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Charge transfer highways in polymer solar cells 
embedded with imprinted PEDOT:PSS gratings  

Chia-Te Yena, Fu-Chiao Wua, Horng-Long Chenga, Hwo-Shuenn Sheub, Fu-Ching 
Tangc, and Wei-Yang Choua,*  

This study developed poly(3-hexylthiophene):indene-C60 bisadduct (P3HT:ICBA)-based 
organic solar cells where nanoimprinted poly(3,4-ethylenedioxythiophene): 
poly(styrenesulfonate) (PEDOT:PSS) gratings successfully functioned as charge transport 
highways and induced an ICBA-rich surface. The embedded nanostructures improved light 
harvest and contact area; however, these two factors were not the primary enhancers of solar 
cell performance. Atomic force microscopy and conductive atomic force microscopy revealed 
that the imprinted PEDOT:PSS gratings activated hole- and electron-conducting pathways. 
This result can be attributed to the enhancement of the π–π orbital overlap between P3HT and 
PEDOT:PSS polymer chains and to the grating-induced ICBA phase separation. These two 
effects were the primary factors that increased the short-circuit current of the imprinted devices, 
which resulted in the increase of in power conversion efficiency. In-plane and out-of-plane 
grazing incident X-ray diffraction revealed that the chain orientation of P3HT on the 
PEDOT:PSS gratings was the same as that on the plane PEDOT:PSS surface. This study 
proved the feasibility of nanoimprinting for organic solar cells, even for organic field-effect 
transistors. 
 

1. Introduction 

Organic photovoltaic (OPV) devices have a great potential in 
energy resource because of their low-cost fabrication, simple process, 
flexible substrate application, and effective absorption in the solar 
spectrum. Thus, an increasing number of researchers in the physical 
and chemical fields concentrated on OPV devices, particularly 
conjugated polymer-based cells, which can potentially meet the 
energy demands of the future. Polymer materials can be applied in 
solution-processed methods and have fast printing processes, which 
not only enable easy device fabrication but also increase the 
donor/acceptor (D/A) contact area. The D/A interface is increased by 
blending. Thus, increasing the D/A contact area is an effective 
means to enhance the power conversion efficiency (PCE) of solar 
cells. 

Many studies have attempted to improve device efficiency for 
genuine market impact. This effort, which focused on the materials 
development and the optimization of each layer for the fabrication 
processes, has significantly improved OPV efficiency in recent 
years1-5. Embedding of nanostructures in OPV devices is a common 
method of device modification; this method increases cell efficiency 
by increasing the contact area, modifying deposited morphology, and 
improving exciton separation6-8. Nanoparticles or nanowires cover 
the bottom electrode to generate a nanostructure at the interface that 
can enhance OPV device performance9-12. Other methods used in 
nanostructure fabrication include electron beam writing, scanning 
probe, ultraviolet-curable nanoimprint lithography13,14, and 
thermoplastic nanoimprint lithography (T-NIL)15-17. Among these 

nanotechnologies, T-NIL has the highest viability for commercial-
scale OPV fabrication because of its cost effectiveness. However, 
the conventional T-NIL technique must be conducted under certain 
pressure and temperature conditions on the target layer to obtain the 
desired pattern. Characteristic deterioration occurs in some organic 
materials that cannot sustain the T-NIL fabrication conditions. 
Thermal expansion mismatch between the mold and the target layer 
may cause pattern distortion, and sticking of organic materials 
renders T-NIL molds disposable18-20. 

In this study, we developed a low-temperature and low-pressure 
NIL process to construct a poly(3,4-ethylenedioxythiophene): 
poly(styrenesulfonate) (PEDOT:PSS) nanostructure using a soft 
polydimethylsiloxane (PDMS) mold in poly(3-
hexylthiophene):indene-C60 bisadduct (P3HT:ICBA) solar cells.21,22 
PEDOT:PSS nanogratings serve as the hole transport layer (HTL). 
The traditional T-NIL cannot transfer nanogrooves on the 
PEDOT:PSS surface because PEDOT:PSS lacks a specific glass 
transition temperature23. Results show that the PEDOT:PSS gratings 
significantly enhance device performance when compared with the 
standard OPV device whose HTL is a native PEDOT:PSS film. The 
nanostructure increases light harvest efficiency and contact area. 
Nevertheless, the absorbance in our imprint sample is lower than the 
standard case, and the contact area increases by only <1%. Moreover, 
2D grazing incidence X-ray scattering (2D GIXS) measurements 
show that the polymer chain alignment of P3HT is not changed by 
the nanogratings. For further analyses, we utilized conductive atomic 
force microscopy (C-AFM) to qualitatively map the charge transport 
and atomic force microscopy (AFM) to map the surface 
morphologies of imprinted PEDOT:PSS and P3HT:ICBA. The 
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imprint devices that exhibit improved short-circuit current relative to 
standard devices contain a hole-conductive highway at the sidewall 
of the PEDOT:PSS gratings and an electron-conductive pathway 
near the surface of the active layer. 

