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  1.     Introduction 

 The attributes of organic photovoltaics 
(OPVs) [ 1 ]  devices are generally known 
as lightweight, low cost, and easily pro-
cessible. Despite recent progresses in 
OPVs, [ 2–5 ]  their applications are still lim-
ited by low power conversion effi ciency 
(PCE) compared with the inorganic coun-
terparts due to their inherent drawbacks 
of organic semiconductors such as short 
exciton diffusion length and low car-
rier mobility. Bulk heterojunction (BHJ) 
geo metry of active layers in OPVs is 
envisioned to realize effi cient solar cells 
by realizing the donor–acceptor phase 
separation within short exciton diffusion 
length (≈10 nm). [ 6,7 ]  However, just spin 
coating of donor and acceptor mixtures 
is not suffi cient to achieve consistent 
nanostructures which are intercon-
nected to their respective electrodes 
with better charge extraction properties 
due to its random distribution. Various 
approaches have been suggested to con-
trol the nanomorphologies of BHJs and to 

obtain optimal nanostructure such as thermal [ 8 ]  and solvent [ 9 ]  
annealing, solvent selection, [ 10 ]  mixed solvents, [ 11 ]  and using 
additives. [ 12 ]  However, slight changes in process conditions 
lead to disturbed 3D nanophases, resulting in unpredictable 
and unscalable BHJ morphology under mass fabrication condi-
tions. In addition, it is diffi cult to control the molecular-scale 
structures such as chain orientation and crystallinity without 
altering the molecular structure. 

 Nanoimprint lithography (NIL) has been considered to 
be an effective technique to solve this problem. The mole-
cular orientation as well as domain size could be tailored 
with different kinds of templates and surface treatments. 
Silicon molds [ 13–17 ]  and anodized aluminum oxide (AAO) 
templates [ 18–23 ]  have typically been employed to realize nano-
pillars with diameters ranging from 20 to 250 nm. Several 
studies have shown that the power conversion effi ciency 
increases when the donor–acceptor distance approaches the 
exciton diffusion length. [ 13,15,17–21,23 ]  In addition, it has been 
demonstrated that the orientation of poly(3-hexylthiophene-
2,5-diyl) (P3HT) donor molecules could change from the 
edge-on to the face-on on substrates when they are confi ned 

 A new approach is presented to control the nanomorphology of organic solar 
cells in a predictable, controllable, and easily-scalable way. The nanoimprint 
lithography (NIL) is combined with a subsequent molecular diffusion step 
controlled by thermal annealing. The new approach is realized by using 
nanointerdigitated donor–acceptor structure, consisting of poly(3-hexylth-
iophene-2,5-diyl) nanopillar arrays surrounded by phenyl-C61-butyric acid 
methyl ester. Subsequent thermal annealing leads to vertically aligned ordered 
quasi-bulk heterojunctions with hierarchical nanostructure. The changes are 
studied in nanostructural and electrical properties of the pillar samples using 
scanning probe microscopy. In addition, grazing-incidence small and wide 
angle X-ray scattering yield detailed quantitative information on the molecular- 
to domain-scale nanostructures. The changes in crystal size, chain orientation, 
and domain composition as a function of thermal anneal temperature and 
time are obtained. In addition, the conductive scanning force microscopy in 
quantitative imaging mode, applied to the pillar-based samples for the fi rst 
time, allows us to establish a clear relationship between nanomorphology, 
nanoelectrical property, and macroscale device performance. It is believed that 
the NIL combined with controlled molecular diffusion is a powerful method, 
which could be easily extended to other materials and processes to realize a 
whole variety of other hierarchical nanomorphologies. 
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within nanostructure. [ 24,25 ]  The face-on orientation, whose 
π–π stacking is perpendicular to substrate, leads to one or 
two orders of magnitude higher carrier mobility than the 
edge-on orientation in the direction vertical to electrodes and 
it is thus benefi cial for the charge extraction in organic solar 
cells. [ 14,22,23 ]  However, it is still diffi cult to precisely control 
the domain size of donor and acceptor materials using NIL 
because it requires different diameters and heights of tem-
plates for every different nanostructure. Particularly, control 
on nanostructure with size under 20 nm is much more diffi -
cult to fabricate and often requires very expensive lithography 
techniques. 

