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ABSTRACT We report that device performance of organic solar cells consisting of zinc phthalocyanine and fullerene (C60) can be
enhanced by insertion of a perylene derivative interfacial layer between fullerene and bathocuproine (BCP) exciton blocking layer
(EBL). The morphology of the BCP is influenced by the underlying N,N′-dihexyl-perylene-3,4,9,10-bis(dicarboximide) (PTCDI-C6), which
promotes migration of the cathode metal into the BCP layer. Insertion of a PTCDI-C6 layer between fullerene and BCP layers enhances
the power conversion efficiency to 2.5%, an improvement of 32% over devices without PTCDI-C6 layer. The enhancement in device
performance by insertion of PTCDI-C6 is attributed to a reduction in series resistance due to promoted metal migration into BCP and
optimized optical interference effects in multilayered devices.
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INTRODUCTION

Extensive research on organic solar cells has been
carried out in order to further improve their perfor-
mance since the first report of an efficient multilay-

ered device based upon a metallophthalocyanine and a
perylene derivative (1). In general, relatively high efficiency
organic solar cells using small molecular weight organic
materials have adopted the use of an optically transparent
exciton blocking layer (EBL) between the cathode and ac-
ceptor (2). This layer has been reported to play multiple roles
in multilayered organic solar cells based on small molecules
(3). The EBL is thought to prevent diffusion of cathode metals
such as Al and Ag into active organic layers during cathode
metal deposition and consequently reduce electrical shorting
and quenching of excitons. Optically transparent EBL layers
can also work as optical spacers, i.e., the optical field
intensity distribution of incident electromagnetic wave can
be adjusted by varying the thickness of EBL. Thus, optimiza-
tion of EBL thickness can lead to enhancement of optical
absorption in organic active layers.

Bathocuproine (BCP) is one of the most widely used EBL
materials because of its high transparency in the visible
range. In addition to aforementioned effects, BCP also helps
in ohmic contact formation between cathode metal (Al and

Ag) and fullerene (C60) (3). Charge carrier transport in BCP
can be further assisted by gap states which are induced by
metal migration into BCP during cathode metal deposition.
Such gap states have been recently verified using photoelec-
tron spectroscopic approach (4). A low-resistivity ohmic
contact between the electrode and organic semiconductor
is essential to achieve efficient charge extraction. The dam-
age depth in organic semiconductors, where the gap states
are generated, is determined by the atomic size of a metal
element and its ionization energy (5). For Ag, the damage
depth in BCP has been reported to be around 10 nm (6). To
reduce the formation of electrical shorts, a BCP layer with
thickness larger than 10 nm is normally used in most organic
solar cells. However, increasing the thickness of the BCP
layer causes carrier extraction difficulty, thus resulting in
poor fill factor and low photocurrent because of the limited
cathode metal damage depth in thicker BCP. Doping with
an alkali metal such as Li has been reported to increase the
conductivity of BCP significantly, and provides a scheme to
reduce device series resistance (7). It is worth noting that
gap states are not necessary for efficient operation of organic
solar cells. In this regard, alternative materials, such as
tris(acetylacetonato)ruthenium(III), exhibiting high mobility
and good energy alignment with the cathode, have been
reported as a promising EBL (8).

In this work, we propose an approach that extends the
metal damage depth through inducing surface roughness in
the BCP film due to the insertion of an interfacial layer
between the acceptor and BCP. The material used for this
purpose is a perylene diimide derivative with hexyl chains
on both ends. This strategy enables organic solar cells to
exhibit higher device performance than cells without the
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interfacial layer. The effect of variation in BCP thickness on
photocurrent is also discussed.

EXPERIMENTAL SECTION
Prior to device fabrication, patterned ITO substrates (Thin

Film Device Inc.) were sonicated in common solvents before
being exposed to plasma ashing for 5 min. Zinc phthalocyanine
(ZnPc) and PTCDI-C6 were synthesized according to previously
published literature (9, 10). C60 (99.9%) and BCP were pur-
chased from MER Inc. (Tucson, AZ) and Alfa Aesar, respectively.
All organic materials were purified using a four-temperature
zone purifier. Devices were fabricated by successive thermal
deposition of organic materials, followed by masked deposition

of metal Ag cathode on patterned ITO glass substrates. Deposi-
tion rates of 0.5-1.0 Å/s were used at a working pressure of 1
× 10-7 Torr. ZnPc (25 nm) was used as the donor layer, and
C60 (30 nm) was used as the acceptor layer. This was followed
by the deposition of BCP with a varying thickness between 5 to
30 nm. To complete the device, a 100 nm Ag cathode was used.
The active device area was 0.20 cm2. Another set of devices was
fabricated by insertion of a 5 nm PTCDI-C6 layer between the
C60 and BCP layers.