2. Experimental methods 

2.1. Mold fabrication 

PDMS, which serves as an elastic solid after polymerization and 
cross-linking, was used to form flexible imprinting molds by flowing 
to cover the surfaces of a Si stamp with nanograting molds24,25. This 
polymeric organosilicon compound is usually used to form imprint 
molds in soft lithography, which is an advanced technique in 
transferring nanopatterns onto substrates or polymer surfaces. A self-
assembled monolayer (1H, 1H, 2H, 2H -
perfluorodecyltrichlorosilane) was thermally deposited onto the 
surface of the Si stamp as an antiadhesion layer. Two PDMS grating 
molds, in which one has a width of 600 nm and a pitch of 1200 nm 
and the other has a width of 1200 nm and a pitch of 2400 nm, were 
used for nanoimprinting. The soft feature of PDMS molds is 
expected to enhance imprint yield through particle effect 
minimization. 

2.2. Groove constructed 

A 60 nm-thick PEDOT:PSS film was spin-coated onto indium tin 
oxide (ITO)-coated glass substrates which were sequentially cleaned 
by sonication bath in detergent, reverse osmosis water, acetone, and 
2-propanol, followed by 3 min of 50 W O2 plasma etching, to 
increase the surface energy of ITO. Upon the formation of the 
PEDOT:PSS film on the ITO substrate, nanoimprinting was 
conducted on the PEDOT:PSS surface at room temperature to 
construct the nanograting structure (Figure 1). The PEDOT:PSS 
gratings were heated at 150 °C for 30 min after the substrate was 
removed from the PDMS mold. A plane PEDOTP:PSS film was also 
fabricated simultaneously for comparison. 

2.3. Device fabrication 

OPV cells with a nanostructure configuration of 
glass/ITO/PEDOT:PSS/P3HT:ICBA/Ca/Al (Figure 1) were 
fabricated. The blend of P3HT and ICBA acted as the electron donor 
and the electron acceptor, respectively. A P3HT:ICBA solution was  

Figure 1. (a) Schematic of the nanoimprinting process. (b) 3D scheme of an 
OPV with various types of PEDOT:PSS layers. AFM images show the 
P3HT:ICBA films coated onto native, 1200 nm-wide nanograting-imprinted, 
and 600 nm-wide nanograting-imprinted PEDOT:PSS surfaces. 

prepared with 1,2-dichlorobenzene (20 mg/mL). The polymer 
solution was spun at 1400 rpm for 25 s in an N2-filled glove box, 
resulting in the formation of a thin film on the PEDOT:PSS gratings. 
Solvent vapor annealing of the P3HT:ICBA film was conducted in a 
small moisture-controlled chamber in the glove box. After solvent 
vapor annealing, the P3HT:ICBA film was baked at 150 °C for 5 
min to form the polymer blend film. Cathodes of 20 nm Ca and 100 
nm Al were deposited at 5  10−6 Torr, defining active areas of 6  
10−2 cm2. 

2.4. Measurement and analysis 

To analyze the influence of the nanoimprinted PEDOT:PSS 
gratings on OPVs, the current density–voltage (J–V) characteristics 
of the OPVs were measured in a dark and N2-filled glove box using 
an AM 1.5G-filtered Oriel solar simulator at 100 mW/cm2 calibrated 
to a standard Si photodiode detector (XP102C). Photocurrent was 
recorded using a Keithley 2400 source meter. Monochromatic 
incident photon-to-electron conversion efficiency (IPCE) was 
measured using a xenon light source through the monochromator to 
irradiate the OPV devices. 

