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is and performance optimization
of poly(3-hexylthiophene):polynaphthalene-
bithiophene heterostructure device using SCAPS-
1D simulation

Md. Nasir Uddin a and Nazia Chawdhury *b

A detailed numerical investigation on a P3HT:N2200 bulk heterojunction (BHJ) organic photovoltaic device

was carried out using the one dimensional Solar Cell Capacitance Simulator (SCAPS-1D) tool to analyze the

impact of materials and physical parameters on overall photovoltaic device performance. For the simulation

analysis, we employed the photovoltaic device architecture of ITO/PEDOT:PSS/P3HT:N2200/BCP/Al,

where PEDOT:PSS and BCP were used as the hole transport layer (HTL) and electron transport layer

(ETL), respectively. For the comparison between BHJ and bilayer structured devices, a bilayer

photovoltaic device was modelled using P3HT and N2200 semiconducting polymers as donor and

acceptor layers, respectively. The superior performance of the BHJ device compared to the bilayer

structured configuration motivated to focus our further investigation on the BHJ architecture. The

physical and electrical parameters such as thickness, bandgap, electron and hole mobility, electron

affinity, and doping density both for donor and acceptor types of the P3HT:N2200 BHJ layer were

systematically varied to inspect their impact on the photovoltaic parameters. Furthermore, the role of

interface defect densities at the HTL/P3HT:N2200 layer and P3HT:N2200/ETL interfaces was

investigated. Additionally, the impact of bulk defect density at the P3HT:N2200 layer was investigated.

Finally, the roles of operating temperature and series and shunt resistance were also studied. The

simulated BHJ device exhibited a JSC of 15.029 mA cm−2, VOC of 0.699 V, FF of 74.684% and PCE of

7.845%, whereas the bilayer structured device showed a PCE of 1.79% only with 5.952 mA cm−2 short

circuit current density. Simulation results reveal that increasing the thickness of the P3HT:N2200 layer

from 50 nm to 500 nm significantly improves the overall device PCE. Following systematic optimization

of the physical and electrical parameters of the P3HT:N2200 BHJ layer, the optimized device exhibited

photovoltaic device parameters of JSC = 19.573 mA cm−2, VOC = 1.092 V, FF = 55.371% and PCE= 11.834%.
1. Introduction

In recent years, industry and academia have shown intense
interest in solar cells that turn sunlight into energy since they
are the most signicant devices for using sustainable energy to
support societal advancement and lessen the impact of pollu-
tion on the environment. The exibility in organic solar cells
(OSCs) has made them a widespread area of study and attracted
researchers with different backgrounds such as chemistry,
physics, materials science, and even engineering. Additionally,
OSCs have developed rapidly in recent years thanks to multi-
disciplinary collaboration, offering a power conversion effi-
ciency (PCE) of more than 18%.1–3 Organic photovoltaic (OPV)
ni Science and Technology University,

of Science and Technology, Sylhet-3114,

6–2332
devices exhibit superior characteristics such as being
lightweight, easy to carry and install, cost effective compared to
traditional photovoltaics and the devices being exible to be
used on surfaces. Preparation of OPVs is better for the envi-
ronment because it involves less energy consumption and fewer
harmful materials. The duration that a photovoltaic system
takes to generate the same amount of energy that was embodied
in its materials and consumed during its manufacturing
process is known as the energy payback time (EPBT).4 They also
produce energy quickly (short energy payback time), and
therefore these repay the energy used to make them in a short
time.5,6 OPV devices exhibit a short EPBT due to their low
temperature solution processing, ultrathin active layers, light
weight and energy efficient roll-to-roll fabrication, which
collectively minimize the energy input required for device
manufacturing.7 The bulk heterojunction (BHJ) architecture in
organic photovoltaics (OPVs) enhances the donor–acceptor
interfacial area relative to planar heterojunction structures,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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thereby facilitating more efficient exciton dissociation and
yielding higher short circuit current.8,9 As the excitons have
short diffusion lengths (∼10 nm),10 ne morphology in the BHJ
conrms that the maximum number of excitons towards the
donor–acceptor interface move fast and efficiently separate into
free charge carriers. In many studies, the commonly adopted
BHJ structure employs poly(3-hexylthiophene) (P3HT), which is
used as the donor type material, while fullerene and its deriv-
atives, non-fullerene organic compounds and polymers are
used as the acceptor type material.11–13 Poly(3-hexylthiophene) is
oen paired with either fullerene or non-fullerene acceptors
within bulk heterojunction (BHJ) architectures. In the eld of
organic electronics, fullerenes and their derivatives, such as
PC61BM and PC71BM, are among the most commonly employed
electron acceptor materials. The power conversion efficiency of
bulk heterojunction (BHJ) solar cells employing non-fullerene
acceptors has now reached approximately 15%, highlighting
signicant progress in organic photovoltaic performance.14,15

N-type semiconducting polymers are crucial for balanced
charge transport in organic electronics. These polymers repre-
sent a group of organic materials specically developed to
facilitate electron transport and are crucial components in
a range of organic electronic applications, such as organic
photovoltaics (OPVs), organic eld-effect transistors (OFETs),
and thermoelectric systems. The N-type semiconducting mate-
rials are able to accept electrons due to their strong electron
affinity,16,17 which supports efficient electron intake and
conduction. Good example of N-type acceptor polymers include
the naphthalene diimide (NDI) based polymer, poly{[N,N0-bis(2-
octyldodecyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-
alt-5,50-(2,20-bithiophene)}, simply referred to as P(NDI2OD-
T2),18 along with derivatives of perylene diimide (PDI) and
benzimidazobenzothiadiazole (BBT).19. The (P(NDI2OD-T2))
polymer is also known as polynaphthalene bithiophene
(N2200). Liu et al. reported 18.22% power conversion efficiency
(PCE) for a single junction BHJ solar cell device using a non-
fullerene acceptor.3 This signicant enhancement of the
device efficiency highlights the advancements in non-fullerene
acceptors (NFAs), demonstrating their potential to enhance
photo absorption capabilities, exciton generation, optimization
of energy level alignment, efficient exciton dissociation into free
charges and charge transport within the organic photovoltaic
devices. Xu et al. reported that the PCE of an organic solar cell
device with P3HT and a non-fullerene acceptor can be improved
from 6.62% to 8.25% by an environmentally friendly solvent
processing method.20 A signicantly improved result was shown
by Yang et al. with a power conversion efficiency of 9.46%, by
introducing a new non-fullerene acceptor, which has energy
levels well-matched to those of the P3HT polymer, enabling
favorable surface morphology through precise molecular
packing.21 Recent studies reported that the power conversion
efficiency of P3HT:NFA BHJ solar cells has exceeded 10%,
indicating a major advancement in polymer:polymer solar
cells.22

The advancement in organic photovoltaic performance can
be attributed to considerable progress in the eld of materials
science and engineering, which together have made it possible
© 2026 The Author(s). Published by the Royal Society of Chemistry
to develop more efficient and stable device architectures.
Numerous studies have demonstrated that the performance of
organic photovoltaics is highly dependent on the thickness of
the donor:acceptor layer within the photoactive bulk hetero-
junction.23,24 As the thickness increases, more light can be
absorbed, which enhances exciton generation and can lead to
a higher short circuit current density (JSC). Bakour and
colleagues concluded that the concentration as well as the
thickness of the active layer has a great impact on the perfor-
mance of the photovoltaic device.25 They also added that the
variations in the thickness of the active layer have a signicant
effect on light absorption and charge carrier dynamics, thus
affecting key performance parameters of the device such as the
open circuit voltage (VOC), short circuit current density (JSC), ll
factor (FF), and power conversion efficiency (PCE). Thus, both
the thickness and concentration optimization of the active layer
are essential to maximize the device efficiency. Again, the device
performance is critically inuenced by intrinsic material prop-
erties such as bandgap, dielectric constant, and electron
affinity. The bandgap determines the spectral range of light
absorption;26 a narrower bandgap enables the harvesting of
lower photon energy, resulting in improved JSC. However, an
excessively narrow bandgap can lead to a decline in device VOC,27