Current-voltage characteristics were measured at room
temperature in the dark, and under a solar simulator (Spectra
Physics, Oriel 300W) with an AM1.5G filter at a light intensity
of 100 mW/cm2. The light intensity was adjusted with a Si
reference cell which was calibrated by the National Renewable
Energy Laboratory (NREL). EQE (external quantum efficiency)
was measured with monochromatic light by varying the excita-
tion wavelength from 400 to 800 nm at intervals of 10 nm,
under a white bias light of 100 mW/cm2. Surface morphology
was measured using atomic force microscopy (AFM) (Veeco
Dimension 3100) in tapping mode. The LUMO level of PTCDI-
C6 in dimethylformamide was obtained from the reduction
potential measured using cyclic voltammetry (CH Instrument,
CHI600C) with an internal reference of ferrocene. The HOMO
level of PTCDI-C6 was estimated by adding its optical gap
energy from the LUMO level. An optical gap energy of 2.3 eV is
obtained from the overlap between the optical absorption and
photoluminescence spectra. In order to investigate metal dif-
fusion into the organic layers, Rutherford back scattering (RBS)
spectra were carried on two structures: Si/C60 (30 nm)/BCP (30
nm)/Ag (100 nm) and Si/C60 (30 nm)/PTCDI-C6 (5 nm)/BCP (30
nm)/Ag (100 nm). He2+ ions (2 MeV) were incident on the
samples and the energies of backscattered particles were
analyzed using a multichannel analyzer. To understand how
surface energy affects the growth of BCP, we measured water
contact angles for 70 nm-thickness BCP, C60 and PTCDI-C6 on
glass (Krüss EasyDrop FM40). Optical refractive indices of
organic materials used in optical modeling were determined by
spectroscopic ellipsometry (J.A. Woollam M-2000).

FIGURE 1. Molecular structure of PTCDI-C6 (top), and energy level
diagram of devices having an interfacial layer of PTCDI-C6 (bottom).
All energy levels are in eV.

FIGURE 2. Device parameters for the cells with insertion of PTCDI-C6 between C60 and BCP (square), and without PTCDI-C6 (triangle): (a) PCE,
(b) Jsc, (c) Voc, and (d) FF.
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RESULTS AND DISCUSSION
Figure 1 shows the molecular structure of PTCDI-C6 and

energy level diagram of the device structure used in this
study. PTCDI with alkyl chains has been reported to be a
good n-type material with high mobility and promising
acceptor in organic solar cells (11, 12). The energy levels for
all materials are extracted from literature except those of
PTCDI-C6 (13). The HOMO and the LUMO energy levels of
PTCDI-C6 were measured to be 6.2 and 3.9 eV, respectively.
The LUMO level of PTCDI-C6 aligns well with the LUMO level
of C60, resulting in negligible energy barrier for charge
transport between the two materials. The dashed lines
within the BCP gap represent gap states induced by cathode
metal deposition.

Device performance of zinc phthalocyanine (ZnPc)/C60 solar
cells with and without the interfacial PTCDI-C6 layer, and with
various BCP thicknesses from 10 to 30 nm, is shown in Figure
2a-d. Device structures used are as follows: ITO/ZnPc (25
nm)/C60 (30 nm)/PTCDI-C6 (0 or 5 nm) /BCP (5-30 nm)/Ag
(100 nm). Devices having 5 nm of BCP failed because of a
large leakage current, and thus not shown. For cells without
the PTCDI-C6 layer, the power conversion efficiency (PCE)
decreases drastically from 1.9 to 0.002% while increasing
BCP thickness from 10 to 30 nm. This is ascribed to a rapid
decrease in short circuit current density (Jsc) and fill factor
(FF). In contrast, cells with PTCDI-C6 show an overall
superior performance. In this case, increasing the thickness
of the BCP layer results in increased PCE and Jsc. Peak
performance values at 15 nm followed by a slight decrease

at 20 nm are observed, which appear to be due to optical
interference effects in multilayered devices, which will be
discussed later in this paper. Cells with device structure of
ZnPc/C60/PTCDI-C6/BCP (15 nm)/Ag showed a high PCE of
2.5%, a 32% improvement over devices without PTCDI-C6.

