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ABSTRACT: We report on a hybrid diode composed of a 2.1 eV bandgap
p-cupric oxide (Cu2O) semiconductor and fullerene (C60) layer with a face-
centered cubic configuration. The hybrid diode has been constructed by
electrodeposition of the 500 nm thick Cu2O layer in a basic aqueous
solution containing a copper acetate hydrate and lactic acid followed by a
vacuum evaporation of the 50 nm thick C60 layer at the evaporation rate
from 0.25 to 1.0 Å/s. The C60 layers prepared by the evaporation possessed
a face-centered cubic configuration with the lattice constant of 14.19 A, and
the preferred orientation changed from random to (111) plane with
decrease in the C60 evaporation rate from 1.0 to 0.25 Å/s. The hybrid p-
Cu2O/C60 diode showed a rectification feature regardless of the C60 evaporation rate, and both the rectification ratio and forward
current density improved with decrease in the C60 evaporation rate. The excellent rectification with the ideality factor of
approximately 1 was obtained for the 500 nm thick (111)-Cu2O/50 nm thick (111)-fcc-C60/bathocuproine (BCP) diode at the
C60 evaporation rate of 0.25 Å /s. The hybrid Cu2O/C60 diode prepared by stacking the C60 layer at the evaporation rate of 0.25
Å/s revealed the photovoltaic performance of 8.7 × 10−6% in conversion efficiency under AM1.5 illumination, and the
conversion efficiency changed depending on the C60 evaporation rate.

KEYWORDS: copper oxide, fullerene, hybrid, diode, rectification, ideality factor

1. INTRODUCTION
Hybrid diodes composed of inorganic and organic semi-
conductors have attracted increasing attention in electronic
applications, especially the photovoltaic device.1 There have
been many reports on hybrid ZnO diodes with organic
semiconductors including phenyl C61 butyric acid(PCBA)

2 and
poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1.4-phenyleneviny-
lene] (MDMO-PPV).3 The mechanism for generating photo-
current in organic photovoltaic devices is believed to be due to
the creation of bond excitons that is pairs of electron and hole
by absorbing light in the active organic semiconductor of the
devices. The generation of carriers was resulted from the
dissociation of excitons by high internal electric field generated
at the interface to another organic semiconductor and to
inorganic semiconductor layer such as a transparent conductive
window in organic photovoltaic devices.4,5 The ZnO layer
introduced into the hybrid diode plays a role in accelerating the
dissociation of the excitons and reducing any recombination
loss, and the ZnO layer does not act as a light-absorbing layer
due to its band gap energy of 3.3 eV.
Cu2O is a p-type semiconductor with the band gap energy of

2.1 eV and high absorption coefficient of the order of 1 × 104

cm−1 and has attracted increasing attention as a light-absorbing
layer in photovoltaic devices.6,7 The high-quality Cu2O layer,
which emits visible light because of the recombination of the
phonon-assisted exciton at room temperature, has been
prepared by heteroepitaxial electrodeposition on a (111)-Au/

(100)-Si wafer substrate.8 The fullernene (C60) is an
indispensable component as the acceptor in organic photo-
voltaic devices, and the C60 solid with a face-centered cubic
configuration is a semiconductor with the direct energy gap of
1.5 eV.9,10 The (111)-oriented C60 layer with the face-centered
cubic configuration could be obtained on Si11 and mica
substrates12 by heteroepitaxial growth using gas phase
deposition techniques, and the preferred orientation changed
depending on the preparation conditions such as the deposition
rate and substrate temperature. The hybrid Cu2O/C60 diode is
a potential candidate of the fundamental configuration for
hybrid electronic devices including photovoltaic devices,
because both layers act as the light-absorbing layer, and that
the Cu2O layer plays a role in accelerating the dissociation of
excitons generated in the C60 layer due to the dielectric
constant. The Cu2O/C60 hybrid diode has been prepared by
electrodeposition of the Cu2O layer followed by vacuum
evaporation of C60 and showed the conversion efficiency of 4.2
× 10−3%.13

