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ABSTRACT: Here, we discuss the local photovoltaic character-
istics of a structured bulk heterojunction, organic photovoltaic
devices fabricated with a liquid carbazole, and a fullerene
derivative based on analysis by scanning kelvin probe force
microscopy (KPFM). Periodic photopolymerization induced by
an interference pattern from two laser beams formed surface
relief gratings (SRG) in the structured films. The surface
potential distribution in the SRGs indicates the formation of
donor and acceptor spatial distribution. Under illumination, the
surface potential reversibly changed because of the generation of
fullerene anions and hole transport from the films to substrates, which indicates that we successfully imaged the local
photovoltaic characteristics of the structured photovoltaic devices. Using atomic force microscopy, we confirmed the formation of
the SRG because of the material migration to the photopolymerized region of the films, which was induced by light exposure
through photomasks. The structuring technique allows for the direct fabrication and the control of donor and acceptor spatial
distribution in organic photonic and electronic devices with minimized material consumption. This in situ KPFM technique is
indispensable to the fabrication of nanoscale electron donor and electron acceptor spatial distribution in the devices.

KEYWORDS: organic photovoltaic device, kelvin probe force microscopy, surface relief grating, donor and acceptor spatial distribution,
liquid carbazole

■ INTRODUCTION

Bulk heterojunction photovoltaic devices have attracted much
attention because of their tremendous potential for having a
high-energy-conversion efficiency in organic thin-film photo-
voltaic devices.1−13 Phase-separated structures of electron
donors and electron acceptors (D/A) are formed in these
devices, leading to an increase in the interfacial area between
D/A compounds. Recently, D/A interface structures have been
investigated using kelvin probe force microscopy (KPFM)14−16

and conductive atomic force microscopy (AFM)17−19 under
illumination to understand the local photovoltaic characteristics
of organic bulk heterojunction photovoltaic devices. From these
results, the complicated and random distribution of donors and
acceptors is considered to be a barrier that prevents smooth
carrier transport to the electrode. To address this problem,
ideally structured bulk heterojunction photovoltaic devices20

have been fabricated for the control of the D/A spatial
distribution using nanoimprinting,21 microphase separation of
diblock copolymers,22,23 inorganic template nanostructures of
TiOx or ZnOx,

24,25 surface relief grating (SRG) in active
layers,26 C60 nanocolumns,

27 Ag grating,28 and a hole-blocking
layer for conducting polymers.29

Following a report by Tripathy et al., SRGs have been widely
utilized in organic materials to fabricate light-diffraction
gratings, molds for imprinting, and refractive indices.30 SRGs
are formed in films that consist of an azobenzene polymer or
monomer, which are mechanistically based on a photogradient
effect.31−33 Recently, SRGs have been formed in films that
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consist of other photochromic materials such as fluorine
derivatives34 and spiropyran,35 and a few studies have already
reported on the formation of SRGs in photopolymers.36−38

We previously reported the formation of photorefractive
gratings in films made of the electron donor 3-formyl-9-
vinylcarbazole (VCz(CHO)) and the electron acceptor 2,4,7-
trinitro-9-fluorenone (TNF).39 Periodic photopolymerization
induced a gradient of carbazole density along the films, which
resulted in the controlled formation of a periodic refractive-
index pattern.40 Additionally, VCz(CHO) films are very soft at
room temperature, and these liquid carbazoles have recently
been used as hole-transport materials,41 organic light-emitting
diodes,42 and hybrid organic−inorganic bistable memory
devices.43 On the basis of these successes, we began
investigating structured photovoltaic devices fabricated with
VCz(CHO) and C61-butyric acid methyl ester (PCBM) to take
further advantage of the softness and photopolymerization
properties of the liquid carbazole. We have demonstrated the
formation of SRGs and D/A spatial distribution in the
structured devices, which resulted in observably enhanced
photocurrents.39,44 D/A spatial distribution was formed in the
structured photovoltaic devices, and PCBM molecules were
highly distributed in the upper regions of the grating.44−47

Herein, we report on our investigation of the macroscopic
and local photovoltaic properties in the structured photovoltaic
devices. We also studied the morphology of the SRG to reveal
the processes involved in SRG formation. The D/A spatial
distribution, which serves as a smooth carrier pathway, brought
about an enhancement in the photovoltaic characteristics of the
structured devices. The SRGs and the D/A spatial distribution
were obtained using simple periodic photopolymerization in
the films. The local morphology and surface potential of the
SRGs were analyzed by scanning AFM and in situ KPFM under
illumination.