The interfacial layer of PTCDI-C6 has a broad optical
absorption at wavelength of 400-600 nm and is a good
acceptor material for organic solar cells (14). Figure 3a shows
optical absorption and EQE for devices with and without
PTCDI-C6, each having 15 nm BCP layer. The optical ab-
sorption was measured in reflection mode, where absorp-
tion was obtained by measuring the reflection and subtract-
ing it from 100%. Figure 3a indicates more absorption in
devices with PTCDI-C6 at wavelengths of 400-600 nm
compared to devices without PTCDI-C6 layer. As described
above, the enhancement in PCE values with a PTCDI-C6
layer is a consequence of improved Jsc value, which is
confirmed by the EQE measurement. As shown in Figure
3b, the EQE for devices with PTCDI-C6 intermediate layer
is higher than that of devices without PTCDI-C6, at 400 nm
-800 nm range. However, the ratio of EQE values in this
wavelength range for both devices is constant (∼1.2), indi-
cating no characteristic contribution to the photocurrent
from PTCDI-C6.

Additionally, Jsc for cells with 15 nm BCP were measured
with varying light intensity from 0.06 to 1 sun, as shown in
Figure 4a. The slope of Jsc vs light intensity in log-log scale
indicates the efficiency of carriers extraction through the
electrodes. A slope less than unity implies that photocurrent

FIGURE 3. (a) Optical absorption of devices measured in reflection
mode for cells with PTCDI-C6 (square), and without PTCDI-C6 (triangle).
(b) EQE results for cells with PTCDI-C6 (square) and without PTCDI-C6
(triangle), and EQE ratio of both cells (open circle).

FIGURE 4. (a) Jsc vs light intensity and (b) specific series resistance
vs BCP thickness for cells with PTCDI-C6 (square) and without PTCDI-
C6 (triangle).
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is limited by electron-hole pair recombination attributed to
space charge effect or series resistance (15). The slope for
both cells with and without PTCDI-C6, obtained by least-
squares fitting method, is 1.00 and 0.96, respectively. Figure
4b shows the series resistance of the cells as a function of
BCP thickness. The series resistance of devices without the
interfacial layer increases abruptly with increasing BCP
thickness, while the insertion of PTCDI-C6 leads to negligible
increase in the series resistance. These findings suggest that
the insertion of PTCDI-C6 reduces the contact resistance in
C60/BCP, resulting in an enhancement of Jsc through reduc-
tion in electron-hole pair recombination at a donor/acceptor
interface.

To understand the origin of the reduction in series
resistance with insertion of PTCDI-C6, the surface morphol-
ogies of BCP thin films on C60 and PTCDI-C6 were investi-
gated using an atomic force microcopy (AFM). Images a and
b in Figure 5 show the dependence of BCP topography upon
different underlying organic layers of glass/C60 and glass/C60/
PTCDI-C6 respectively. BCP film deposited on glass/C60 (30
nm) has an rms roughness of 0.8 nm and peak-to-valley
height of 8.8 nm. In contrast, the BCP film on glass/C60 (30
nm)/PTCDI-C6 (5 nm) exhibits a noticeably rougher surface
with rms roughness and peak-to-valley height values of 2.6
and 22 nm, respectively. These results point to the influence
of the underlying PTCDI-C6 on the morphology of the BCP
layer. The contact angle values of water on C60, PTCDI-C6
and BCP thin films were 75°, 92° and 64°, respectively. The
lower contact angle of the BCP thin film indicates their
hydrophilic characteristics when compared with PTCDI-C6.
The hydrophobic nature of PTCDI-C6 layer may affect the
growth of hydrophilic BCP, leading to a rougher surface than
that of BCP grown directly on hydrophilic C60. This roughness
in turn may enhance metal migration into BCP, which
reduces series resistances in devices because of an increase
in the BCP conductivity, as described before. The reduced
resistance leads to improved charge collection efficiency as
demonstrated by the measurement of Jsc vs illumination
intensity (Figure 4a).