Here, we construct the hybrid p-Cu2O/C60/Bathocuproine-
(BCP) hybrid diode on an Au(111)/(100)Si wafer substrate by
electrodeposition of the Cu2O layer followed by vacuum
evaporation of the C60 layer at the evaporation rate from 0.25 to
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1.0 Å/s, and the structural and electrical characterizations were
carried out. The C60 layers possessed a face-centered cubic
configuration, and the preferred orientation changed from
random to (111) plane with decrease in the evaporation rate
from 1.0 to 0.25 Å/s. BCP is a material with the wide bandgap
energy of 3.5 eV,14 and the insertion of the thin BCP layer
between the C60 and metallic electrode induced the increase in
the power conversion efficiency, especially the increase in open-
circuit voltage (Voc).15 The BCP layer played roles to block
holes in addition to confining excitons and to prevent the
creation of donor-state in the C60 layer by the Al in an indium
tin oxide (ITO)/phthalocyanine/C60/BCP/Al photovoltaic
device. The rectification characteristic of the Cu2O/C60/BCP
diode changed depending on the C60 evaporation rate, and the
hybrid (111)-Cu2O/(111)-C60/BCP diode revealed an ex-
cellent rectification feature with the ideality factor of about 1.
The hybrid Cu2O/C60/BCP diodes showed a photovoltaic
performance under AM1.5 illumination, and the conversion
efficiency changed depending on the C60 evaporation rate.

2. EXPERIMENTAL SECTION
The 500-nm-thick-Cu2O layer was prepared on a (111)-oriented Au/
(100)Si wafer substrate (Kobelco-Kaken) by electrodeposition in an
aqueous solution containing 0.2 mol/L copper(II) acetate hydrate and
3 mol/L lactic acid. The solution pH was adjusted to 12.5 by adding a
1 mol/L potassium hydrate aqueous solution. The solution was
prepared with reagent grade chemicals and distilled water (15 MΩcm)
purified with Millipore Elix Advantage. The electrodeposition was
potentiostatically carried out at −0.4 V vs Ag/AgCl reference electrode
at 313 K using a potentiostat (HOKUTO−DENKO, HA-501)
connected to a coulomb meter (HOKUTO−DENKO, HF-201).
The thickness of the Cu2O layer was controlled by adjusting the
electric charge using the coulomb meter. Prior to the deposition, the
(111) Au/ (100) Si wafer substrate was polarized at 1 mA cm2 for 60 s
in a 1 mol/L sodium hydroxide aqueous solution and then rinsed with
distilled water. The C60 layer was prepared on the Cu2O/(111)-Au/
(100) Si wafer and quartz glass substrates by evaporating the C60
powder (Frontier Carbon, Co. Ltd., nanom purple TL, 99.9%) using a
vacuum evaporation system (ULVAC, VTS 350M/ERH) connected
to a vacuum system consisting of a turbo molecular pump and oil-free
scroll vacuum pump. The evaporation was carried out under the
conditions at ambient temperature and a vacuum of around 3 × 10−4

Pa, and the evaporation rate ranged from 0.25 to 1.0 Å/s using a

quartz crystal deposition control system (ULVAC, CRTM-6000G).
The hybrid Cu2O/C60 diode was fabricated by stacking 4.7-diphenyl-
1.10-phenanthoroline (Bathocuproine; BCP) followed by evaporation
of the Al and Ag using the evaporation system.

