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ABSTRACT In this paper, a novel structure of multilayer organic photovoltaic cell has been
designed and simulated. The integration of Poly(3-hexylthiophene-2,5-diyl) (P3HT) buffer layer and
Poly(9,9-bis(3’-(N,N-dimethyl) N- ethylammoinium propyl-2,7-fluorene)-alt-2,7-(9,9 dioctyl fluorene))
dibromide (PFN:BR) electron transport layer (ETL) in the proposed solar cell has improved the performance
significantly. The various performance measuring parameters like power conversion efficiency (PCE), short
circuit current (Jsc), open circuit voltage (Voc), fill factor (FF), quantum efficiency (QE) have improved
significantly. Furthermore, the effect of different layer thickness, the density of traps Nt and temperature on
the proposed solar cell has been studied and the optimum value has been obtained. It has been observed that
after optimizing the different parameters of the proposed structure, the performance measuring parameters
shows an improvement of 14%, 33.3%, 200% and 300% inVoc FF, Jsc and PCE respectively over the reported
organic solar cells. Further, a QE of about 90% is achieved in the proposed structure.

INDEX TERMS Organic solar cell, energy harvesting, bulk heterojunction, buffer layer, power conversion
efficiency, fill factor, quantum efficiency.

I. INTRODUCTION
These days, organic solar cell (OSC) technology drew much
attention due to its design flexibility, lighter weight, low-cost
manufacturing, swift increase in power conversion efficiency
(PCE) and more importantly generation of clean and renew-
able energy. Nevertheless, shorter lifetimes of OSC, less
efficiency as compared to inorganic solar cells and restricted
environmental stability is proving as the major bottleneck
in OSC marketing [1]. The low efficiency mainly arises
because of the low diffusion length (∼few nanometres) and
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low carrier mobilities of organic materials [2]. In order to
overcome these constraints, the bulk heterojunction (BHJ)
concept has emerged as a favorable approach in organic
solar cells (OSCs). This approach involves a slim mixture of
conjugated polymers acting as electron donors and fullerene
derivatives serving as electron acceptors, along with alterna-
tivemethods that can be applied [3]. The able andwidely used
BHJ structure consists of poly (3- hexylthiophene) (P3HT) as
electron donor material and phenyl- C61-butyric acid methyl
ester (PCBM) as electron acceptor material. In this blend, the
acceptor and donor materials create a lot of nano-interfaces,
having a higher probability to reach the electrodes. The
widely studied blend of P3HT:PCBM is greatly influenced
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by the phase morphology of the Donor/Acceptor interface.
Morphology has a great influence on the light absorption,
dissociation and transport of charges and generation and
recombination of charges [4], [5]. Various techniques have
been introduced to shape the active layer morphology. And
one of the encouraging techniques is the buffer layer inser-
tion in the conventional OSC structure. The buffer layer
significantly increases the charge generation and reduces the
recombination at the hole transport layer (HTL)/BHJ inter-
face. The buffer layer not only works as an HTL layer but also
enhances the photon absorption of the device [6]. Besides,
the OSCs based on P3HT: PCBM morphology have demon-
strated power conversion efficiency of 4% to 5% [7], [8].
However, with the use of low bandgap materials, the power
conversion efficiency has surpassed the mark of 10% [9],
[10].With a single BHJ, it reached up to 17.1%, as reported by
Lin et al. [11]. Recently, non-fullerene (NF) acceptor-based
BHJ OSC was fabricated by Liu et al. [12] with a PCE of
18.22%, which has the highest record of PCE to date for a
single junction BHJ OSC device. However, the achievement
of environmental stability of OSC and its longer lifetime still
poses a challenge, researchers are looking to overcome. The
oxidation of PCBM, due to the dispersal of oxygen and other
atmospheric gases into the P3HT: PCBM active layer, serves
as the main reason for the degradation in the absorption and
exciton generation of the structure [13], [14].
Although few number of devices of the P3HT: PCBM