■ EXPERIMENTAL SECTION
Film Formation. VCz(CHO) and PCBM (MTR Limited) were

used to fabricate the structured photovoltaic devices as p-type and n-
type organic semiconductors, respectively (structures are depicted in
Figure 1a). Indium tin oxide substrates were ultrasonicated
sequentially in pure water, 2-propanol, acetone, and then chloroform
for 10 min each; following that, they were kept in an ozone
atmosphere for 3 min, which was generated by a UV/ozone cleaner,
PL16-110D (SEN Lights Corp., Japan). VCz(CHO) and PCBM were
dissolved in dichloromethane at a concentration of 20 mg mL−1

(80:20 wt %), and the solution was stirred for 2 h in the dark. Spin-
coating was carried out at 1000 rpm for 10 s (Figure 1b).
Periodic Photopolymerization. Interference exposure was

achieved using a continuous wave of a frequency-doubled Nd:YAG
laser at 532 nm (Compass 315M-100, Coherent, Inc.) with an incident
angle of 10° between the two laser beams for the periodic
photopolymerization with an interference pattern at a period of
about 3 μm. The VCz(CHO)/PCBM films used for the measurements
of photocurrent action spectra and KPFM were periodically
polymerized by an interference pattern of the two lasers with an
intensity of 2 × 740 mW cm−2, which resulted in the formation of an
SRG at the respective diameters of 0.5 mm (Figure 1c, left). The film
thickness was about 150 nm. To analyze the morphology in the
photopolymerized and nonphotopolymerized regions of the films, the
VCz(CHO)/PCBM films were exposed to single laser beams at 532
nm through photomasks with a small pattern (Figure 1c, right).
The films do not allow metal electrode deposition before

subsequent photopolymerization procedures because the nonpoly-
merized region is soft. The structured films were cured with UV
radiation using an ELC-410 light source (Electrolight, Ltd.) at 62 mW
cm−2 in the 320−500 nm spectral range to polymerize the entire areas

of the films. AFM and KPFM observations were performed after
drying in a vacuum oven for 1 night (Figure 1d). A semitransparent Al
electrode was deposited on the SRG and the homogeneous regions by
vacuum deposition through shadow masks for the measurement of the
photocurrent action spectra. For the selective deposition of the Al
electrode on the SRGs, we performed periodic photopolymerization
with an intensity of 2 × 175 mW cm−2 in wide areas, resulting in the
formation of SRGs with a diameter of 3.3 mm.

Characterization. The photocurrent action spectra were measured
with a Keithley Instruments model 6487. Intensity-controlled
monochromatic light was obtained from a Xe lamp equipped with a
monochromator (CT-10, Jasco, Inc.). The homogeneous films and
structured films were irradiated with monochromatic light from the
semitransparent Al electrode side for the photocurrent action spectra.
A Dimension 3100 V (Digital Instruments) was used for AFM and
KPFM observations of the structured films. Tapping mode AFM was
carried out using a Pt/Ir-coated Si cantilever with a spring constant of
2.8 N m−1 and a resonance frequency of 75 kHz. For the KPFM
observations, alternating current voltages were applied, mainly at 3 V,
to the cantilever. We used the white light of a halogen lamp or band-
pass-filtered monochromated light to measure the surface potential
under light illumination.