 In this work, we suggest a new fabrication method, based 
on the combination of NIL with subsequent self-organization 
of molecules to fabricate active layers of OPVs. Herein, we 
combine the unique advantage of NIL allowing to generate 
controlled morphology with the self-organization of mol-
ecules into nm-scale domains by providing an external stim-
ulus, which is the thermal annealing in this work. Upon 
thermal annealing, phenyl-C61-butyric acid methyl ester 
(PCBM) readily diffuses into conjugated polymer fi lms, [ 26,27 ]  
typically within a few seconds, leading to the bulk heterojunc-
tion architecture. [ 27 ]  Here, we demonstrate that the mutual 
diffusion of P3HT into PCBM, which has rarely been con-
sidered before because of its relatively lower rate, is also an 
important factor to be considered as well as the PCBM dif-
fusion. These systematic mutual diffusion studies allow us 
to precisely control the nanostructure as well as to under-
stand their nanostructure formation mechanism which has 

been diffi cult to elucidate using previous approaches. The 
controlled morphology of nanostructured P3HT:PCBM with 
the face-on orientation combined with the mutual diffusion 
of donor and acceptor molecules by thermal annealing at 
150 °C exhibited a 92% increase in device performance com-
pared to the as-cast P3HT:PCBM solar cell.  

  2.     Results and Discussion 

 The procedure to fabricate P3HT nanopillar arrays, based on 
the soft molding pattern transfer, is illustrated in  Figure    1  a. 
Different sizes of P3HT nanopillars can be easily prepared by 
the soft molding pattern transfer method which has previously 
been reported. [ 21 ]  Polyfl uoropolyether (PFPE) replica molds 
with hexagonal nanopores were prepared using a two-step 
replication process from an AAO template. The P3HT nano-
pillar arrays were transferred to a target substrate after fi lling 
up the nanopores of PFPE replica molds with P3HT solu-
tions by spin casting. We note that the transfer process is pos-
sible at low temperature (120 °C) and low pressure (≈4 bars) 
because of low surface energy properties of PFPE molds. We 
fabricated P3HT nanopillars with 75 nm in diameter and 
100 nm in height, confi rming the nanopillars of uniform 
size as shown in the scanning electron microscopy image 
(Figure  1 b). The volume ratio of empty space to P3HT nano-
pillars is estimated to be 1:1 (Figure  1 c). Next, we deposited 
PCBM on the P3HT nanopillar array by spin coating using 
dichloromethane (DCM) as an orthogonal solvent. Scanning 
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 Figure 1.    a) A schematic illustration for the procedure to fabricate P3HT nanopillars and subsequent PCBM deposition. b) Plan-view and cross-section 
scanning electron microscopy (SEM) images of P3HT nanopillars prepared. c) A diagram showing the change in volume fraction of P3HT pillars and 
cavities as a function of pillar diameter (where  D  p  is the pillar diameter and  D  int  is the pillar to pillar distance).
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force microscopy (SFM) analysis of the PCBM-coated sam-
ples at this process step revealed that PCBM completely cov-
ered the P3HT nanopillars ( Figure    2  b). The dimples in the 
topography were found at the top of the nanopillars and were 
attributed to voids formed during spin casting (left side of 
Figure  2 a). Furthermore, defect areas such as delaminated 
P3HT pillars were not observed, indicating that the nanopillar 
structure was intact during sample preparation. In addition, 
we confi rmed that our P3HT:PCBM nanostructured fi lms 
were fabricated in large area with good ordering, as evidenced 
from grazing-incidence small angle X-ray scattering (GISAXS) 
measurements (Figure S1, Supporting Information).   

