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Abstract- Organic solar cells have been identified as a potential candidate for solar energy harvesting over
the past decades. The optimization of the thickness and the carrier mobility of each layer in the device is
crucial for enhancing the device performances. In this manuscript, we present numerically simulated results
enhanced photon to electricity conversion efficiency of the organic solar cells by virtue of thickness and
mobility optimization approaches of the devices. We used GPVDM software for simulating the device
structure: ITO/PEDOT:PSS/P3HT:PCBM/ZnO/Al. The results show that the 200 nm of the active absorber
layer (P3HT:PCBM) of the device exhibited maximum efficiency of ~8.79% with fill factor (FF) of ~0.62.
The efficiency increased further up to ~10.16% while optimized the mobility of the carrier (2.48x10 *cm
vlsl) of the same layer. Keeping constant the thickness and the mobility of the active layer, the thickness
optimization of PEDOT:PSS (20 nm), ITO (60 nm), and ZnO (40 nm) layers further increased the efficiency
up to ~11.25%. These results exhibit a promising route to enhance the efficiency of the organic solar cells
which could be useful for other researchers as well to fabricate the practical devices.
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1. INTRODUCTION

Solar to electricity conversion process is regarded as
one of the most popular forms of clean energy generation
approach. Among all other solar energy conversion
devices, organic materials based solar cells have
potentials to harness efficiently solar energy into
electricity due to their enriched optoelectronic properties.
Organic solar cells (OSC) have several advantages such
as low cost, environment friendly, easy to installation etc.
For these reasons, OSCs have attracted enormous
research interests now a day. Among all other solar
energy materials available to use in OSCs, P3HT:PCBM
organic blend is so far the most widely used material for
its high light absorption properties that leads to high
energy conversion efficiency. An OSC is a device that
generates current from sunlight through exciting
electrons in a blend of organic materials from a nearly
filled set of concentrations of energy to a basically empty
set of concentrations of energy. As result, electron-hole
pairs (EHP) are generated in the device [1]. These excited
electrons are mobile charged species which are free to
move around the polymers [2]. However, electrons and
holes have a finite lifetime and need to be dissociated
prior to recombine with each other which may decrease
the device performances. The goal of designing an
efficient solar cell is to find some way to force electrons
to preferentially travel in one direction while the holes
move in the opposite direction. Due to the movement of
excitons, electron and holes eventually be accumulated
across the electrodes results in a generation of voltage

across the device, which is later used to operate the load
at short circuit condition [3]. A schematic of a planar
heterojunction (PHJ) of organic photovoltaic (OPV)
device is shown in Fig. 1. The optoelectronic phenomena
in Fig. 1 occurs basically in four-steps: (i) photon-
induced exciton generation in organic semiconductor, (ii)
exciton diffusion to the donor/acceptor (D/A) interface,
(iii) formation of charge transfer (CT) state, and (iv)
dissociation of CT state into free electrons and holes that
are subsequently swept towards the respective electrodes
with the effect of built-in electric field.

%

Fig. 1 Optical processes in organic solar cells.

Both free electrons and holes are involved in producing
the photocurrents [4, 5]. The efficacy of collecting
charged particles depends mainly on three factors:
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mobility of the charge carriers, internal electric field that
sweeps the carriers to the respective contacts, and the
carrier recombination rate. Since the carrier mobility in
the organic semiconductors is poor (101073 cm?V-!Is),
the charge carriers tend to pile up at the donor-acceptor
(D-A) interfaces [8]. The efficiency of the devices is
calculated by the following equation:

n= (FF*Isc*Voc)/P (1)

where FF, Isc, Voc, and P indicates fill factor, short
circuit current, open circuit voltage, and incident power
of the photon flux. The short circuit current depends
largely on the photon absorption and the internal
quantum efficiency of the device. The photon absorption
could be increased by increasing the thickness of active
layers [6]. However, the possibility of carrier
recombination increases with increasing the thickness of
active layers because of its low charge carrier mobility.
This recombination losses decrease the FF. In principle,
the mobility of the organic semiconductors can be
improved in several ways such as introducing a charge
transfer layer in the device, thermal annealing, and a high
conjugated crystal structure that may contribute to the
efficiency as well [7, 8].

