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The energy scenario today is focused on the development and usage of solar cells, especially in the paradigm of clean energy. To
readily create electron and hole pairs, solar cells utilize either photoactive or photosensitive components. A bulk heterojunction
(BHJ) is a nanolayer consisting of donor and acceptor components with a large interpenetrated acceptor and donor contact
area. In this context, a mix of P3HT and PCBM offers novelty for its use as an acceptor as well as a donor. In the work
presented here, we address the mechanism of modelling and characterization of a BHJ-based polymer solar cell. Here, a new
design of BHJ polymer solar cells have been designed, modelled, using Silvaco TCAD in the Organic Solar module, and matched
with an already assembled device having similar features. Using this model, we have been able to estimate key parameters for
the modelled devices, such as the short-circuit current density, open-circuit voltage, and fill factor with less than 0.25 error
index compared to the fabricated counterpart, paving the way for fabless polymer solar cell design and optimization.

1. Introduction

Recently, there is a keen interest in developing electronic
devices consisting of organic materials [1]; the examples of
which include thin film transistors, memory devices, and
LEDs as well as solar cells. The reason for this interest is their
greater flexibility as well as easier fabrication, especially over
large areas, along with the lower production cost [2, 3]. Of
special consideration are polymer photovoltaic solar cells
(PSCs) [4], which traditionally contain 3 tiers: (a) polymer
zone (for photon absorption), (b) region for the production
of electron and hole pairs, and (c) a layer for the charges to
be carried through to the contacts.

The BHJ-PSC is a developing technology because it offers
improved power conversion efficiency [5, 6]; amongst the
BHJ-PSC, the P3HT:PCBM devices have been researched in
greater depth [7–9]. It is, therefore, vital to analyse the con-
nection between the organic blend layer and the electrode
to estimate the overall performance of the BHJ-PSCs [10].

One problem they face is that of charge buildup, which leads
to recombination loss and is dominant with nonohmic con-
tacts [11]. The traditional method of addressing it is by using
ohmic contacts. Even so, to develop devices with better per-
formance efficiency, dedicated charge extraction layers
(CELs), sandwiched between organic blend layer and elec-
trode, are employed, which facilitate the selective extraction
of photogenerated carriers to respective electrodes [12, 13].

We keep in mind that organic polymer components
are allowed to be donor- or acceptor-based and also have
the flexibility to be doped by p-type or n-type impurities.
Therefore, they are the perfect alternatives for semicon-
ductor material [14]. Meanwhile, CELs can also be gener-
alized into two different types: electron extraction layers
(EELs) and hole extraction layers (HELs), which have to be
chosen carefully for optimal device performance. As an
example, for donor-acceptor systems, zinc oxide (ZnO) and
titanium oxide (TiO2) are the favoured EEL materials due
to their low work functions, which help the carriage of
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electrons in and out of different electro-optical devices [15].
For HELs, however, the search for an efficient, cost-effective,
and easy-to-fabricate HEL is still going on. While one
novel material, used widely in organic photovoltaics, for
HEL is poly (3,4-ethylenedioxythiophene)-poly(styrenesul-
fonate) (PEDOT:PSS), its inclination to absorb water and
resistance to bar electrons create an issue, while also showing
inhomogeneous electro-optical behaviour leading to an
ongoing search for new HEL materials [16–18]. In this
instance, while the use of graphene-based materials is prov-
ing to be a viable option for creating HEL in many solar cell
applications [19–21], the use of graphene as a stand-alone
material leads to issues due to its zero bandgap. In its stead,
the introduction of sulfonated functionalized graphene mate-
rials, e.g., graphene oxide and sulfonated graphene oxide
[22–24], offers greater adaptability of bandwidth.

Recently, Ali et al. [25] have demonstrated groundbreak-
ing work which demonstrates different P3HT:PSC devices
which use different reduced sulfonated graphene oxide
(rSGO) as the HEL. Their work shows that with different
recipes of rSGO, the electro-optical properties can be cus-
tomized, by modifying the bandgap. By using the different
variants of the rSGO, they were able to demonstrate that
the variation of the sulphur and oxygen content allows
for the efficient hole extraction and transport.

While the work of [25] provides us the experimental
methods of using the sulfonated graphene-based solar cells,
there is a need to streamline this process for the purpose
of optimization and time-saving capabilities. In this work,
therefore, we will demonstrate the development of the
fabless model for P3HT:PSC, using Organic Solar, a model-
ling tool developed by Silvaco TCAD. Further along, we
will discuss the starting conditions, as well as the optimiza-
tion of the parameters. Finally, the results of our modelling
will be discussed in comparison with the experimental
devices tested in [25].

