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We have fabricated bulk heterojunction organic solar cells using coumarin 6 (C6) as a small organic dye, for light harvesting and
electron donating, with fullerene derivative [6,6]-phenyl-Cq; butyric acid methyl ester (PCBM), acting as an electron acceptor, by
spin-coating technique of the blend solutions. We have studied effect of PCBM concentration on photocurrent and performance
parameters of the solar cells. We found that the optical absorption of the dye increased with increasing its concentration in the
active layer blends. The higher concentrations of PCBM in active layer enhanced the photocurrent of the solar cells, as a result of
improving charge carrier separation and electron transport in solar cell active layer. The improved charge carrier separation bet-
ween C6, as a donor, and PCBM, as an acceptor, was indicated through the formation of bulk heterojunction by blending C6 with
PCBM. The formation of C6:PCBM bulk heterojunction blend was confirmed through the symbatic behavior of the corresponding
solar cell and, also, through the homogeneity and smoothing in the atomic force microscopy images of the C6:PCBM blend films.
For the same reasons, the performance parameters of the C6:PCBM solar cell improved by modification of the PCBM concen-

tration in the solar cell active layer.

1. Introduction

Organic solar cells are an emerging photovoltaic technology
that is inexpensive and easy to manufacture, despite low effi-
ciency and stability [1]. Organic solar cells have attracted a
great deal of attention in view of their potential for the
fabrication of large-area and flexible photovoltaic devices [2].
Bulk heterojunction (BHJ) organic solar cells are composed
of interpenetrating networks of p-type semiconducting
donor material and n-type semiconducting acceptor material
in a solution, which can be deposited by a printing process,
and are thus compatible with low-cost role-to-role fabrica-
tion technology. The BHJ blends provide an approach for
high efficiency solar cells, since high interfacial area within
BH]J material tends to large number of generated charge car-
riers and photocurrent in the solar cells. The BH]J solar cells
performed with power conversion efficiency from solar light
into electrical energy of up to about 6.8% [3].

For increasing knowledge of materials science for photo-
voltaic applications, new BH]J systems should be studied. For
significant improvement in organic solar cell efficiency, new
donor/acceptor combinations may be required to recognize
and identify the photovoltaic properties of materials used in
solar cells. To construct a BHJ blend using low molecular
weight compounds such as coumarin dyes, it is better first
to show the advantages of this kind of organic dyes. The
coumarin dyes have a pronounced light harvesting, and they
have been used as light absorbers (third material) for photo-
voltaic devices [4]. They have been extensively used as photo-
sensitizers in Gritzel-type dye-sensitized solar cells [5, 6], like
many other organic dyes [7, 8]. The coumarin dyes have been
used as dopants in polymer light emitting diodes (LEDs)
[9, 10], and as luminescent solar concentrators applied
upon solar cells [11, 12]. Novel iminocoumarin dyes having
carboxyl and hydroxyl anchoring groups onto the dyes skele-
tons have been designed and synthesized by Kandavelu et al.



[13] for the application of dye-sensitized nanocrystalline
TiO, solar cells. Fullerene- (Cgo-) based donor-acceptor
polyads were synthesized by Brites et al. [14], in which Cgg
as an acceptor material was covalently linked to some of
coumarin dyes as donor materials, towards practical appli-
cations such as photovoltaic devices for solar energy conver-
sion. When selecting donor and acceptor material pair for
photovoltaic application, one needs to consider their energy
levels. The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of the mate-
rial pair need to match in such a way that exciton dissociation
(charge separation) will be favored at the interface of the
two materials. The conjugated coumarin 6 (C6) dye in
combination with the fullerene derivative [6,6]-phenyl-Cg,
butyric acid methyl ester (PCBM) shows a thermodynam-
ically suitable charge separation at the interface, after light
absorption by the sensitized C6 dye. The charge separation
in the C6:PCBM combination can occur as a result of
decreasing the electron affinity (higher LUMO level) and
ionization potential (higher HOMO level) of C6, as a donor,
in comparison with those of PCBM, as an acceptor, as shown
in Figure 1 from [15, 16]. Therefore, the interfacial electric
field of the C6:PCBM binary drives charge separation, and
the generated electrons are transported by PCBM into the
cathode, while the generated holes are transported by C6
into the anode. Hence, the C6 dye can be used in BHJ
solar cells for light harvesting and electron donating in the
combination with PCBM molecules. Although organic dyes
have been extensively used in dye-sensitized solar cells and
as a third material for light harvesting in another type of
organic solar cell, there are few papers on organic BHJ solar
cells based on organic dyes as donor materials. In particular,
as far as we know, we are the first researchers who utilize the
C6 dye as a donor material in organic BHJ solar cells.

