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ABSTRACT An inverted-type organic bulk-heterojunction solar cell inserting zinc oxide (ZnO) as an electron collection electrode,
fluorine-doped tin oxide (FTO)/ZnO/[6,6]-phenyl-C61-butyric acid methyl ester:regioregular poly(3-hexylthiophene) (PCBM:P3HT)/
poly(3,4-ethylenedioxylenethiophene):poly(4-styrenesulfonic acid) (PEDOT:PSS)/Au, was fabricated in air and characterized by an
alternating current impedance spectroscopy (IS). In the IS measurement, we observed reproducibly the electric resistance and
capacitance components originating from ZnO and organic active layers, and we found that the depletion layer functioning to take
out the photocurrent to the external circuit was formed in both the ZnO and PCBM:P3HT layers at the ZnO/PCBM:P3HT interface. In
this letter, we propose that this IS measurement is effective for evaluating the electric properties of several layers with capacitance
components in organic thin-film solar cells.
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1. INTRODUCTION

Alternating current (ac) impedance spectroscopy (IS)
is an electric technique used to monitor the current
response when an ac voltage is applied as a function

of the frequency. The IS measurement is possible to observe
electric properties of a bulk and an interface that we cannot
observe by a direct current (dc) method because the electric
response speed for each component is different on the
microscopic time scale. This method has been useful to
study the electric properties of organic devices such as dye-
sensitized solar cells (1-4) and organic light-emitting diodes
(5, 6), and it provides mechanistic insights to improve the
devices. On the other hand, research by the IS measurement
on organic thin-film solar cells is relatively limited. This is
probably because reasonable accuracy was not obtained for
this method because of rapid performance degradation
under light irradiation. Even so, a few authors have studied
the electric properties of the solar cells on the basis of the IS
characteristics, providing important information on the
exciton dissociation at the donor/acceptor interface and
charge carrier mobility and carrier lifetime in the organic
active layer (7-9). However, these reports were all investi-
gations on what we call normal-type solar cells in which the
active layer was sandwiched between a transparent elec-
trode and an Al electrode as the back electrode. In our
previous studies, we developed organic solar cells using a

noncorrosive Au metal as the back electrode and an
indium-tin oxide (ITO)/In or a fluorine-doped tin oxide
(FTO)/titanium oxide (TiO2 or TiOx) as the front electrode
(10-16). For example, we reported that the ITO/amorphous
TiOx/[6,6]-phenyl-C61-butyric acid methyl ester:regioregular
poly(3-hexylthiophene) (PCBM:P3HT)/poly(3,4-ethylenediox-
ylenethiophene):poly(4-styrenesulfonic acid) (PEDOT:PSS)/
Au inverted-type cell showed a power conversion efficiency
(PCE) of 2.47% and the performance of the cells with sealing
was about the same after continuous light irradiation for
120 h in an ambient atmosphere (15). Even without sealing,
this solar cell maintained its performance after continuous
light irradiation for 20 h. Thus, we have the techniques
required to fabricate the organic thin-film solar cells with
reasonable performance and stability, although not very
excellent. Many papers using chemically stable n-type semi-
conductor TiO2 (15-21), ZnO (22-25) or ZnS (26) as an
electron collection layer in the organic thin-film solar cells
have been previously reported. However, the electric prop-
erties of the inverted-type solar cells could not be understood
sufficiently yet, although we recently reported the investiga-
tion by the IS measurement on this type of solar cell inserting
a ZnS layer as an electron collection electrode (26). In this
letter, we report the photocurrent-voltage (I-V) and IS
characteristics of inverted-type bulk-heterojunction organic
solar cells abbreviated as FTO/ZnO/PCBM:P3HT/PEDOT:PSS/
Au, named the ZnO cell, in order to gain insight into the
resistance component of each layer.