To obtain a direct evidence of metal diffusion into BCP,
Rutherford backscattering spectroscopy (RBS) was carried
out on two samples: (a) Si/C60 (30 nm)/BCP (30 nm)/Ag (100

nm) and (b) Si/C60 (30 nm)/PTCDI-C6 (5 nm)/BCP (30 nm)/
Ag (100 nm). The results are shown in Figure 6. There is a
strong peak around channel of 300, which originates from
Ag. The slight shift, around channel 275, to low energy of
the RBS spectra for sample b indicates a migration of Ag into
the BCP layers to a depth of up to 15 nm compared to
sample a.

The slight variation in Jsc vs BCP thickness for cells with
PTCDI-C6 observed in Figure 2 can be understood by
considering optical interference effects in a multilayered
device structure. As shown in Figure 2b, the highest Jsc was
achieved with a BCP thickness of 15 nm. The maximum
optical field intensity should be located at donor/acceptor
interface for photons to be harnessed efficiently in planar
heterojunction solar cells because PCE is primarily limited
by exciton diffusion. To investigate further the interference
effects due to varying the BCP thickness, we carried out
optical modeling using a transfer matrix algorithm (16).
Figure 7a shows the calculated optical field distribution in
ITO/ZnPc/C60/PTCDI-C6/BCP/Ag devices with varying BCP
thickness of 0, 5, 10, 15, 20, and 25 nm at incident light
wavelength of 610 nm. The maximum optical field intensity
lies at approximately λ/4n from the metal cathode, where λ
is the wavelength of incident light and n is the refractive
index of organic materials. As the thickness of BCP in-
creases, the optical field peak position shifts toward the
cathode. At 15 nm of BCP thickness, the peak position is

FIGURE 5. AFM height image for organic layers on glass substrates: (a) C60 (30 nm)/ BCP (15 nm) and (b) C60 (30 nm)/PTCDI-C6 (5 nm)/BCP (15
nm).

FIGURE 6. RBS spectra for (a) Si/C60 (30 nm)/BCP (30 nm)/Ag (100
nm) and (b) Si/C60 (30 nm)/PTCDI-C6 (5 nm)/BCP (30 nm)/Ag (100
nm).
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located approximately at the donor-acceptor interface, and
as it becomes thicker, the peak position moves beyond this
interface toward the cathode, which would reduce photo-
current contribution from ZnPc. Similarly, at a wavelength
of 420 nm, the optical field peak shifts toward the cathode.
Figure 7b shows the measured EQE for cells with BCP
thickness of 10, 15, and 20 nm. The comparison of EQE
values indicates that the highest Jsc from cells with 15 nm
BCP is due to enhanced EQE around 600 nm, which is
mainly contributed by ZnPc. For cells with 20 nm of BCP,
the EQE decreases at wavelength of 600 nm, which is well-
explained by the optical field distribution in Figure 7a. In
contrast, the EQE value at a wavelength of 400-500 nm is
less sensitive to the optical field distribution, which is pos-
sibly due to longer exciton diffusion length of C60 (∼40 nm)
than ZnPc (∼10 nm) (17).

CONCLUSION
In summary, we have demonstrated that the insertion of

a PTCDI-C6 layer between C60 and BCP layers in a solar cell

structure based on ZnPc and C60 enhances PCE from 1.9 to
2.5%. The interfacial layer (PTCDI-C6) roughess affects the
growth of BCP, which promotes the migration of Ag deeper
into the BCP layer, thus enhancing the charge collection at
the cathode. This extension of the bandgap states through
enhancing the damage depth in BCP was confirmed with
RBS spectroscopy measurement. Moreover, insertion of a
PTCDI-C6 layer makes it possible to utilize thicker BCP
without substantial increase in series resistance. This ap-
proach also provides the possibility of taking advantage of
optical interference effects through an adjustment of the BCP
thickness.
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FIGURE 7. (a) Calculated optical field distribution at wavelength of
610 nm for devices having the structure of ITO/ZnPc (25 nm)/C60 (30
nm)/PTCDI-C6 (5 nm)/BCP (0-30 nm)/Ag (100 nm). Optical field
intensity (|E|2) is normalized with incident light intensity (|E0|2). (b)
Measured EQE of cells with BCP thickness of 10 nm (solid line), 15
nm (dashed), and 20 nm (dotted).
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