The effect of the C6:PCBM composition on the solar
cell performance is the second goal in this work, while the
construction of organic solar cells using C6 dye as a light
harvester and donor material is the first goal. Besides the
absorption of light by the dye and, consequently, creation
of photogenerated charge carriers, the other requirement for
solar cell efficiency is the ability to transport these charge
carriers into respective electrodes. The importance of PCBM
molecules of the solar cell performance obviously appeared
in the polymer:PCBM blends, which were used in the BHJs.
In these systems, the hole and electron mobilities depend on
the content of PCBM in the blends. The increase in PCBM
content increases the electron mobility, while the hole mobil-
ity decreases only slightly [17]. The PCBM clusters in the
solar cell active layer efficiently transport the photogenerated
mobile electrons by means of percolated pathways to the
respective electrode.

In this work, we construct indium-tin-oxide (ITO)/poly
(3,4-ethylene dioxythiophene)-blend-poly(styrene sulfo-
nate) (PEDOT:PSS)/C6:PCBM/ALl solar cells with variation
of the PCBM weight percentage (wt %) in the active layer
blends and investigate the effect of C6:PCBM composition
on the photocurrent and solar cell performance. The optical
absorption spectroscopy, photocurrent spectroscopy, and
current density-voltage (J/V) characteristics under AM1.5
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FIGURE 1: Energy-level diagram of PCBM (from [15]) and C6 dye
(from [16]) relative to vacuum.

white light illumination with an intensity of 100 mW/cm? are
investigated for the solar cells with varying the composition
of the C6:PCBM blends.

2. Experimental Procedure

2.1. Materials and Solutions. The C6 (3-(2-benzothiazolyl)-
7-(diethylamino)coumarin) conjugated laser dye and [6, 6]-
phenyl-Cg; butyric acid methyl ester (PCBM) were pur-
chased from Sigma-Aldrich and used without further purifi-
cation. The blend solutions of C6:PCBM combination were
prepared by dissolving different weight percentages of the
two components (as 100:0, 80:20, 60:40, 40:60, and
20:80wt %) in 1,2-dichlorobenzene (from Sigma-Aldrich)
with a concentration of 20 mg/mL. The solutions were vigo-
rously stirred for more than 24 h at room temperature under
nitrogen atmosphere in a glove box to maximize mixing
while avoiding touching the vial cap.

2.2. Film and Device Fabrication. For optical absorption
measurement, the pristine C6 and C6:PCBM blend films
were prepared by spin-coating the solutions onto clean
microglass substrates. The film preparation and thermal
annealing conditions were kept the same as those of the
corresponding device for accurate comparison. For solar
cell fabrication, the ITO-glass substrates (~10Q/C]) were
sequentially cleaned in an ultrasonic bath using acetone
(twice) and methanol (once), rinsed with deionized water,
and finally dried in flowing nitrogen. To increase the work
function of the ITO electrode and to improve the electrical
connection between the ITO electrode and the organic active
layer, a layer of PEDOT:PSS was spin-coated (at 2500 rpm)
onto ITO-glass substrate in air and dried using a digi-
tally controlled hotplate at 100°C for 10 min under nitro-
gen atmosphere in a glove box. On top of the insoluble
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PEDOT:PSS layer, the C6:PCBM blend solution was spin-
coated (at 2500 rpm) and dried, to remove the residual sol-
vent, at 100°C for 10 min under nitrogen atmosphere. An
approximately 100nm thick Al electrode was thermally
deposited onto the active layer using a vacuum deposition
system at a pressure of about 3 X 10~ Pa through a shadow
mask to obtain 25 identical cells on one device with an active
area of 3 X 3mm?. Finally, the complete solar cells were
annealed at 140°C for 4 min in a nitrogen atmosphere. The
use of nitrogen atmosphere is for suppressing the formation
of carbonyl defects during the thermal treatment that redu-
ces the conjugation length and thus lowers the electrical con-
ductivity when oxidized. The complete organic solar cells,
with the structure as shown in Figure 2, were stored in the
dark under suitable pressure until measurement.