2. Structural Design

The structure of the BHJ polymer solar cell we consider here
comprises five layers, as shown in Figure 1. These are the

anode made of fluorine-doped tin oxide, FTO, electron
extraction layer using ZnO, photoactive organic layer utiliz-
ing P3HT:PCBM, and hole extraction layer making use of
sulfonated reduced graphene oxide as well as a gold cathode.
The use of FTO as a substrate is justified by its optical
transparency along with wide bandgap and low electrical
resistivity characteristics of ZnO [26, 27]. Moreover, it also
has the property of higher carrier density [28, 29] and var-
ious fabrication and implementation recipes, routines, and
applications of FTO have been developed over the years
[30–37]. In our design, the anode consists of FTO and
therefore provides a connection for the flow of anions
out of the device. The electron transport layer is a semi-
conductor layer employed as an electron absorber and
charge carrier using TiO2 and ZnO. Traditionally, a dense
n-type compact layer of TiO2 is deposited on FTO/ITO
used as a hole blocking layer, where a mesoporous layer
of TiO2 is used. The efficiency of the polymer solar cell
can be improved by blocking the direct recombination that
may occur at the interface between perovskite and the
FTO. This is usually done by introducing a hole blocking
layer between the two materials.

The photons, after having acquired enough energy,
travel to the P3HT:PCBM active area where the electron
hole pair is then created. For the BHJ, the acceptor part
of the junction is the P3HT, while the donor part is the
PCBM. Upon the incidence of solar radiations, electron-
hole pairs are generated from the P3HT:PCBM blend;
whereas the electrons move towards ZnO (i.e., electron
extraction layer); the holes move towards reduced graphene
oxide (r-SGO) layer (i.e., hole extraction layer). This pro-
cess is depicted in Figure 1. Further along, they pass
through the charge selective layers and are then extracted
by the anode and cathode. To understand the optical and
electrical properties of such a device, we make use of the
simple diode circuit [38], depicted in Figure 2. Here, an
important adjustment needs to be made, which is when
photons of a particular wavelength and intensity impinge
on the diode surface, it responds as a current source depen-
dent on the incoming parameters. Using this model, we can
obtain key parameters for the characterization of the solar
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Figure 1: Schematic of the P3HT:PCBM device.
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cells such as short-circuit currents, open-circuit voltage,
and fill factor as well as the solar cell efficiency [38].

3. Modelling

The objective of our work is to develop the modelling meth-
odology for the emulation of the physical device. For this pur-
pose, we analysed three devices with varying bandgaps for the
HEL and consisting of reduced sulfonated graphene oxides
such as rSGO-1, rSGO-2, and rSGO-3. The aim here is to rec-
reate the physical layers of the device as demonstrated in [25]
and then use the transport equations to obtain the current
density as a function of the solar cell voltage for these devices.
The modelling analysis was performed using Organic Solar
module along with the Atlas Simulator (both part of the Sil-
vaco TCAD suite), for the materials under test listed in
Table 1. The results from the modelling, i.e., the J-V analysis,
are then compared with the J-V curves obtained from the
characterization of the physically implemented solar cell [25].

The modelling of the P3HT:PSC device requires us to
choose a reasonable starting point for the numerical itera-
tion. While the EEL and HEL can be changed in Athena
and Silvaco, the cross-sectional area of the solar cell was kept
at 1 cm2, the HEL = 20 nm, EEL = 50 nm, and photoactive la
yer = 200 nm thick, by keeping in mind the physical device
tested in [25]. Before we model our device, we consider the
mesh of the design under consideration. This is an important
parameter as it requires grid intersection points (called
nodes), which is where the mathematical models are used
to obtain vital parameters of the designed device. These
nodes are important to optimize because they directly impact
the time required for the model to run as well as its precision.
The general rule of thumb is that the mathematical operation
needed for achieving a solution can be described as

