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The photovoltaic properties of a Ga-doped ZnO �GZO�/3,4,9,10-perylene-tetracarboxyl-bis-
benzimidazole �PTCBI�/Zn-phthalocyanine �ZnPc�/Cu heterojunction cell �cell A� and a GZO/ZnPc/
Cu Schottky-barrier cell �cell B� were investigated. The energy conversion efficiency � of cell A
was only 0.02% immediately after the device preparation but improved to 0.46% after aging for 24
days in air. To elucidate the mechanism of this aging effect, photocurrent action and electro-
absorption spectra were measured for cell B. The results reveal that a Schottky barrier exists at the
ZnPc/Cu interface which blocks the transport of photogenerated holes to the Cu electrode, and the
barrier height is reduced by a white-light illumination of the device after aging. The change in
barrier height is attributed to the formation of electron traps at the surface of the ZnPc layer on aging
that trap photogenerated electrons. © 2009 American Institute of Physics. �doi:10.1063/1.3226880�

I. INTRODUCTION

Organic thin-film solar cells are candidates for next-
generation solar cells and have been extensively studied in
recent years.1,2 The most widely studied organic thin-film
solar cells are heterojunction3–6 and bulk-heterojunction
cells7–10 made of two types of organic semiconductors, an
electron donor and an acceptor. To improve the energy con-
version efficiency of these cells, choice of the electrode ma-
terials and of the donor and acceptor is important. The Fermi
level of the anode material should be close to the highest
occupied molecular orbital �HOMO� level of the donor, and
that of the cathode material should be close to the lowest
unoccupied molecular orbital �LUMO� level of the acceptor.

We have recently reported on a heterojunction cell that
uses a new type of transparent electrode Ga-doped
ZnO�GZO�.11 The structure of the cell was GZO/3,4,9,10-
perylene-tetracarboxyl-bis-benzimidazole �PTCBI�/Zn-
phthalocyanine �ZnPc�/pentacene/Au, in which PTCBI is the
acceptor, ZnPc is the donor, and pentacene is a buffer layer
to prevent short circuit due to interpenetration of Au into the
donor and acceptor layers. We showed that GZO is suitable
for the cathode and indium tin oxide�ITO� is suitable for the
anode. This difference between GZO and ITO is ascribed to
the difference between their work functions, which are 4.4
eV �Ref. 11� and 4.7 eV �Ref. 12�, respectively. GZO pro-
vides a new possibility for the design of organic thin-film
solar cells.13 For example, the order of donor/acceptor stack-
ing in the heterojunction cell can be inverted using GZO
instead of ITO, which can change the amount of photon en-
ergy absorbed by the donor and acceptor layers. Another
example is a Schottky-barrier cell made of a p-type organic
semiconductor such as ZnPc. Using GZO, a Schottky barrier
can be constructed at the transparent electrode/organic inter-
face, thus increasing the amount of photon energy absorbed

at the depletion layer because it is located close to the trans-
parent electrode. In our previous heterojunction device using
Au as the top electrode, however, a pentacene buffer layer of
�100 nm in thickness was necessary to prevent short cir-
cuit. Such a thick buffer layer increases the series resistance
of the device, resulting in a decrease in the short-circuit cur-
rent and the fill factor. Thus, an anode material other than Au
that can be used without any buffer layer is required to im-
prove the energy conversion efficiency of GZO-based solar
cells.

Here we report on the photovoltaic properties of organic
cells using a Cu film as the anode. The Cu anode can be used
without any buffer layer and a GZO/PTCBI/ZnPc/Cu hetero-
junction cell exhibited higher energy conversion efficiency
than the previously reported GZO/PTCBI/ZnPc/pentacene/
Au cell. Furthermore, the present GZO/PTCBI/ZnPc/Cu cell
showed a drastic improvement in photovoltaic properties af-
ter aging in open air. We reported a similar aging effect for
the GZO/PTCBI/ZnPc/pentacene/Au cell, but the effect is
much more significant for the present device. Detailed results
are presented for a simpler GZO/ZnPc/Cu Schottky-junction
cell that indicate the mechanism of this aging effect.

II. EXPERIMENTAL

A. Sample preparation

ZnPc was purchased from Kanto Chem. Co. and PTCBI
was synthesized using a literature procedure.14 These chemi-
cals were sublimed under vacuum three times before use.
The GZO film was deposited on a quartz substrate �9�24
�1 mm3� by rf magnetron sputtering from a GZO ceramic
target with a Ga content of 3.3 at. % �AGC Ceramics�. The
substrate temperature during deposition was 300 °C. The
film thickness of the GZO film was estimated to be
�200 nm from interference peaks in the optical absorptiona�Electronic mail: hiromitu@riko.shimane-u.ac.jp.
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spectrum. The sheet resistance of the GZO film was
35 � /sq, and the transmissivity for visible light was greater
than �90%.