OSC have been fabricated with P3HT buffer layer. Here in
this particular study, we are introducing the first simulated
P3HT: PCBM cell with P3HT as the buffer layer. We have
investigated the impact of various technological and material
parameters on the performance of the proposed device and
have optimized these parameters to enhance its efficiency.
While optimizing these parameters, the range of the mate-
rial properties as available in the literature has been strictly
followed. Device simulation is a great appliance to examine
the characteristics of the device and optimize the material
properties to enhance efficiency. Researchers have effectively
employed the solar cell capacitance simulator (SCAPS) to
simulate a variety of solar cells, including OSCs, cadmium
telluride (CD-Te), copper indium gallium selenide (CIGS),
and perovskite cells, among others [15], [16].
In this work, the SCAPS software has been utilized for

the purpose of device simulation of P3HT: PCBM solar cell.
Several parameters have been studied that affect the perfor-
mance of the blend. In the first place, the effect of variation
of the active layer thickness on the performance parameters
of the cell was considered thoroughly. Next, the impact of the
insertion of the P3HT buffer layer on current-voltage char-
acteristics (IV) was taken into account and it was observed
that the open-circuit voltage (VOC) increases by 7%. PCE
enhances by 17.3% with the incorporation of a buffer layer.
The effect of change of technological parameters of electron
transport and hole transport layers was also studied. Further-
more, the impact of the change of defect densities of various
layers on IV curve and PCE was taken into account. Finally,

FIGURE 1. Proposed multi-layer organic solar cell (a) schematics (b) Band
diagram after contact (c) Molecular structure of P3HT and PCBM (d) Band
position before contact.

the impact of temperature variations is studied for realiz-
ing the enhancement in PCE. By optimizing the properties
of active, buffer, ETL and HTL layers, the PCE has been
enhanced to a significant extent with respect to the reported
OSCs (Table 2).

II. MODELS AND METHODS
SCAPS version (3.3.10) have been utilized for the simula-
tion of the proposed OSC structure. SCAPS, a windows-
oriented solar cell simulation program is a one dimensional
tool. It is designed by the Department of Electronics and
Information Systems (ELIS), University of Gent, Belgium.
The software uses three recombinationmechanisms viz direct
band to band, Auger and SRH. By solving equations such as
Poisson’s equation and the continuity equation for electrons
and holes, the solar cell capacitance simulator (SCAPS)
is capable of simulating both the electrical and optical
characteristics of a solar cell. The multilayer structure of
the proposed organic solar cell (OSC) comprises of Glass
substrate/ITO/PEDOT:PSS/P3HT/P3HT:PCBM/PFN:BR/Al.
ITO (Indium tin oxide) and Al (Aluminium) operate as front
contact (anode) and back contact (cathode) respectively as
shown in Fig.1. PFN:BR forms the electron transport layer
(ETL) and PEDOT: PSS acts as HTL. P3HT functions as
the buffer layer in the presented structure. Fig.1 (b) and (d)
display the energy band alignment of the structure after the
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FIGURE 2. Proposed fabrication flow of the multi-layer OSC.

contact and before the contact respectively. The molecular
structure of P3HT and PCBM is presented in Fig. 1 (c). [9]

The fabrication steps for the proposed multilayer OSC are
shown in Fig. 2. The fabrication steps start with the glass
slide, which is cleaned usingDecon-90 to remove dust, metal-
lic and other non-metallic contaminations. Subsequently, the
slides need to be soaked in acetone, then a layer of ITO
be deposited by the process of sputtering onto the cleaned
glass slides. The ITO patterned with glass slides, be exposed
to O2 plasma treatment. The thickness monitor can be used
to monitor the thickness. Subsequently, ITO coated with
glass samples be annealed at high temperatures before the
deposition of the PEDOT:PSS layer. The PEDOT:PSS be
ultra-sonicated and spin coated, before its deposition on glass
coated ITO layer. The next step is the preparation of the P3HT
buffer layer solution in chlorobenzene and spin coat it on
PEDOT:PSS. The active layer P3HT:PCBM blend, need to
be prepared in the ratio of 1:1. P3HT:PCBM layer should be
then spin coated on the buffer layer and be annealed at dif-
ferent temperatures [6]. Finally, thermal vacuum evaporation
be utilized to deposit ETL (PFN:BR) layer and Al cathode
samples [17].