Number of mathematical operations = Np α, 1

where Np is defined as the number of nodes, and α is the
iteration parameter (usually of the order of 1.5–2.0) [39]. It

is also important to keep in mind that we ensure adequate
mesh density in areas with high field as well as to avoid dis-
continuities in the mesh density. The mobility model that
we utilized to estimate the device characteristics is the
Poole-Frenkel model [40, 41] in combination with the Lange-
vin recombination model [42] for our devices. This is because
these are the models traditionally used for BHJ devices. As
part of the verification process, the method was first tested
for a solar cell suggested by Koster et al. [43, 44], with our
modelling technique following the procedures set in place
by Organic Solar. After verifying that the response of the
modelling is in line with the experimental techniques, we
proceeded to the development of the P3HT:PSC device.
The main challenge during the modelling was the repetitive
iteration required to obtain a numerical solution for the fig-
ures of merit. This required the knowledge of work functions
of the materials used to fabricate the device, which for some
materials, such as ZnO and TiO2, was a constant. Thus, we
ran different iterations to minimize the error function of
the HOMO and LOMO energy levels, binding energies, gen-
eration rate, bandgaps, affinity, permittivity, and electron and
hole mobility as well as the work function, amongst others.
By doing this extensively, we obtained the estimated values
for the parameters that will be presented shortly.

4. Results and Discussion

The figures of merit that we used to analyse the performance
of the photovoltaic organic solar cell are the current density,
the cell voltage, and the fill factor as well as the solar cell effi-
ciency. These have been listed in Table 2 for the physical
devices under test.

The parameters found for the modelled devices are pre-
sented in Table 3. Here, we present not only the open-
circuit voltage and the short-circuit current density but also
other key parameters such as the maximum power output
for such devices.

We also present here the relative error in calculation for
the modelled and the experimental devices. This is done for
all the devices under test and is presented in Table 4. As
can be seen, the error in the estimation, compared to the
experimental results, is less than 0.15 for almost all of the
parameters tested, apart from a few exceptions, showing that
as a first approximation, our modelling technique works very
well and can be used to design organic solar cells with both
electron and hole extraction layers. Here we note that the
error index for the solar efficiency, between the modelled
and fabricated devices, is greater than all other parameters
because it encompasses all the deviations in J-V curves used
to calculate the maximum power delivered.

Table 1: Materials under test as the hole extraction layer [25].

Material Bandgap (eV)

Reduced sulfonated graphene oxide (rSGO-1) 1.12

Reduced sulfonated graphene oxide (rSGO-2) 1.38

Reduced sulfonated graphene oxide (rSGO-3) 1.44

R
s J

J
d

Jph

Jsh

Rsh

Figure 2: The equivalent circuit for a photovoltaic cell [38].

Table 2: The parameters of the experimental device [25].

HEL materials Voc (V) Jsc (mA/cm2) FF η (%)

rSGO-1 0.58 5.77 0.46 1.54

rSGO-2 0.60 7.54 0.62 2.80

rSGO-3 0.59 8.29 0.57 2.79
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Table 3: The parameters of modelled devices via Silvaco TCAD.

HEL materials Jmax (mA/cm2) Vmax (V) Pmax (mW) Voc (V) Jsc (mA/cm2) Pout (mW) η (%) FF

rSGO-1 3.80 0.26 0.93 0.44 6.50 2.92 0.75 0.39

rSGO-2 5.43 0.40 2.17 0.64 8.30 5.32 1.74 0.71

rSGO-3 5.19 0.42 2.18 0.62 8.32 5.17 1.75 0.61

Table 4: Relative error between the experimental and modelled results.

HEL materials
Absolute error index

Voc (V) Jsc (mA/cm2) η (%) FF

rSGO-1 0.240 0.120 0.51 0.152

rSGO-2 0.068 0.101 0.38 0.1451

rSGO-3 0.052 0.003 0.37 0.070
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Figure 3: The experimental and modelled current density as a function of solar voltage for the devices under test.
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The experimental and modelled current densities as a
function of the cell voltage have been depicted in Figure 3.
We note here that, although Silvaco allows for variation
of the HEL and EEL work functions, we kept them con-
stants for simplicity. The fabrication of the device struc-
ture (Figure 1) includes physical defects, environmental
factors, and grain boundaries associated with the material
in its pristine form as well as restructured during the sub-
sequent processing. This is likely to alter some of the con-
ditions which are usually taken fixed while modelling the
structures/device within the theoretical framework/govern-
ing design laws.

5. Conclusions

Three different BHJ-based polymer solar cells have been
designed and tested, against similar fabricated device, for
the output characteristics, and the data extracted, to subse-
quently analyse them. We also characterized the electro-
optical properties of the device which includes the current
density and cell voltages, power analysis, and fill factor as well
as the photo efficiency. Moreover, the relative error indexes
for the prominent figures of merit have also been presented
which show that the model estimates almost all of the figures
of merit in the experimental data with less than 20% error in
calculations. The advantage of doing this is that the postde-
sign analysis and optimization become much easier and con-
venient. Moreover, we now have the mechanism in place to
test variations of presented device much more quickly and
in a cost-effective way than earlier.
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