In practice, the power conversion efficiency (PCE) of
P3HT:PCBM bulk heterojunction based OPVs is
reported in general in the range of from 5% to 10% as
they have a good absorption coefficient, suitable cell
morphology, and charge carrier mobility [9, 12]. The
basic device structure of P3HT:PCBM based OPVs can
be found as ITO/HTL/P3HT:PCBM/ALI [12]. In order to
further enhance the efficiency of that device, it is
necessary to modify the device structure along with
obtaining a detailed understanding of the processed
leading from the absorption of photons to the extraction
of charge carriers. The fundamental requirement for
achieving high PCE in the OPV cells is to minimize the
interfacial recombination [16]. One approach for
lowering the recombination loss is the enhancement of
the carrier mobility in the OSC [10]. In 2012, B. Ray et
al. [8] introduced a fixed-charged layer at the D-A
interfaces in order to reduce carrier recombination and
thus increasing the FF (>0.80) which results in an
increase of PCE. The fixed charged layer at the interface
creates an interfacial field that depletes the interface of
free carriers and thus reduces the carrier recombination.
Another vital aspect in OPV is the optimization of layer
thickness. Y. Min et al. [11] investigated the effect of
layer thickness along with morphology on the
performance of OPV. They concluded that the
photocurrent is highly dependent on the thickness of the
active layers and the optimized thickness is proposed to
be 80 nm [11]. J. Mullerova et al. [13] studied optical
absorptions of PSHT:PCBM blend where they studied the
absorbance spectra of P3HT:PCBM based OPVs. They
found that the absence of the illumination led to ~ 6%
decrease of PCE within 60 min [13]. Other researchers
investigated the same devices as well on the thickness
optimization and on the carrier mobility optimization in
order to study their impact on the absorbance spectra. For
example, S. Babiker et al. [14] analyzed the effect of

thickness  optimization of P3HT:PCBM layers
(simulation) and observed that 120 nm of P3HT:PCBM
layers led the efficiency up to ~6%. M. Ulum et al. [15]
proposed the optimized thickness of 100 nm with an
efficiency of ~7.61% and found that the PCE decreased
due to lowering of short circuit current above 100 nm. N.
Karim et al. [17] reported the PCE enhancement from
3.08% to 6.65% by virtue of carrier mobility optimization
(5x1073 cm?v''s™!) when the thickness of organic blend
was 230 nm. These leads an interesting fact that there is
a possibility to optimize both thickness and carrier
mobility to get efficient OPV devices. In addition, since
the layer thickness of OPV devices increases, more
incident photons are absorbed leading to more exciton
generation. However, the generated carriers decay
exponentially over the time with the distance traveled. A
larger distance leads to an increase in probability of
recombination of carriers. However, if the device is
thicker, efficiency will be lower as it can’t absorb more
photons results in poor generation of excitons. These two
opposite criteria must be balanced by finding the
optimized thickness of absorber layer. In the other hand,
carrier mobility plays a crucial role to determine the
performance of OPV devices. Increasing carrier mobility
decreases carrier recombination and thus increase the
PCE. Due to the carrier scattering effect, the carrier
mobility however may not be increased further beyond a
certain carrier concentration limit. Therefore, there must
be a balance between these two opposite conditions.

In this work, we report the effect of different layer
thickness and mobility of active layer on the PCE of OPV
devices. The work deals with two aspects: the thickness
and the carrier mobility of the active absorber layer. The
results show the optimized thickness of the active
absorber layer of 200 nm, HTL layer of 20 nm, ITO layer
of 60 nm, and ETL layer of 40 nm. The optimized carrier
mobility has found to be 2.48x107 cm?v'!s!. The
maximum efficiency of the proposed device is simulated
that is up to ~11.25%. This work may bring new ideas in
the OPV fields and hopefully would be a fruitful concept
for practical device fabrication purposes.

2. DEVICE SIMULATION PARAMETERS

General-Purpose  Photovoltaic Device Model
(GPVDM) is a free general purpose software for
numerically simulate the OPVs which performs on the
basis of solving Poisson equation, the bipolar drift
diffusion equations, and the carrier continuity equations
in 1D and time domain [19], as presented in eq. (2), eq.
(3) and (4), and eq. (5) and (6) respectively.
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We have used bulk heterojunction architecture of a
P3HT:PCBM based OPV device architecture as shown in
Fig. 2. The layer configuration adopted in this simulation
is ITO/PEDOT:PSS/P3HT:PCBM/ZnO/AL, where ITO
used (Indium Tin Oxide) as an anode layer, PEDOT:PSS
(Poly3,4-ethylene dioxythiophene thiophene polystyrene
sulfonate) as hole transporting layer (HTL) or buffer
layer, P3HT:PCBM (a blend of P3HT (3-hexylthiophene)
and PCBM ((6,6)-phenyl-C61 butyric acid methyl ester)
as active layer, ZnO as electron transporting layer (ETL),
and Al as cathode layer respectively. The parameters used
for the simulation are summarized in Table 1.

335

Fig. 2 P3HT:PCBM based organic solar cell.

Table 1 Electrical parameters of active layer.

Parameters Value units
Electron trap density 3.8e% m3eV-!
Hole trap density 1.4¢3 m3eV-!
Electron mobility 2.48¢ m?V-Is!
Hole mobility 2.48¢ m?V-Is!
Relative permittivity 3.8 au
Number of traps 20 bands
Free electron to trapped 2.5¢%0 m?
electron
Free hole to trapped hole | 4.86¢% m?
Effective densities of free | 1.28¢?’ m
electron states
Effective densities of 2.86¢% m
free hole states
Xi 3.8 eV
Eg 1.1 m’s”!

3. RESULTS AND DISCUSSIONS
The number of electron-hole pair (EHP) generation
rate in the active layer as a function of wavelength is
obtained for P3HT:PCBM (Fig. 3).
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Fig. 3 Electron-hole pair generation rate for PAHT:PCBM
based OSC as function of wavelength [17].