III. DEVICE SIMULATION PARAMETERS
Table 1 displays the technical parameters utilized during the
course of simulation. In this table, Eg, εr and χ represent the
bandgap, relative permittivity and electron affinity respective

In the given context, the symbols µn and µp represent
the mobility of electrons and holes, respectively. Meanwhile,
Nc and Nv indicate the effective density of states for the
conduction and valence bands, respectively. NA and ND
represent donor and acceptor concentrations respectively,
whereas Nt act for defect density. The defects can be intro-
duced in the active layer as well at the interfaces. The defect
density at the interfaces including ETL/Active, Active/Buffer
Layer, and Buffer Layer/HTL are taken to be 1×109cm−2.

The value of 1.5×10−18cm2 is taken to be the capture cross
section of electrons and holes [18] for all the layers. Thermal
velocity for both electrons and holes is considered to be as
107cm/s. Moreover the energy level of the traps is considered
as neutral with position at 0.04 eV [18] with regard to the
centre of the bandgap, Eg. The work function of the back and
front contact is taken to be 4.1 eV and 4.7 eV respectively.
The εr, of the active layer is computed by taking the average
of the relative permittivity of donor and acceptor materials as
reported in the reference [19]. The bandgap of the active layer
is calculated by taking difference between LUMOof acceptor
(PCBM) and HOMO of donor material (P3HT) as reported in
the reference [18].

The bandgap of the active layer is calculated by taking
difference between LUMO of acceptor (PCBM) and HOMO
of donor material (P3HT) as reported in the reference [16].

For the source of light, Air Mass Global (AM 1.5 G),
having an integrated power of 1000 watt/m2 is considered.
In this simulation, no optical reflectance is being considered.

The absorption modal of P3HT:PCBM is taken from the
absorption profile reported in the reference [19] and the
absorption modal of P3HT is taken from the reported work
[20].

TABLE 1. Technical and physical parameters used in the simulation.

We calibrated our model parameters with the experimental
data as listed in Table 1 to obtain the characteristics reported
in [22] as shown in Fig. 3. In Fig. 3, the simulation outcomes
indicate a high degree of concordance with the experimental
results.

The IV (current-voltage) characteristics of the proposed
solar cell structure are demonstrated in Fig. 4, both under
illuminated and dark conditions. Both the I-V curves are plot-
ted at 170 nm active layer(P3HT:PCBM) thickness. The dark
characteristics presented in Fig. 4(a) is extrapolated to find
the values of reverse saturation current density (Jo), series
resistance (Rs), shunt resistance (Rsh) and ideality factor (n).
The extrapolated straight line portion of the log I-V curve and
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FIGURE 3. Calibration against the work done using experimental data as
conveyed in [22].

FIGURE 4. a) Dark I-V curve of the proposed structure b) Illuminated I-V
curve of the proposed structure.

the current axis at V=0, intersection, gives the value of the
reverse saturation current density.

From Fig.4(a), we have, Jo= 1.62×10−8mA/cm2. By cal-
culating the inverse of slope of dark IV curve at Voc and the
inverse of slope at condition V=0 respectively, the series and
shunt resistance are determined. Accordingly, the values ofRs
and Rsh are calculated as 0.3 � and 144.7 K� respectively.
The slope of the linear portion of the semi log dark I-V curve
results in the ideality factor, n =1.5. The lower values of Rs
and n reflect the higher values of Fill Factor (FF) and good
material quality respectively. The impact of different param-
eters on the output of the cell is investigated to optimize the
proposed structure’s performance measurement parameters.

IV. THE EFFECT OF TECHNOLOGICAL PARAMETERS ON
THE PERFORMANCE OF SOLAR CELL
The parameters studied include the thickness of the active
layer, the presence of a buffer layer, the density of traps Nt ,
the mobility of electrons and holes, the electron affinity, and
the effect of temperature variation.

