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a b s t r a c t

Organic photovoltaic (OPV) cells utilizing a rugged nanostructural layer were fabricated by
using a mixed solution method. The charge separation at the heterointerface between the
poly(3-hexylthiophene) (P3HT) nanostructural layer with a rugged surface and the C60
layer was increased due to an increase in the interfacial region between the donor and
the acceptor layers, resulting in an increase in the short-circuit current density and the
power conversion efficiency (PCE) of the OPV cells with a P3HT nanostructural layer. The
PCE of the OPV cells with a nanostructural rugged layer is 30% higher than that without
a rugged layer.

� 2012 Elsevier B.V. All rights reserved.
Photovoltaic cells have emerged as excellent candidates
due to their promise as replacements for traditional fossil
fuels. Organic photovoltaic (OPV) cells have currently been
receiving considerable attention due to their high-mechan-
ical flexibility and light weight [1–3]. OPV cells with a bi-
layer heterojunction structure have achieved power
conversion efficiencies (PCEs) up to 5% [4,5], which is still
far from the efficiency required for practical mass applica-
tions. The prospect of potential applications of OPV cells
has led to substantial research and development efforts
to enhance the PCE of OPV cells. The typical efficiency of
OPV cells has been significantly affected by various factors
of the light absorption efficiency, exciton dissociation effi-
ciency, charge transport efficiency, and charge collection
efficiency. OPV cells containing a nanostructural layer have
been suggested to enhance their PCEs resulting from an in-
crease in the dissociation efficiency of the excitons [6–8].
The exciton dissociation efficiency has played an important
role for enhancing the device efficiencies of the OPV cells
due to a short diffusion length of the exciton in organic
. All rights reserved.
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materials. The PCE enhancement mechanisms of the OPV
cells containing a nanostructural layer are attributed to
two dominant factors. One factor for the PCE enhancement
is related to an increase in the interfacial region between
donor and acceptor materials. The increase in the charge
separation for the active layer is attributed to an increase
in the interfacial region between the donors and the accep-
tors [9–11]. Another factor for the PCE enhancement is
attributed to the variation of the chain orientation. The
P3HT chains of the nanostructural layer contain a partially
oriented face, resulting in an achievement of the mobility
of charges and a change of the energy levels [8,9,12]. Some
studies on the fabrication of the high efficient OPV cells
containing a nanostructural layer have been performed
by using an anodized aluminum oxide template and an
etching process [12,13], and other studies concerning the
device performance for OPV cells fabricated utilizing poly-
mer nanoparticles have been clarified that the PCE of OPV
cells with nanoparticles decreases due to the poor mor-
phology of the active layer [14–16].

Even though some studies concerning effects on ther-
mal or solvent-vapor treatment on the photovoltaic char-
acteristics of the OPV cells with conducting polymer/C60
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Fig. 1. Schematic diagrams of the organic photovoltaic cells utilizing (a) a
planar film and (b) a P3HT nanostructural film.

Fig. 2. Absorbance (empty) and PL (filled) spectra of the P3HT solution
and the P3HT particle solution.
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interpenetrating heterojunction structure have been per-
formed [17,18], their PCEs are relatively unstable and
low. Therefore, systematic investigations on the photovol-
taic properties of the OPV cells with an embedded rugged
nanostructural layer are still necessary to enhance their
stability and PCE.

This letter reports data for the enhancement of the PCE
for OPV cells with an embedded rugged nanostructural
layer. Absorbance and photoluminescence (PL) measure-
ments were performed to investigate the positions of the
absorbance and PL peaks and the optical properties of the
P3HT layer containing a rugged nanostructural layer, and
atomic force microscopy (AFM) measurements were car-
ried out to investigate the surface properties of the P3HT
with a nanostructural layer. Current density–voltage (J–V)
measurements were performed to investigate the device
performance of the OPV cells based on a P3HT layer con-
taining a rugged nanostrutural layer.