  2.1.     Controlling Molecular Diffusion of Donor and 
Acceptor Molecules 

 Although the NIL is the method capable of realizing micro- 
to nanoscale patterns, the fabricated nanopillars of 75 nm in 
diameter and 100 nm in height are not suffi cient to meet the 
requirements for perfect ordered heterojunctions (OHJs) of 
active layers in organic solar cells. The exciton diffusion in 
heterojuctions requires a distance between donors and accep-
tors in the range of 10 nm. Therefore, additional thermal 
annealing was employed to enable molecular diffusion to 
meet such a requirement. To explore the effect of tempera-
ture on diffusivity, SFM experiments have been performed on 
the patterned P3HT:PCBM thin fi lms which were annealed 
for 20 min at a series of temperature from 80 to 180 °C. 

In addition, we soaked the samples in cyclohexane (CH) to 
selectively remove the upper layer of PCBM deposited on the 
P3HT nanopillars so that the pillar structures underneath, 
depending on anneal conditions, can be studied in more 
detail. CH has typically been used to remove top PCBM layer 
without affecting the P3HT layer underneath. [ 28 ]  Figure  2 b 
shows the SFM height images just after annealing the sam-
ples and Figure  2 c shows the height images after soaked with 
cyclohexane. For the samples as-prepared and annealed at 
80 °C, we noticed that there is a conversion from dimples 
of about 3 nm deep, located at the top of P3HT nanopillers, 
to small protrusions upon cyclohexane treatment observed 
between nontreated and CH-treated samples. We further 
observed that for the samples annealed at 120 and 150 °C, 
the small dimples observed on top of P3HT pillars become 
small protrusions of about 3 nm in height even without 
cyclohexane treatment. We attribute the conversion of the 
dimples to the small protrusions located on top of P3HT 
pillars to the decrease in the thickness of PCBM overlayer 
due to the migration of PCBM molecules to fi ll up the voids 
between P3HT nanopillars, as sketched in Figure  2 a. Upon 
annealing the samples to 150 °C, the interfaces between pil-
lars and their surroundings become fuzzy or blurry, implying 
that the P3HT chains mutually diffuse into the PCBM sur-
roundings. Further increase in the anneal temperature up 
to 180 °C leads to the disappearance of pillar structure. We 
attribute the disappearance of the pillar nanostructure as the 
consequences of massive mutual diffusion between PCBM 
and P3HT molecules.  
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 Figure 2.    a) A schematic illustrating of the two types of diffusion processes. SFM height images of (b) P3HT:PCBM nanostructured samples as-prepared 
and annealed at four different temperatures (80, 120, 150, and 180 °C) for 20 min and c) P3HT nanopillar structures with PCBM top layers that were 
removed by cyclohexane.
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  2.2.     Effect of Molecular Diffusion on Nanostructures Monitored 
by Grazing Incidence X-Ray Scattering 

 Interdiffusion of PCBM and P3HT molecules has been typi-
cally studied on bilayer systems (i.e., thin layers of P3HT placed 
on top of PCBM layers) using characterization tools such as 
dynamic Secondary Ion Mass Spectroscopy (dSIMS) and neu-
tron refl ectivity (NR). [ 26,27,29,30 ]  Those previous studies reported 
the fast movement of PCBM into amorphous P3HT phase until 
they reached the equilibrium value (i.e., ≈25 wt%) when they 
were annealed at temperature higher than 120 °C. However, 

all those previous diffusion studies were based on 1D diffu-
sion, not relevant to bulk heterojunction systems where phase-
separated domains are confi ned in nanoscale. 

