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a b s t r a c t

Organic photovoltaic is an emerging technology employing organic molecules as absorbers has gained
tremendous attention in the past two decades due to its potential utilization as a renewable energy
source. Contrary to conventional solar cells, excitons are formed under illumination which diffuse
towards the heterojunction interface for dissociation into the photo charge-carriers. Heterojunction in
the organic photovoltaic devices are formed either by stacking the layers of donor and acceptor molecules
or by blending the both. Due to weak van-der Waals interaction between the molecules, intermixed
states, in addition to the pure states of donor and acceptor molecules, are formed at the heterojunction
interface which affects the electronic process and the power conversion efficiency. Significant efforts
have been made to understand the photovoltaic process particularly in the bulk heterojunction solar cells
however, least efforts have been devoted to investigate the governing mechanisms in the planner hetero-
junction solar cells. The motive of this study is to characterize the planar heterojunction solar cells based
on the Copper Phthalocyanine (CuPc) and Fullerene (C60) molecules under light illumination. The devices
were fabricated under controlled condition in the normal device configuration, ITO (150 nm) |PEDOT:PSS
(50 nm)|CuPc(20 nm)|C60(40 nm)|BCP(10 nm)| Ag(80 nm), and characterized performing the light inten-
sity dependent measurement in the wide illumination range. The solar cell parameters such as open cir-
cuit voltage, short circuit current and the power conversion efficiency have been discussed as a function
of illumination intensity in the wider illumination range.
� 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

Organic photovoltaics (OPVs) devices have received great atten-
tion in the past three decades due to its potential as attractive, low
cost and sustainable energy source [1–6] . Both academic and
industry researchers have put immense efforts to optimize the pro-
cessing conditions and to characterize the physical process for
improving the OPVs performance [7–14]. It is well established that
the charge carrier processes in such class of materials are very
different than the conventional semiconductors due to the weak
intermolecular interaction[15,16]. For instance, the excitons are
formed under the illumination, diffuse to the heterojunction

interface where they get dissociated resulting the charge carrier’s
generation[17,18]. It is well known that the defect states in the
organic semiconductors, originated due to impurities, structural
disorder, or processing, are commonly distributed within the
energy gap. Such defect states are responsible for deteriorating
the charge carrier mobility in the bulk, exciton quenching, and car-
rier recombination at heterojunction interface [19–22]. Therefore,
a detailed understanding of physical processes at the heterojunc-
tion interface is extremely important for further improving the
solar cells performance.

The current–density voltage (J-V) characteristics of an OPV
under the dark and illumination conditions are usually found to
be similar as reported for conventional p-n junction diodes [23–
25]. Having this in mind, the generalized Shockley diode equation,
originally developed for the inorganic devices, are often utilized to
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model the J-V characteristics of OPVs for extraction of the relevant
parameters. This approach provides reasonable descriptions up to
some extent however, it is usually failed and lacked the physical
meaning of extracted parameters since the charge transport mech-
anisms are very different. In view of this, Forrest and co-workers
[26] developed a Shockley type of diode equation for organic
heterojunction diodes by taking into account the polaron pair gen-
eration and recombination at the heterojunction interfaces. The
model not only propose the occurrence of two different ideality
factors due to trap assisted recombination at the heterojunction
interface but also predicts the intensity and temperature depen-
dence of the dark current, the open-circuit voltage (VOC) and the
short-circuit current (JSC) and also provides their interpretations.

In this study, we will characterize the Copper Phthalocyanine
(CuPc) and Fullerene (C60) based planer heterojunction organic
solar cells performing the illumination intensity dependent J-V
measurement in the wider illumination range. The relevant solar
cell parameters, such as VOC and JSC are derived from the illumina-
tion intensity dependent J-V characteristics and their dependency
on the illumination intensity are discussed using the diode equa-
tion developed for the bi-carrier organic devices.