2. EXPERIMENTS
A ZnO cell was fabricated in air as follows: a total of 157 mg

of zinc acetate was dissolved in 1 mL of 2-methoxyethanol
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containing 4% ethanolamine by weight, with this solution being
used as a ZnO precursor solution (27, 28). In order to prepare
a ZnO film, the precursor solution was spin-coated onto a FTO
substrate (Asahi Glass A110U80, sheet resistance; 12 Ω/0) at
2000 rpm and the coated substrate was heated on a hot plate
for 1 h at 250 °C. Subsequently, a mixed chlorobenzene
solution of P3HT and PCBM (P3HT:PCBM ) 5:4 by weight) was
spin-coated onto the FTO/ZnO substrate at 700 rpm. Further, a
PEDOT:PSS dispersion solution was spin-coated onto the blend
film at 6000 rpm. A Au metal as the back electrode was vacuum-
deposited at 2 × 10-3 Pa on the PEDOT:PSS film. The thick-
nesses of the ZnO film, the blended film, and the PEDOT:PSS
film were 60, 250, and 80 nm, respectively. Finally, the device
was heated at 150 °C for 5 min. The cell area of the solar cell
was restricted to 1.0 cm2 by depositing the Au electrode using
a shadow mask. The I-V curves were measured by a Hokuto
Denko HZ-5000 at a scan rate of 5 V min-1 in linear sweep
voltammetry under a solar simulated light AM 1.5G, 100 mW
cm-2, by a SAN-EI ELECTRIC XES-502S solar simulator cali-
brated by an EKO MS-601 pyranometer equipped with a silicon
diode. The IS measurements were implemented using a Hewlett-
Packard precision LCR meter 4284A. The frequency range was
from 20 Hz to 1 MHz, and the magnitude of the alternative
signal was 5 mV. The obtained data were fitted with Scribner
Associates Z-View software v2.6 in terms of appropriate equiva-
lent circuits. Ionization potentials for P3HT, PCBM, PEDOT:PSS,
FTO, and Au were estimated by a Riken Keiki model AC-2 and
band-gap energies for P3HT and PCBM by a Hitachi U-3310
spectrophotometer, and the energy-level diagram of the com-
ponent materials in the ZnO cell is shown in Figure 1. All
measurements were carried out in an ambient atmosphere with
an unsealed ZnO cell.

3. RESULTS AND DISCUSSION
Figure 2a and the inset show dark I-V curves of the ZnO

cell before (blue curve) and just after light irradiation (red
curve), with clear rectification characteristics being obtained.
Just after irradiation of the AM 1.5G sunlight, the forward
bias current in the dark under a range of 0.5-1.0 V in-
creased from 6.5 to 10 times when compared with that
before irradiation. The increase indicates that photopro-
duced carriers remained in the ZnO cell even after light
irradiation. However, when the ZnO cell was left for several
days in the dark after light irradiation, its forward bias
current became small, being consistent with the blue curve
before irradiation.

In order to investigate such a change of the internal
resistance in the ZnO cell, an IS measurement was carried
out under the same cell conditions as those in the I-V
measurement. Figure 2b shows the Nyquist plots for the ZnO
cell at zero bias in the dark. Two semicircles were observed
at higher frequency of more than 30 kHz and at lower
frequency of less than 30 kHz, being denoted semicircles 1
and 2, respectively. That is, the ac response of semicircle 2
in the low-frequency range was slower than that of another
semicircle 1 in the high-frequency range. Further, the plots
were analyzed using an equivalent circuit, as shown in the
inset of Figure 2b, showing reasonable concordance with a
simulated curve. The Rs represents the series resistance
consisting of ohmic components. R1 and R2 are resistance
components forming a parallel circuit with constant phase
elements (CPE1 and CPE2). Further, CPE1 and CPE2 are
roughly equal to differential electric capacitances because
there was almost no depression of semicircles. The R2 value
of semicircle 2 obtained from the fitting data remained ca.
30 kΩ cm2 before and just after light irradiation, whereas
the R1 value of semicircle 1 decreased from 104 Ω cm2

before irradiation down to 29 Ω cm2 just after irradiation.
In addition, when the I-V and IS measurements of the ZnO
cell were carried out in the dark just after irradiation using
light through a UV (<440 nm) cut filter to eliminate the
influence of the UV component being contained in the
simulated sunlight, the forward bias current and the R1 value
were nearly equal to those before irradiation. (not shown).
Hence, this component is attributed to the electric resistance