therefore an optimum bandgap of the active layer is crucial as it
balances efficient photon absorption with sufficient voltage
output to maximize the overall power conversion efficiency
(PCE) of the device.28 The dielectric constant of a material is
a key factor in reducing the recombination of photogenerated
electron–hole pairs by enhancing the separation of charge
carriers and reducing their mutual coulombic attraction.29,30 It
affects the exciton binding energy; higher dielectric constants
facilitate exciton dissociation into free charge carriers,
enhancing charge generation efficiency and reducing recombi-
nation losses.31 Even so, increasing the dielectric constant of the
active layer leads to higher trap density and greater energetic
disorder, which may have a detrimental effect on the device
performance.32 The energy level alignment between the donor
and acceptor materials is greatly inuenced by the electron
affinity of the active layer, which also has an effect on the effi-
ciency of charge transfer processes. Appropriate alignment
ensures efficient electron extraction resulting in higher VOC,
while misalignment increases recombination rates, thereby
causing energy losses.33 The introduction of buffer layers or
interfacial layers between the BHJ active layer and electrode
interfaces can improve the performance of the organic photo-
voltaic device by ensuring efficient charge extraction, mini-
mizing interfacial recombination, and optimizing the energy
level alignment.34,35 The two types of interfacial layers such as
the electron transporting layer (ETL) and hole transporting layer
(HTL) are usually used in organic photovoltaics to reduce the
recombination rate by enabling selective transport of one type
of carrier (electron or hole), while blocking the other.36,37

Poly(3,4-ethylenedioxythiophene):poly(styrene) (PEDOT:PSS) is
a commonly used hole transport layer in optoelectronic devices
due to its high electrical conductivity, optical transparency, and
promising energy level alignment with donor materials. It
facilitates efficient hole extraction, reduces interfacial
Nanoscale Adv., 2026, 8, 2306–2332 | 2307
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recombination, and improves the surface morphology of the
underlying ITO electrode.38,39 Bathocuproine (BCP) is frequently
employed as an interfacial layer in polymer solar cells, serving
both as an electron transport layer and a hole blocking layer.40,41

It is generally inserted between the active layer and the metal
cathode, where it promotes effective electron extraction and
inhibits the movement of holes toward the cathode, thus
reducing interfacial charge recombination. Additionally, proper
energy level alignment between the active layer and the cathode
is ensured by introducing the BCP layer, resulting in improved
charge carrier transport that enhances the overall device
PCE.42–44

To date, only a limited number of experimental studies on
P3HT and N2200 polymers have shown that the power conver-
sion efficiency is relatively very low. Guozheng et al. reported
that an additive-assisted thermal annealing process on the
P3HT:N2200 solar cell improves the device PCE from 0.17% to
0.65%.45 Also, Huajun et al. studied the performance of
a ternary blend photovoltaic device using P3HT, N2200 and
SiNc dye. They reported that the device PCE can be improved
from 0.82% to 1.4% only aer the addition of SiNc dye.46 In our
recently published work, we experimentally fabricated
a P3HT:N2200 BHJ organic photovoltaic device. Consistent with
the other reported results our results exhibit a relatively very low
device PCE of 0.36%.11 The present work is only concerned with
the simulation of the organic photovoltaic device based on the
P3HT and N2200 polymers in bilayer and bulk heterostructure
systems, utilizing the Solar Cell Capacitance Simulator (SCAPS-
1D) soware. The primary objective of this work is to conduct
a comprehensive analysis of the key parameters that govern the
performance of the devices. In particular, the study focuses on
enhancing the power conversion efficiency (PCE) by systemati-
cally modifying the physical and electronic properties of the
photo-active layer. Through detailed simulations, this investi-
gation aims to explicitly assess the impact of these modica-
tions on the overall operational efficiency, charge transport
dynamics, and energy level alignment within the device archi-
tecture. This research also includes the impact of defect density
in the active layer as well as defects at the layer interfaces.
Fig. 1 Chemical structure of (a) PEDOT:PSS, employed as the hole-trans
which serves as the donor polymer; (c) polynaphthalene bithiophene (
materials for the hole-blocking and electron-transporting layer.

2308 | Nanoscale Adv., 2026, 8, 2306–2332
Finally, the effect of working point temperature on photovoltaic
properties has been studied.

Our simulation can act as a tool to explain phenomena
observed in the literature. For example, the work by Zhang
et al.47 demonstrated that annealing below P3HT's melting
point leads to a face-on orientation and an interpenetrating
network, while annealing above it leads to edge-on P3HT and
hierarchical phase separation. We can model these scenarios by
adjusting carrier mobility anisotropies and the effective inter-
facial area in our BHJ simulation. By correlating these simu-
lated morphological parameters with performance metrics like
internal quantum efficiency (IQE) and external quantum effi-
ciency (EQE), we offer a quantitative physics-based explanation
for why one morphology outperforms the other. Also, the study
by Xu et al.46 found that the sensitizer SiNc10 outperforms SiNc6
due to better distribution at the P3HT:N2200 interface, pre-
venting large aggregates. In a simulation framework, we can
model this by introducing a third, sensitizing material layer or
a region with specic optical and electronic properties and
studying the effect of its positioning (dispersed vs. aggregated)
on charge generation and recombination. This creates a bridge
between complex morphological analysis and its direct
consequences.

2. Materials and simulation methods

Fig. 1 illustrates the organic semiconducting materials used for
the proposed bilayer and bulk-heterojunction organic photo-
voltaic (OPV) device simulation. In the bulk-heterojunction
architecture, a blend of P3HT and N2200 polymers is employed.

For device modeling and numerical analysis, the Solar Cell
Capacitance Simulator (SCAPS) version (3.3.12) has been used.
It is a one-dimensional windows oriented solar cell simulation
program designed by the Department of Electronics and
Information Systems (ELIS), the University of Ghent,
Belgium.48–50 SCAPS is a exible simulation tool that allows
users to model a device's current density–voltage (J–V) behavior
as well as the quantum efficiency (QE) spectrum. It accom-
plishes this by numerically solving the core semiconductor
equations, such as the Poisson equation and the electron and
porting and electron-blocking layer; (b) poly(3-hexylthiophene) (P3HT),
N2200), used as the acceptor polymer; and (d) bathocuproine (BCP)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Device architecture of (a) bilayer and (b) bulk-heterojunction photovoltaic devices for SCAPS simulation.
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hole continuity equations.51–53 The solutions of the following
three coupled, nonlinear differential equations facilitate the
extraction of the solar cell's electrical parameters.

d

dx

�
�3ðxÞ dJ

dx

�
¼ q½pðxÞ � nðxÞ þND

þðxÞ �NA
�ðxÞ� (1)

dJn

dx
¼ q

�
Rn � G þ dn

dt

�
(2)

dJp

dx
¼ �q

�
Rp � G þ dp

dt

�
(3)

The electric eld and space charge density within a p–n
junction are governed by Poisson's equation which is expressed
by eqn (1). In this equation, 3(x) denotes the material permit-
tivity, q represents the elementary charge, J signies the elec-
trostatic potential, n(x) denotes the total electron density, p(x)
Fig. 3 Energy band diagram of (a) bilayer and (b) bulk-heterojunction p

© 2026 The Author(s). Published by the Royal Society of Chemistry
corresponds to the total hole density, and ND
+(x) and NA

−(x)
indicate the ionized donor-like and ionized acceptor-like
doping concentrations. In the continuity equations displayed
in eqn (2) and (3), Jn and Jp symbolize the current densities of
electrons and holes, respectively, where, Rn and Rp are the
recombination rates for electrons and holes, respectively, and G
denotes the generation rate. In semiconductor materials,
current generation results from the movement of charge
carriers due to the presence of an electric eld (dri current) or
a carrier concentration gradient (diffusion current).54 The
carrier current densities can be rewritten as follows:55,56

Jn ¼ qnmnE þ qDn

dn

dx
(4)

Jp ¼ qpmpE þ qDp

dp

dx
(5)
hotovoltaic devices after contact.