Two types of organic thin-film solar cells, a GZO/
PTCBI�50 nm�/ZnPc�50 nm�/Cu�30 nm� heterojunction cell
�cell A� and a GZO/ZnPc�150 nm�/Cu�30 nm� Schottky-
junction cell �cell B�, were prepared. Figure 1 shows dia-
grams of the cells and the molecular structures of ZnPc and
PTCBI. All films except GZO were prepared by vacuum
evaporation under a pressure of 1�10−4 Pa. The evapora-
tion speed were 0.1 nm/s for PTCBI and ZnPc and 0.01 nm/s
for Cu, as monitored by a quartz oscillator �ULVAC CRTM-
5000 or CRTM-6000�. The active area of the device was
0.3 cm2.

B. Dark current and photocurrent measurements

The electrical circuit for current-voltage measurement is
shown in Fig. 1. The positive directions of the current I and
the applied bias voltage Vbias as defined in Fig. 1 correspond
to the directions of the forward current and the forward bias
voltage. The current was measured from the voltage drop
across a small resistance r. Photocurrent-voltage measure-
ments were carried out under illumination of 100 mW /cm2

with a spectrum of AM 1.5, which was obtained using a 300
W Xe lamp and home-made optical filters with an appropri-
ate absorption spectrum. Photocurrent action �PA� spectra
were measured using a 50 W halogen lamp as light source
followed by a monochromator. The intensity of the mono-
chromatic light obtained was of the order of 1 �W. Light
was chopped with a frequency of 12 Hz, and the synchro-
nous change in the photocurrent was detected using a lock-in
amplifier. All measurements were carried out under vacuum
at room temperature.

C. Electroabsorption measurement

The internal electric field of cell B was investigated us-
ing an electroabsorption �EA� technique.15,16 Electric-field
modulation was applied to the device and the synchronous
change in optical absorption coefficient was detected.
Electric-field modulation of 1 Hz was applied to the device

using a function generator with an output signal of
Vm sin �mt with Vm=1 or 2 V. The probe light for EA mea-
surements was entered normally to the active area of the
device from the Cu side. The light source was the same as
for the PA spectra, but with no light chopper. The transmitted
light intensity T was detected using a photomultiplier tube.
The amplitude of the change in transmitted light intensity,
�T, with frequency �m was detected using a lock-in ampli-
fier. Then −�T /T is proportional to the change in optical
absorption coefficient according to15,16

−
�T

T
� E0 � Em Im ��3�, �1�

where E0, Em, and Im ��3� are the static internal electric field,
the amplitude of the modulation electric field, and the imagi-
nary part of the third-order electric susceptibility, respec-
tively, for the organic layer. Measurements were carried out
under vacuum at room temperature.

III. RESULTS

A. Cell A: GZO/PTCBI/ZnPc/Cu

Using Cu as the top electrode, the device was free from
short circuit, even without any buffer layer between the elec-
trode and the ZnPc layer. This is in contrast to Au as top
electrode, for which a buffer layer of �100 nm in thickness
was necessary to prevent short circuit.11 The difference be-
tween Cu and Au electrodes can be explained by the follow-
ing simplified model. During vacuum deposition, a metal
atom of mass m impinges normally into an organic layer
with an initial velocity of 	0. In the organic layer, a resistive
force −b	 is applied to the metal atom, where 	 is the veloc-
ity of the metal atom and b is a constant. By solving the
equation of motion for the metal atom, the penetration depth
can be calculated as m	0 /b. Thus, the penetration depth is
determined by the momentum m	0 of the metal atom as well
as the constant b. Following the Maxwell–Boltzmann distri-
bution, the momentum �m	0� becomes �8mkBT /
�1/2, where
T is the deposition temperature and kB is Boltzmann’s con-
stant. The atomic weights of Cu and Au are 64 and 197,
respectively, and the deposition temperatures for Cu and Au
are nearly the same, so the Cu atom has a substantially
smaller momentum �m	0� compared to the Au atom. This
explains the smaller penetration depth for Cu. Furthermore,
the value of b might be greater for Cu than for Au if ZnPc
molecules interact more strongly with Cu than with Au at-
oms.