 GISAXS and grazing-incidence wide angle X-ray scattering 
(GIWAXS) measurements have been performed to quantita-
tively monitor the in situ molecular diffusion and its effect on 
pillar nanostructures. GISAXS allows us to gain information on 
statically averaged structures ranging from a few nanometers to 
several hundred nanometers, which correspond to the domain 
size of active layers in organic solar cells. Many investigations 
have previously been performed to probe the domain structures 
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 Figure 3.    The changes in GISAXS scattering profi les of nanostructured P3HT/PCBM as a function of annealing time (up to 120 min) at: a) 80 °C, 
b) 120 °C, c) 150 °C, and d) 180 °C. e) The changes in TSI as a function of annealing time at four different anneal temperatures. f) The changes in the 
fraction of P3HT diffused into surroundings as a function of annealing time for the samples annealed at 150 and 180 °C.
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as well as their temporal changes using in situ GISAXS. [ 31–33 ]  
However, since the domains in BHJs are much less ordered and 
polydisperse in size as well as randomly distributed in 3D, their 
scattering peaks are typically very weak and broadly smeared, 
which makes the results hard to analyze and interpret. [ 31 ]  Since 
our hexagonally packed ordered heterojunctions with P3HT nan-
opillars and PCBM, produced by the new patterning approach, 
are well defi ned in large area, we could extract more information 
on molecular diffusion and nanostructures from pronounced 
higher order peaks of the hexagonal patterns. By analyzing the 
scattering invariants (i.e., total scattering intensities) of scattering 
results, two kinds of dynamic processes were also identifi ed as 
already speculated in the analyses of the SFM images. 

 P3HT:PCBM nanostructured samples showing the fi rst 
and second order scattering features correspond well with the 

hexagonal packing whose distance between pillars is 100 nm 
as shown in Figure S1 (Supporting Information).  Figure    3  a–d 
shows the changes in the GISAXS scattering profi les of the 
nanostructured P3HT/PCBM during the thermal anneal pro-
cesses which induce molecular diffusion. These data clearly 
show the temperature- and time-dependent decrease in the 
scattering peaks. The amount or degree of mutual diffusion 
between donor and acceptor molecules can be quantitatively 
analyzed by calculating the total scattering intensity (TSI) 
of the peaks at different annealing temperatures and times. 
Detail equations and their calculations of TSI are described in 
the Supporting Information. Since we deposited PCBM on top 
of P3HT pillars by spin coating with DCM, we assume that 
a certain extent of PCBM is penetrated into the P3HT nano-
pillars due to partial swelling of P3HT with DCM. We thus 
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 Figure 4.    GIWAXS 2D scattering patterns of a) P3HT nanopillars, b) as-prepared nanostructured P3HT/PCBM fi lms (PCBM deposited on P3HT nano-
pillars), and c) nanostructured P3HT/PCBM fi lms annealed at 80 °C, d) 120 °C, e) 150 °C, and f) 180 °C. g) The ratio of face-on orientation popula-
tion to edge-on orientation of nanostructured P3HT/PCBM fi lms with four different anneal temperatures. The changes in crystal size as a function of 
annealing time: h) in the in-plane direction and i) in the out-of-plane direction at four different annealing temperatures.
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assume that the initial states of P3HT pillars contain about 
19% of PCBM which readily penetrates into the P3HT nano-
pillars during spin casting with DCM, based on the previous 
NR experiments on bilayer samples. [ 30 ]  When the samples 
were annealed at 80 and 120 °C for 20 min, the TSI reached 
96% and 94% of the initial TSI value, respectively, due to the 
void fi lling process shown in Figure  1 a. Annealing at 120 °C 
showed a faster void fi lling. It reached its equilibrium TSI 
value of 93% within 30 min while 50 min was taken in the 
case of annealing the sample at 80 °C. In contrast, for the 
sample annealed at 150 °C, the mutual diffusion between 
P3HT and PCBM as well as the void fi lling was observed. 
After the void fi lling was complete in 4–5 min, TSI was fur-
ther decreased due to the mutual diffusion between P3HT 
and PCBM. It reached the equilibrium value of 72% TSI, cor-
responding to 13% of P3HT diffused into surroundings (for 
detailed analysis, see Figures S3 and S4, Supporting Informa-
tion). Even a faster decrease in TSI was observed when the 
sample was annealed at 180 °C, again due to the massive 
mutual diffusion, reaching their equilibrium value of 51% 
TSI in 30 min (corresponding to 29% of P3HT diffused into 
surroundings). The temperature-dependent mutual diffu-
sion revealed by GISAXS qualitatively agrees well with the 
SFM results. The changes in TSI and the fractions of P3HT 
that diffused into the surroundings are plotted in Figure  3 e,f. 
Current nanopillar-based OHJ systems provide ideal situa-
tions to investigate the 2D interdiffusion in nanoconfi ned 