2. Experimental methods

The devices were fabricated on commercially available ITO
coated glass substrates from SANYO HVAC with ITO thickness of
150 nm and sheet resistance 10 to 15X/m. These substrates were
cleaned in soap solution followed by sonication in de-ionised (DI)
water at room temperature and then rinsed in boiling DI water.
Subsequently, the substrates were dried with a nitrogen gun and
kept inside an oven at 120 �C in air for half an hour. The cleaned
ITO coated glass substrates were patterned into rectangular strips
and pixelated to define the device area using the photolithography.
The pixelated substrates were kept inside an oven at 140 �C in air
for half an hour for photoresist hardening. The pixelated substrates
were then treated in ozone for 10 min before coating the PEDOT:
PSS solution. Thereafter, the substrates were dried at 130 �C in
air for half an hour and loaded into the deposition chamber. Double
sublimed pure organic materials as obtained from Sigma Aldrich
were deposited through shadow mask. The silver cathode layer
was deposited using a different shadowmask after BCP layer depo-
sition. The contacts for electrical measurements were made using
silver paste on the deposited metal layer. The J-V measurements
were performed using Keithley 2400 SourceMeter�. The solar cell
performance was recorded using Newport AM1.5 Solar Simulator

(Model 91191). Neutral density filters were used to vary the light
intensity from 0.001 sun to 1 sun. The final device structure and
the energy level diagram are shown in Fig. 1. The value of highest
occupied molecular orbital (HOMO), lowest unoccupied molecular
orbital (LUMO) and the work functions have been taken from liter-
atures [27,28].

3. Result and discussion

The J-V characteristic of the fabricated solar cells under the dark
and illuminations are shown in Fig. 2(a) and (b), respectively. The
devices were kept inside a closed black box to ensure no light illu-
mination during the dark J-V measurements. The light intensities
are varied in the wider range of 0.001, 0.01, 0.03, 0.1, 0.2, 0.3 0.5
and 1 Sun of AM 1.5 spectrum using the neutral density filters dur-
ing the light J-V measurements. The J-V characteristics under the
dark condition shows rectifying behavior with approximate two
orders of current density difference between the forward and
reverse bias. In the forward bias operation, two distinct exponen-
tial regimes can easily be identified in the semi-log plots before
device enters into the space charge limited regime. To understand
the observed behavior, Forrest and co-workers developed the diode
equation considering the polaron pair generation and recombina-
tion at heterojunction interfaces of an organic diode. According
to this model, the trap-limited recombination due to disorder at
the donor–acceptor (D-A) heterojunction interface leads to intro-
duction of two distinct ideality factors (nD and nA) in the dark cur-
rent of organic diode as given in the following expression[26].

J ¼ JSD exp qVa=nDkBTð Þ � 1½ � þ JSA exp qVa=nAkBTð Þ � 1½ �
� qgppdJX ð1Þ
where JSD and JSA are the dark saturation current density, Va is

the applied voltage, gppd is the exciton (polaron) pair dissociation
efficiency, nD and nA are the ideality factors, and JX the exciton den-
sity under illumination.

The solar cell performance was measured under illumination at
various intensities as shown in the Fig. 2(b). The values of JSC and
VOC are observed to be 4.6 mA/cm2 and 0.49 V at 1 Sun illumination
intensity. Furthermore, these parameters increase monotonically
with increase of illumination intensity. The relation governing
the variation of VOC with illumination intensity is given by the
expression[26].

qVOC ¼ DEHL � kBTln
kppr
kppd

� �
krecNHOMONLUMO

Jx=ao

� �
ð2Þ

Fig. 1. Device structure with thickness of the constituting layers. (b) The energy level of constituting layers taken from literatures [27,28]
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DEHL is the energy gap between the donor HOMO and acceptor
LUMO, kppr is the polaron pair recombination rate, kppd is the
polaron pair dissociation rate, krec is the bimolecular recombination
rate, ao is the polaron pair spatial extent or width of donor–accep-
tor heterojunction width, NHOMO and NLUMO is the densities of states
in the donor HOMO and acceptor LUMO level respectively. The
equation suggests that the VOC is always less than the DEHL and
competition between the polaron pair recombination and dissoci-
ation determine the extent of loss. Furthermore, the VOC should
increase logarithmic with exciton density, JX , which is directly pro-
portional to the incident intensity.

In this study, the CuPc molecule is used as donor whose
(HOMO) is located at 5.2 eV and C60 as acceptor whose (LUMO) is
located at 4.5 eV. Thus, the theoretical DEHL at the heterojunction
interface would be 0.7 eV which not only help in polaron dissocia-
tion but also determine the VOC value as given in Eq. (2). The built-
in field, Vbi, of the structure is difference of work function of elec-
trodes which is equal to 0.5 eV. It facilitates polaron extraction
after the dissociation at the heterojunction interface.