The surface morphologies of the PEDOT:PSS and polymer 
blend films were analyzed by AFM using a non-contact scanning 
mold. Figure 1 shows the AFM images of the imprinted and native 
PEDOT:PSS surfaces, as well as covered polymer surfaces. 
Meanwhile, C-AFM measurements were conducted using a contact 
scanning mold to map the carrier injection from the tip on the 
surface of the active layer. A bias (i.e., ITO electrode) was applied to 
the bottom layer of the sample, and the Pt-coated tip was maintained 
at ground potential. The topographic images and current distribution 
images of the sample were simultaneously recorded through a signal 
access module. To analyze the hole or electron transport pathway on 
the surface of the active layer, a positive or negative bias was 
applied to the sample to control the extraction of electrons or holes 
from the sample to the tip, respectively. 

Considering that the processing conditions of the polymer film 
would affect the relative intensity of the absorption wavelength for 
bulk solar cells, we obtained the absorption spectra of the active 
layer using a Cintra 202 spectrometer. The influence of nanogrooves 
on the polymer structure was verified by coating the P3HT:ICBA 
polymer films onto different HTLs, namely, 1200 nm pitch 
PEDOT:PSS gratings, 2400 nm pitch PEDOT:PSS gratings, and a 
flat PEDOT:PSS film. All PEDOT:PSS films were used as the

 
Figure 2. J–V characteristics of P3HT:ICBA OPVs containing native, 600 
nm-wide nanograting-imprinted, and 1200 nm-wide nanograting-imprinted 
PEDOT:PSS layers. 
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Table 1. Comparison of the photovoltaic parameters of polymer bulk 
heterojunction solar cells with native PEDOT:PSS layer, as well as 600 nm- 
and 1200 nm-wide imprinted PEDOT:PSS gratings. 
 

PEDOT:PSS 
structure Jsc (mA/cm

2

) Voc (V) FF Ƞ (%) Rsh (kΩ∙cm
2
) 

Native 7.40 0.83 0.67 4.11 57.8 

1200 nm 
gratings 

8.85 0.84 0.66 4.89 32.2 

600 nm 
gratings 

10.24 0.83 0.63 5.40 22.5 

 
background in the absorption measurements. Moreover, 2D GIXS 
was used to investigate the intermolecular structure of the 
P3HT:ICBA blend films coated onto imprinted and non-imprinted 
HTLs. To exclude the broad diffraction signal from the ITO/glass 
substrate, 2D GIXS was conducted on the blend film that formed on 
the Si substrate. The 2D GIXS measurements were conducted at the 
BL-01C02 beamline station of the National Synchrotron Radiation 
Research Center, Taiwan. The 12 keV beam, that is, a wavelength of 
1.0332 Å, had an incident angle of 0.2°, which is close to the critical 
angle of the substrate. A Mar345 imaging plate area detector was 
used to collect 2D scattering images. qxy and qz represent the in-plane 
and out-of-plane scattering vectors of the blend film, respectively. 
 
3. Results and discussion 

The bottom row of Figure 1b shows the topographic images of 
native and imprinted PEDOT:PSS films that were duplicated from 
the PDMS mold (AFM scan size: 5  5 µm2). The PEDOT:PSS 
nanogratings consisted of approximately 60 nm deep, 600 nm- and 
1200 nm-wide trenches with pitches of 1200 and 2400 nm, 
respectively. Oxygen plasma treatment was conducted on the PDMS 
mold to achieve a hydrophobic surface that simplified demolding. 
With this treatment, nanoimprinting resulted in pattern transfer 
fidelity (Figure 1b). The upper row of Figure 1b shows the AFM 
morphology of the active layers blended with P3HT and ICBA, 
which were spin-coated onto native and imprinting PEDOT:PSS 
surfaces. The standard P3HT:ICBA film showed a subtle surface 
with a roughness of 4.8 nm after a 150 nm-thick P3HT:ICBA film 
formed onto the native PEDOT:PSS surface. In contrast to the 
standard P3HT:ICBA film, the P3HT:ICBA film that was spin-
coated onto the imprinted PEDOT:PSS gratings preserved the 
grating morphology on its surface. The roughness of the 
P3HT:ICBA surface was nearly three times higher than that of the 
standard P3HT:ICBA film. The contact areas of P3HT:ICBA coated 
onto 1200 nm- and 600 nm-wide PEDOT:PSS gratings increased by 
only 0.05% and 0.3%, respectively, when compared with that of 
P3HT:ICBA coated onto a flat PEDO:PSS surface. Therefore, the 
contact area between the active layer and the anode may not be the 
dominant factor influencing current. 