state in more detail with useful characterization tools such as 
GISAXS (quantitative) and SFM (qualitative). We noted that 
there is a signifi cant difference in the interdiffusion of P3HT 
and PCBM between unconfi ned bilayer diffusion couple and 
confi ned OHJ systems, emphasizing the counter diffusion of 
P3HT above the glass transition temperature (i.e., at 150 °C), 
which are more relevant to real BHJ solar cells.  

 GIWAXS provides information on the molecular arrange-
ment of the crystalline phases of P3HT in terms of orientation 
and average size of the crystalline phases. The 2D GIWAXS 
patterns of imprinted P3HT nanopillars showed strong π–π 
peaks along the out-of-plane direction, representing the face-on 
orientation ( Figure    4  a). However, PCBM deposition followed by 
thermal annealing resulted in a slight decrease in the face-on 
orientation (Figure  4  and Figure S6, Supporting Information). 
In order to investigate the azimuthal alignment of the P3HT 
chains, the angular scattering profi les were obtained at the 
(010) peak position (Figure S6, Supporting Information). These 
profi les provide information on the angular distribution of π–π 
stacks of P3HT. Our measurements revealed that the face-on 
population decreased with increasing annealing temperature 
(Figure  4 g).   

 The temporal changes of the P3HT (100) peaks allow deter-
mining the size of lamellae crystals during annealing at dif-
ferent temperatures (Figure S5, Supporting Information). 
Using Scherrer’s equation, the temporal changes in P3HT 
crystal size were obtained from the corresponding (100) peak 
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   Figure 5.    Height images of nanostructured P3HT/PCBM fi lms a) with and b) without PCBM cap layer removed by cyclohexane treatment (i.e., only 
P3HT nanopillars remained) at four different annealing temperatures. cSFM images of nanostructured P3HT/PCBM fi lms in the c) dark state and 
d) illuminated state annealed at four different temperatures. 
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widths, which was extracted from the GIWAXS patterns 
(Figure S5, Supporting Information). The growth behaviors are 
shown in Figure  4 h,i, showing that they reach plateau values 
within 5 min, which is in good agreement with the previous 
results. [ 31 ]  As the annealing temperature was increased, the 
crystal size also increased. However, when the sample was 
annealed at 180 °C, the crystal size along the out-of-plane direc-
tion became smaller than the size annealed at 150 °C, presum-
ably due to the nanoconfi nement effects.  

  2.3.     Relationship between Electrical Properties of Nanopillars 
and Device Performance 

 To investigate the electrical properties of individual nanopil-
lars, we performed conductive SFM (cSFM). [ 34 ]  Typically, cSFM 
requires contact mode operation. However, the contact mode 
operation on soft samples can lead to surface deformation, 
such that fragile polymer nanopillar structures can be easily 
bent or even destroyed. [ 19,23 ]  To reduce or minimize this delete-
rious effect, a new cSFM mode has recently been developed, 
which is based on the torsion mode [ 35,36 ]  and/or on the peak 
force. Here, we applied the quantitative imaging (QI) mode, [ 37 ]  
which allowed us to correlate the current fl ow between a tip 
and a sample at a defi ned loading force. First, the as-cast nano-
structured P3HT/PCBM sample was investigated by QI-cSFM. 
For this sample, the PCBM surrounding area exhibited higher 
conductance when compared with the P3HT pillars upon 
measurements in dark and under illumination ( Figure 5 ). The 
higher conductance is a consequence of higher charge mobility 
of PCBM compared to the P3HT pillars (Figure S7, Supporting 
Information). Annealing the samples at 80 and 120 °C, the 

 Figure 6.    Histograms extracted from the cSFM results (with >1500 pillars) of Figure S8 (Supporting Information) on the nanostructured P3HT/PCBM 
fi lms with (a) as prepared and annealed at: (b) 80 °C, (c) 120 °C, (d) 150 °C, and (e) 180 °C.