Nanoscale Adv., 2026, 8, 2306–2332 | 2309
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Table 1 Input parameters of each layer for SCAPS simulation

Parameters PEDOT:PSS34,61 P3HT N2200 P3HT:N2200 BCP62

Thickness (nm) 30 [varied] 80 [varied] 100 [varied] 250 [varied] 5 [varied]
Band gap (eV) 1.6 1.9 (ref. 63) 1.47 (ref. 64 and 65) 1.56 (ref. 11) 3.5
Electron affinity (eV) 3.4 3.5 (ref. 66 and 67) 3.9 (ref. 16 and 64) 3.9 (ref. 14) 3.7
Dielectric permittivity, (3r) 3 4.4 (ref. 66 and 67) 3.2 (ref. 68) 3.8 (ref. 57 and 58) 10
CB effective density of states (cm−3) 1 × 1022 1 × 1022 (ref. 34) 1 × 1022 1 × 1018 1.8 × 1021

VB effective density of states (cm−3) 1 × 1022 1 × 1022 (ref. 34) 1 × 1022 1 × 1019 2.2 × 1021

Electron thermal velocity (cm s−1) 1 × 107 1 × 107 1 × 107 1 × 107 1 × 107

Hole thermal velocity (cm s−1) 1 × 107 1 × 107 1 × 107 1 × 107 1 × 107

Electron mobility (cm2 V−1 s−1) 4.5 × 10−4 10 (ref. 63, 69 and 70) 8.5 × 10−1 (ref. 71) 1.6 2 × 10−2

Hole mobility (cm2 V−1 s−1) 9.9 × 10−5 2.8 (ref. 63, 69 and 70) 3.4 × 10−6 (ref. 72) 1.6 1 × 10−3

Shallow uniform donor density (cm−3) 0 0 1 × 1016 0 1 × 1021

Shallow uniform acceptor density (cm−3) 3 × 1020 (ref. 73 and 74) 1 × 1018 (ref. 69) 0 0 1 × 1010

Defect density (cm−3) 1 × 1014 (ref. 73 and 74) 1 × 1016 (ref. 69) 1 × 1014 1 × 1012 1 × 1017
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Here, mn and mp represent the mobilities of electrons and holes,
respectively, while Dn and Dp denote their corresponding
diffusion coefficients. E stands for the electric eld. The
multilayer structures of the two devices were modeled using
structural components, specically including ITO coated glass/
PEDOT:PSS/P3HT/N2200/BCP/Al as the bilayer structure (device
1) shown in Fig. 2(a) and ITO coated glass/PEDOT:PSS/
P3HT:N2200/BCP/Al as the bulk-heterojunction structure
(device 2) shown in Fig. 2(b). Fig. 3(a) and (b) shows the energy
band diagram of the bilayer and bulk-heterojunction structured
devices, respectively, aer contact. Table 1 presents the funda-
mental parameters of each layer, derived from previously pub-
lished studies. The thermal velocities of electrons and holes are
assumed to be identical (1 × 107 cm s−1) across all layers. The
band gap of the P3HT:N2200 layer (1.56 eV) was determined
using the Tauc plot based on our previously published UV-vis
absorption data of the P3HT:N2200 lm.11 The absorption
spectrum of the P3HT:N2200 active layer was generated using
the inbuilt Tauc-Lorentz optical model within SCAPS-1D. This
model constructs the absorption coefficient prole based on the
input bandgap and dielectric properties. The dielectric
permittivity, (3r) of the P3HT:N2200 layer is calculated by aver-
aging the permittivity values of the donor and acceptor mate-
rials.57,58 As no experimental and theoretical values are available
for carrier mobility of the P3HT:N2200 system in the existing
literature, we initially used a mobility of 1.6 cm2 V−1 s−1 as
a placeholder to probe the upper performance limit of a poly-
mer:polymer photovoltaic device.14 A uniform defect density of
1 × 1016 cm−2 was assumed for various interfaces such as:
PEDOT:PSS/P3HT; P3HT:N2200; and N2200/BCP in the bilayer
structure and PEDOT:PSS/P3HT:N2200 and P3HT:N2200/BCP
in the bulk-heterojunction structure. Here, the electron and
hole capture cross section of all interface layers was kept as 1 ×

10−15 cm−2. Indium-doped tin oxide (ITO) and aluminium were
selected as the front and back contacts, respectively. The work
functions of ITO and Al were set to 4.7 eV and 4.2 eV, respec-
tively.59,60 The input parameters of the interface layers are kept
uniform to make it easier to compare how changes in other
factors affect the device performance.
2310 | Nanoscale Adv., 2026, 8, 2306–2332
3. Results and discussion
3.1. P3HT/N2200 bilayer photovoltaic device

Photovoltaic cells operate by converting incident light energy
into electrical current. Under dark conditions or when the
device is not exposed to light, all photovoltaic devices operate as
large-area diodes, displaying an exponential current density–
voltage (J–V) behavior.75 Upon illumination, the incident light
provides enough energy to create excitons within the photo-
active material.76 These generated excitons dissociate into free
charge carriers and then move through the device, initiating the
photovoltaic process. The current density–voltage (J–V) charac-
teristics and quantum efficiency (QE) spectrum of the P3HT/
N2200 bilayer photovoltaic device are shown in Fig. 4(a) and
(b), respectively. The J–V characteristics exhibit a maximum
power conversion efficiency (PCE) of 1.79%, an open circuit
voltage (VOC) of 0.575 V and a ll factor (FF) of 52.293%, with
a short circuit current density (JSC) of 5.952 mA cm−2. A
broadened quantum efficiency (QE) spectrum within the visible
region is shown in Fig. 4(b) with maximum 12.8% QE at 660 nm
wavelength due to the stronger absorption by the active layer
(P3HT/N2200).77 Beyond this wavelength, the QE drops because
the absorption coefficient of the active layer decreases at longer
wavelengths, resulting in fewer photogenerated excitons and
reduced carrier collection.

3.2. P3HT:N2200 bulk heterojunction photovoltaic device

The J–V characteristics and QE spectrum of the P3HT:N2200
bulk heterojunction photovoltaic device are shown in Fig. 5(a)
and (b), respectively. The J–V characteristics exhibit a maximum
PCE of 7.845%, VOC of 0.699 V and FF of 74.684%, with a JSC of
15.029 mA cm−2. A broadened QE spectrum within the visible
region is shown in Fig. 5(b) with maximum 64.44% QE at
470 nm wavelength indicating effective photo absorption and
electrical energy conversion across a wide range of wavelengths,
specically in the blue region. Aer that the QE spectrum starts
to decline slowly and reaches zero at a wavelength of 800 nm
due to the poor absorption by the P3HT:N2200 active layer at
longer wavelengths. The comparison of the J–V characteristics
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Current density–voltage (J–V) characteristics in the dark and after illumination; (b) QE spectrum of the P3HT/N2200 bilayer
photovoltaic device.
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between bilayer and bulk heterojunction devices reveals
a signicant difference in their performance metrics, speci-
cally, in the PCE of the devices. In the case of the bulk hetero-
junction structure more efficient exciton dissociation and
charge transport occur due to its larger interfacial area and
optimized nanoscale morphology. This results in higher photo-
current generation and an improved device PCE compared to
the bilayer device architecture.78

3.3. Impact of P3HT (donor) and N2200 (acceptor) layer
thickness on the photovoltaic performance of the bilayer
structured photovoltaic device

The performance of organic photovoltaics is signicantly
affected by the thickness of donor and acceptor layers.
Fig. 5 (a) Current density versus voltage (J–V) characteristics in the d
heterojunction photovoltaic device.

© 2026 The Author(s). Published by the Royal Society of Chemistry
Therefore, optimum thicknesses of these layers are crucial to
enhance the device efficiency, photoresponsivity, and overall
performance metrics.79 Zhang et al. reported that a specic
thickness ratio of donor and acceptor layers can lead to
a considerable improvement in the performance of organic
photovoltaic devices.24 It has been reported that an optimal
thickness of 500 nm was found to maximize the device perfor-
mance, while thicknesses beyond this value led to a decrease in
the short circuit current density and ll factor of PM6:Y6 BHJ-
based organic solar cells.80 The J–V characteristics of the
P3HT/N2200 bilayer photovoltaic device are shown in Fig. 6(a)
and (b), respectively, by changing the thicknesses of P3HT and
N2200 layers from 10 nm to 500 nm respectively. The device
performance parameters are shown in Fig. 6(c) and (d),
ark and after illumination; (b) QE spectrum of the P3HT:N2200 bulk

Nanoscale Adv., 2026, 8, 2306–2332 | 2311
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Fig. 6 J–V characteristics of the P3HT/N2200 bilayer device, showing the influence of thickness variation of (a) P3HT and (b) N2200 layers. The
corresponding thickness dependent photovoltaic parameters are presented in (c) and (d) where (e) presents the contour plot of the combined
optimum thickness for the P3HT/N2200 bilayer.