Figure 2�a� shows the photocurrent density �Jphoto� of
cell A as a function of the bias voltage Vbias. Immediately
after preparation, the cell showed poor photovoltaic proper-
ties: short-circuit current density Jsc=0.37 mA /cm2, open
circuit voltage Voc=0.31 V, fill factor FF=0.17, and energy
conversion efficiency �=0.02%. After aging the device for 2
days in open air, however, the photovoltaic properties signifi-
cantly improved. After aging for 24 days, a further improve-
ment was observed �Jsc=2.7 mA /cm2, Voc=0.43 V, FF
=0.40, and �=0.46%�. A similar aging effect was observed
for GZO/PTCBI/ZnPc/pentacene/Au, with � increased by a
factor of 1.9 after aging for 2 months in open air.11 However,

FIG. 1. Molecular structures of PTCBI and ZnPc, and schemes for cell A
�GZO/PTCBI/ZnPc/Au� and cell B �GZO/ZnPc/Au�. The electrical circuits
for current-voltage measurement are also shown. The positive directions of
the current I and the bias voltage Vbias are defined.
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the aging effect is much greater for the present device, with
� increased by a factor of 23 after aging for 24 days. The
final efficiency of �=0.46% for cell A is much greater than
�=0.19% for the previous GZO/PTCBI/ZnPc/pentacene/Au
system. The higher efficiency of the present system can be
attributed to the absence of a pentacene buffer layer.

Figure 2�b� shows the bias dependence of the dark cur-
rent density for cell A. Immediately after the device prepa-
ration, Jdark at Vbias=+2 V was 1.5 mA /cm2 and the rectifi-
cation ratio at Vbias of �2 V was 2.5. After aging for 24 days,
these values increased to 7.0 mA /cm2 and 580, respectively.
By contrast, the reverse Jdark decreased after aging.

A similar experiment was performed for a heterojunction
device using Ni or Fe for the top electrode instead of Cu. The
efficiency immediately after device preparation was 0.02%
for both the Ni and Fe anodes and increased to 0.10% for Ni
and 0.09% for Fe after aging for 10 days in air. Thus, the
aging effect was greatest when the top electrode was Cu.
This suggests that the ZnPc/Cu interface plays an important
role in the aging effect for cell A. Hence, a detailed study
was performed for a simpler system, cell B, to elucidate the
mechanism of the aging effect.

B. Cell B: GZO/ZnPc/Cu

Figure 3 shows the current-voltage characteristics of cell
B under white-light illumination and in the dark. An aging
effect similar to that for cell A is observed. After aging for 3

days in open air, the efficiency of cell B increased to 0.045%
from an initial value of 0.001% for the as-prepared device,
and the rectification ratio at Vbias of �2 V increased to 46
from an initial value of 0.96. After aging for 47 days, � and
the rectification ratio further increased to 0.050% and 155,
respectively. When the device was aged for 4 days in
vacuum instead of air, no substantial increases in � and the
rectification ratio were observed.

Next, PA spectra for cell B are presented for the follow-
ing four cases.

Case 1: Immediately after device preparation.
Case 2: After illumination of a white light of
100 mW /cm2 on the as-prepared device.
Case 3: After aging the device in air.
Case 4: After illumination of a white light of
100 mW /cm2 on the aged device.

Figure 4�a� shows the PA spectra for cell B immediately
after preparation �case 1�. When the device was illuminated
from the GZO side, the sign of the photocurrent depended on
the wavelength, i.e., IPCE�0 for 570 nm�
�720 nm,
and IPCE�0 for 
�570 nm or 
�720 nm, where IPCE is
the incident photon-to-current conversion efficiency. When
illuminated from the Cu side, positive IPCE values were ob-
served for the whole wavelength region measured.

These results are explained by the coexistence of two
Schottky barriers at the GZO/ZnPc and ZnPc/Cu interfaces.

FIG. 2. �Color online� Bias voltage dependence of the current density of cell
A �a� under white-light illumination from the GZO side using a light source
of AM 1.5 and 100 mW /cm2 and �b� in the dark immediately after the
measurement for �a�.

FIG. 3. �Color online� Bias voltage dependence of the current density of cell
B �a� under white-light illumination from the GZO side using a light source
of AM 1.5 and 100 mW /cm2 and �b� in the dark immediately after the
measurement for �a�.
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The two Schottky barriers correspond to two regions with
photocurrent activity, as shown in Fig. 5. Photocurrent is
generated by optical excitation of ZnPc in these regions, but
the sign of the photocurrents generated in these two regions
is opposite, i.e., negative for region I located near the GZO/
ZnPc interface and positive for region II near the ZnPc/Cu
interface, because the internal electric fields in these two
regions are opposite in direction to each other.