The thickness was determined by a surface profile measurement
system (ULVAC, Dek Tak 150). The X-ray diffraction spectra were
recorded by a θ−2θ scanning technique with a monochromated CuKα
radiation operated at 40 kV and 200 mA using Rigaku RINT 2500 and
by a curved imaging plate detector with a monochromated Cu Kα
radiation operated at 40 kV and 50 mA using Rigaku RINT-Rapid II.
Optical absorption spectra were recorded using a UV−vis−NIR
spectrophotometer (Hitachi, U-4100) with a reference to the bare
substrate. Electron microscopic observation was carried out with a
field-emission scanning electron microscopy (Hitachi, SU8000). The
electrical characterization of both Cu2O and C60 layers was carried out
by the van-der-Pauw technique using a Hall effect measuring system
(Toyo Technica, Resitest 8310) in air at ambient temperature and
0.3T magnetic field. The Cu2O sample was prepared by mechanically
splitting them from the Au/Si substrate followed by fastening in an
epoxy resin (Araldite 2091). Four Au ohmic electrodes were prepared
on the Cu2O sample using a vacuum evaporation system (ULVAC,
VPC-260F). The 1 μm thick C60 layers prepared on the quartz glass
substrate were used for the electrical characterization using the Hall
effect measuring system. The metallic indium was applied for the
electrode due to the work function of 4.1 eV, and four indium
electrodes were prepared on the C60 sample using the vacuum
evaporation system. The electrical characterization was carried out by
recording a current density−voltage curve using Keithley 2400 source
meter in dark and under AM1.5 illumination with 100 mW cm−2 in
power.

3. RESULTS AND DISCUSSION

3.1. Structural and Optical Characteristics of C60
Layers and the Hybrid Cu2O/C60 Diodes. Figure 1 shows
X-ray diffraction patterns recorded for the 500 nm thick C60
layers prepared at the evaporation rates of 0.25, 0.50, and 1.0
Å/s on a quartz glass substrate with a curved imaging plate and
the 2θ-intensity and β-intensity curves. The radial direction and
azimuthal rotation represented the 2θ-angle and β-angle,
respectively, as shown in Figure 1a, i. The 2θ intensity curves
represented the change in intensity along the 2θ angle at the β
angle of 270°, which is the direction normal to the sample
surface. One sharp peak and two weak peaks could be observed

Figure 1. (a) X-ray diffraction patterns,(b) 2θ intensity, and (c) β-intensity curves for C60 layers prepared at evaporation rate of (i) 0.25, (ii) 0.50,
and (iii) 1.0 Å/s.
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at around 10.7, 17.7, and 20.7° in addition to the broadened
peak that originated from the quartz glass substrate on the 2θ
intensity curve for the C60 layer prepared at the evaporation
rate of 0.25 Å/s. It was confirmed for C60 layers prepared at the
evaporation rate from 0.25 to 1.0 Å/s that three peaks could be
observed at 10.74, 17.60, 20.72° on the X-ray diffraction spectra
recorded with a conventional θ−2θ scanning technique (not
shown). The three peaks could be assigned to the (111), (220),
and (311) planes of the C60 solid with the face-centered cubic
(fcc) configuration already reported in the ICDD card.16 The
lattice parameter calculated from the peak angles of the three
peaks was 14.19 Å, which was slightly expanded compared to
14.14 Å for a single-crystal C60 solid.

17 It was reported that the
lattice parameter of the fcc-C60 layers prepared by a
heteroepitaxial growth technique changed depending on the
substrate material and orientation.18−21 The diffraction angle of
the (111) peak showed an almost constant value, regardless of
the C60 evaporation rate. The intensity of the (111) peak
increased with a decrease in the C60 evaporation rate, and the
maximum intensity was obtained at the evaporation rate of 0.25
Å/s, suggesting a change in the preferred orientation.
The β-intensity curve represented the change in intensity

along the β-angle ranging from 180 to 360° at the constant 2θ
angle of 10.7°. The intensity changes in a semicircle along the
β-angle and shows a maximum at 270 degrees for the randomly
oriented sample, such as a powder, because of the absorption
effect of the diffracted X-ray radiation by the sample. The
intensity for the C60 layer prepared at 1.0 Å/s homogeneously
dispersed in a semicircle along the β-angle, indicating the
random dispersion of the (111) plane. The C60 layer prepared
at 0.5 Å/s showed semicircle dispersion along the β-angle and
weak peak at around 270 degrees. The sharp peak at the β-
angle of 270° could be observed for the C60 layer prepared at
0.25 Å/s, indicating that the (111) plane of the C60 layer with
the face-centered cubic configuration was parallel to the surface.
The semicircle dispersion remained although the intensity
decreased compared to those prepared at 0.50 and 1.0 Å/s. The
substrate material and orientation reflected the preferred
orientation of the fcc-C60 layers in the heteroepitaxial growth,
as already reported. The quartz glass substrate does not possess
any lattice relationship to the fcc-C60 layer, because of the
amorphous structure. The existence of the sharp (111) peak
and semicircle dispersion suggested that the (111) orientation
developed during the layer growth at 0.25 Å/s on the quartz
glass substrate, although further investigation is needed.
Figure 2 shows X-ray diffraction patterns recorded with a θ−