2312 | Nanoscale Adv., 2026, 8, 2306–2332 © 2026 The Author(s). Published by the Royal Society of Chemistry
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respectively, for the bilayer and bulk-heterojunction devices.
For the P3HT layer, the PCE reaches a maximum of 2.11% at
a thickness of 20 nm and declines gradually with further
increasing thickness and then falls to 0.97% at 500 nm. Like-
wise, the JSC approaches its highest value with a peak of 6.979
mA cm−2 at 20 nm and then decreases continuously as the layer
thickness increases. This decrease in PCE at higher thickness
primarily results from the reduced JSC, which arises from the
short diffusion length of the charge carriers, whereas poor PCE
at the thicknesses less than 20 nm is due to the less absorption
by the thin P3HT layer, which limits the exciton generation.
There are no signicant changes observed in the FF for the thick
P3HT layer (>20 nm) due to stable resistive losses and contin-
uous lm formation, whereas the FF slightly decreases below
20 nm due to the ultrathin P3HT layer, which causes incomplete
lm coverage due to poor morphology. This behavior suggests
that an excessively thick donor layer increases charge recom-
bination, thereby degrading the overall device performance.81,82

For the N2200 acceptor layer, the photovoltaic parameters
demonstrate a distinct trend with increasing the thickness. The
VOC increases signicantly from 0.316 V at 10 nm to approxi-
mately 0.575 V at 100 nm, aer which it stabilizes, indicating
improved junction quality and reduced leakage at sufficient
thickness.83 Likewise, the JSC increases with thickness up to
around 200 nm, due to enhanced light absorption and efficient
exciton dissociation. Beyond this thickness, JSC reaches its
saturation point, implying that further increases in the acceptor
layer do not contribute to additional photocurrent due to
saturation in optical absorption and charge transport.84 The FF
sharply increases from 10 nm to 20 nm due to improved N2200
lm formation and attains its optimum value at 20 nm. Beyond
20 nm, the FF decreases because of the probability of carrier
recombination increases at higher N2200 thicknesses. Fig. 6(d)
shows a gradual decline of the FF from higher values (∼69.96%)
at thin layers to about 51.5% at greater thicknesses, implying
that thicker N2200 layers introduce increased series resistance
or charge recombination losses.85 Consequently, the PCE of the
device shows a clear dependence on the thickness of the N2200
acceptor layer. The PCE increases sharply from 0.19% to 1.79%
as the thickness increases from 10 nm to 100 nm due to the
thicker N2200 layer, which enhances light absorption and
enables improved exciton dissociation and charge collection.
Beyond a thickness of about 100 nm, the PCE levels off at
around 1.80% and remains unchanged up to 500 nm due to
stable morphology and resistive losses. This saturation indi-
cates that increasing the acceptor layer thickness further does
not generate additional photocurrent, likely due to the limited
exciton diffusion length and higher recombination losses in
overly thick layers.86,87 Chen et al. reported that as the thickness
surpasses optimal levels, the photocurrent does not improve
due to high recombination losses at the donor–acceptor inter-
face.88 Therefore, an optimal thickness range is identied
around 150 nm to 200 nm for the N2200 layer that balances the
efficient light absorption with effective charge transport and
extraction.

In this thickness optimization study, the thickness of the
N2200 layer was kept constant at 100 nm while the thickness of
© 2026 The Author(s). Published by the Royal Society of Chemistry
the P3HT layer was varied from 10 nm to 500 nm. Also, when the
thickness of N2200 was varied from 10 nm to 500 nm, the
thickness of the P3HT layer was kept constant at 80 nm. In this
case, we get the best donor or acceptor thickness alone.
Therefore, the nal combined optimum P3HT/N2200 layer
thickness is very crucial in bilayer OPV devices because it
ensures maximum light harvesting, efficient exciton dissocia-
tion, balanced charge transport and overall device efficiency.
Fig. 6(e) shows the contour plot indicating the combined
optimum thickness of the P3HT and N2200 layers. From the
contour plot the maximum PCE is observed in the reddest
region which is at 35–40 nm for P3HT and >100 nm for N2200
layer. The thickness of the N2200 layer can be increased up to
200 nm, as a thicker layer enhances the device PCE, as
conrmed in Fig. 6(d), which shows that the device PCE
increases with increasing N2200 thickness. The previously
determined optimum thickness of P3HT (20 nm) differs from
the nal combined optimum thickness because, in the latter
case, simultaneous variation of both P3HT and N2200 layers
inuences each other, affecting the overall device performance.
3.4. Impact of P3HT:N2200 active layer thickness on the
photovoltaic performance of the bulk heterojunction
structured photovoltaic device

The thickness of the active layer in organic solar cells signi-
cantly inuences their performance, affecting parameters such
as power conversion efficiency, short-circuit current density, ll
factor and open circuit voltage. Fig. 7(a) and (b) displays the J–V
characteristics and QE spectra of bulk heterojunction photo-
voltaic devices with varying the thickness of the P3HT:N2200
active layer from 10 nm to 1000 nm within the wavelength range
from 300 nm to 900 nm. The photovoltaic performance
parameters are shown in Fig. 7(c). The device VOC increases
gradually from 0.613 volt to 0.731 volt as the thickness of the
P3HT:N2200 layer increases from 50 nm to 500 nm, while JSC
increases signicantly from 5.175 mA cm−2 to 18.263 mA cm−2.
This can be attributed to the stronger light absorption by the
thicker layer, resulting in improved exciton generation and
current production.77 Nevertheless, the FF shows a continuous
degradation from 79.24% to 67.67% over this range due to the
increase in internal losses at thicker layers. Collectively, the
device PCE reaches a maximum of 9.03% at a thickness of
500 nm. Although, the VOC and JSC continue to increase slightly,
the FF drops more rapidly, causing the PCE to decline
marginally to 7.99% at 1000 nm. This behavior underscores that
while a thicker active layer enhances light harvesting, excessive
thickness can deteriorate charge extraction and reduce overall
device performance due to enhanced recombination and
limited charge carrier mobility.89 From Fig. 7(c), it can be
observed that the device achieves a PCE of approximately 4.56%
at the thickness of 100 nm of the P3HT:N2200 layer.

The QE spectra of these bulk heterojunction devices
demonstrate a clear dependence on the active layer thickness
across the examined wavelength range of 200 nm to 900 nm,
shown in Fig. 7(b). At shorter wavelengths (200–300 nm), the QE
gradually increases with increasing thickness, reecting
Nanoscale Adv., 2026, 8, 2306–2332 | 2313

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00721f


Fig. 7 (a) J–V characteristics of the bulk heterojunction device with varying thicknesses of the P3HT:N2200 active layer; (b) quantum efficiency
(QE) spectra at different P3HT:N2200 layer thicknesses; and (c) the corresponding thickness-dependent photovoltaic parameters.
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enhanced photon absorption due to a longer optical path and
improved exciton generation. As the wavelength shied into the
visible region (400–700 nm), the QE value signicantly increases
at higher thickness with peak values 70–79% from 500 nm to
1000 nm. This suggests that the thicker active layers can more
effectively capture a broader portion of the incident light spec-
trum, which contributes to the increased JSC observed in the
corresponding J–V data. However, at longer wavelengths beyond
2314 | Nanoscale Adv., 2026, 8, 2306–2332
∼700 nm, the QE spectra tend to saturate and slightly decrease,
especially for the thinnest layers, due to limited absorption
depth and insufficient material to fully harvest longer wave-
length photons. Notably, extremely thin active layers (50–100
nm) exhibit signicantly lower QE across the spectrum, con-
rming that insufficient layer thickness limits light absorption.
At wavelengths above about 800 nm, the QE drops to almost
© 2026 The Author(s). Published by the Royal Society of Chemistry
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zero for all thicknesses, because the light does not have enough
energy to be absorbed by the P3HT:N2200 layer.