The OPV cells used in this study were formed on in-
dium-tin-oxide (ITO)-coated glass substrates, and the
sheet resistance of the ITO thin film was approximately
10 X/sq. After the surface of the chemically-cleaned ITO-
coated glass substrates had been treated with an ultravio-
let–ozone cleaner, the substrates were introduced into a
glove box with a high-purity N2 atmosphere. The poly
(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) solution was spin-coated onto the ITO-coated
glass substrates by spin coating at 4500 rpm for 41 s in the
glove box. Then, 1-wt% P3HT solution was spin-coated
onto the PEDOT:PSS layer at a spin rate of 2000 rpm for
60 s and was annealed at 145 �C for 15 min. The solution
for forming the nanostructural film was prepared by using
a mixed solution of 1 ml of 0.5-wt% P3HT and 0.1 ml of
propylene glycol mono-methyl ether acetate (PGMEA).
After the mixed solution had been sonicated for 15 min,
the mixed solution was spin-coated onto the PEDOT:PSS
layer at a spin rate of 4500 rpm for 36 s and was annealed
at 145 �C for 15 min. After the annealing process of the
nanostructural layer, the nanostructural P3HT layer was
formed. After the formation of the P3HT planar layer and
the P3HT nanostructural layer, a C60 layer with a thickness
of 40 nm was thermally evaporated in a vacuum chamber
at a system pressure of approximately 8.5 � 10�7 Torr.
Subsequently, the Liq cathode buffer layer was deposited
on the active layer by using thermal evaporation; then,
an Al layer with a thickness of 100 nm was formed. The
active area of the fabricated cell was 2 mm � 2 mm. Final-
ly, the fabricated OPV cells were annealed for 20 min at
145 �C on a hot plate. Twenty different devices with a
P3HT rugged nanostructural layer were fabricated to
achieve the reliability of the device characteristics under
the same condition. Schematic diagrams of the fabricated
Al/Liq/C60/P3HT/PEDOT:PSS/ITO cells with planar and rug-
ged nanostructural layers are shown in Fig. 1a and 1b,
respectively.

The AFM measurements were performed by using an
XE-100 atomic force microscope, and PL measurements
were carried out by using an ISS PC1 system. The PL mea-
surements were carried out using a 75 cm monochromator
equipped with an RCA 31034 photomultiplier tube. The
excitation sources were the 440 or 560 nm line of a
He-Cd laser. The sample temperature was kept at 300 K.
The J–V curves were measured in the dark and under an
illumination by using a Keithley 2400 source meter. The
photovoltaic characteristics were measured under AM 1.5
simulated illumination with an intensity of 100 mW/cm2.

Fig. 2 shows absorbance and PL spectra for the P3HT
molecular and the congregated P3HT particle in solution.
The absorbance peaks for the dissolved P3HT molecular
and the congregated P3HT particles appear at 440 and
560 nm, respectively. The PL peaks for the dissolved
P3HT molecular and the congregated P3HT particles mea-
sured with an excitation wavelength of 440 nm appear
around 575 and 660 nm, respectively. The red shifts of
the absorbance and the PL spectra indicate that the fluores-
cence signal is dominantly attributed to intrachain aggre-
gates, regardless of the small fraction of intrachain
aggregates. The red shift of the interchain aggregates per
particle plays the important role of energy acceptors for
the large majority of chromophores [19]. The red shift of
the interchain aggregates is attributed to efficient quench-
ing of the conjugated polymer fluorescence due to varia-
tions in the numbers of quencher molecules [20–22] and
polarons [23,24] and to intermittent fluorescence in the
tightly-coiled conjugated polymer molecules [25–29].

Fig. 3 shows the PL spectrum for the mixed P3HT solu-
tion and its deconvoluted Gaussian functions measured
with an excitation wavelength of 440 nm. The PL spectrum
showed that the congregated P3HT particles were dis-
solved in a mixed solution. The peaks at 577 and 596 nm
correspond to the P3HT molecular dissolved in the mixed



Fig. 3. PL spectrum of a mixture of the dissolved P3HT solution and the
P3HT particle solution. The dashed lines represent the Gaussian functions
of the PL spectrum.
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solution, as shown in Fig. 2. The peaks at 621 and 657 nm
correspond to the congregated P3HT particles in the mixed
solution. It is noted that the two peaks from congregated
P3HT particles in Fig. 3 are blue-shifted when compared
with the peaks from congregated P3HT particles in Fig. 2
[19]. This blue shift is attributed to the fact that the congre-
gated P3HT particles in the mixed solution of hydrophilic
and hydrophobic solvents are smaller than those in the
solution of only hydrophobic solvent. The existence of
the congregated P3HT particle is confirmed by AFM
images.
Fig. 4. (a) AFM and (b) AFM profile images of the nanostructural P3HT
layer.
Fig. 4 shows the (a) AFM and the (b) AFM profile images
of the nanostructural P3HT layer. The AFM image shows
that the pore diameter of the fabricated nanostructural
film with a rugged surface was between 100 and 200 nm.
The AFM profile image shows that the thickness of the pla-
nar region for the nanostructural layer was about 10 nm.
The thickness of the convex part of the nanostructural film
was about 30 nm. The diameter and the height of the nano-
structural layer depended significantly on the spin rate and
the P3HT concentration of the mixed solution and on the
ultrasonication treatment time. OPV cells with a nano-
structural layer had a higher efficiency for exciton dissoci-
ation and for charge transport than those with a planar or a
bulk heterojunction structural layer. Because the charge
separation in OPV cells increases with increasing size of
the interface between the donor and the acceptor layers,
the transport of separated charges increases. Furthermore,
the OPV cell with a nanostructural layer contains continu-
ous paths, along which charges are easily moved, resulting
in a decrease in charge recombination loss.