A. EFFECT OF ACTIVE LAYER THICKNESS
To examine its impact on the performance of the OSC struc-
ture, the thickness of the active layer has been adjusted
from 100 nm to 400 nm. The efficiency of the BHJ OSC
is a product function and mainly depend on four processes,
which are photon absorption and exciton creation, diffusion

FIGURE 5. Effect of the active layer thickness variation on (a) Jsc (b) FF
(c) Voc (d) PCE.

of exciton, charge transfer and the charge collection. All
these processes form a strong function of the active layer
(P3HT:PCBM) thickness. As per the Beer Lambert’s law,
the absorption varies linearly with the active layer thickness.
Increased thickness corresponds to the increased number of
absorbed photons. Because of the enhanced absorption of
photons with the increased thickness, the short circuit current
(Jsc) and power conversion efficiency (PCE), increase as
shown in Fig. 5(a) and 5(d) respectively. At the optimum
thickness of 170 nm, the Jsc and the PCE reach the value
of 22.6 mA/cm2 and 14.32 % respectively. Both these output
parameters increase slightly beyond this thickness. Neverthe-
less, the increase in absorption comes at the cost of increase
in recombination of free charge carriers in the active layer,
as can be understood from equation 1.

Eint =
VocVapp

τ
(1)

where Eint is the internal electric field, Voc&Vapp are open
circuit voltage and the applied voltage. τ represents the active
layer thickness in equation (1). The increase in the thickness
causes the electric field to get reduced, consequently reduc-
ing the carrier transport length, which indirectly increases
the recombination phenomenon. Equation (2) demonstrates
that the Voc is influenced by both the dark generation and
saturation currents [24].

Voc= nKT
q

ln
(
Il
Io

− 1
)

(2)

The reverse saturation current decreases as the thick-
ness increases which in turn decreases the Voc as shown in
Fig. 5(c).

The drop in the Voc minimises as the thickness increases to
higher values. The FF with respect to the thickness has been
plotted in Fig. 5(b). The sharp decrease in the FF from 82.26%
to 82.09% is due to the increase in the series resistance with
increase in the layer thickness.
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FIGURE 6. Effect of the variation of the active layer thickness on (a) dark
current density (b) EQE.

FIGURE 7. The illuminated I-V curve with and without buffer layer.

The dark I-V curve at different thickness from 100 nm to
250 nm has been plotted in Fig. 6(a). Furthermore, the exter-
nal quantum efficiency (EQE) at different values of thickness
has been plotted in Fig. 6(b). The results from Fig. 6(b) testify
that the EQE increases with increase in the thickness of the
active layer. This enhancement is again due to the increase
in the absorption of the light. However, EQE show a slight
decrease in the range between 400 nm to 600 nmwavelength.
The decrease is because of the increase in the recombination
effects at high values of thickness. In order to balance the
absorption of light and the recombination of charges, the
thickness of the active layer has been selected as 170 nm.

B. EFFECT OF INSERTION OF BUFFER LAYER
The light I-V curve with and without buffer layer is shown
in Fig. 7. With the insertion of buffer layer between HTL
layer and the active layer, the Jsc of the device increases
from 20.7 mA/cm2 to 22.63 mA/cm2 and similar trend is
being observed in PCE. The PCE of the proposed structure
with buffer layer, has been observed as 14.32% whereas
without the buffer layer, it is 12.20%. Hence PCE shows an
improvement of 17.3% by the incorporation of buffer layer.
Furthermore the consequence of the buffer layer thickness on
PCE is shown in Fig. 8(a). The thickness of the buffer layer
has been varied from 20nm to 50nm and the PCE increases
from 14.32% to 14.45% respectively.

By inserting the buffer layer, Voc of the device slightly
increased from 0.71 V to 0.76 V. The FF of both the structures
is almost identical. The enhancement in the PCE is primarily
dominated by the rise in Jsc. This is because of the reason that
incorporation of the buffer layer enhances the absorption as

FIGURE 8. Change of the PCE with the (a) thickness of buffer layer
(b) doping concentration of buffer layer (c) electron and hole mobility of
the buffer layer (d) electron affinity of the buffer layer.

well as minimizes the recombination losses by offering the
unrestricted transport of holes to the anode [6]. The enhance-
ment in the PCE accords with the increase in the absorption.
However FF shows a decrease from 83.01% to 81.31%. As a
result, the optimal thickness of the buffer is set to be 30nm.