Apart from the absorption characteristics of photons, the
degree of interfacial recombination and density of interfacial
defects critically inuence the overall QE response.90 When the
active layer is too thin (e.g., 50–100 nm), the photogeneration
occurs very close to the HTL/absorber and ETL/absorber inter-
faces. Charge carrier extraction becomes easier as the electrons
and holes travel a short distance but the JSC is low as the layer is
too thin to absorb a signicant portion of incident photons,
especially long wavelength photons. However, because the
photogenerated carriers are very close to the interfaces (HTL/
absorber and ETL/absorber), the recombination at the inter-
faces is dominant. This enhances the leakage current, which
reduces the device VOC. Also, the thin layer reduces bulk
recombination as well as offers less series resistance leading to
a higher FF due to the short travel distance of the charge
carriers. That is why, the J–V curve shows lower JSC and VOC
(Fig. 7(a)), which degrades the overall device PCE, shown in
Fig. 7(c). QE is poor, particularly at longer wavelengths, origi-
nating from recombination at the poor ETL/absorber interface
and due to limited photon absorption by the thin active layer. As
the thickness increases from 200–1000 nm, the QE maxima
shied towards the higher wavelength due to the dominance of
HTL/absorber interfacial recombination. Aer that QE
decreases from its maxima at the longer wavelength where trap
assisted carrier recombination increases due to a longer trans-
port path and ETL/absorber interfacial recombination. In the
thickness range of 200–300 nm, absorption occurs more
uniformly across the P3HT:N2200 layer, which represents
a balance where both interfaces (HTL/absorber and ETL/
absorber) support efficient carrier extraction, as electron diffu-
sion length is sufficient to reach the respective interfaces from
anywhere in the absorber layer. Therefore, there is an
improvement in JSC and VOC, but the FF decreases as the series
resistance increases because of the thick layer.91
3.5. Impact of working point temperature on the
photovoltaic performance of P3HT/N2200 bilayer and
P3HT:N2200 bulk heterojunction structured photovoltaic
devices

The working point temperature has a signicant effect on the
performance of photovoltaic devices by impacting charge
transport, recombination process, and the overall stability of
the device.92 The performance of both the bilayer and bulk
heterojunction devices as a function of working point temper-
ature is shown in Fig. 8(a) and (b), respectively. As the working
point temperature increases from 290 K to 500 K, the power
conversion efficiency (PCE) of the bilayer device drops sharply
from 1.90% at 290 K to nearly zero at 500 K. This signicant
drop is mainly due to a continuous decrease in open-circuit
voltage from 0.608 V to near 0 V due to the increase in reverse
saturation current density at elevated temperature and
amoderate decline in short circuit current density from 6.03mA
cm−2 to 3.56 mA cm−2. The FF reduces from 52% to 0%, indi-
cating loss in device performance. However, the PCE of the bulk
© 2026 The Author(s). Published by the Royal Society of Chemistry
heterojunction device decreases gradually from 8.1% to 2.7% at
working point temperature from 290 K to 500 K respectively.
The VOC rapidly decays from 0.72 V to 0.32 V, and the JSC drops
from 15.06 mA cm−2 to 14.19 mA cm−2, indicating better
photogeneration and collection despite the elevated tempera-
tures. The FF of the bulk heterojunction structure is decreasing
from about 75% to 58% at elevated temperature attributed to
increased carrier recombination and thermally activated trap
states, which collectively reduce the charge extraction efficiency
and distort the J–V characteristics near the maximum power
point.

Overall, an increase in operating temperature results in
reduced performance for both device architectures. In most PV
cells, when temperature increases the JSC usually increases
slightly. In our simulation, the observed decrease in JSC is
indeed a deviation from the behavior of conventional solar cells.
We attribute this primarily to the dominance of temperature-
activated trap-assisted recombination. An increase in oper-
ating temperature supplies extra thermal energy to the charge
carriers. As a result, electrons gain more kinetic energy and are
more prone to recombine with holes before arriving at the
electrodes.93 This enhanced recombination at higher tempera-
tures leads to the observed reduction in JSC. Furthermore, the
conductivity of the material is degraded at elevated temperature
due to increased charge carrier scattering from lattice vibrations
(phonons).94 Therefore, higher temperatures lead to greater
thermal excitation, which in turn causes a drop in device
performance. As the carrier recombination rates increase with
temperature, more charge carriers recombine before they reach
the depletion region, not contributing to current generation.25

But the results demonstrate that the bulk heterojunction device
is more thermally robust than the bilayer device, exhibiting
higher PCE, VOC, JSC, and FF throughout the temperature range.
As this study demonstrates that the bilayer device delivers
a signicantly lower power conversion efficiency (1.79%) than
the bulk heterojunction structure (9.03%), the bulk hetero-
junction architecture has been chosen as the main focus for our
subsequent numerical analyses.
3.6. Impact of donor type (ND) and acceptor type (NA) doping
densities on the photovoltaic performance of the P3HT:N2200
bulk heterojunction structured photovoltaic device

For bulk heterojunction structured photovoltaic devices, the
donor type (ND) and acceptor type (NA) doping densities in the
donor:acceptor layer signicantly affect the device performance.
Therefore, optimization of the ND type and NA type doping
densities in the P3HT:N2200 layer is essential to achieve better
device performance. Initially, both the doping densities were
intentionally kept at 0 cm−3 to accurately represent the intrinsic
nature of P3HT:N2200. When NA was varied, ND was kept xed
at 0 cm−3, and when ND was varied, NA was kept xed at 0 cm−3.
Fig. 9 shows how ND type and NA type doping densities in the
P3HT:N2200 layer effect photovoltaic matrices. Doping densi-
ties of the P3HT:N2200 layer have been varied from 1012 cm−3 to
1018 cm−3. It has been observed that the photovoltaic parame-
ters such as VOC, JSC, FF and PCE remain constant up to 1014
Nanoscale Adv., 2026, 8, 2306–2332 | 2315
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Fig. 8 Impact of working point temperature on the photovoltaic performance of (a) P3HT/N2200 bilayer and (b) P3HT:N2200 bulk hetero-
junction structured photovoltaic devices.
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cm−3 both for ND type and NA type doping densities shown in
Fig. 9(a), (b), (c) and (d), respectively. At this low doping range,
recombination and transport are dominated by intrinsic prop-
erties of the P3HT:N2200 layer. At higher ND (>1014 cm−3), VOC
gradually decreases and steadily increases at higher NA (>1014

cm−3) shown in Fig. 9(a). At higher NA, the material becomes
more strongly p-type causing the Fermi level to shi closer
towards the valence band. This increases the built-in potential
(Vbi) of the junction, which in turn enhances the device VOC.95

However, higher ND indicates more free electrons that increase
the non-radiative recombination resulting in a decrease in
VOC.96 The JSC decays rapidly for NA > 10

14 cm−3 due to higher NA

concentration, which increases non-radiative recombination,
particularly Auger recombination that reduces the number of
charge carriers available for current generation,97 shown in
Fig. 9(b). Also, JSC shows its highest value 15.46 mA cm−2 at ND

= 1016 cm−3 and then decreases slowly as for ND at higher donor
concentration (ND). The FF of the device initially declines
sharply from NA = 1014 to 1016 cm−3 reaching a minimum value
∼47% due to dominant trap-assisted recombination. It has also
been observed that the FF dramatically increases at higher
acceptor doping (NA), which is shown in Fig. 9(c). This sudden
2316 | Nanoscale Adv., 2026, 8, 2306–2332
improvement in the FF can be attributed to the increase in VOC
at a higher doping level shown in Fig. 9(a), which reduces
resistive losses and results in more efficient charge extraction at
this doping level. However, the FF remains stable at low ND type
doping, experiences a slight increase under moderate doping
due to improved charge transport and then very slowly
decreases because of trap-assisted recombination at higher
ND.98

For ND, the power conversion efficiency of the device peaks
around 7.8% at a low doping level (#1014 cm−3) and then
increases to 8.27%maximum PCE at 1016 cm−3 due to improved
JSC and FF of the device shown in Fig. 9(b) and (c), resulting
from reduced recombination losses at this moderate doping
levels. Ultimately, the PCE collapses at higher doping levels
because both JSC and FF of the device decrease at a higher
doping level due to increased recombination. Similarly, as the
doping level (NA) increases from 1014 cm−3 to 1016 cm−3, the
device PCE decreases, reaching a minimum value of 4.99%.
This performance loss arises from the increased recombination
and transport limitations induced by excessive acceptor doping
in this range, which reduce both JSC and FF of the device. When
the NA density exceeds 1016 cm−3, the device PCE again
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Impact of the doping density of the P3HT:N2200 active layer on the photovoltaic performance: (a) VOC, (b) JSC, (c) FF, and (d) PCE of the
P3HT:N2200 bulk heterojunction structured photovoltaic device.