Fig. 5 shows (a) absorbance spectra of the P3HT and the
P3HT nanostructural layers and (b) PL spectra for the
Fig. 5. (a) Absorbance spectra of the P3HT and the P3HT nanostructural
layers and (b) PL spectra for the planar P3HT/C60 and the nanostructural
P3HT/C60 layers.



Table 1
Device performances of organic photovoltaic cells utilizing a nanostructural
P3HT layer and a planar P3HT layer.

P3HT/C60 Jsc (mA/
cm2)

Voc
(V)

FF g
(%)

OPV cells with a planar layer 6.2 0.32 0.4 0.8
OPV cells with a

nanostructural layer
8.3 0.32 0.39 1.04
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planar P3HT/C60 and the nanostructural P3HT/C60 layers
measured with an excitation wavelength of 560 nm. The
absorbance spectrum of the P3HT nanostructural layer is
similar to that of the P3HT layer. Because any additional
peak for the absorbance spectrum of the P3HT nanostruc-
tural layer in comparison with that of the P3HT layer does
not appear, the nanostructural layer has no impurities,
undergoes no chemical transformations. The variation of
the UV-absorbance spectrum has been explained on the
basis of the variation of the P3HT chain orientation. The
variation of P3HT chain orientation originates from the
interfacial interaction between the P3HT and the PED-
OT:PSS [12]. Because the UV-absorbance spectrum of the
P3HT rugged nanostructure layer is similar to that of the
P3HT planar layer, the chain orientation of the P3HT rug-
ged nanostructure layer is analogous to that of P3HT planar
layer. The change of the P3HT orientation might be not
considered as an important mechanism factor for the PCE
enhancement. The enhancement mechanism of the PCE
for the OPV cells is dominantly attributed to an increase
in the interfacial region between donor and acceptor mate-
rials. A quenching of the fluorescence intensity appears in
the P3HT nanostructural layer, as shown in Fig. 5b. While
the P3HT fluorescence of the planar layer is quenched by
59%, that of the nanostructural layer is quenched by 86%.
This dramatic increase in quenching is attributed to
efficient charge separation at the interface between the
P3HT nanostructural layer and the C60. The increase in
the interface region between the donor and the acceptor
layers dramatically increases the separation of excitons,
resulting in an increase in charge generation. Therefore,
the magnitudes of the Jsc and the PCE are increased due
to increased charge separation at the heterointerface be-
tween the P3HT nanostructural layer and the C60.

Fig. 6 shows the J–V results for OPV cells fabricated uti-
lizing a P3HT nanostructural layer and a P3HT planar layer.
The efficiencies of the OPV cells with planar P3HT/C60 lay-
ers and with nanostructural P3HT/C60 layers were 0.8%
and 1.04%, respectively, and the corresponding Jsc values
were 6.2 and 8.3 mA/cm2. The error bars of the PCE values
in the Fig. 6 indicate the maximum and minimum values of
Fig. 6. Current density–voltage results of organic photovoltaic cells
utilizing P3HT nanostructural and planar layers under 100 mW/cm2.
20 different devices. The enhanced Jsc and PCE values can
be attributed to the increased charge separation caused
by the increased interface region between the donor and
the acceptor layers. Device performances of OPV cells uti-
lizing nanostructural P3HT and planar P3HT layers are
summarized Table 1.

In summary, OPV cells utilizing a nanostructural layer
with a rugged surface were fabricated utilizing a mixed
P3HT solution. While the dissolved P3HT molecular formed
a P3HT planar layer, the congregated P3HT particles gener-
ated a rugged surface layer on the P3HT planar layer. The
interface region between the donor and the acceptor layers
for the OPV cells with a nanostructural layer was larger
than that for the OPV cells with a planar layer. The charge
separation and the charge transport efficiencies were en-
hanced due to an increase in the interface region between
the donor and the acceptor layers for OPV cells with a
nanostructural layer. The PCE values of the OPV cells with
planar P3HT/C60 and nanostructural P3HT/C60 layers were
0.8% and 1.04%, respectively, and the corresponding Jsc
magnitudes were 6.2 and 8.3 mA/cm2. The PCE and the
Jsc values of the OPV cells were significantly improved by
using a nanostructural layer with a rugged surface.
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