:PC,,BM BHJ film induced by the
introduction of a periodic nanostructure on the film
and obtained an efficient i-PSC with considerably
improved electrical properties. The nanoimprinting
process using a PDMS mold effectively optimized the
nanomorphology including the crystallization, chain
alignment, and phase separation in the BHJ film. These
results suggest that capillary force applied in the
nanoimprinting process can induce the formation of
an effective interpenetrating network between the
improved PTB7 crystalline structure and PC,;BM, and
a vertical phase segregated nanomorphology that can
be attributed to the effectively arranged PTB7-rich
domains and PC;;BM-rich domains. These morpholo-
gical changes by the nanoimprinting contribute to
improvement of both Js. and FF in i-PSCs.

150 W Xe short arc lamp filtered by an air mass 1.5G filter with a
solar simulator (PEC-L12, Peccell Technologies). The external
quantum efficiency (EQE) results were acquired using a spectral
measurement system (K3100 1QX, McScience Inc.). This system
applied monochromatic light from a xenon arc lamp at 300 W
filtered by a monochromator (Newport) and an optical chopper
(MC 2000 Thorlabs). Device reflectance (R.e(4)) as a function of
wavelength 1 was measured as follows: the incident mono-
chromic light is reflected in the device tilted at approximately
8°through an integration sphere. The reflected light is scattered
in the integration sphere and collected by a photodetector
located in the integration sphere. The absorption was extracted
from the measured wavelength-dependent reflectance data.
The internal quantum efficiency (IQE) as a function of
wavelength 4 was determined as follows: IQE (1) = EQE (1)/
[1 - Rdevice(l)]

To determine the surface potential of the patterned active
layer, Kelvin probe force microscopy (KPFM, Agilent 5500,
Agilent Technologies.) measurement was performed in stan-
dard KPFM mode, using a single platinum-coated tip in a N,
atmosphere. Surface morphology of the patterned active layer
was observed with a field emission scanning electron micro-
scope (FE-SEM, FEI Sirion) and a field emission transmission
electron microscope (FE-TEM, FEl Tecnai G2 f30 S-Twin, 300 keV).
Optical absorption measurement of the flat and nano-
patterned PTB7:PC71BM films on glass was performed using a
UV—visible spectrophotometer (UV-3600, Shimadzu) equipped
with a 60 mm diameter integrating sphere. Grazing incidence
wide-angle X-ray scattering (GIWAXS) measurement was per-
formed using X-rays with a wavelength of A = 1.54 A at the 8C1
beamline of the Pohang Accelerator Laboratory (PAL). Secondary
ion mass spectrometry (SIMS, CAMECA IMS 7f magnetic sector
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SIMS) signals were measured using 10 kV Cs™ primary ions,
detecting negative secondary ions from the center area, which
was 175 um x 175 um in size. Photoluminescence (PL) quench-
ing was observed for both flat and the nanopatterned PTB7:
PC;:BM films without a metal electrode using a Horiba Jobin
Yvon NanolLog spectrophotometer. The PL lifetime was calcu-
lated according to nonlinear, least-squares and iterative fitting
using SynPhoTimes software (version 5.1.3).
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