Using the model shown in Fig. 5, the theoretical PA
spectrum can be calculated in the following manner. When
the device is illuminated from the GZO side, the proportion
of incident photons absorbed by region I is

PI = TGZO�1 − exp�− � � dI�� , �2�

where TGZO is the transmissivity of the GZO film, � is the
optical absorption coefficient of the ZnPc layer, which can be
calculated from the optical absorption spectrum in Fig. 4�c�,
and dI is the thickness of region I. Similarly, the proportion

of the incident photons absorbed by the active region II is

PII = TGZO exp�− ��dI + dinactive�� � �1 − exp�− �dII�� ,

�3�

where dII and dinactive are the thicknesses of region II and the
inactive region in the ZnPc layer, respectively, as defined in
Fig. 5. The IPCE is calculated as

IPCE = − �I � PI + �II � PII, �4�

where �I and �II are the quantum efficiencies for photocur-
rent generation in regions I and II, respectively. Generally,
�I and �II differ because the strength of the electric field in
the two active regions is different and because the carrier-
transport efficiency at the GZO/ZnPc and ZnPc/Cu interfaces
differs. In the present calculation, it was assumed that �I and
�II are independent of the excitation wavelength.

When illuminated from the Cu side, PI and PII are as
follows:

PI = TCu exp�− ��dII + dinactive�� � �1 − exp�− � � dI�� ,

�5�

PII = TCu�1 − exp�− � � dII�� , �6�

where TCu is the transmissivity of the Cu film.
The calculated PA spectra are shown in Fig. 4�a�. In

calculations, it was found that the spectral line shape was
insensitive to the values of dI and dII, so that these values
were fixed to 20 nm. The agreement between experimental
and calculated values is satisfactory, as observed in Fig. 4�a�.
The estimated values of the quantum efficiencies �I and �II

are 0.032 and 0.14, respectively �Table I�. Since the values of
dI and dII were fixed in the present simulation, the estimated
values of �I and �II virtually include information on dI and
dII and can be interpreted as the carrier-generation activity of
regions I and II, respectively. Thus, the relation �I��II in-
dicates that region II is more active than region I in the
as-prepared device.

Figure 4�b� shows the PA spectra after an illumination of
a white light of 100 mW /cm2 for 20 min in vacuum �case
2�. The spectral line shape resembles that before illumination
�Fig. 4�a��, except that the wavelength region for negative
IPCE for the probe-light illumination from the GZO side

FIG. 4. �Color online� ��a� and �b�� PA spectra of cell B immediately after
device preparation �a� before and �b� after illumination by white light of
100 mW /cm2 for 20 min in vacuum from the GZO side of the as-prepared
device �Vbias=0 V�. The monochromatic probe light for PA measurement
was illuminated either from the GZO or Cu sides. The IPCE values for
illumination from the Cu side were enlarged by a factor of 3. The solid and
broken lines in �a� and �b� are the theoretical ones with the values of pa-
rameters listed in Table I. �c� Optical absorption spectrum of a ZnPc film of
100 nm in thickness.

FIG. 5. �Color online� Model for the simulation of PA spectra for cell B.
Two photocurrent-active regions I and II coexist in the ZnPc layer. The signs
of the photocurrents generated in regions I and II are negative and positive,
respectively.

TABLE I. Quantum efficiencies �I and �II for active regions I and II of the
GZO/ZnPc/Cu cell �cell B� obtained by simulation of the IPCE spectra
shown in Figs. 4 and 6. The width of the active regions I and II was fixed to
20 nm in the simulation, so that the estimated values of �I and �II are
interpreted as the carrier-generation activities of the corresponding regions.

�I �II IPCE spectrum

Immediately after device preparation
Before white-light illumination �case 1� 0.032 0.14 Figure 4�a�
After white-light illumination for 20 min
�case 2�

0.030 0.060 Figure 4�b�

After aging for 3 months in air
Before white-light illumination �case 3� 0.016 0.12 Figure 6�a�
After white-light illumination for 20 min
�case 4�

0.18 0.020 Figure 6�b�
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extends to 800 nm. Estimated values of �I and �II are 0.030
and 0.060, respectively. In comparison to the values for case
1, �II is smaller indicating that the carrier-generation activity
of region II decreased on illumination.

Figure 6�a� shows the PA spectra of cell B after aging for
3 months in air �case 3�. The IPCE sign is positive for probe-
light illumination from both the GZO and Cu sides. This
indicates that carrier generation mainly occurs in region II.
The estimated values of �I and �II are 0.016 and 0.12, re-
spectively.