2θ scanning technique for the Au/500-nm-thick-p-Cu2O/50-
nm-thick-C60/BCP/Al diode prepared by stacking the C60 layer
at 0.25 Å/s. The hybrid Cu2O/C60 diode prepared by stacking
the C60 layers at the evaporation rate of 0.25 Å/s showed two
strong diffracted X-ray peaks identified as the Cu2O(111) and
Au(111) planes and a very weak peak assigned as the C60 (111)
plane, and the C60 (111) peak disappeared at the evaporation
rates of 0.50 and 1.0 Å/s on X-ray diffraction spectra recorded
by a conventional θ−2θ scanning technique, indicating that the
tendency of change in the preferred orientation of the C60 layer
was similar to that on the quartz substrate. Any peak identified
as C60 solid with the face-centered cubic configuration could
not be observed on X-ray diffraction spectra recorded with the
curved imaging plate detector.
Figure 3 shows the cross-sectioned structures of the 500 nm

thick C60 layer prepared on a quartz glass substrate at 0.5 Å/s
and the Au/500 nm thick p-Cu2O/50 nm thick C60/BCP/Al

diode prepared by stacking the C60 layer at 0.25 Å/s. The C60
layers prepared at 0.25−1.0 Å/s on a quartz glass substrate were
composed of columnar grains grown on the substrate and had a
very smooth surface. No defects, such as pores, were located
throughout the layer thickness and near the interface to the
substrate. The grain widths estimated from the surface images
were 75.2, 61.1, and 52.8 nm at 0.25, 0.50, and 1.0 Å/s,
respectively. The Cu2O layer was composed of hexagonal
columnar grains grown in a direction normal to the substrate
surface, which the grain length in the direction vertical to the
substrate surface corresponded to the thickness, irrespective of
thickness ranging from 250 to 750 nm. The grain width
estimated from the image was approximately 110 nm. Any
defects, such as pores, could not be located throughout the
layer thickness and near the interface to the Au substrate. The
Cu2O layer possessed a (111)-out-of-plane orientation, since
there is a lattice relationship of (1 × 1) (111) [110] Cu2O// (1
× 1) (111) [110] Au with the lattice mismatch of 4.7% in the a-
axis. The electrical characteristic was estimated with a Hall
effects measuring system at ambient temperature, and the
Cu2O layer possessed a resistivity of 3.1 × 106 Ω cm with a 9.1
× 1010 cm−3 in carrier concentration and 21 cm2 V−1 s−1 in
mobility.22

Figure 4 shows optical absorption spectra for the 500 nm
thick C60 layers prepared on quartz glass substrate and the
hybrid Cu2O/C60 diodes at the C60 evaporation rates of 0.25,
0.50, and 1.0 Å/s. Three peaks and a weak shoulder could be
observed at the wavelengths of 360, 440, 610, and 510 nm,
corresponding to the photon energy of 3.44, 2.81, 2.03, and
2.43 eV, respectively, for C60 layers prepared on quartz glass
substrate. The absorbance at 610 nm was almost constant for
the three C60 layers, irrespective of the evaporation rate. The
absorbance at 440 nm for the C60 layers prepared at 0.25 and
0.50 Å/s was stronger than that at 1.0 Å/s. The absorbance at
360 nm increased with a decrease in the evaporation rate from
1.0 to 0.25 Å/s, and the absorption coefficient calculated from
the absorbance and thickness was 5.7 × 104 cm−1 for the C60
layer prepared at 0.25 Å/s. The absorption spectra for the C60
powder dissolved in toluene showed only one absorption peak
at around 350 nm, and the absorption at a wavelength ranging
from 440 to 620 nm disappeared. It was reported that the
absorption bands at a wavelength from 440 to 620 nm were
forbidden transitions for isolated molecules, and they become
weakly allowed in the solid because of intermolecular