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 6
/1

1/
20

26
 1

2:
49

:4
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
increases due to the increase in the FF within this range shown
in Fig. 9(a). Therefore, an optimum acceptor and donor doping
concentration of the P3HT:N2200 active layer was determined at
ND = 1016 cm−3 and NA < 1014 cm—3, respectively. Here, higher
doping densities negatively impact the device PCE because of
the space charge effects, which redistribute the internal electric
eld, leading to decreased charge carrier transport efficiency,
increased recombination rates, and ultimately reduced device
performance.99 At low to moderate doping densities both
concentrations are sufficient for efficient charge transport and
balanced carrier generation, which lead to stable device effi-
ciency. Therefore, an optimal doping density (1016 to 1017 cm−3)
is required to maintain balanced carrier transport and overall
device PCE maximization.
© 2026 The Author(s). Published by the Royal Society of Chemistry
3.7. Impact of the bandgap and bulk defect density of the
P3HT:N2200 active layer on the photovoltaic device
performance

Contour mapping of the photovoltaic performance with respect
to the thickness (100 nm to 1000 nm) and bandgap (1.4 eV to 1.8
eV) variation of the P3HT:N2200 layer is shown in Fig. 10. The
greatest VOC of the device is observed at higher thickness (750 to
1000 nm) and within the 1.4 eV to 1.56 eV bandgap limit of the
P3HT:N2200 layer, shown in Fig. 10(a). From Fig. 10(b), it can be
observed that the JSC remains higher at a bandgap less than
1.45 eV within the thickness from 300 nm to 8000 nm of the
P3HT:N2200 layer. A similar trend has also been observed for
the PCE of the device shown in Fig. 10(d). This indicates that
both the JSC and PCE values improve in this bandgap and
thickness range. This improvement in PCE and JSC is attributed
Nanoscale Adv., 2026, 8, 2306–2332 | 2317
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Fig. 10 Contour mapping of photovoltaic performance: (a) VOC, (b) JSC, (c) FF, and (d) PCE of the bulk heterojunction structured photovoltaic
device with respect to the thickness and bandgap of the P3HT:N2200 layer.
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to the enhanced photon absorption in the thicker active layer,
which generates a large number of electron–hole pairs.100

However, the device FF decreases with increasing thickness of
the active layer, which is shown in Fig. 10(c). This can be
attributed to the enhanced series resistance and poor charge
carrier collection within the thick P3HT:N2200 layer.100 To
maximize the PCE of the device, a thick layer and a bandgap
<1.45 eV of the P3HT:N2200 layer balance the absorption and
effective carrier collection. Therefore, the optimum bandgap of
the P3HT:N2200 layer is 1.40 eV for higher device PCE. A lower
bandgap of the active layer enhances compatibility with the
solar spectrum, which improves device PCE signicantly.101

This variation to 1.4 eV was part of a standard sensitivity anal-
ysis to explore general design principles. Therefore, in our
simulation work it does not imply that the P3HT:N2200 mate-
rial changes. Instead, it theoretically demonstrates the
2318 | Nanoscale Adv., 2026, 8, 2306–2332
performance benet that could be gained from a future, lower-
bandgap blend with similar transport properties, providing
guidance for new material development. This may benet the
pursuit of lower-bandgap polymer acceptors or donor–acceptor
pairs while maintaining good charge transport.
3.8. Impact of thickness and bulk defect density of the
P3HT:N2200 active layer on the photovoltaic device
performance

The thickness and defect density of the active layer signicantly
inuence the performance of photovoltaic devices. Research
indicates that an optimal thickness enhances light absorption
and reduces recombination losses, while lower defect densities
improve charge carrier efficiency.102,103 The interplay between
these factors is crucial for maximizing the device PCE. In
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00721f


Fig. 11 (a) J–V characteristics and (b) QE spectra of the bulk heterojunction structured photovoltaic device with respect to the thickness and
total defect density of the P3HT:N2200 layer.
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Fig. 11(a) and (b), the J–V characteristics and QE spectra have
been displayed with respect to the change in the total bulk
defect density in the P3HT:N2200 active layer. Fig. 11(a) indi-
cates that a lower defect density in the absorber is benecial for
better device performance due to efficient charge carrier
collection, whereas excessive defect density enhances carrier
recombination, which reduces the effective electric eld within
the device104 Similarly, at lower defect densities in the active
layer, QE spectra remain high peaking above 60% to 64% in the
visible region shown in Fig. 11(b), which conrmed the excel-
lent charge carrier collection and minimum recombination. So,
the optimum defect density for the P3HT:N2200 solar cell is
around 1 × 1010 cm−3 to 1 × 1012 cm−3. Contour mapping of
the photovoltaic performance with respect to the thickness
(100 nm to 1000 nm) and bulk defect density (1× 1010 cm−3 to 1
× 1020 cm−3) of the P3HT:N2200 layer is shown in Fig. 12. The
greatest VOC of the device has been observed at higher thickness
(750 nm to 1000 nm) and within the 1 × 1010 cm−3 to 1 × 1015

cm−3 defect density limit of the P3HT:N2200 layer shown in
Fig. 12(a). From Fig. 12(b), it can be observed that the JSC
increases at 1 × 1010 cm−3 to 1 × 1016 cm−3 defect density and
400 nm to 1000 nm thickness of the P3HT:N2200 layer. A similar
trend has also been observed for the PCE of the device, as shown
in Fig. 12(d). From the J–V characteristics and contour graphs, it
clearly indicates that the degradation in photovoltaic metrics
arises from the enhanced defect density of the P3HT:N2200
layer. This is because higher defect densities lower the carrier
life time and also their diffusion lengths, which are responsible
for surface recombination pathways, thereby diminishing the
photovoltaic parameters.77 Therefore, the results suggest that
well dened thickness of the P3HT:N2200 active layer with low
bulk defect densities is the key to achieve better photovoltaic
performance.
© 2026 The Author(s). Published by the Royal Society of Chemistry
3.9. Impact of bulk defect density in the P3HT:N2200 layer
with the interfacial defect densities at PEDOT:PSS/
P3HT:N2200 and P3HT:N2200/BCP junctions on the device
performance

The photovoltaic performance is strongly inuenced by the
defect levels of the active layer and by the defects present at the
interfaces. Shubham et al. reported that interfacial defect opti-
mization is crucial for an efficient device.105 The photovoltaic
performance is strongly inuenced by interfacial recombina-
tion, as recombination at the junction between the active layer
and the transport layers leads to the formation of interface
defect states.106 Contour mapping of the photovoltaic perfor-
mance with respect to the bulk defects in the P3HT:N2200 layer
(1 × 1012 cm−3 to 1 × 1018 cm−3), with the interfacial defect
densities at PEDOT:PSS/P3HT:N2200 and P3HT:N2200/BCP
junctions (1 × 107 cm−2 to 1 × 1016 cm−2), is shown in
Fig. 13(a–h). The overall device efficiency decreased at high
defects, as both the bulk and interfacial defect densities
increased, as shown in Fig. 13(d). This is because the increased
defects lead to more trap levels present at the interface,
reducing device efficiency.107 It is evident that higher defect
states both for P3HT:N2200 and PEDPT:PSS/P3HT:N2200
interfaces deteriorate the overall photovoltaic metrics (VOC,
JSC, FF & PCE), as shown in Fig. 13(a–d). The increased inter-
facial defects lead to higher charge recombination which
accelerates carrier loss at the interface.108,109 This results in
reduced charge carrier lifetime and collection efficiency which
in turn causes a substantial degradation of the key photovoltaic
parameters and overall device performance. In contrast, the
photovoltaic device parameters are independent of the
P3HT:N2200/BCP interface defect density, shown in Fig. 13(e–
h). Here, the P3HT:N2200/ETL defect density does not signi-
cantly affect the device performance. This can be attributed to
the lower photogenerated charge carrier density as the
Nanoscale Adv., 2026, 8, 2306–2332 | 2319
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Fig. 12 Contour mapping of photovoltaic performance: (a) VOC, (b) JSC, (c) FF, and (d) PCE of the bulk heterojunction structured photovoltaic
device with respect to the thickness and total defect density of the P3HT:N2200 layer.
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illumination occurred through the PEDOT:PSS or HTL layer
rather than the BCP or ETL layer.107 Also, the ETL side may not
be the dominant recombination pathway as most of the
recombination happens inside the active layer (P3HT:N2200)
and HTL/P3HT:N2200 interface. Therefore, optimization of the
interface defect density at the PEDOT:PSS/P3HT:N2200 inter-
face layer is very crucial for achieving high performance
photovoltaic device fabrication in this conguration.
3.10. Impact of electron affinity and dielectric permittivity of
the P3HT:N2200 active layer on the device performance