  Table 1.    Summary of ensemble average conductivity w illumination and 
w/o illumination extracted from the historgrams presented in Figure 6. 
The photoconductivity is derived from the difference of the measure-
ments w illumination and w/o illumination. 

 As-prepared 80 °C 120 °C 150 °C 180 °C

w/o illumination 3.92 pA 5.09 pA 10.5 pA 15.7 pA 8.06 pA

w/illumination 5.02 pA 7.37 pA 15.5 pA 20.4 pA 8.39 pA

Photoconductivity 1.10 pA 2.28 pA 4.95 pA 4.75 pA 0.333 pA
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mean conductance as well as photoconductivity increased. We 
attribute this increase in photoconductivity to the decrease in 
void space, which leads to better contacts between electron 
donor and acceptor materials. Furthermore, at 80 °C we also 
observed that the P3HT crystal size increased even though the 
fraction of the face-on orientation was slightly decreased. When 
the sample was annealed at 150 °C, it showed the highest 
conductance and photoconductivity. A further increase in the 
annealing temperature to 180 °C resulted in the precipitous 
decrease in both conductance and photoconductivity down to 
the magnitudes of the as-cast sample. The latter result seems 
plausible because an annealing temperature above 150 °C leads 
to the destruction of percolated pathways in nanopillars and, at 
the same time, to the decrease in the fraction of face-on P3HT 
orientation. In order to obtain more statistically averaged infor-
mation of the samples, we performed measurements on larger 
areas of 4 µm × 4 µm (Figure S8, Supporting Information). 
These areas correspond to the measurements of conduc-
tivities on more than 1500 nanopillars. We plotted all current 
values measured at each pixel of the image in the histograms 
( Figure    6  ). Then, we extracted the average conductivity and 
photoconductivity from the histograms and summarizes them 
in  Table    1  . The different histograms refl ect higher (photo)con-
ductivity for a proper amount of face-on orientation of P3HT 
pillars combined with increased crystal size.   

 We have so far investigated the nanomorphologies, elec-
trical properties, and their correlations in the pillar-based 
P3HT/PCBM thin fi lms depending on fi nely tuned molecular 
diffusion using various techniques such as SFM, GISAXS, 
GIWAXS, and QI-cSFM. To further explore the morphological 
and electrical effects of individual pillars on overall solar cell 
device performance, solar cell devices (3 mm × 3 mm) were 
fabricated and measured under the air mass (AM) 1.5G 1 Sun 
solar illumination  (  Figure    7   ) . Solar cell parameters deduced 
from current density ( J )–voltage ( V ) curves are summarized 
in  Table    2  . As consistent with our results on individual pillars 
from QI-cSFM, different anneal conditions resulted in different 
short circuit current density ( J  SC ). The device performance 

gradually improved when the samples were annealed up 
to 150 °C, at which the solar cell showed 2.44% of PCE. The 
increase in PCE from the as-cast device to the devices annealed 
up to 120 °C is mainly attributed to the increase in  J  SC  because 
the voids initially formed at the interfaces between donor 
pillars and acceptor molecules disappeared upon annealing at 
relatively low temperature. Further increase in the device PCE 
with annealing the device at 150 °C is believed to originate 
from the additional mutual diffusion, which further reduces 
the pillar domain size, presumably providing more interfacial 
area for exciton dissociation or carrier collection. However, after 
annealing the solar cell device at 180 °C, the PCE dramatically 
decreased. At this anneal temperature, the massive mutual 
diffusion between P3HT and PCBM completely destroyed the 
imprinted percolating pathways of the P3HT pillars. In addi-
tion, we confi rmed the lower fraction of face-on oriented P3HT 
molecules at this anneal temperature.     