Figure 2. X-ray diffraction spectra for hybrid p-Cu2O diode with the
C60 layer prepared at the evaporation rate of 0.25 Å/s.
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interactions.23 This suggested that the configuration of the C60

molecules affected the existence and absorbance of the
absorption bands at a wavelength ranging from 440 to 620
nm. The absorption bands at around 360 nm were assigned as
the electron transition from the ground state to the excited
state for generating an exciton inside the C60 layer.

10 Because
the thickness of the C60 layers kept at the constant value of 500
nm, the increase in absorbance at 360 nm suggested that the
C60 configuration including the preferred orientation affected
the electron transition and the amount of generated excitons in
the C60 layers.
The hybrid Cu2O/C60 diode showed an absorption edge

could be observed at wavelength around 650 nm, irrespective of
the C60 evaporation rate. The fluctuation in absorbance could
be observed at wavelength longer than about 500 nm,
indicating the homogeneous thickness of the Cu2O layer.
The optical bandgap energy (Eg) was evaluated using the
following dependence of the absorption coefficient (α) on the
photon energy (Ept): α

2 ∝ (Ept − Eg) for the direct transition
semiconductor. The bandgap energy was estimated to be 2.1
eV, which was characteristic value for p-Cu2O semiconductor,
irrespective of the C60 evaporation rate, as shown in inset. The
absorbance at wavelength below 500 nm increased with an
increase in the C60 evaporation rate. The absorption spectra at
wavelength below 500 nm were similar in profile for hybrid

Cu2O/C60 diodes prepared at the C60 evaporation rate of 0.50
and 1.0 Å/s, and there was a peak with increased absorbance for
the hybrid Cu2O/C60 diode prepared at 0.25 Å/s. The
absorption coefficient at wavelength of 430 nm was calculated
from the absorbance and total thickness of hybrid Cu2O/C60

diode, and the value of 1.6 × 104, 1.8 × 104, and 2.0 × 104 cm−1

were obtained for hybrid Cu2O/C60 diodes prepared at the C60

evaporation rate of 1.0, 0.50, and 0.25 Å/s, respectively. These
values were larger than 1.0 × 104cm−1 reported for the (111)-
oriented Cu2O layer prepared on the (111)-Au/Si wafer
substrate. Since the absorption coefficient calculated here
included those of the C60 and Cu2O layers, the absorption
coefficient originated from the C60 layer was calculated from the
thickness of both layers and absorption coefficient of the Cu2O
semiconductor. The absorption coefficient of the C60 layer in
the hybrid Cu2O/C60 diode prepared at 0.25 Å/s could be
estimated to be approximately 6.0 × 104 cm−1, which was close
to 5.7 × 104cm−1 estimated for the C60 layer prepared on quartz
glass substrate at 0.25 Å/s. Because the thickness of the C60

layer was kept at a constant value of 50 nm, the increase in
absorption coefficient was attributed to the change in the
molecular configuration, including preferred orientation of the
C60 layer as well as those on quartz glass substrate.
The resistivity for C60 layers prepared at the C60 evaporation

rate of 0.25, 0.50, and 1.0 A/s was estimated to be 9 × 108, 1.1

Figure 3. FE-SEM images of cross-sectioned structures of C60 layer prepared at evaporation rate of 0.5 A/s on quartz glass substrate and the Au/p-
Cu2O/50 nm thick C60/BCP/Al diode.

Figure 4. Absorption spectra for (a) C60 layers prepared on quartz glass substrate and (b) hybrid Cu2O/C60 diodes at the C60 evaporation rate of (i)
0.25, (ii) 0.50, and (iii) 1.0 Å/s and (iv) C60 powder dissolved in toluene, and (c, i) the relationship between absorption coefficient (α) and photon
energy for the hybrid Cu2O/C60 diode prepared at the C60 evaporation rate of 0.25 Å/s.
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× 109, and 1.3 × 109 Ωcm, respectively, but the carrier
concentration and mobility could not be estimated because of
the high resistivity. Extremely high resistivity of about 4 × 1015

Ω cm was reported for the C60 layer prepared by a vacuum
sublimation technique,24 and oxygen involved in air strongly
affected to the resistivity in wide range from ∼1 × 106 to 2 ×
1010 Ω cm for a single-crystal C60 layer.