Figure 1. (a) Chemical structures of the photopolymerizable liquid
carbazole of 3-formyl-9-vinylcarbazole (VCz(CHO)) and the fullerene
derivative of C61-butyric acid methyl ester (PCBM). (b−d) Schematic
illustration of the fabrication of structured photovoltaic devices: (b)
film-forming, (c) light exposure of the interference pattern from two
laser beams at 532 nm or the laser beam through a photomask, and
(d) polymerization using UV light over the entire area.
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■ RESULTS AND DISCUSSION
We previously reported the enhanced short-circuit photo-
currents in structured photovoltaic devices with a 532 nm
incident laser beam for the formation of the D/A spatial
distribution.44,45 Here, we investigate the photocurrent action
spectra of structured BHJ devices.
The absorption bands for the UV−vis absorption spectra of

VCz(CHO)/PCBM films (83:17 wt % and PCBM-free) ranged
in the UV region (Figure 2a). The maximal absorption

occurred at about 250 nm and can be attributed to VCz(CHO).
Absorbance in the visible region was slightly increased by
doping with PCBM. The diffraction efficiency of the SRGs is at
most 1.5% according to our previous study,44 suggesting that
the effect of the grating structures is weak in the UV−vis
absorption and indicating that the influence of diffraction to
absorption is small and the effect of the increase in effective
optical path length is limited (Figure S1). Figure 2b shows the
photocurrent action spectra of the structured and as-prepared
films of VCz(CHO)/PCBM (80:20 wt %) under light
illumination. The photocurrent of the structured films is larger
than that of the homogeneous films in the UV region. These
results demonstrate that the structured photovoltaic devices
provide enhanced photocurrents because of the D/A spatial
distribution, as previously reported.44,45

Here, we discuss how in situ KPFM provides insight into the
local photovoltaic properties of the structured films under light
illumination.
Figure 3 shows the AFM and KPFM images as well as the

KPFM profile of the VCz(CHO)/PCBM film (80:20 wt %)
grating both in the dark and under illumination. During the first
3 min, the observations were carried out in the dark. The
KPFM image shows the periodic surface potential modulation
that is based on the D/A spatial distribution in the films. The
depth of the surface potential modulation (Vd = Vu − Vl, where
Vu and Vl signify the surface potential of the upper and lower
regions of the grating, respectively) is about 40 mV. After 3
min, the film was irradiated by a white-light source. The AFM
image was not affected by light irradiation. However, KPFM
images show the change in the surface potential distribution
after illumination with white light. After 40 min, the surface
potential of the upper region became smaller than that of the
lower region, which resulted in a saturated Vd that reached
approximately −20 mV. Charge generation occurs over the
entire area of the film’s, and the electrons migrate to the
PCBM-rich regions, which results in the formation of PCBM
anions.43−45 However, the average surface potential (Va)
decreased from 140 to 100 mV. The observed negative shift
of the average surface potential is due to the effect of holes
drifting into the ITO electrode because of the films higher hole
mobility than electron mobility, as previously reported.14,15,49

Figure 3d shows a KPFM image of the grating after the white
light was turned off, where the surface potential distribution
gradually returned to the pre-illuminated state. This reversibility
serves to indicate the charge generation under illumination and
charge collection. The charging and discharging intervals are
much longer than the photoinduced charge-generation
intervals, indicating the occurrence of deep electron charge
trapping and detrapping.50,51 These phenomena can be seen
both in the surface potential in the upper and lower regions of
the gratings and the average surface potential, as shown in
Figure 3e. These demonstrate that local photovoltaic character-
istics can be observed in the structured devices.

Figure 2. (a) UV−vis absorption spectra of VCz(CHO)/PCBM films
(83:17 wt % and PCBM-free). (b) Photocurrent action spectra of the
grating and homogeneous regions of VCz(CHO)/PCBM films (80:20
wt %) under monochromatic light illumination.

Figure 3. (a) AFM and (b) KPFM images and (c) their profiles for VCz(CHO)/PCBM film (80:20 wt %) in the dark and under illumination from a
white-light source. The profiles were obtained from white lines in the (b) KPFM image. (d) KPFM image of the grating after the white light was
turned off. (e) Time evolution of the surface potential in the upper and lower regions of the grating and the surface potential averaged in the imaging
area. The charging and discharging processes are fitted with single exponential functions.
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To investigate the correlation between surface potential and
wavelength of the incident light, we measured the surface
potential of the grating under irradiation with monochromatic
light of various wavelengths.
The plots of surface potential differences (ΔVd and ΔVa)