Figure 2 shows the photovoltaic outputs of three solar cells with 
native and imprinted PEDOT:PSS layers. The J–V curves of the 
OPV cells were measured on the active area of 0.06 cm2 under 100 
mW/cm2 light simulation. The performance parameters, namely, 
PCE, short-circuit current (Jsc), open-circuit voltage (Voc), and fill 
factor (FF), of the OPV cells are shown in Table 1. The Voc of the 
standard and imprinted devices were almost the same. This result 
can be attributed to the fact that Voc does not depend on the 
embedded nanostructures but on the difference between the highest 
occupied molecular orbital of the donor and the lowest unoccupied 
molecular orbital of the acceptor26. The Jsc of the devices with 600 
nm- and 1200 nm-wide PEDOT:PSS gratings significantly increased  

 
Figure 3. Photoaction spectra of the devices with native and nanostructure 
PEDOT:PSS layers. 

by 38.4% and 19.6%, respectively. Compared with the cell with 
native PEDOT:PSS layer, lower shunt resistances (Rsh) are observed 
in imprinted cells, indicating that the current losses arise from the 
nanoimprint PEDOT:PSS gratings. The decrease of Rsh results in the 
slight reduction of FF in imprinted cells. However, the increase in 
contact area ratio was not proportional to that in Jsc. Thus, further 
studies should be conducted. The PCE of the OPV with 600 nm-
wide PEDOT:PSS gratings significantly increased by 31.4%. To 
verify the key factor that influences OPV device performance, IPCE 
measurements were first conducted on the three OPV devices. The 
IPCE spectra of the P3HT:ICBA solar cells with native and 
imprinted PEDOT:PSS layers are compared in Figure 3. The 
increase in IPCE for the nanoimprinted devices was almost twice 
that for the device with the native PEDOT:PSS layer in the visible 
band. This result indicates that charge carriers can be effectively 
collected by the imprinted solar cells. However, the device 
photocurrent was not only affected by the IPCE but also by light 
absorption intensity. 

Figure 4a shows the absorption spectra of the blend films on the 
native and imprinted PEDOT:PSS layers. The absorbance within the 
visible range of the blend films on the 600 nm- and 1200 nm-wide 
PEDOT:PSS nanogratings evidently decreased. However, the Jsc of 
the OPVs with the imprinted PEDOT:PSS layer increased. The 
absorption tail of P3HT on the nanogratings above 625 nm slightly 
increased. Accordingly, the large Jsc in the imprinted OPVs can be 
attributed to effective carrier transportation and collection. Several 
studies expounded that the relative peak intensity of absorption can 
be used to analyze the structure ordering and conjugation length of 
polymer chains27,28. When the normalization was conducted on 
Figure 4a, Figure 4b shows that no red shift occurs in the overall 
absorbance of the P3HT:ICBA films on the imprinted PEDOT:PSS 
gratings. This result indicates that the nanoimprinting of 600 nm- 
and 1200 nm-wide PEDOT:PSS gratings did not induce P3HT 
molecular rearrangements. To further investigate the microstructure 
of the P3HT films, P3HT crystallization and chain orientation were 
examined using 2D GIXS measurements (Figure 5a). The scattering 
intensity recorded using a 2D detector was plotted as a function of 
the momentum transfer qz and qxy, which denote directions 
perpendicular and parallel to the substrate, respectively29,30. In-plane 
and out-of-plane GIXS measurements were obtained simultaneously. 
Only distinct intensity rods with Bragg reflections along the (100) 
direction were observed in the 2D GIXS patterns obtained from the 
P3HT:ICBA films on the native (Figure 5c) and 600 nm-wide 
grating-imprinted (Figure 5d) PEDOT:PSS surfaces. The (h00) 
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Figure 4. Absorption of P3HT:ICBA blends on native and imprinted 
PEDOT:PSS/glass substrate. The two types of PEDOT:PSS gratings had 
1200 nm pitch, 600 nm width and 2,400 nm pitch, 1200 nm width. For 
comparison, absorption spectra are shown as (a) absolute intensity and (b) 
normalized intensity. 

peaks corresponded only to the edge-on chain orientation (Figure 5b) 
existing in all samples, that is, the (100)-axis of lamella structure 
normal to the substrate31-33. The intensity and width at half 
maximum of (h00) up to the third order were almost the same in  

both patterns, indicating that the microstructure and arrangement of 
P3HT cannot be affected by the PEDOT:PSS nanogratings. The 
AFM images revealed that the PEDOT:PSS gratings changed the 
morphological features of the active layer. However, the results of 
GIXS confirmed that the grating structures did not affect the 
molecular arrangement of P3HT. Figures 5e and 5f show a 
conceptual model based on the information obtained from absorption 
and GIXS analyses. The P3HT lamella structure showed the same 
orientation on the native and imprinted PEDOT:PSS surfaces. 