The electron affinity and dielectric permittivity of the
P3HT:N2200 layer play a vital role in the photovoltaic perfor-
mance. A suitable choice of electron affinity ensures proper
energy level alignment between the P3HT donor and N2200
acceptor materials. This proper alignment facilitates efficient
2320 | Nanoscale Adv., 2026, 8, 2306–2332
exciton generation, dissociation and charge carrier transport.
Also, the dielectric permittivity strongly impacts the strength of
the Coulomb interaction during exciton formation, which also
impacts efficient charge carrier separation and recombination
rates. Leblebici et al. reported that an absorber material with
suitable electron affinity and dielectric permittivity is crucial for
improving device efficiency of organic solar cells.110 Therefore,
the electron affinity and dielectric permittivity optimization of
the P3HT:N2200 layer is essential for an efficient photovoltaic
device. Fig. 14(a) and (b) display how the variation of electron
affinity (3.0 eV to 4.0 eV) and Fig. 14(c) and (d) present how the
variation of dielectric permittivity (3 eV to 5.0 eV) of the
P3HT:N2200 layer depend on the photovoltaic parameters. The
short circuit current density (JSC) remains constant across this
electron affinity range, indicating that the photogenerated
current does not signicantly affect as electron affinity mainly
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Contour mapping of photovoltaic performance parameters of the bulk heterojunction structured photovoltaic device as a function of
bulk defect density in the P3HT:N2200 layer with the interfacial defect densities at ((a)–(d)) PEDOT:PSS/P3HT:N2200 and ((e)–(h)) P3HT:N2200/
BCP junctions.

© 2026 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2026, 8, 2306–2332 | 2321
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Fig. 14 Impact of (a) & (b) electron affinity and (c) & (d) dielectric permittivity variation of the P3HT:N2200 layer on the device performance.

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 6
/1

1/
20

26
 1

2:
49

:4
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
shis energy levels (which affect VOC) rather than the number of
carriers that are generated and extracted.111 It has been
observed that the VOC initially increases from 0.5 V to
a maximum of 1.01 V (with a peak value at 3.57 eV) with
increased electron affinity due to proper energy level alignment,
which reduces recombination. Beyond this 3.57 eV the VOC
starts to decline because of unfavorable energy band alignment
of the P3HT with the N2200 levels, which leads to diminished
charge separation efficiency, thus lowering VOC.112 The FF is also
not signicantly affected by variations in electron affinity. An
identical behavior to that of VOC has been observed for PCE. The
highest PCE of 11.33% was achieved when the electron affinity
was set at approximately 3.53 eV, shown in Fig. 14(b). The
observed variation in PCE arises from the combined inuence
of VOC, JSC and FF. This emphasizes the signicance of an
optimum value of electron affinity to achieve optimal device
performance.

In contrast, the dielectric permittivity variation of
P3HT:N2200 within this range does not have a major effect on
the photovoltaic parameters shown in Fig. 14(c) and (d).
However, dielectric permittivity is an important factor for the
2322 | Nanoscale Adv., 2026, 8, 2306–2332
design of the active layer, and its variation within this range
does not signicantly affect the photovoltaic parameters.
Moreover, the literature demonstrates that an increased
dielectric permittivity improves the junction's capability to
separate charge carriers, lowering recombination rates and
enabling more efficient current extraction.113
3.11. Impact of electron and hole mobility of the
P3HT:N2200 active layer on the device performance

The effect of electron and hole mobility of the P3HT:N2200 layer
on the photovoltaic parameters is shown in Fig. 15 within the
range of 1 × 10−5 cm2 V−1 s−1 to 10 cm2 V−1 s−1. The VOC of the
device increases with higher hole mobility due to improved hole
extraction whereas, it decreases when the electron mobility
becomes higher, as shown in Fig. 15(a). Here, the higher electron
mobility creates a mobility imbalance and enhances recombina-
tion, leading to a reduction in device VOC.114 It has been observed
that the JSC of the device increases at higher electron and hole
mobilities shown in Fig. 15(b). This is because higher mobility
also enhances the material's conductivity which in turn reduces
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Contour mapping of photovoltaic performance parameters: (a) VOC, (b) JSC, (c) FF, and (d) PCE of the bulk heterojunction structured
photovoltaic device as a function of electron and hole mobility in the P3HT:N2200 layer.
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the series resistance. From Fig. 15(c), it can be said that a higher
FF occurs when the mobilities are balanced and moderately high.
Balanced carrier mobility minimizes space-charge buildup and
reduces recombination, leading to efficient charge extraction
which maximizes the FF. Similarly, the power conversion effi-
ciency of the device reached its maximum value at an electron
mobility from 1 × 10−3 cm2 V−1 s−1 to 1 × 10−2 cm2 V−1 s−1 and
hole mobility from 1× 10−4 cm2 V−1 s−1 to 1× 10−3 cm2 V−1 s−1.
This is an optimal range of carriers mobilities, where both
extraction and recombination losses are minimized, thereby
maximizing the device PCE.115 Similar simulation results were
reported by Aaqik et al. using a P3HT:PCBM based organic solar
cell by varying the electron and hole mobilities of the P3HT buffer
layer.34Nojima et al. reported that the carrier mobility in the order
of 1 × 10−4 cm2 V−1 s−1 for electrons and holes shows the best
device PCE using P3HT and PCBM materials.116 Therefore,
© 2026 The Author(s). Published by the Royal Society of Chemistry
balanced electron and hole mobility is essential for achieving an
efficient photovoltaic device.

3.12. Impact of series (RS) and shunt (RSH) resistance on the
device performance

Photovoltaic performance is strongly inuenced not only by the
intrinsic properties of the active layer but also by the electrical
characteristics of the device such as series resistance and shunt
resistance. Series resistance arises from the connections and
junctions formed by layers (P3HT:N2200, HTL, ETL, etc.) and
electrodes whereas, shunt resistance represents leakage path-
ways in the device caused by pinholes, defects or imperfect
interfaces.117 Fig. 16 illustrates the effect of series and shunt
resistance on the photovoltaic parameters within the ranges of
0 U cm2 to 10 U cm2 and 0 U cm2 to 1000 U cm2, respectively.
The subsequent evaluation of VOC, JSC, FF and PCE of the device
Nanoscale Adv., 2026, 8, 2306–2332 | 2323
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Fig. 16 Impact of (a) & (b) series resistance and (c) & (d) shunt resistance variation of the P3HT:N2200 layer on the device performance.
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is shown in Fig. 16(a) and (b) for RS and 16(c) and (d) for RSH. No
signicant changes in the device JSC are observed with the
variations in RS and RSH as shown in Fig. 16(a) and (c), respec-
tively. Also, the device VOC remains almost unaffected by the
variation in RS. However, in the case of RSH, VOC increases
sharply from 10 U cm2 to 62 U cm2 followed by a gradual rise up
to 270 U cm2 and then becomes saturated. However, the FF and
PCE are signicantly impacted by the variation of both RS and
RSH. A degradation in the FF and PCE of the device has been
observed with increasing RS, shown in Fig. 16(b). When the
device RS increases from 1 U cm2 to 10 U cm2, the PCE drops
from 7.67% to 6.18%, indicating a 19.4% relative loss in PCE.
This is because an increase in series resistance leads to higher
resistive losses and impedes charge transport, resulting in
a reduction of the device PCE.118 However, the device FF and
PCE improve signicantly as the RSH increases from 10 U cm2 to
1000 U cm2. At very low RSH, poor PCE has been observed
because of severe current leakage through shunting pathways.
2324 | Nanoscale Adv., 2026, 8, 2306–2332
However, this leakage current is suppressed at a higher RSH
value. This is because the current leakage paths are minimized
at higher RSH, which ensures efficient charge carrier transport
leading to an improved device PCE.92 The power conversion
efficiency and ll factor of the device experience a nonlinear
response at higher RSH, which is observed in Fig. 16(d), where
the FF reaches around 71.5% and PCE stabilizes at about 7.49%.
Therefore, shunt path minimization is very crucial for efficient
device fabrication.119
3.13. Optimized device performance

Fig. 17 presents the comparative analysis of photovoltaic
performance of the device simulated with the initial set of
parameters and the optimized set of parameters of the
P3HT:N2200 layer. The optimized values are listed in Table 2. It
has been observed that the optimized device leads to a signi-
cant enhancement in the photovoltaic metrics shown in Table
3. The J–V characteristics of the initial structure before
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 (a) Current density–voltage (J–V) characteristics after illumination; (b) QE spectrum of P3HT:N2200 bulk heterojunction photovoltaic
device simulated with initial (black line) and optimized parameters (red line) of the P3HT:N2200 layer.