25 The measurement of
the resistivity in this study was carried out in air, and there is a
possibility to affect the atmosphere condition to the resistivity.
The value at the order of 1 × 109 Ω cm, however, is consistent
with the values already reported. The preferred orientation of
the C60 layer changed from random to ⟨111⟩ and the grain size
decreased with decrease in the C60 evaporation rate. These
results is consistent to the decrease in resistivity, because that
the defects in the C60 molecular arrangement and grain
boundary in the polycrystalline act as the scattering defects for
the carrier.
3.2. Electrical Characteristics and Photovoltaic Per-

formance of Hybrid Cu2O/C60 Diode. Figure 5 shows the

current density−voltage curves for hybrid diodes of 50-nm
thick C60 layer prepared at the evaporation rate of 0.25 Å/s and
Cu2O layers with the thickness ranging from 250 to 750 nm.
The rectification ratio was estimated by calculating the ratio in
current densities at voltages of +1.5 and −1.5 V. The hybrid
diode with the 250 nm thick Cu2O layer showed a poor
rectification feature with the rectification ratio of approximately
1.7 and the forward current density of 0.147 μA cm−2 at the
forward voltage of 1.5 V. The 500 nm thick Cu2O diode
revealed an excellent rectification feature with the rectification
ratio of approximately 24 and the forward current density of
1.50 μA cm−2 at the forward voltage of 2.5 V. The increase in
the Cu2O thickness to 750 nm induced the deterioration of the
rectification ratio to approximately 2.5 and the decrease in the
forward current density to 0.077 μA cm−2, which was
approximately one twentieth that for the 500 nm thick Cu2O
diode. The Cu2O layer prepared on the Au(111)/Si wafer
substrate showed a (111) preferred orientation because of the
small lattice mismatch and possessed high resistivity of 3.1 ×

Figure 5. Electrical characteristic for hybrid diode of 50 nm thick C60 and p-Cu2O layer with the thickness of (a) 250, (b) 500, and (c) 750 nm. The
C60 layer was prepared at evaporation rate of 0.25 Å/s.

Figure 6. (a) Electrical characteristics for hybrid diodes of 500 nm thick p-Cu2O and 50 nm thick C60 layer prepared at evaporation rate of (i) 0.25,
(ii) 0.50, and (iii) 1.0 A/s, (b) the dependence of forward and leakage current densities on the evaporation rate, and (c) correlation between the
forward current density and forward voltage.
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106 Ω cm, as already reported. The deterioration of the
rectification feature with increase in the Cu2O thickness from
500 to 750 nm is attributed to the high resistivity of the Cu2O
layer. And, the poor rectification with large leakage current
density suggested the deterioration of the thickness homoge-
neity and quality including both the bulk and interface at the
Cu2O thickness of 250 nm, although further investigation is
needed.
Figure 6 shows the current density and voltage curves for

hybrid Cu2O diodes of 50 nm thick C60 layers prepared at the
evaporation rates at 0.25, 0.50, and 1.0 Å/s. The forward (JF)
and leakage current densities (JL) at +2.5 and −2.5 V and the
rectification ratio are summarized in Figure 6b. The hybrid
Cu2O diode of the C60 layer prepared at the evaporation rate of
0.25 Å/s showed a 0.027 μA cm−2 in leakage current density,
1.50 μA cm−2 in forward current density, and the ratio of
approximately 57. The increase in the evaporation rate induced
a suppression of both the forward and leakage current densities
of the hybrid diodes. The forward current density for the C60
layers prepared at 0.50 and 1.0 Å/s decreased to 0.077 and
0.019 μA cm−2, respectively, which were about one-twentieth
and one-eightieth that at 0.25 Å/s. Also, the leakage current
density decreased to −0.0047 and −0.0041 μA cm−2, which
were about one-fifth and one-sixth that at 0.25 Å/s. The
rectification ratio deteriorated from about 57 to 16.4 and 5.5 at
0.50 and 1.0 Å/s, respectively. It is generally accepted that the
relation between the forward current density (JF) and forward
voltage (VF) is represented by the empirical form as follows26