2.3. Measurements. The optical absorption spectroscopy of
pristine C6 and C6:PCBM blend films was carried out using
a JASCO V-570 ultraviolet/visible/near-infrared (UV/Vis/
NIR) spectrophotometer with incident light towards the
coated side of the films. The external quantum efficiency
measurement was performed for devices using a halogen
lamp and a monochromator. The J/V characteristics of the
devices under white light illumination were determined
using standard solar irradiation of 100 mW/cm? (AM1.5)
with a JASCO CEP-25BX spectrophotometer J/V measure-
ment setup with a xenon lamp as the light source and a
computer-controlled voltage-current source meter (Keithley
238) at 25°C under nitrogen atmosphere. The J/V characte-
ristics were determined for many cells in one device, and
we considered the performance parameters of the best solar
cell in that device. All measurements were performed soon
after preparation of the devices to avoid any change in
the photoelectric properties caused by aging. The external
quantum efficiency and performance parameter values in
this work did not consider the device degradation caused by
light and air during the transferring the devices from glove
box, after preparation, to J/V measurement apparatus, which
distances around 30 m far from the glove box.

3. Results and Discussion

3.1. Optical Properties of Blend Films. The importance of
C6 dye as a light harvester in solar cell applications was
previously discussed by Jiang et al. [4]. The investigated
active layer was composed of N,N’-bis(2,5-di-tert-butyl-
phenyl)-3,4,9,10-perylenedicarboximide (PDCBI) as an
electron acceptor and N,N’-bis(3-methylphenyl)-N,N’-
diphenylbenzidine (TPD) as an electron donor. The incor-
poration of C6 dye into PDCBI:TPD combination efficiently
enhanced the light absorption and photocurrent of the solar
cell.

Figure 3 shows the optical absorbance of pristine C6
and C6:PCBM blend films with varying the PCBM wt %
in the wavelength range of 200-700 nm. In this figure, the
pristine C6 dye, which is used as a sensitizer for light har-
vesting, gives an eminent absorption peak at a wavelength
of approximately 426 nm in the range of 350-550 nm. By
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FIGURE 2: (a) Cross-sectional view of organic photovoltaic device
and chemical structure of (b) C6 and (c) PCBM.

increasing PCBM concentration, the C6 absorption peak in
the blend films tends to be the following:

(1) gradually decrease in the height in comparison with
the PCBM absorption peak, which increases with
increasing PCBM wt % in the blends,

(2) red shift to a wavelength of 432 nm with adding 20%
of PCBM into the blends, while the adding 60 or 80%
of PCBM tends to red-shift the C6 absorption peak to
454 nm.

The observed decrease in the dye absorption peak in
Figure 3 is as a result of decreasing dye concentration and,
in the same time, increasing the PCBM concentration in
the blends. The red shift in the C6 absorption peak after
blending with PCBM molecules (at different concentrations)
may be attributed to the formation of a charge transfer
complex (CTC) in the C6:PCBM blend films as a result of
a significant interaction between conjugated C6 dye and
PCBM molecules in the ground state. In general, the red
shift in the absorption spectrum, as an indication of the
formation of a CTC in the blends, has been frequently stated
in the literature [18-20]. Moreover, Figure 3 shows the
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FiGUure 3: Optical absorbance of pristine C6 dye and C6:PCBM
blend films with varying PCBM wt %.

contribution of PCBM molecules in the absorption of the
C6:PCBM blend films. The contribution of PCBM molecules
in the optical absorption gradually increases by gradual
increase in PCBM wt % at a wavelength of approximately
332 nm. The adding of 80% of PCBM into active layer blend
reduces the absorption of the sensitized dye. Therefore, the
excepted photocurrent in this case will be smaller than that
of solar cells having the lower PCBM concentration. This is
because adding a large amount of the PCBM molecules into
a small amount of the dye in the active layer blend reduces
the density of the C6 aggregates, which are the responsible
for photosensitization and absorption in the visible region of
the solar spectrum.