As observed from Fig. 3, the generation rate is higher in
the wavelengths between 450 to 550 nm [17]. This is
because the absorption coefficients for P3HT:PCBM
based OSC is higher in that range [13, 20].

3.1 Effect of active layer thickness on the cell
performance

Generally, as the layer thickness of the OPVs increase,
more incident photons are absorbed. However, the
incident photons decay exponentially with the distance
travelled to the absorber layer [6]. Solar to electrical
energy conversion efficiency will be low if the device is
very thin since it cannot absorb sufficient number of
incident photons [21]. On the other hand, the efficiency
decreases with increasing the active layer thickness in the
device structure. Since the carriers have to travel a large
distance from their generation to extraction, the
probability of carrier recombination increases [22].
Therefore, an optimized thickness is necessary to fulfil
these opposite criteria. The optimum thickness of the
active layer corresponds to maximum efficiency. In our
simulation, the device performance has been varied over
a range of thicknesses of active layer i.e. 50 nm to 600
nm. The best efficiency of 8.79% is observed for the
thickness of active layer of 200 nm wherein the carrier
mobility is of 2.48x107 cm?v's™!.
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Fig. 4. J-V curves for different thicknesses of active layer
(thickness unit: in meter).
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Fig. 5 Effect of thickness variation of active layer (P3HT:
PCBM).

Table 2 Simulation parameters of absorber layer
(P3HT:PCBM).

Thickness(nm) Jse Ve FF PCE
50 169.1 0.648 | 74.9 8.22
100 141.9 0.63 | 72.8 6.68
200 226.27 | 0.625 | 62.1 8.79
400 205.62 | 0.609 | 51.9 6.51
600 192.53 | 0.601 | 42.9 4.98
800 151.56 | 0.596 | 38.1 3.44

3.2 Effect of mobility of absorber layer on the
cell performance

We have varied carrier mobility of active layer. As
mobility increases, less recombination happens [23]. As
a result, fill factor will be improved that leads to an
increase in efficiency. Electron mobility has greater
impact than hole mobility. If the difference of the
mobility of these two carriers is large, then chances of
recombination increases [24]. Moreover, after a certain
limit, further increasing the mobility decreases the
average speed of the carriers due to the increased
collision between charged carriers and scattering effect
[25]. The PCE was found to be 10.16% at the optimized
0f 2.48x10% cm?v'ls!.
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Fig. 6 Effect of carrier mobility of active layer.

3.3 Effect of HTL layer thickness on cell
performances

We have then varied the thickness of PEDOT:PSS
layer by keeping the thickness of active layer
(P3HT:PCBM) at 200 nm and mobility at 2.48x10°° cm?v-
Is!, As it is a buffer layer, it smooths up the energy levels
between ITO and active layer. In other word, it improves
transportation of charges [26, 27]. In the software, we put
a range of thickness (10 nm to 100 nm) in order to obtain
the best PCE (10.82%) for an optimized PEDOT:PSS
layer thickness that is 20 nm.
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Fig. 7 Effect of thickness variation of PEDOT: PSS layer.

3.4 Effect of ITO layer thickness on cell
performance

Likewise, the thickness of ITO layer was varied from
50 nm to 110 nm in the simulation tools. After optimizing
layer thickness (60 nm), the efficiency further enhanced
to 11.1%.
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Fig. 8 Effect of thickness variation of ITO layer

3.5 Effect of ETL layer thickness on cell
performances

We choose ZnO as ETL layer since it makes electron
transportation smoother to cathode (Al) from absorber
layer by decreasing the barrier height [28, 29]. As a result,
efficiency will increase. The optimized thickness of ETL
was found to be 40 nm and the efficiency at this thickness
was 11.25%.
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Fig. 9 Effect of thickness variation of ZnO layer on cell
performances.

4. CONCLUSIONS

In summary, we designed an OPV device structure
(ITO/PEDOT:PSS/P3HT:PCBM/ZnO/Al) based on
P3HT:PCBM organic blend. In P3HT:PCBM blend,
P3HT acts as electron donor and PCBM acts as the
electron acceptor, whereas PEDOT:PSS, ZnO ITO, and
Al acts as HTL layer, ETL layer, transparent conducting
layer and cathode layer respectively. The thickness, of
each layer along with the carrier mobility of
P3HT:PCBM was optimized to obtain champion device
efficiency using GPVDM software. The champion device
efficiency of ~11.25% was obtained for the thickness of
P3HT:PCBM layer, ETL, HTL, ITO, and Al layer of
~200 nm, ~40 nm, ~20 nm, ~60 nm, and ~100 nm
respectively. In addition, the carrier mobility of
P3HT:PCBM was optimized to be 2.48x10° cm?v'!s!.
The study of operating temperature and the photo
stability is an important aspect for OPV devices which
could be incorporated urther in future to assess the device
performance. In order to make the OPVs much more
stable, reliable, and interesting among the researchers,
the focus should be on enhancing the PCE as well as on
photo-degradation effect of the device.
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