versus light intensity at various wavelengths, as depicted in
Figure 4a,b, use the differences in Vd or Va between the

illuminated conditions and dark conditions. ΔVd and ΔVa were
calculated by averaging each ΔVd and ΔVa value in the SRGs
after saturating the surface potential under light illumination;
the errors are too small to represent as error bars. The
noticeable dependence of the surface potential on light
intensity is consistent with the reported findings in a previous
study on polyfluorene-based photodiodes.48 Figure 4c shows
the surface potential action spectra of ΔVd and ΔVa normalized
to their light intensities. These surface potential action spectra
are in good agreement with the absorption spectra and
photocurrent action spectra shown in Figure 2, panels a and
b, respectively. These results demonstrate that local photo-
voltaic characteristics are clearly observed in the structured
photovoltaic devices.
We also closely investigated the morphology of the

structured films fabricated by exposing them to an interference
pattern of two laser beams.
Figure 5a shows an AFM image of the edge of the grating in

the VCz(CHO)/PCBM films (80:20 wt %). The film was
partly scratched to measure its thickness. The height between
the upper and lower regions of the grating was about 100 nm.
The average thickness of the SRG was 150 nm, which is almost
coincident with that of the homogeneous regions. This suggests
that periodic photopolymerization gives rise to the formation of
the regions where the film thickness alternately increases and

decreases. These results indicate the occurrence of material
migration from one region to another during the photo-
polymerization.
Alternatively, we investigated the morphology and surface

potential of the VCz(CHO)/PCBM films fabricated by light
illumination through a photomask to determine the direction of
material migration.
Figure 6a shows an AFM image and the cross-sectional view

of a VCz(CHO)/PCBM film irradiated with a laser beam
through a photomask having an interdigitated pattern. The
lower half of the image is of the section of the film completely
covered by the photomask, which resulted in no occurrence of
photopolymerization by the laser beam. The upper half of the
image shows that the photopolymerized regions are higher than
the nonphotopolymerized regions (covered with line masks) by
about 50 nm, which resulted in increased heights for the
photopolymerized regions of the films. Additionally, the
average heights in the profile nearly coincide with the film
thicknesses. A study reported by Veltri et al. may aid in
understanding the formation mechanism of the grating in
photopolymer films.52 The distribution of materials in the
photopolymerized films is associated with the material
migration from the nonphotopolymerized region to the
photopolymerized regions, which eventually leads to the
formation of the gratings. Slow photopolymerization allows
the concentration of the monomers to be spatially modulated.
The diffusion of monomers is the main mechanism that
determines the formation of the grating. We assume that the
gratings consisting of carbazole are formed according to a
similar mechanism. After the photochemical reaction with the
vinyl group, monomeric carbazoles are converted to dimers or
polymers in the films containing acceptors.53,54 Photochemical
reactions also lead to PCBM dimers or oligomers under UV or
visible-light irradiation.55,56 Several products appeared to be
intricately formed, as indicated by high-performance liquid
chromatography (HPLC) results (Figure S2). These results
indicated that material migration from the nonphotopolymer-
ized regions to the photopolymerized regions occurred during
illumination.

Figure 4. (a) Surface potential difference, ΔVd, and (b) average
surface potential difference, ΔVa, plotted against the intensities of
incident light and fitted with a sublinear function. (c) Surface potential
action spectra of ΔVd and ΔVa normalized with respect to light
intensity. The cantilever repeatedly scanned at the same position of the
grating.

Figure 5. (a) AFM image and (b) cross-sectional view of the edge of
the grating in a VCz(CHO)/PCBM film (80:20 wt %). The film was
scratched with a knife for the height measurements between the films
and the ITO substrates. The AFM observations were carried out with a
VN-8000 microscope (KEYENCE).
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Figure 6b shows a KPFM image and the profile of the same
film. The surface potential of the photopolymerized regions is
higher than that of the nonphotopolymerized regions covered
with line masks by about 30 mV, which indicates that material
migration during the polymerization affected the relative
distribution of VCz(CHO) and PCBM. The surface potential
increases linearly with the PCBM concentration.45 Because the
surface potential in the photopolymerized region is higher than
that of the nonphotopolymerized region, the PCBM concen-
tration in the upper region is supposed to be higher than in the
lower region. Slow photopolymerization rates lead to the
formation of SRG because of material migration from the
nonphotopolymerized to the photopolymerized regions.52 The
rate of PCBM photopolymerization should be lower than that
of VCz(CHO) in the films. These results demonstrated that
material migration of the PCBM predominantly proceeded
from the nonphotopolymerized regions to the photopolymer-
ized regions.
Imaging the vertical distribution of D/A might be required