3.2. External Photocurrent Quantum Efficiency Spectra. The
external quantum efficiency (EQE) is defined as the ratio of
the number of charges extracted out of the device to the
number of incident photons. The EQE spectra of the ITO/
PEDOT:PSS/C6:PCBM/AI solar cells with increasing PCBM
concentration in the blends are shown in Figure 4 in the
wavelength range from 300 to 700 nm. By increasing the wt
% of the PCBM in the C6:PCBM blend, the EQE maximum
peak relating to the contribution of the C6 in the photo-
current increases. This increase begins from 1.3% at 450 nm
of the cell that has 20% of the PCBM to 7.73% at 475 nm
of the cell that has 40% of the PCBM and, finally, reaches
12.39% at 475 nm of the cell that has 60% of the PCBM in
the blend, where the C6 dye absorbs light at about 454 nm as
shown in Figure 3.

As a result of light absorption by C6 dye, the excitons
generate and diffuse into C6:PCBM interfaces. At the inter-
faces, the excitons dissociate into free electrons and holes, as a
result of the internal electric field resulted from the difference
in electron affinity and ionization potential between C6,
as a donor, and PCBM, as an acceptor, in the BHJ active
layer. The generated charge carriers at the interfaces in the
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C6:PCBM blend are transported into respective electrodes.
The electrons are transferred by PCBM towards the Al elec-
trode under the influence of the electrode work function, and
the holes are transferred by C6 under the influence of the
work function of ITO/PEDOT:PSS. Then, the photocurrent
is produced from the device.

A BHJ is usually obtained by relying on the phase separa-
tion (on the nanometer scale) of donor and acceptor mate-
rials in a mixed layer, where insufficient phase separation
often compromises the device performance owing to carrier
recombination and poor charge transport [21]. In general,
and as a result of phase separation on the nanometer scale
occurring in the active layer blend, the donor/acceptor inter-
faces (photoactive p-n heterojunction sites) spread within
the entire volume of the BHJ composite layer. Therefore, the
limitations of exciton migration and charge separation are
overcome. Moreover, in the BHJ, both materials (donor and
acceptor) have percolating paths to their respective electrode
to ensure efficient charge transport and collection. Therefore,
the formation of a BH]J as a solar cell active layer improves the
generated photocurrent from the solar cell. The formation of
a BHJ by blending C6 dye as a donor material with PCBM
as an acceptor material and the resulting efficient charge
separation and transport throughout the C6:PCBM blend
are verified through the symbatic behavior of the solar cell.
The symbatic behavior of an active layer blend indicates
matching in the wavelength range at which both the EQE
and absorption spectra of the active layer are observed. The
symbatic behavior of the C6:PCBM solar cell (40:60 wt %
as an example) appears in the inset of Figure 4. For more
verification, we investigate the interpenetrating networks of
the C6 dye with PCBM molecules in a BHJ blend by Atomic
Force Microscopy technique (AFM). The formation of BH]J
by blending C6 dye as a donor material with PCBM as an
acceptor material and the resulting possible efficient charge
separation throughout the C6:PCBM blend are verified
through homogeneity and smoothing in the AFM images,
as shown in Figure 5. In this figure, the phase separation on
the nanometer scale obviously appears for the C6 donor (as
dark domains) and PCBM acceptor (as bright domains) in
the C6:PCBM blend film.

The increase in the photocurrent with increasing PCBM
concentration in the blends, as observed in Figure 4, is attri-
buted to two mean reasons. First, the increase in PCBM wt
% increases the exciton dissociation at the interfaces between
C6 and PCBM in the BH]J blend. By increasing PCBM wt %
in the blends, the nanoscale phase segregation increases (as
observed in Figure 5), and, therefore, the interfacial area
between donor and acceptor molecules (photoactive p-n
heterojunction sites) increases. The increase in the number
of photoactive p-n heterojunction sites through a more even
distribution of fullerene clusters inside the blends tends to
enhance the charge separation and photocurrent, as reported
previously for P3HT:PCBM solar cells [22, 23]. Second, the
increase in PCBM wt % in the solar cell active layer increases
the electron transport towards Al electrode and, therefore,
increases the photocurrent. As previously reported, the most
efficient devices had a large fullerene content of up to 80%
by weight [24-27]. Field-effect mobility measurements for
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FiGgure 4: EQE spectra of the ITO/PEDOT:PSS/C6:PCBM/Al devices with increasing PCBM wt %. The inset shows the symbatic behavior

for C6:PCBM (40: 60 wt %) blend as an example.
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FIGURE 5: AFM images of C6:PCBM blend film (40 : 60 wt %) spin-coated onto microglass substrate.