FIGURE 1. Energy-level diagram showing the work functions and
the HOMO-LUMO energies of the component materials.

FIGURE 2. (a) I-V curves of the ZnO-inserted solar cell in the dark
before (blue) and just after light irradiation (red). The inset shows
the semilog plots of the I-V curves of the ZnO cell under the same
conditions. (b) Typical Nyquist plots for the ZnO cell at zero bias.
The open symbols in the Nyquist plots were obtained for the cells
in the dark before (blue) and just after light irradiation (red),
respectively. The solid lines indicate fitting curves calculated by an
equivalent circuit shown in the inset. Another inset shows the full
plots of the Nyquist plots containing two semicircles. Rs ) series
resistance consisting of ohmic components. CPE1 and CPE2 )
capacitances. R1 and R2 ) resistances.
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of the ZnO layer showing a photoconductive property by UV
light irradiation (29).

Figure 3a shows the photo I-V curve of the ZnO cell
under light irradiation with (85.7 mW cm-2) and without a
UV light cut filter (100 mW cm-2). The performance without
the filter showed a short-circuit photocurrent (Jsc) of 8.39 mA
cm-2, an open-circuit voltage (Voc) of 0.56 V, a fill factor (FF)
of 0.53, and a PCE of 2.49%; see the red curve. When we
reduced the intensity of the AM1.5G solar simulated light
from 100 to 85.7 mW cm-2, the PCE value increased up to
2.62% by improving slightly the FF. This is perhaps because
an I-R loss, which is caused by the internal resistance of
the ZnO cell, decreased because of the decrease of the
photocurrent density, whereas the performance with the UV
light cut filter showed a Jsc of 5.21 mA cm-2, a Voc of 0.53 V,
a FF of 0.36, and a PCE of 1.16%; see the green curve. This
PCE value with the filter decreased by ca. 56% compared
to the PCE (2.62%) of the former. This is attributed to the
large decrease of the FF value, which was derived from an
increase in the charge-transport resistance of the ZnO layer.
This result suggests that a photoconduction of ZnO was not
almost observed by cutting the UV light (29). Figure 3b
shows the Nyquist plots of the ZnO cell under light irradiation
with (85.7 mW cm-2) and without a UV light cut filter (100
mW cm-2). The plots under light irradiation showed two
semicircles at higher frequency of more than 50 kHz and at
lower frequency of less than 50 kHz, similar to those in the
dark. These plots were substantially consistent with the
fitting curve simulated by an equivalent circuit, as shown in
the inset of Figure 3b. The R1 and R2 values without the filter
were estimated to be 17 and 34 Ω cm2 from the fitting curve,
respectively. The R2 value under irradiation was much lower
by 3 orders of magnitude than that (30 kΩ cm2) in the dark.
This large decrease in the resistance component is attributed
to a large increase of the photoconductive carriers in the

PCBM:P3HT film by light irradiation. This result indicates
that the component in the low-frequency range is derived
from the organic active layer. In addition, the R1 and R2
values with the filter were estimated to be 32 and 38 Ω cm2

from the fitting curve, respectively. The R1 value with the
filter increased by 2 times compared with that (17 Ω cm2)
without the filter. This suggests that electron carriers in the
ZnO layer decreased by cutting UV light, being consistent
with the electric properties of the ZnO layer suggested by
dark I-V curves and IS measurements shown in Figure 2.