The morphology and the current passing through the tip–
P3HT:ICBA junction were simultaneously mapped through C-AFM 
to investigate the mechanism by which nanoimprinting increases the 
current of OPV devices34,35. This procedure provided a quantitative 
and direct map of hole transport at the interface between P3HT and 
PEDOT:PSS. To examine hole transport, only the P3HT solution 
was spun on the native and imprinted PEDOT:PSS surfaces36. We 
compared the hole transport at the P3HT/PEDOT:PSS grating 
interface and the P3HT/plane PEDOT:PSS interface because of the 
same tip–P3HT junction. C-AFM can be used to quantitatively map 
the hole and electron injection from the tip on the film surface by 
controlling the negative and positive biases applied to the sample, 
respectively. When a bias of −1.5 V was applied to the ITO contact, 
holes were injected from the sharp tip. Accordingly, the C-AFM  

 
Figure 5. (a) Schematic of the GIXS setup for in-plane and out-of-plane 
measurements. (b) Schematic of the orientation of P3HT chains on the 
PEDOT:PSS surface. Reciprocal map of P3HT:ICBA films on (c) native 
PEDOT:PSS surface and (d) imprinted PEDOT:PSS nanogratings with 600 
nm width and 1200 nm pitch measured by GIXS using a 2D detector. 
Schematic of the orientation of P3HT chains on (e) native PEDOT:PSS and (f) 
imprinted PEDOT:PSS grating surfaces. 

images show the most current, where hole injection and transport 
were predominant. Figures 6a and 6b show the surface morphology 
and current image of a pristine P3HT film coated onto imprinted 600 
nm-wide PEDOT:PSS gratings, respectively. The morphology of the 
gratings was preserved on the P3HT film surface. Comparison of the 
morphology and current images revealed prevalent current located 
near the PEDOT:PSS gratings. To identify the precise location of the 
prevalent current, cross-sectional views of the morphology and 
current images were obtained. Figure 6c shows the 1D topography 
and current image along the direction perpendicular to the gratings. 
Notably, the current was significantly enhanced on the sidewall of 
the gratings, indicating that the sidewalls of the nanogratings were 
preferentially hole-conducting pathways. By contrast, hole transport 
on top of the PEDOT:PSS gratings was difficult. To examine the 
effect of nanoimprinting on hole transport, negative-biased C-AFM 
measurements were also conducted on the standard P3HT film, 
which was formed on the native PEDOS:PSS surface. Figures 6d 
and 6e show the surface topography and the current image of the 
standard P3HT film, respectively. Current distribution on the 
standard P3HT film revealed a less direct correlation with the 
surface morphology. Comparison of the imprinted and standard 
cases showed that the maximum magnitude of the current transport 
was 95 pA in the imprinted sample and only 45 pA (average value 
obtained based on Figure 6f) in the standard sample, which was 
almost the same as the current transported on top of the PEDOT:PSS 
gratings (Figure 6c). The average value of hole current transported 
from P3HT to the imprinted PEDOT:PSS was 66 pA. This 1.5-fold 
increase in current as determined by C-AFM corresponded with the 
increase in Jsc in the imprinted OPV. Thus, we can attribute the hole 
current increase to an overlap of conjugated π orbitals between 
P3HT and PEDOT:PSS, as shown in the conceptual model depicted  
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Figure 6. AFM topography of the P3HT film formed on PEDOT:PSS 
gratings with 1200 nm pitch, 600 nm width, and 60 nm depth (a) and 
corresponding C-AFM map at a bias of −1.5 V (b) and corresponding 1D 
morphology and current distribution (c). A standard P3HT topography (d) 
and corresponding C-AFM map at a bias of −1.5 V (e) and corresponding 1D 
morphology and current distribution (f). 

in Figure 5f. This π–π overlap facilitated an efficient hole transport 
for P3HT on the PEDOT:PSS gratings, indicating that the sidewall 
regions were preferentially hole-conducting pathways, i.e. 
enhancement of the hole mobility of P3HT/ICBA blend film, as 
shown in Figure S1 and Table S1. By contrast, small currents passed 
through the grating tops and trench bottoms because of the lesser π–
π overlap in these regions than in the sidewall. 