After white-light illumination of the aged cell �case 4�,
PA spectra showed a surprising change �Fig. 6�b��. The IPCE
sign changed to negative after illumination for both direc-
tions of probe illumination. This indicates that carrier gen-
eration in case 4 mainly occurs in region I. The estimated
values of �I and �II are 0.18 and 0.020, respectively. A
decrease in �II on illumination was also observed for case 2,
but the effect was much more drastic for case 4. The IPCE
sign recovered to positive when the aged device was kept in
the dark, with a time constant of �1 h in air and �10 h in
vacuum. Thus, the state of the aged device generating a
negative photocurrent in case 4 is not stable in the dark.

In the next step, EA measurement was carried out for
cell B to elucidate the features of the internal electric field in
the ZnPc layer. The EA signal intensity is given by Eq. �1�.
Since Im ��3� is an extensive quantity, −�T /T satisfies the
following relationship:

−
�T

T
� �− EI � WI + EII � WII� � Em

= �− VI + VII� � Em, �7�

where EI�or II�, WI�or II�, and VI�or II� are the internal electric
field, width, and diffusion potential, respectively, of deple-
tion layer I �or II�. Equation �7� takes into account the fact
that the electric fields in depletion layers I and II are opposite
in direction. It is assumed in Eq. �7� that the modulation

electric fields applied to depletion layers I and II have the
same amplitude Em. This assumption should be satisfied if
the two depletion layers have the same dielectric constant
and the same resistivity.

Figure 7�a� shows the EA spectrum of cell B immedi-
ately after device preparation �case 1�. The line shape of the
EA spectrum is close to the second derivative of the optical
absorption spectrum of ZnPc, indicating that excitons gener-
ated in the ZnPc layer are weakly bound charge-transfer
excitons.17 Figure 7�c� shows an EA spectrum of a GZO/
ZnPc/Au cell. Comparison of Figs. 7�a� and 7�c� reveals that
the sign of the EA signal is different between the two cases.
According to Eq. �7�, this indicates that the sign of VII−VI

for cell B is opposite to that for GZO/ZnPc/Au. In the latter
case, the ZnPc/Au junction is nearly Ohmic,18–20 whereas a
Schottky barrier is formed at the GZO/ZnPc junction.11

Hence, VII�0 and VI�0, so that VII−VI�0 for GZO/ZnPc/
Au. By contrast, VII−VI�0 for cell B. This is consistent with
the results of PA simulation in Table I; i.e., region II is more
active than region I for case 1.

Figure 7�b� shows the EA spectrum of cell B after illu-
mination of a white light of 100 mW /cm2 for 20 min in
vacuum �case 2�. The sign and line shape of this spectrum
are the same as for case 1 �Fig. 7�a��. This indicates that
VII−VI�0 is satisfied even in case 2, in agreement with the
result in Table I.

Figure 8�a� shows the EA spectrum for cell B after aging
for 3 months in open air �case 3�. The sign and line shape of
the spectrum are the same as for case 1, indicating that VII

−VI�0 is still satisfied. Again, this is consistent with the
result in Table I. However, after illumination of a white light
of 100 mW /cm2 for 20 min in vacuum �case 4�, the line
shape of the EA spectrum changed significantly �Fig. 8�b��.
The EA spectra in cases 1–3 �Figs. 7�a�, 7�b�, and 8�a�� are
assigned to the bulk of the ZnPc layer.18,21,22 The EA spec-
trum in Fig. 8�b�, on the other hand, differs in shape from the
bulk spectrum, indicating that it contains a major contribu-

FIG. 6. �Color online� PA spectra for cell B after aging for 3 months in open
air �a� before and �b� after illumination by white light of 100 mW /cm2 for
20 min in vacuum from the GZO side of the aged device �Vbias=0 V�. The
monochromatic probe light for the PA measurement was illuminated either
from the GZO or Cu side. The IPCE value for the probe-light illumination
from the Cu side in �b� was enlarged by a factor of 5. The solid and broken
lines are the theoretical ones with the values of parameters listed in Table I.

FIG. 7. ��a� and �b�� EA spectra for cell B immediately after device prepa-
ration �a� before and �b� after illumination by white light of 100 mW /cm2

for 20 min in vacuum from the GZO side of the as-prepared device. �c� EA
spectrum of a GZO/ZnPc�140 nm�/Au�15 nm� cell. Vbias=0 V for all
spectra.
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tion from the surface of the ZnPc layer because the EA spec-
trum for the surface of an organic layer usually has a differ-
ent line shape than that for the bulk.16,21,23

IV. DISCUSSION

A. Mechanism of the aging effect for cell B

The results for cell B presented in Sec. III are summa-
rized as follows.