In order to analyze the ac impedance characteristics in
more detail, a constant dc bias voltage from -1.0 to +1.0 V
was applied across the Au (positive) and FTO (negative)
electrodes during each IS measurement. Figure 4a shows
plots of the R1 and CPE1 values of the ZnO cell on the dc
applied voltage in the dark. The R1 value in the dark was 33
Ω cm2 at 1 V of applied voltage, while this value increased
to 112 Ω cm2 at 0 V. Furthermore, the rapid decrease in
CPE1 was observed with decreasing dc voltage from 0.9 to
0.5 V. These changes are attributed to the fact that the
depletion layer with low carrier density was gradually formed
in the ZnO layer with decreasing dc voltage from 1 to 0 V.
On the other hand, the decrease of R1 was observed by
applying a dc voltage of less than 0 V because of the leak
current of the ZnO cell; see the inset in Figure 2a. Similarly,
the R2 value in the dark increased when the dc bias voltage
applied was decreased from 0.6 to 0 V, as shown in Figure
4b. Simultaneously, CPE2 also decreased by applying a bias
voltage of less than 0.6 V. The behavior suggests the forma-
tion of the depletion layer in the PCBM:P3HT layer by
applying a dc bias voltage of less than 0.6 V. Because an
electric field formed in the depletion layer forced ZnO,
PCBM, and P3HT existing in the layer to polarize, the
polarizability of these materials decreased, and as a result,
CPE1 and CPE2 decreased. That is, the responsive polariza-
tion capacities are limited by the external bias.

By contrast, the dependence of R1, R2, CPE1, and CPE2
under light irradiation on the applied dc voltage shifted to a

FIGURE 3. (a) I-V curves of the ZnO-inserted solar cell in the dark
(blue) and under light (red) and UV cut light irradiation (green). (b)
Typical Nyquist plot for the ZnO cell at zero bias under light
irradiation with (red) and without a UV light (<440 nm) cut filter
(green). The Nyquist plot was obtained for the cell under light
irradiation. The solid line indicates the fitting curve calculated by
the equivalent circuit in the inset.

FIGURE 4. Dependence of the R and CPE values of the ZnO-inserted
solar cells on the dc bias voltage in the dark (a and b) and under
light irradiation (c and d): plots for a higher-frequency component
(a and c); plots for a lower-frequency component (b and d).
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significantly negative direction compared with those in the
dark, as shown in Figure 4c,d. These results show that the
electric-field profile of these depletion layers changed rea-
sonably because many photocarriers were produced in the
ZnO and PCBM:P3HT layers under light irradiation. Further-
more, the maximum of R2 observed at 0 V in the dark
disappeared under irradiation; see Figure 4b,d. This is
probably because the leak current in the ZnO cell at less than
0 V of the dc bias voltage was very small compared with the
photocurrent.

4. CONCLUSION
The photoelectric properties of the inverted-type organic

thin-film solar cells with ZnO as an electron collection layer
were studied by photo I-V and IS measurements. The photo
I-V measurement gave a PCE of 2.49%, and the IS mea-
surements in the dark and under light irradiation gave
Nyquist plots consisting of two components. We decided
that the component in the low-frequency range originated
from the organic active layer and another in the high-
frequency range was derived from the ZnO layer. According
to this result, it was proven that the depletion layer function-
ing to take out the photocurrent to the external circuit was
formed in both of the ZnO and PCBM:P3HT layers at the
ZnO/PCBM:P3HT interface. In this way, photoelectric prop-
erties of the organic thin-film solar cells were analyzed more
apparently by introducing the photo IS measurement. Ap-
plying the IS method to understand the properties of organic
thin-film solar cells in detail will give very useful insights
toward the performance improvement, but we have not
used this excellent method completely yet. We are exten-
sively investigating organic solar cells using other n-type
semiconductors to develop a high-performance and long-
lifetime device for the practical use.
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