Figures 7a, 7b, and 7c show the topographies of P3HT:ICBA 
films coated onto native, 1200 nm-wide grating-imprinted, and 600 
nm-wide grating-imprinted PEDOT:PSS surfaces, respectively, with 
corresponding current maps in Figures 7d, 7e, and 7f at a bias of 
+1.5 V. An indistinct grating morphology was observed on the 
P3HT:ICBA films formed on the PEDOT:PSS gratings. Under 
positive bias, electrons were injected through the tip. The electron 
prevalent C-AFM images showed a high current37,38, indicating 
ICBA abundance. Comparison of the three current maps (Figures 7d, 
7e, and 7f) showed that the highest current occurred at the sample 
with 600 nm-wide PEDOT:PSS gratings. This result indicates that 
the vertical phase separation and the formation of ICBA-rich surface 
layer were induced by the nanoimprinted PEDOT:PSS gratings. A 
similar phenomenon was observed in the sample with 1200 nm-wide 
PEDOT:PSS gratings. The number of pixels as a function of current 
magnitude was statistically compiled to measure the current 
distribution on the C-AFM maps (Figure 7g). The sample with 600 
nm-wide imprinted PEDOT:PSS gratings had the highest current and 
the largest current distribution among the three maps, indicating that 
the electrons were easily injected from the tip into the P3HT:ICBA 
film. This result was attributed to the ICBA-rich surface and uniform 
ICBA distribution. Accordingly, the imprinted PEDOT:PSS gratings  

 
Figure 7. AFM images of P3HT:ICBA blend films formed on (a) native 
PEDOT:PSS surface, (b) PEDOT:PSS gratings with 2400 nm pitch, 1200 nm 
width, and 60 nm depth, and (c) PEDOT:PSS gratings with 1200 nm pitch, 
600 nm width, and 60 nm depth, as well as corresponding C-AFM maps of 
the blends coated onto (d) native, (e) 1200 nm-wide grating-imprinted, and (f) 
600 nm-wide grating-imprinted PEDOT:PSS. (g) Statistics of current 
distribution for the three C-AFM maps. 

induced phase separation that contributed to carrier transport and 
collection on both cathodes. The large ICBA distribution within the 
surface region of the active layer enhanced the electron transport 
because of the acceptor near the cathode. These C-AFM results can 
be used to explain the enhanced IPCE of the OPVs after blending 
nanoimprints on the HTL, that is, the PEDOTP:SS layer. Thus, 
nanoimprinting may be further used in another layer of OPVs, such 
as the active layer and the electron transport layer, which can 
improve hole and electron transports and extractions, even light 
harvest. 

4. Conclusions 

The phase separation and carrier collection of P3HT:ICBA blends 
by nanoimprint lithography for organic solar cells were investigated 
using C-AFM. To improve the efficiency of organic solar cells, 
nanoimprinted PEDOT:PSS gratings with widths of 600 and 1200 
nm were formed as the HTL. As the P3HT:ICBA film was coated 
onto the imprinted PEDOT:PSS gratings, a preferentially hole-
conducting pathway was established on the sidewall of the gratings 
because of the enhancement of the π–π orbital overlap between the 
P3HT and PEDOT:PSS polymer chains. Moreover, phase separation 
was induced by PEDOT:PSS gratings to yield a ICBA-rich surface 
that enhances electron transport from the blend film to the cathode. 
The Jsc of the devices with PEDOT:PSS grating widths of 600 and 
1200 nm increased by 38.4% and 19.6%, respectively. The grating 
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morphology was correlated with electrical characteristics by 
quantitative C-AFM and GIXS measurements. Although the light 
absorption of the imprinted device was smaller than that of the 
standard device, large IPCE and photocurrent were observed for the 
imprinted device. The large IPCE and photocurrent were associated 
with the improvement of local hole transport pathways on the grating 
sidewalls and with the enhancement of electron transport induced by 
the ICBA-rich surface. These hole-conducting pathways and ICBA 
phase separation were directly proven by C-AFM measurements. 
The GIXS and normalized absorption spectra indicated that the 
imprinted PEDOT:PSS nanogratings increased the π–π interchain 
interactions and phase separation but did not change the 
microstructure of chain alignment within P3HT:ICBA blend films. 
Thus, the nanograting-embedded structure can enhance charge 
transport, including holes and electrons, in organic solar cells. 
Moreover, the nanoimprinting experiment was simple and extremely 
fast. These nanostructures can also be used to enhance the charge 
carrier mobility of field-effect transistors39. 
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