The JSC and VOC value obtained from the Fig. 2 (b) is plotted as a
function of logarithm of illumination intensity as shown in Fig. 3
(a). Indeed, VOC increases with higher slope at lower intensities
(less than 20 mW/cm2) and lower slope at higher intensities from

20mW/cm2to 100 mW/cm2. These two slopes at low and high
intensities respectively result in two different ideality factors for
the diode equation in these two regions as given in Eq. (1). These
two ideality factors, nD and nA, are occurred due to trap limited
recombination in the donor and acceptor within the heterojunction
region [26]. The ideality factors values are found to be 4.65 and
2.15 at lower and higher intensity regimes, respectively. Our
results show strong consistency with theoretical prediction
reported in the reference [26].

The width of the heterojunction region which is also the
polaron pair spatial extent ‘ao’, formed due to intermixing of the
donor and acceptor materials while deposition of acceptor layer
over the donor layer to form the sandwiched structure. Such inter-
mixing happens due to punching of the acceptor molecules into the
donor layer because of their kinetic energy and facilitated by the
uneven surface of the donor. The uneven morphology of the CuPc
donor surface before acceptor layer deposition can be seen in the
Field Emission Scanning Electron Microscope image as shown in
the Fig. 3(b). The roughness in the morphology supports the obser-
vation that the current density is limited due to some irregularities
in the photoactive layer of OSC. The island type of morphology of
CuPc film surface is formed due to the Stransky-Krastanov or Layer
plus Island growth mode in which a film grows initially forming

Fig. 2. J-V characteristics of CuPc:C60 planer heterojunction solar cell (a) under dark and (b) varying illumination conditions such as 0.1, 0.2, 0.3 0.5 and 1 Sun.

Fig. 3. (a) Open circuit voltage and short circuit current as a function of illumination intensity from 0.001 to 1 Sun. Note that two distinct slopes are identified for VOC and
fitted excellently with straight lines. (b) FESEM image shows unevenness on the CuPc film surface which helps intermixing of donor–acceptor forming the junction.
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continuous layers and then deviates with the formation of island
like structures. The stress imposed by the substrate on the CuPc
layer gradually reduces with the film thickness allowing to form
islands over continuous layer [29]. Possibly the stress in the film
is responsible for the trap states in between the HOMO and LUMO.
The short circuit current density, JSC , should show linear depen-
dence on the incident intensity [26], however Fig. 3(a) shows devi-
ation, which also indicates the presence of trap states in thin film.
A slight upward deviation of JSC from linearity with intensity can be
attributed to better charge collection due to trap filling at higher
intensity.

The fill factor and power conversion efficiency are plotted as the
function of logarithm of illumination intensity as shown in Fig. 4. It
can be observed that the power conversion efficiency increases
monotonically with illumination intensity while the fill factor
(FF) shows non-monotonic dependence. The fill factor initially
increases with illumination intensity up to 10 mW/cm2 and then,
decreases gradually. At higher intensities, above 50 mW/cm2, the
fall of fill factor can be attributed to recombination of mobile car-
riers or Langevin recombination. Photocarrier concentrations
within the active materials increases significantly with illumina-
tion intensity. Since the transport properties of these materials
are very poor, all the photogenerated charge carriers do not reach
to the respective electrodes rather gets recombine within the bulk
through the Langevin bimolecular recombination processes. There-
fore, the competition between the recombination and extraction of
photocarriers principally determine the FF at the voltage bias
between the short circuit and open circuit conditions [30,31]. The
reduction of fill factor at higher illumination intensity may possi-
bly be happened because of poor extraction of photocarriers from
the donor–acceptor heterojunction region.

4. Conclusion

The study of J-V characteristics under varying illumination
intensities helps us to understand the effect of traps on VOC and
consequently, on the PCE of the organic bilayer heterojunction
solar cells. At low illumination intensity the trap limited recombi-
nation is dominated by recombination between the free electrons
with trapped holes in donor showing ideality factor nD which is
higher than the ideality factor at higher intensities for the test
bilayer heterojunction solar cells. At higher intensities the recom-
bination between free holes with tapped electrons in acceptor

shows nA . The upper limit of VOC is bound as interfacial gap
between HOMO level of donor and LUMO level of acceptor and is
observed to saturate at 0.5 V for CuPc:C60 interface. Contrary to
the theoretical predictions, a slight upward deviation of JSC from
linearity with intensity can be attributed to better charge collec-
tion due to trap filling at higher intensity.
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