  3.     Conclusion 

 Nanopillar-based organic solar cells and their nanomorphology 
control were realized with the multistep NIL combined with 
mutual diffusion at different annealing temperatures. We ini-
tially fi xed the volume fraction of each component (i.e., P3HT 
or PCBM) to be around 50% with P3HT nanopillars of an ini-
tial size of 75 nm. The P3HT pillar domain size was further 
reduced (or, in other words, the interfacial area was further 
increased) by the mutual diffusion between P3HT and PCBM, 
induced by thermal annealing, to realize optimal pillar mor-
phology for effi cient exciton separation. This nanopillar-based 
nanostructure allowed us to systematically tune the pillar 
morphology as well as molecular structures (i.e., orienta-
tion and crystal size) of P3HT, monitored by SFM, GIWAXS, 
and GISAXS, at different annealing temperature. In addition, 
measurements of the (photo)conductivity of nanostructured 
samples using cSFM were successfully applied in the present 
study for the fi rst time by employing the quantitative imaging 
(QI) mode. We fi nally establish a clear relationship between 
pillar-based nanomorphology and microelectrical properties 
(which were characterized by conductive SFM) and macrode-
vice performance, which we believe is not readily possible with 
conventional BHJ structures. We are convinced that the NIL-
based patterning method combined with fi nely tuned mutual 
diffusion between component organic materials could be easily 
extended to other organic solar cells such as all polymer solar 
cells to identify the optimal nanomorphology.  

 Figure 7.     J – V  characteristics of nanostructured P3HT/PCBM solar cells 
in different anneal conditions (as-prepared, annealed at 80, 120, 150, and 
180 °C), measured under 1 Sun illumination.

  Table 2.    Performance parameters of nanostructured P3HT/PCBM solar 
cells extracted from the  J – V  characteristics. 

 As-prepared 80 °C 120 °C 150 °C 180 °C

 J  SC  [mA cm −2 ] 4.22 5.79 7.32 7.68 3.27

 V  OC  [V] 0.56 0.55 0.59 0.61 0.43

 Fill Factor 

(FF) [%]

53.40 52.07 49.17 51.84 19.86

PCE [%] 1.27 1.67 2.13 2.44 0.28
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  4.     Experimental Section 
  Fabrication of AAO Templates and Surface Modifi cation : AAO templates 

were prepared by the two-step anodization process of high purity 
aluminum sheet (99.999%, Goodfellow). An aluminum sheet was 
electropolished in a mixture solution of perchloric acid (HClO 4 , Aldrich) 
and ethanol (C 2 H 5 OH, Aldrich) at 20 V. The polished aluminum template 
was then anodized at 40 V in 0.3  M  oxalic acid solution at 15 °C for 
4 h. After the fi rst anodization, the aluminum oxide fi lm was chemically 
eliminated by etching in a mixture of phosphoric acid and chromic 
acid at 45 °C for 10 h. Finally, the second anodization was performed 
at the same condition as the fi rst anodization. The depth of pores 
was controlled by varying the time lapse of the second anodization. 
Subsequently, the pore widening was performed by immersing the 
resulting AAO template in phosphoric acid solution (10 wt%). For the 
surface modifi cation of the AAO template, it was treated with oxygen 
plasma in 1 scm of oxygen fl ow at 25 W for 3 min and immersed in 
a solution of 0.5 wt% 3-(aminopropyl triethoxysilane) (APTES) aqueous 
solution for 15 min. The APTES-treated AAO template then reacted with 
monoglycidyl ether-terminated polydimethylsiloxane (PDMS) at 80 °C 
for 4 h. 