η∝J qV KTexp( / )F F

where K, q, T, and η are the Boltzmann constant, elementary
charge, temperature, and ideality factor, respectively. The
relation used for characterizing the p-n junction diodes
composed of inorganic semiconductors equals 2 when the
recombination current dominates and equals 1 when the
diffusion current dominates. Figure 6c shows the plot of the
logarithmic value of the forward current density (JF) versus
forward voltage (VF) for the hybrid Cu2O diodes prepared at
the evaporation rates of 0.25, 0.50, and 1.0 Å/s for the C60
layers. The logarithmic value of the forward current density
linearly increased with the increase in the forward voltage up to
about 0.6 and 1.0 V at the evaporation rates of 0.50 and 1.0 Å/
s, respectively. The hybrid Cu2O diodes prepared at 0.50 and
1.0 Å/s showed large values of 8.9 and 11.1 in ideality factor
estimated from the linear part. The hybrid Cu2O diode
prepared by stacking the C60 layer at 0.25 Å/s clearly showed
the linear part at the forward voltage of less than 0.3 V, and the
ideality factor was estimated to be 0.93, which is close to 1
when the diffusion current is dominant for inorganic p-n

junction diodes. Since the hybrid Cu2O diodes were the same
in structure and thickness of the Cu2O and BCP layers, the
difference in the electrical characteristic including the change in
the ideality factor and the suppression of both the forward and
leakage current densities was attributed to the characteristic of
the C60 layers with the constant thickness of 50 nm.
Figure 7 shows current density−voltage and power−voltage

curves recorded for the 500-nm-thick-(111)-Cu2O/fcc-C60/
BCP/Ag diodes prepared by stacking the C60 layers at the C60
evaporation rate of 0.25, 0.50, 1.0 Å/s under AM1.5
illumination. The conversion efficiency ranging from 8.7 ×
10−6 to 5.1 × 10−5% was obtained depending on the C60
evaporation rate. The open circuit voltage (Voc) showed
almost constant value around 0.30 V, and the fill factor (FF)
slightly decreased from 0.274 to 0.267 with increase in the C60
evaporation rate. The hybrid Cu2O/C60 diodes showed very
low short circuit current density (Jsc), and the value increased
from 0.12 to 0.54 μA cm−2 with increase in the C60 evaporation
rate. The low conversion efficiency was attributed to the very
low short-circuit current density.
The photovoltaic performance of 0.20 V in open-circuit

voltage (Voc), 67 μA cm−2 in short-circuit current density (Jsc),
0.25 in fill factor (FF), and 4.2 × 10−3% in conversion efficiency
has been reported for the layered hybrid photovoltaic device
composed of a randomly oriented Cu2O electrodeposit and
randomly oriented C60 layer prepared by a vacuum evaporation
technique, but the current density−voltage curves were not
shown both in dark and under AM1.5G illumination.13 The
Voc and FF for oriented Cu2O/C60 layered hybrid diodes
prepared in this study were improved, but the Jsc was very low
compared with those already reported. Clear correlation
between the photovoltaic performance and the electrical
characteristic such as resistivity of C60 layer and rectification
feature of the diode could not be observed for (111)-Cu2O/
C60/BCP diodes. It is accepted for organic photovoltaic devices
that the short circuit current density closely relates to the
diffusion length of excitons generated by light irradiation.27 The
exciton diffusion length was reported to be 400 ± 50 Å for the
C60 layer prepared by high vacuum evaporation of the C60 raw
material purified using thermal gradient sublimation28 and 77 Å
for the C60 layer prepared by sublimation of a 99%-purity C60
material.29 Because the C60 layers embedded in the hybrid
diode were prepared by thermal evaporation of industrially
employed raw material, the photovoltaic active layer is limited
to the vicinity of the heterointeface to the p-Cu2O layer because
of the low exciton diffusion length. The conversion efficiency of
the order of 1 × 10−5 % and the short circuit current density of
the order of 1 × 10−4 mA cm−2 were close to those already
reported for hybrid ZnO/phthalocyanine diodes,30,31 and the