�1� The energy conversion efficiency under illumination of a
white light of 100 mW /cm2 was significantly improved
by aging of the device in open air. The short-circuit cur-
rent was always negative under the white-light illumina-
tion from the GZO side.

�2� The forward dark current significantly increased after
aging in air, whereas the reverse current showed a much
smaller increase on aging.

�3� The PA spectra indicated a coexistence of two
photocurrent-active regions I and II located near the
GZO/ZnPc and ZnPc/Cu interfaces. The photocurrents
generated in the two regions have opposite directions to
each other.

�4� In case 1, the carrier-generation activity of region II was
greater than that of region I. In case 2, the activity of
region II was lower than that in case 1 but was still
greater than the activity of region I.

�5� In case 3, the activity of region I was negligible and
nearly all the photocurrent was generated in region II. In
case 4, however, the situation drastically changed: the
activity of region I increased and that of region II was
negligible.

�6� The sign of the EA signal indicates that in cases 1–3 the
diffusion potential of depletion layer II near the
ZnPc/Cu interface was greater than that of depletion
layer I near the GZO/ZnPc interface.

�7� In case 4, the line shape of the EA spectrum was signifi-
cantly different from that in the other cases, which is
attributed to an increase in the EA signal from the sur-
face of the ZnPc layer.

These results are explained based on the band diagrams
shown in Fig. 9, in which two Schottky barriers exist at both

sides of the ZnPc layer. Each Schottky barrier has an asso-
ciated band bending region, i.e., a depletion layer near the
surface, which corresponds to region I or II with photocur-
rent activity. Since the slopes of the bands for depletion lay-
ers I and II have opposite signs to each other, the directions
of the electric fields in these two regions, as well as the
directions of the photocurrents generated, are opposite to
each other.

In case 1, the Schottky-barrier height at the ZnPc/Cu
interface is higher than that at the GZO/ZnPc interface �Fig.
9�a�� and thus VII is greater than VI. This explains the higher
carrier-generation activity of region II in case 1. The situa-
tion is similar in cases 2 and 3. The higher Schottky-barrier
height at the ZnPc/Cu interface compared to that at the GZO/
ZnPc interface is not explained by the reported work func-
tions of GZO and Cu, which are 4.4 �Ref. 11� and 4.65 �Ref.
24�, respectively. Thus, some type of vacuum-level shift is
likely in cases 1–3 at the ZnPc/Cu and/or GZO/ZnPc inter-
faces, although a detailed mechanism for this shift is not yet
known.

In case 4, the Schottky-barrier height at the ZnPc/Cu
interface and the diffusion potential VII significantly de-
creased, as shown in Fig. 9�b�. As a result, the activity of
region II is significantly lower. By contrast, the activity of
region I increased because hole transport from region I to the
Cu electrode is easier due to the decrease in blocking electric
field in region II. It might be expected that the electric field
in region I should be detected by EA in this case because VII

is small. This does not happen, however, because the EA
signal from the surface of the ZnPc layer masks the EA
signal from the bulk in case 4. The increase in surface EA
signal is attributed to generation of an electric dipole layer at
the ZnPc/Cu interface, as discussed in Sec. IV B.

As shown in Table I, the activity of region II is less for
case 2 than for case 1, and the activity of region I is less for
case 3 than for case 1. These differences are probably caused
by a change in VII or VI. However, such changes cannot be
detected by EA for the following reasons. In a previous study
of Au/ZnPc/Al Schottky-barrier cell,18 we showed that �1�
the standard depletion capacitance theory25 applies to the
ZnPc film and �2� the modulation voltage Vm sin �mt applied
during EA measurement is supplied only to the depletion
layers if the modulation frequency is as low as 1 Hz. As
shown in Eq. �7�, the sensitivity of the EA measurement is
determined by the amplitude of the modulation electric field
Em in the depletion layers. Because of the result �2� men-
tioned above, Em for cell B is Vm / �WI+WII�, where WI and

FIG. 8. EA spectra for cell B after aging for 3 months in open air �a� before
and �b� after illumination by white light of 100 mW /cm2 for 20 min in
vacuum from the GZO side of the aged device �Vbias=0 V�.