different blends of MEH-PPV and PCBM showed an increase
in electron mobility upon an increase in the fullerene content
[28]. Similar trend has been found for MDMO-PPV:PCBM
system [29]. Therefore, the high PCBM load is needed for
an efficient electron transport, indicating that a minimum
grain size of the PCBM acceptor phase may be necessary to
ensure percolated pathways for the electrons [30]. The
effect of blending ratio of P3HT as a donor and PCBM
as an acceptor on the solar cell performance was discussed
by Nakamura et al. [17]. The best performance of the
P3HT:PCBM combination at a specific blending ratio was
attributed to two factors. One was the increase in photoactive
p-n heterojunction sites by blending the donor and acceptor,
resulting in an increase in the photocurrent. Second was that

enough magnitude of the charge carrier mobility even in
the blended solid was secured. It is known that the PCBM
can contribute to a large extent to the photocurrent of the
polymer:PCBM solar cells, as discussed by Hoppe et al. [31].
Indeed, the EQE spectrum of the investigated solar cells in
Figure 4 shows the contribution of PCBM to the photocur-
rent at a wavelength of approximately 340 nm, which absorbs
light at about 332 nm, as shown in Figure 3.

3.3. Device Performance under White Light Illumination. We
have measured J/V characteristics of the ITO/PEDOT:PSS/
C6:PCBM/AI devices under AM1.5 white light illumination
with an intensity of 100 mW/cm? as a function of PCBM
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FIGURE 7: Variation of Jsc (*) and PCE (e) with increasing PCBM wt % in the ITO/PEDOT:PSS/C6:PCBM/Al devices.

wt % in the solar cell active layer. From the analysis of
the J/V characteristics, we have obtained the photovoltaic
performance parameters, that is, open circuit voltage (Voc),
short circuit current density (Jsc), fill factor (FF), and power
conversion efficiency (PCE), of the investigated devices.
Figures 6 and 7 show the variation of these parameters with
increasing PCBM wt % in the solar cell active layer. Figure 6
shows increase in Voc from 0.23 to 0.31V after adding
20% of PCBM into active layer, and after that, the Voc
value alternates closely around 0.3 V with increasing PCBM
concentration until 80%. The FF, in Figure 6, increases con-
tinuously up to 0.44 with increasing PCBM concentration
from 20% to 80%. Figure 7 shows enhancement in the Jsc
and PCE with increasing PCBM wt % in the active layer. The
Jsc increases up to 1.1 mA/cm? with increasing PCBM wt %
up to 60%, and after that, Jsc decreases to 0.03 mA/cm? at
80% of PCBM. Consequently, the PCE increases up to 0.1%
at 60% of PCBM and, after that, decreases to become 0.004%
at 80% of PCBM.

The variation of V¢ in Figure 6 maybe does not attribute
to variation of PCBM concentration in the mixture of BH]J

layer. Studies on MDMO-PPV:PCBM devices showed that
the Voc was composition independent for PCBM contents
above about 10% by weight [21]. For organic BHJ materials,
the general perception is that Voc is determined by the
energy difference between the HOMO of the donor and the
LUMO of the acceptor [15]. The largest value of Voc in
Figure 6 is 0.31 V, which may be small in comparison with the
difference between the HOMO of the donor and the LUMO
of the acceptor, with assumption that the results of cyclic
voltammetry from [15, 16] are accurate for the materials.
This can be explained by the fact that the electrochemical
studies are carried out for dissolved molecules in solution,
while tightly packed 7-7 aggregates are formed in the solid
state; thus, it is assumed that the redox potentials of indivi-
dual molecules in solution do not properly reflect the ener-
getic situation in a solid material, and hence in the actual
device [32]. This leads to an alteration of the frontier orbital
energies of molecules in C6:PCBM composite compared to
those of isolated molecular species. The continuous increase
in FF (up to 0.44) by increasing PCBM content (up to 80%),
as shown in Figure 6, is a result of continuous lowering in
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the series resistance of the active layer with increasing PCBM
concentration, which is responsible for the electron transfer
in the blends. In the BHJ solar cells, the FF relates to the series
resistance of the active layer, which reduces as the charge
mobility increases [33].