Additionally, the effect of the doping concentrationsND on
the PCE is displayed in Fig 8(b). The doping concentration is
varied from 1011 cm−3 to 1017 cm−3. The PCE is saturated
at 14.32 % from1011 cm−3 to 1013 cm−3 and it shows a
decline from 1014 cm−3. The decrease in the PCE is due to
decrease in Jsc. Fig. 8(c) shows the impact of electron and
hole mobility on the PCE of the device. The electron mobility
was changed from 10−6 cm2V−1s−1 and hole mobility was
altered from 10−5 cm2V−1s−1 to 10−3 cm2V−1s−1. The
highest PCE of 14.45% was achieved at electron mobility of
10−3 cm2V−1s−1 and PCE of 14.35% was simulated at hole
mobility of 10−2.
The stability of the OSC greatly depends on the electron

affinity as suggested in [25]. Fig. 8(d) shows the variation of
electron affinity of the buffer layer on the PCE. The electron
affinity is changed from 2.9 eV to 3.3 eV. The PCE first
increases and after reaching the value of 14.32% at an optimal
electron affinity value of 3.1 eV, a decline is observed in the
value of PCE.

C. EFFECT OF CHANGE OF DEFECT DENSITY
The relationship between the defect density Nt and the life-
time τ and diffusion length L of the charge carriers can be
explained through the following equations [26],

τ =
1

σ.Nt .Vth
(3)

L =
√
Dτ (4)

where σ represents the capture cross section of the minority
carriers, Vth symbolizes the thermal velocity and D is the
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FIGURE 9. Influence of the change of the defect density, N t of the active
layer on (a) I-V characteristics (b) PCE.

FIGURE 10. The impact of the defect densities of (a) Active/Buffer
interface (b) ETL/Active interface, on the I-V characteristics.

diffusion constant. The equation (3) and (4) illustrates that
as the defect density upsurges, the carrier lifetime and the
diffusion length decreases. The effect of the defect density
on the I-V characteristics is shown in Fig. 9(a). The curves
specify that as the Nt increases the cell performance charac-
teristics degrades because of the decrease in the carrier life
time τ , which leads to increase in the recombination rate.
As indicated in Fig. 9(b), as the defect density increases from
1012 cm−3 to 1013 cm3, the PCE drop’s from 14.29 % to
14.28%. The drop is more evident when Nt equals 1015 cm−3

and PCE is 13.07 %. Hence defect density value is calibrated
at1012 cm−3.

The effect of defect densities at the interfaces has also been
studied. In our proposed structure we define three interfaces
namely ETL/Active, Active/Buffer and Buffer/HTL inter-
faces. In all the three interfaces the defect densities has been
changed from 107 cm−3 to 1013 cm−3.

The effect of defect densities at buffer/active interface on
I-V characteristics is shown in Fig. 10(a). As can be seen from
the Fig 10 itself that as Nt increases, the cell performance
decreases because of the hike in the charge recombination.
When Nt of P3HT:PCBM/P3HT interface equals 107 cm−3,
the PCE shows a value of 14.32%. As Nt reaches the value
of 109 cm−3, the PCE drops to 14.30%. It further degrades
as the value of Nt increases. Fig. 10(b) displays the impact of
the variation of the defect density of the ETL/active interface
on the IV characteristics. In comparison to the buffer/active
interface, the degradation in the performance is lower in
ETL/active interface. From 107 cm−3 to 109 cm−3 value of
Nt , the PCE shows a constant value of 14.30% and decreases
to 14.29% at Nt of 1010 cm−3.
Also the active/HTL interface defects do not show any

major influence on the cell performance. So, as the defect

FIGURE 11. Effect of change of technological parameters of ETL and HTL
layers on PCE (a) Thickness (b) Mobility (c) Doping (d) Electron Affinity.

density at the interfaces is increased, more traps are generated
leading to more recombination of charges. Hence, 107 cm−3

is taken as the optimised value of the Nt at the interfaces.