FIG. 9. Proposed energy band diagrams for cell B for Vbias=0 V. VI and VII

are the diffusion potentials of the two depletion layers near the GZO/ZnPc
and ZnPc/Cu interfaces, respectively. �a� Cases 1–3 �VI �VII� although the
values of VI and VII might be different among the three cases. �b� Case 4
�VI�VII�.
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WII are the widths of the depletion layers I and II, respec-
tively. From the depletion capacitance theory,25 WI�or II� is
proportional to �VI�or II� /NI�or II��1/2, where NI�or II� is the den-
sity of the localized negative charges in depletion layer I �or
II�. Thus, Em can be expressed as

Em �
Vm

	VI/NI + 	VII/NII

. �8�

Em, or the sensitivity of EA measurement, changes if VI, VII,
NI, and NII change. For example, if VI is smaller for case 3
than for case 1, the sensitivity for VI detection is expected to
be greater for case 3. However, NI might be changed by
device aging. Because we do not know the value of NI, the
difference in sensitivity for the two cases is not known. Fur-
thermore, if the GZO/ZnPc or ZnPc/Cu interface has large
resistance, some of the modulation voltage is fed to the in-
terface and the situation becomes more complicated. Thus, it
is not possible to obtain reliable information about the dif-
ference in diffusion potential for different cases from EA
measurements.

The band diagrams in Fig. 9 can explain the improve-
ments in � and rectification ratio on aging, observed in Fig.
3. The photocurrent-voltage characteristics in Fig. 3�a� were
measured under illumination of a white light of
100 mW /cm2 from the GZO side, so that the band diagrams
for cases 2 and 4 should apply in interpreting the experimen-
tal results in Fig. 3�a� for the as-prepared and aged devices,
respectively. For the as-prepared device, a negative short-
circuit current was observed under the white-light illumina-
tion from the GZO side although the conversion efficiency
was very poor. In this case, the band diagram for case 2 �Fig.
9�a�� applies. Since the experimental conditions correspond
to those for the PA spectrum with the probe-light illumina-
tion from the GZO side shown in Fig. 4�b�, a negative short-
circuit current is generated. However, because of the electric
field in depletion layer II near the ZnPc/Cu interface, the
negative photocurrent generated in region I is largely
blocked and a positive photocurrent is generated in region II
that cancels the negative photocurrent generated in region I.
As a result, the conversion efficiency is poor. By contrast,
after aging, the band diagram for case 4 �Fig. 9�b�� applies.
In this case, the electric field near the ZnPc/Cu interface is
significantly reduced, resulting in an increase in the negative
photocurrent generated in region I and a decrease in the posi-
tive photocurrent generated in region II. Thus, the conversion
efficiency is improved. Next, current-voltage measurements
in the dark �Fig. 3�b�� are considered. Measurement was car-
ried out immediately after white-light illumination, so that
the device was in a state corresponding to case 2 or case 4.
For the as-prepared device, the band diagram for case 2 �Fig.
9�a�� applies. In this case, hole injection from the Cu elec-
trode under the forward bias is blocked by the tall Schottky
barrier at the ZnPc/Cu interface, resulting in a small forward
current. After aging, the band diagram for case 4 �Fig. 9�b��
applies. In this case, hole injection from the Cu electrode is
enhanced because the Schottky-barrier height at the ZnPc/Cu
interface is lower. As a result, the forward dark current is
enhanced. Under reverse bias, the dark current is determined

mainly by hole injection from GZO. Because the reverse
dark current in Fig. 3�b� is not significantly affected by ag-
ing, the Schottky-barrier height at the GZO/ZnPc interface
should be nearly the same for cases 4 and 2.

Case 3 is expressed by the band diagram in Fig. 9�a� and
the rectification ratio is expected to be poor because the
Schottky-barrier height at the ZnPc/Cu interface is greater
than that at the GZO/ZnPc interface. This was actually ob-
served, as shown in Fig. 10, and the forward current density
for Vbias�0.4 V in case 3 was less than that in case 4. This
can be explained by the tall Schottky barrier at the ZnPc/Cu
interface for case 3. In Fig. 10, the reverse current density is
much greater for case 3 than for case 4, which suggests that
the Schottky-barrier height at the GZO/ZnPc interface is less
for case 3 than for case 4. The current density for case 3 �Fig.
10� is much greater than that for case 2 immediately after
device preparation �Fig. 3�, even though the rectification ra-
tio is poor in both cases. This suggests that the Schottky-
barrier heights at the GZO/ZnPc and the ZnPc/Cu interfaces
are lower for case 3 than for case 2.