The increase in the Jsc and, consequently, PCE with
increasing PCBM wt % up to 60% may be attributed to
two factors, as discussed before for EQE. First, because of
increase in the photoactive p-n heterojunction sites by blend-
ing C6 donor with PCBM acceptor. Second, because of
increase in charge carrier transfer throughout the PCBM
rich domains in the solar cell active layer. The transport of
photogenerated charges through the active layer seems to
improve with the increasing PCBM content [32]. The PCBM
rich domains in the blends may assist charge collection in
the high PCBM content blends, owing to the high electron
mobility in the PCBM [34]. There is another factor affecting
the Jsc characteristics of the BHJ solar cells, that is, the dye
concentration in the blends. At 60% of the PCBM in the
active layer, the Jsc is produced in the corresponding solar
cell with the highest value. This is because the concentration
of the dye in the blends is still significant to absorb large
number of light photons and to generate enough numbers
of charge carriers, which are transported efficiently through
percolated pathways in the solar cell active layer. However,
the solar cell active layer at low concentration of the dye
(at 80% of PCBM) cannot absorb significant numbers of
light photons to produce high value of Jsc, even with high
charge carrier transport at high concentration of PCBM. The
significant increase in FF (0.44; Figure 6) at high concen-
tration of PCBM (80%) and low concentration of C6 dye can
be taken as an indication for this assumption.

At 80% of PCBM, the mobility of holes in the active‘layer
reduces, as a result of reduction in dye concentration in
the active layer blends, and, therefore, the photovoltaic per-
formance reduces. The same discussion is argued by Geens
et al. [35] in the case of using bulk donor/acceptor het-
erojunctions based on a blend of poly(2-methoxy-5-(39,79-
dimethyloctyloxy)-1,4-phenylene-vinylene) (OC1C10-PPV)
and PCBM. According to the FF behavior in Figure 6, it is
expected that the solar cell with 100% of PCBM will gain
higher electron mobility, because the electron transport net-
work formed by PCBM molecules will spread across the
whole solar cell film. However, in the same time and accor-
ding to Jsc results from Figure 7, the photocurrent will not be
generated considerably in the solar cell, because there are no
sensitizer molecules in the film. Therefore, there will not be
produced a photocurrent, except the photocurrent generated
by PCBM itself. The characteristics of the Jsc and PCE are in
a good agreement with that of EQE shown in Figure 4.

4. Conclusions

We have constructed the C6:PCBM BH]J solar cells and
studied the effect of PCBM concentration on the photocur-
rent and performance of the solar cells. Although the blend
solutions had low concentration (20 mg/mL), the C6 dye
in the active layer blend showed an eminent absorption

peak. The absorption of the C6 increased with increasing
its concentration in the blends. The C6:PCBM combination
showed efficiently exciton dissociation and photocurrent
generation as a result of formation of BHJ between C6 dye
and PCBM. The formation of BHJ was indicated though
the matching between EQE and light absorption spectra
(symbatic) of the solar cell active layer and, also, through the
homogeneity of C6 and PCBM domains in the blend film as
shown by AFM images. With the variation in the blending
ratio, we found that the increase in PCBM concentration up
to 60% in the solar cell active layer increased the photocur-
rent up to 12.39%. In addition, the solar cell performance
parameters improved with increasing PCBM concentration
in the blends. The improvement in the photocurrent and
solar cell performance with increasing PCBM concentration
in the blends may be attributed to the following:

(1) the increase in the photoactive p-n heterojunction
sites and, therefore, charge separation,

(2) the increase in the electron transport throughout
percolated pathways produced in the solar cell active
layer.

The active layer composition with 60% of PCBM attained
0.26V of Voc, 0.36 of FF, 1.1 mA/cm? of Jsc, and 0.1% of
PCE.
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