Figure 7. Current density−voltage and power−voltage curves for Ag/C60/Cu2O/Au photovoltaic devices prepared by stacking the C60 layer at the
evaporation rate of (a) 0.25, (b) 0.50, and (c) 1.0 Å/s.
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exciton diffusion length was reported to be 100 ± 30 Å even for
the Cu-phthalocyanine prepared by high vacuum evaporation of
purified raw material.28 Because the thickness of the C60 layer
used in this study was larger than the diffusion length of
excitons generated in the C60 layer, the increase in the area of
the heterointerface between organic and inorganic semi-
conductor by introducing a nanomixture structure like the
bulk-heterojunction structure embedded in organic photo-
voltaic devices.
And, the Cu2O layer act as the light-absorbing layer as

demonstrated in the Cu2O/ZnO photovoltaic device with the
conversion efficiency of 1.28% and short-circuit current density
(Jsc) of 3.8 mAcm−2.7 Although the Ag, BCP, and C60 layers
were stacked on the Cu2O layer in the hybrid diode, the
intensity of the light irradiated to the under Cu2O layer was
estimated to be about 20% of the light irradiated to the surface
of the top Ag layer from the thickness and light-absorbing
coefficient of these layers. There is a possibility to loss the
carrier generated in the Cu2O layer at the heterointerface of the
C60 layer, suggesting the importance of the band-alignment at
the heterointerface to transfer the carrier between the Cu2O
and C60 layers like the optimum band offset pointed out in
compound semiconductor photovoltaic devices such as a
Cu(InGa)Se2/CdS/ZnO solar cell.32

4. CONCLUSIONS

In this paper, the C60 layer with a face-centered cubic
configuration was prepared by a vacuum evaporation technique,
and the hybrid diode with a 2.1 eV bandgap Cu2O
semiconductor layer was constructed by electrodeposition of
the (111)-oriented Cu2O layer followed by the C60 evaporation.
The effects of the C60 evaporation rate ranging from 0.25 to 1.0
Å/s on the preferred orientation of the C60 layer and the
rectification feature of the Cu2O/C60 hybrid diode were
investigated by structural and electrical characterizations. The
preferred orientation of the C60 layer with a face-centered cubic
configuration changed from random to (111) plane with
decrease in the C60 evaporation rate from 1.0 to 0.25 Å/s. And,
the absorption coefficient that originated from the intermo-
lecular interaction increased at wavelength ranging from 440 to
620 nm. The rectification feature of the Cu2O/C60 hybrid diode
strongly depended on the C60 evaporation rate, and an excellent
rectification feature with the ideality factor of approximately 1
could be obtained for the Au/500 nm thick Cu2O/50 nm C60/
BCP/Al hybrid diode prepared by stacking the C60 layer at the
evaporation rate of 0.25 Å/s. The 500 nm thick Cu2O/50 nm
thick C60 diodes showed a photovoltaic performance ranging
from 8.7 × 10−6 to 5.1 × 10−5% in conversion efficiency with
almost constant open circuit voltage (Voc) around 0.30 V, fill
factor (FF) around 0.27, and very low short circuit current
density (Jsc) ranging from 0.12 to 0.54 μA cm−2. Clear
correlation could not be observed between the photovoltaic
performance and electrical characteristics of Cu2O, C60, and the
rectification feature for the Cu2O/C60/BCP diodes. The results
demonstrated here suggests that importance of the introduction
of nanomixture structure like a bulk heterojunction of orgsanic
photovoltaic device to collect effectively the carrier generated in
the C60 layer and the optimization of the energy state at the
heterointerfere to transfer the carrier between the Cu2O and
C60 layers.
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