  Fabrication of PFPE Replica Molds and Pattern Transfer : First, nanopillar 
patterned polyurethane acrylate (PUA (311RM, Minuta Tech.)) was 
replicated from the PDMS-grafted AAO template. The PUA replica mold 
was detached from the AAO template after UV precure of PUA within 
the AAO mold. More than 3 h of additional UV cure was performed to 
guarantee the complete reaction of the PUA mold. The second replica 
mold from the PUA mold was fabricated using PFPE. Nanopore PFPE 
pattern was fabricated by following the same procedure to prepare 
the PUA replica mold. Then, a P3HT (4002-EE, Rieke-Metals) solution 
in chloroform was spin coated on the PFPE replica mold to fi ll up the 
nanopores of the PFPE mold. Finally, a hexagonally packed array of 
P3HT nanopillars was obtained by transferring the P3HT fi lms on a 
target substrate with heat (120 °C for 10 min) and pressure (≈4 bars). 
The PFPE mold was easily released when the treatment temperature was 
lowered to room temperature. Nanostructures of P3HT nanopillars were 
characterized with Field Emission-SEM (JSM-6701F in Seoul National 
University Chemical and Biological Engineering Research Facilities and 
JSM-6700F in the National Center for Inter-University Research Facilities 
of Seoul National University). 

  Device Fabrication and Characterization : Solar cell devices were 
fabricated on patterned indium tin oxide (ITO)-coated glass substrates, 
which were cleaned using a sequence of sonication in acetone, isopropyl 
alcohol, and deionized water for 15 min and subsequently dried 
overnight in an oven. The substrates were then subjected to 10 min 
UV-ozone treatment. Poly(3,4-ethylene dioxythiophene):poly(styrene 
sulfonate) (PEDOT:PSS, Clevios HTL solar) was then spin coated at 
4000 rpm for 40 s to realize a fi lm thickness of ≈70 nm. The resulting 
samples were dried for 30 min at 120 °C and subsequently taken to an 
inert atmosphere. In a glove box, P3HT nanopillars were transferred to 
the PEDOT:PSS-coated ITO substrates. PC 60 BM (Nano-C) dissolved in 
dichloromethane was then spin coated on the P3HT nanopillars. 0.5 nm 
LiF and 100 nm Al layers were then thermally evaporated under 10 −6  Torr 
vacuum. After the completion of device fabrication, the devices were 
thermally annealed at 80, 120, 150, or 180 °C for 20 min. The active area 
of the solar cells given by the overlap between ITO and Al electrodes was 
9 mm 2 . 

 The current density–voltage ( J – V ) characteristics of the solar cell 
devices were measured with a source measurement unit (Keithley 
SMU237). The device performance was characterized under AM 1.5G 
solar spectrum at 1 Sun (100 mW cm −2 ) illumination simulated by a 
Newport 91160A device. 

  Quantitative Imaging (QI)-cSFM : Nanostructured P3HT/PCBM fi lms 
were prepared on bare ITO substrates. QI-cSFM was performed using 
a Nanowizard 3 (JPK Instruments) in Advanced QI mode. Cantilevers 
coated with a 25 nm thick layer of chromium and platinum iridium 
on both sides (PointProbe® Plus Electrostatic Force Microscopy 
(PPP-EFM) from Nanosensors) were used to measure the conductivity 

of all the samples. All the measurements were performed with a tip bias 
voltage of +6 V. A halogen lamp with an intensity of 45 mW cm −2  was 
employed to excite and measure the photoconductivity of the samples. 

  GISAXS and GIWAXS Measurements : GISAXS was performed at the 
3C Beamline of the Pohang Accelerator Laboratory (PAL). The sample-
detector distance was 3.950 m. X-ray with a wavelength of  λ  = 1.135 Å 
and an incident angle of 0.14° were used for the measurements. GIWAXS 
was performed at the 9A Beamline of the PAL. X-ray with a wavelength 
of  λ  = 1.114 Å and an incident angle of 0.14° were used for the 
measurements. Nanostructured samples were thermally annealed in 
a vacuum sample chamber and they reached the fi nal temperatures 
(80, 120, 150, and 180 °C) within 1–2 min and GISAXS and GIWAXS 
measurements on the samples were performed at a fi xed temperature 
for 120 min.  
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