B. Mechanism for the change in Schottky-barrier
height

As discussed in Sec. IV A, the effects of aging and illu-
mination are explained mainly by the change in Schottky-
barrier height at the ZnPc/Cu interface. In general, there are
three mechanisms for this change. �1� The work function of
the electrode is shifted due to oxide formation.26 �2� Pinning
levels are generated at the organic/electrode interface to
which the Fermi level of the electrode is pinned.15,27,28 �3�
An electric dipole layer is induced at the organic/electrode
interface, which causes a shift of the vacuum level at the
surface of the organic layer relative to that of the electrode.29

In the aged cell, the Schottky-barrier height at the ZnPc/Cu
interface was decreased by illumination, but the decreased
barrier height slowly increased when the cell was placed in
the dark. This result is not explained by mechanism �1� be-
cause a metal oxide is usually stable once it is formed.
Mechanism �2� is not applicable to the present case because
the generation of the pinning levels by illumination and the
disappearance of pinning levels in the dark are unrealistic.

FIG. 10. �Color online� Dark current density vs applied bias voltage for cell
B after aging for 4 months in air.
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The most probable explanation of the present results is
mechanism �3�. During aging, electron trapping levels could
be generated at the surface of the ZnPc layer facing to the Cu
layer. On illumination, the photogenerated electrons are
trapped in these levels and the countercharges collect on the
surface of the Cu layer, resulting in an electric dipole layer at
the ZnPc/Cu interface. The mutually trapped negative and
positive charges are not stable, so they dissociate slowly after
the light is turned off. The dipole layer produces a large
electric field at the ZnPc/Cu interface. This explains the large
EA signal for the surface of the ZnPc layer in case 4.

C. Mechanism of the aging effect for cell A

The improvement in � for cell A �Fig. 2�a�� can be ex-
plained in a similar manner. Since the photocurrent-voltage
measurement for Fig. 2�a� was carried out under illumination
of a white light of 100 mW /cm2, the band diagrams in Fig.
11 are applicable. Immediately after device preparation, a
large electric field exists near the ZnPc/Cu interface that
blocks the hole transport to the Cu electrode. After aging in
air, the hole-blocking electric field is nearly quenched by
white-light illumination, resulting in a significant improve-
ment in �. In cell A, two photovoltaic cells are connected in
series: one is the PTCBI/ZnPc heterojunction cell and the
other is the ZnPc/Cu Schottky-barrier cell. However, the car-
rier generation by the electric field near the ZnPc/Cu inter-
face does not play an important role because carrier genera-
tion near the PTCBI/ZnPc interface is much more effective.
The improvement in rectification ratio on aging �Fig. 2�b�� is
also explained by the band diagrams in Fig. 11. The mea-
surement for Fig. 2�b� was carried out immediately after
white-light illumination, so the band diagrams in Fig. 11 are
also applicable. For the as-prepared device, the Schottky-
barrier height at the ZnPc/Cu interface is large, so that hole
injection from the Cu electrode is suppressed resulting in a
small forward current. By contrast, the reverse current is
relatively large because electron injection from Cu to the
LUMO level of ZnPc is relatively easy under the reverse bias
condition. However, after aging, the forward current in-
creases because the barrier for hole injection from the Cu
electrode decreases, whereas the reverse current decreases
because a large electron-injection barrier is formed at the
ZnPc/Cu interface.

V. CONCLUSIONS

The photovoltaic properties of cell A �GZO/PTCBI/
ZnPc/Cu� showed a significant aging effect in open air. After
aging for 24 days, � improved to 0.46 % from an initial

value of 0.02 %. To elucidate the mechanism of this aging
effect, detailed studies were performed for cell B �GZO/
ZnPc/Cu�. The results reveal that a tall Schottky barrier ex-
isted at the ZnPc/Cu interface immediately after device
preparation, which blocks the transport of photogenerated
holes to the Cu electrode. This is why � of as-prepared cell A
was very low. White-light illumination of the aged device
decreased the Schottky-barrier height at the ZnPc/Cu inter-
face, resulting in a drastic improvement in �. When the light
was turning off, the barrier height returned to the greater
value with a time constant of �1 h in air and �10 h in
vacuum. The most probable mechanism for the change in
Schottky-barrier height at the ZnPc/Cu interface is the for-
mation of electron traps at the surface of the ZnPc layer
facing the Cu electrode on aging, which trap electrons pho-
togenerated by white-light illumination. Thus, it has been
demonstrated that a Cu anode has a specific property
whereby the junction with the donor layer becomes nearly
Ohmic under or immediately after illumination by strong
light of �100 mW /cm2 in intensity.
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