D. EFFECT OF ETL AND HTL CHARACTERISTICS
The transporting layers, that is, ETL and HTL layers act as
the exciton blocking layers and has the great importance to
enhance the charge collection property of the device. Polymer
such as PEDOT:PSS and conjugated electrolyte polymer like
PFN:BR are widely used as HTL and ETL layers in OSC
respectively. Several efforts have been made to enhance the
properties for instance mobility, electron affinity and dop-
ing of the transporting layers [27], [28]. By analyzing the
effects of changes in thickness, electron affinity, mobility,
and doping of the transporting layers, we evaluated how
these properties impact the PCE of the simulated structure.
Fig. 11(a) shows the effect of the change of the thickness of
the ETL and HTL layers on the PCE. The thickness of the
ETL has been varied from 3 nm to 10 nm and the doping
of the HTL layer has been changed from 20 nm to 40 nm.
In both the cases increased thickness reduces the PCE of the
device due to increase in the series resistance. The highest
PCE of 14.54% has been achieved for ETL thickness of 3 nm.
For HTL thickness of 20 nm PCE reaches up to 14.41%.
The effect of the mobility of ETL and HTL on PCE has
been demonstrated in Fig. 11(b). The electron mobility and
hole mobility of the ETL and HTL layers respectively, has
been changed from 10−7 cm2V−1s−1 to 10−3 cm2V−1s−1.
The increase in the mobility increases the conductivity and
consequently reduces the series resistance. The maximum
PCE of 14.32% is achieved at HTL hole mobility of 10−3

cm2V−1s−1 and at the same value of ETL electron mobility,
the PCE reaches up to the value of 14.37%.
Moreover, the doping concentrationND andNA of ETL and

HTL layers respectively, has been changed from 1017 cm−3
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FIGURE 12. The impact of the variation of temperature on (a) IV curve
(b) VOC (c) FF (d) PCE.

TABLE 2. Photovoltaic properties of different OSC devices reported in the
literature.

to 1020 cm−3. Fig. 11(c) shows the results of the simulation.
A positive development in the PCE is observed by increasing
the doping concentration. At doping value of 1020 cm−3, the
PCE shows the maximum value of 13.92% and 14.72% for
HTL and ETL layers respectively.

Furthermore, the impact of the variation of the electron
affinity of the ETL and HTL layers has been displayed in
Fig. 11(d). The electron affinity of the ETL layer has been
changed from 3.6 eV to 4.5 eV. The maximum PCE of
14.32 % has been attained for the electron affinity of 4eV.
In addition, the affinity of the HTL has been changed from
3eV to 3.8eV and the maximum PCE of 14.65% has been
acquired at electron affinity of 3.6eV.

E. EFFECT OF VARIATION OF WORKING TEMPERATURE
The impact of the change in working temperature on differ-
ent cell parameters have been studied. Organic solar cells
are considered very sensitive towards temperature changes.
The temperature was changed between 300 K and 400 K.
Fig. 12(a) shows the effect of the variation of temperature
on the I-V curve of the device. As the temperature increases,
the Voc of the device shows a significant drop from 0.8 V
to 0.62 V. This decrease in Voc is because of the hike in

the reverse saturation current and the recombination of the
charges. The effect of temperature on Voc can be more clearly
visualized from Fig.12 (b). Also, the FF and PCE decreases
linearly in a similar fashion as that of Voc as shown in
Figs. 12(c) and 12(d) respectively. The short circuit current
shows a constant value with respect to the variation of the
temperature from 300 K to 400 K.

Table 2 shows the performance comparison of the proposed
Multi-Layer OSC with the state of the art organic solar cell
presented in the literature.

V. CONCLUSION
This work conducted a comprehensive analysis of a simulated
organic solar cell structure comprising glass/ITO/PEDOT:
PSS/P3HT/P3HT:PCBM/PFN:BR/Al, aiming to optimize
key performance metrics crucial for enhancing solar cell
efficiency. The study targeted key parameters PCE, Jsc, Voc,
FF, and QE, known to pose challenges in P3HT:PCBM
organic solar cell. Through strategic integration of a P3HT
buffer layer and meticulous device optimization, substantial
improvements were observed. Notably, there was a signif-
icant enhancement of 14% in Voc, 33.3% in FF, 200% in
Jsc, and an impressive 300% in PCE over previously reported
organic solar cells.
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