because inhomogeneous structures are often formed in organic
BHJ photovoltaic devices.59 However, according to Luria et al.,
surface potential is considered to be the average work function
of films in the vertical direction, and it’s hard to discuss the
vertical distribution. However, because a very small absorbance
around 530 nm was observed in the VCz(CHO) and PCBM
films shown in Figure 2a, photopolymerization was expected to
be performed uniformly through the films, and D/A spatial
distribution might not be formed in the vertical direction by
periodic photopolymerization.
It should be noted that surface potential was affected by the

morphology,58 chemical species,14−16,45 and dipole moments.59

We investigated the dependence of surface potential on the
photochemical reaction of the carbazole and PCBM, and the
morphologies of the grating can be seen in Figures S3 and S4,
respectively. The small morphological effect may be explained
by considering that the ratio of the height to the period in the
SRGs is smaller than that of the height to the curvature radius
in the KPFM probes. The surface potential did not change in
the films after irradiation using a single laser beam, which
signifies that no material migration occurs. These results give
no indication that the surface potential was influenced by
photochemical reactions and morphological effects in our
observations; this indicates that the surface potential can be
related to the concentration of PCBM in the grating.

■ CONCLUSIONS

We have demonstrated the local photovoltaic characteristics of
the D/A spatial distribution of our structured photovoltaic
devices. The D/A spatial distribution was formed in the
VCz(CHO)/PCBM films exposed to an interference pattern
generated by two laser beams. The SRGs formed in the films
because of material migration from the nonphotopolymerized
region to the photopolymerized region. KPFM observations
show the formation of the surface potential distribution in the
SRGs of the films in the dark. Under illumination, surface
potential, Vd, and the average surface potential, Va, significantly
change because of the generation of PCBM anions and charge
drifting to the ITO electrode, respectively. The correlation
between the surface potential and light wavelength almost
coincide with the absorption and photocurrent action spectra.
These results demonstrate that reversible local photovoltaic
characteristics are observed in the SRGs of the structured
photovoltaic devices.
This technique allows for the direct fabrication of D/A

spatial distribution in the film, resulting in the formation of D/
A spatial distribution with small material consumption and few
fabrication steps when compared to conventional techniques. In
addition, local photovoltaic properties can be imaged by KPFM
observation under monochromatic light illumination, which
enables the acquisition of photocurrent action spectra and,
consequently, the photovoltaic characteristics in the local
regions of the structured films. Furthermore, development of
SRG structures will improve the device efficiency in organic
photovoltaic devices and organic light-emitting diodes because
of an increase in the D/A interfacial areas and optical path
length. This technique is applicable to the investigation of local
electrostatic properties in organic field-effect transistors, organic
light-emitting diodes, and other types of organic photovoltaic
devices; overall, this will contribute to nanofabrication and
nanoscale observations in optoelectronics and photonic devices.

■ ASSOCIATED CONTENT
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Absorption spectra of the SRGs and the homogeneous region
of the VCz(CHO)/PCBM films, HPLC chromatograms to
investigate VCz(CHO) and PCBM before and after UV
irradiation, KPFM measurement to study the surface potential
change after irradiation with a 532 nm laser and UV light, and
AFM observation for analysis of the morphological effect on the
surface potential. This material is available free of charge via the
Internet at http://pubs.acs.org.

Figure 6. (a) AFM and (b) KPFM images and profile of the
VCz(CHO)/PCBM film (80:20 wt %) photopolymerized by
illumination at 532 nm through a photomask with a (c) pattern of
line/space (8/32 μm).
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