Table 2 The optimized values of the P3HT:N2200 layer

Optimized parameter Optimized value

Thickness (nm) 500
Band gap (eV) 1.4
Electron affinity (eV) 3.53
Electron mobility (cm2 V−1 s−1) 1 × 10−2

Hole mobility (cm2 V−1 s−1) 1 × 10−3

Shallow uniform donor density (cm−3) 1 × 1016

Shallow uniform acceptor density (cm−3) 1 × 1014
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optimization notably change aer the optimization, which is
displayed in Fig. 17(b). The VOC increased from 0.699 V to
1.092 V due to improved energy level alignment at the interfaces
aer the optimization of the parameters. This reduces recom-
bination losses resulting in a higher built-in potential, which in
turn increases VOC. JSC increased from 15.029 mA cm−2 to
19.573 mA cm−2 due to enhanced light absorption and more
efficient carrier extraction at the electrodes, as conrmed by the
improvement in the QE spectra. However, the FF declined from
74.684% to 55.371%, resulting from the higher internal losses
in the optimized structure arising from the higher series resis-
tance. Finally, the device PCE increased from 7.845% to
Table 3 Photovoltaic parameters of the devices using initial param-
eters and optimized parameters

Photovoltaic parameter Initial device Optimized device

VOC (V) 0.699 1.092
JSC (mA cm−2) 15.029 19.573
FF (%) 74.684 55.371
PCE (%) 7.845 11.834

© 2026 The Author(s). Published by the Royal Society of Chemistry
11.834% despite the reduction in the FF. The signicant
increment in both VOC and JSC more than compensates, leading
to a higher overall PCE. The combined effect of improved charge
separation, efficient charge collection and optimized energy
level alignment contributes to this efficiency enhancement.

A broader QE spectrum than the initial QE is shown in
Fig. 17(b). The QE of the optimized device follows the similar
prole up to around 600 nm wavelength, indicating that the
photon absorption at shorter wavelengths remains unchanged
aer the optimization. Initially the QE spectrum drops to zero at
800 nm but the bandgap optimization of the P3HT:N2200 layer
extends the spectral response of the optimized device up to
900 nm, suggesting improved light absorption at longer wave-
lengths. However, the additional optimizations of thickness,
defect density, and other parameters improve the device
performance metrics like VOC, JSC and PCE. This enhancement
in the QE and device PCE can be attributed to the optimized
parameters of the P3HT:N2200 active layer, which improved the
absorption of low-energy photons, efficient carrier transport
and extraction within the P3HT:N2200 active layer.
3.14. Comparison of simulation and experimental results

In Table 4, the power conversion efficiency obtained from this
simulation is compared with previously reported experimental
results only, as no simulation studies on the P3HT:N2200 BHJ
system have been reported to date using SCAPS-1D simulation.
The experimentally reported PCE for the P3HT:N2200 BHJ
device is 0.17% (ref. 45), which improves to 0.21% aer
annealing the blend lm. The most signicant enhancement in
PCE reaching 0.65% was reported when combining 1% DIO and
annealing treatment of the BHJ lm at a thickness ∼100 nm. In
another experimental report, the PCE of the P3HT:N2200 blend
was reported to be 0.82%, which was substantially enhanced to
1.4% by incorporating near IR sensitizers such as SiNc10 at
Nanoscale Adv., 2026, 8, 2306–2332 | 2325

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00721f


Table 4 Comparison between simulation and experimental results

Research type Active layer thickness (nm) Reported PCE (%) Processing conditions

Experiment45 100 0.17 —
0.65 1% DIO + annealing

Experiment46 110 0.82 —
1.40 Near-IR sensitizers

Experiment11 — 0.10 —
0.36 DIO + methanol

Experiment120 80–110 0.09 —
This simulation 100 4.56 Idealized, defect limited model
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a thickness of approximately 100 nm.46 A recent experimental
study on this device showed a relatively low PCE, which
improved from 0.10% to 0.36% using DIO and methanol
treatment,11 consistent with the other reported results.
However, under the same thickness (100 nm) of P3HT:N2200,
this simulation predicts a signicantly higher PCE of 4.56%,
which is shown in Fig. 7(c). This deviation from the experi-
mental value can be ascribed to the idealized conditions during
the SCAPS-1D simulation, such as uniform P3HT:N2200 lm
morphology, low defects and optimized charge transport
parameters, which are very difficult to achieve experimentally
during device fabrication. Despite this discrepancy, the simu-
lation results successfully capture the experimental trend
observed across these studies.

4. Conclusion

This work initially conducted a comparative simulation study of
bilayer and BHJ organic solar cell devices using the SCAPS-1D
tool by incorporating P3HT donor and N2200 acceptor poly-
mers. The simulation results reveal that the BHJ device exhibits
superior photovoltaic performance compared to the bilayer
device. It has been observed that the BHJ device shows a short
circuit current density (JSC) of 15.029 mA cm−2, open circuit
voltage (VOC) of 0.699 V, ll factor (FF) of 74.684% and power
conversion efficiency (PCE) of 7.845%, whereas the bilayer
device exhibits a JSC of 5.952 mA cm−2, VOC of 0.575 V, FF of
52.293% and PCE of 1.79%. The thickness variation studies
were conducted for both bilayer and BHJ architectures to nd
out the optimum thickness of the P3HT, N2200 and
P3HT:N2200 layers. In the case of the bilayer device, the
combined optimum thickness of the P3HT donor and N2200
acceptor layers was recorded as 35–40 nm and >100 nm,
respectively, shown in Fig. 6(c) and (d). Conversely, for the BHJ
device, the optimum P3HT:N2200 active layer thickness was
recorded as 500 nm. These ndings highlight the performance
advantage of BHJ structures and provide guidance for thickness
optimization in P3HT and N2200-based OPV devices. It has also
been concluded that as the temperature increases from 300 K to
500 K, the PCE of both devices decreases due to a higher
recombination rate at elevated temperatures.

To improve the overall performance of the BHJ device, the
effects of doping density, bandgap variation, bulk and interfacial
defects, electron affinity, dielectric permittivity and charge-
2326 | Nanoscale Adv., 2026, 8, 2306–2332
carrier mobility have been systematically investigated. The
simulation results depict that increasing the bandgap of the
P3HT:N2200 layer leads to a reduction in device efficiency with
a maximum PCE at an effective bandgap of 1.4 eV where an
optimal doping density (NA # 1014 cm−3 and ND ∼ 1016 cm−3) is
required to maintain balanced carrier transport and overall
device PCEmaximization. Additionally, minimizing the bulk and
interfacial defect states is paramount for achieving better device
performance. The electron affinity variation of the P3HT:N2200
layer yields maximum device PCE at 3.53 eV, while changes in
dielectric permittivity exhibit no signicant inuence on the
device performance metrics. In addition, the charge-carrier
mobility analysis indicates that the device attains its maximum
PCE when the electron mobility is between 1 × 10−3 cm2 V−1 s−1

and 1 × 10−2 cm2 V−1 s−1 and the hole mobility is between 1 ×

10−4 cm2 V−1 s−1 and 1 × 10−3 cm2 V−1 s−1. Furthermore, the
impact of series and shunt resistances was investigated.

The study identied a set of optimum values of the physical
and electrical parameters that maximize the photovoltaic device
parameters. Incorporating this set of optimized parameters led
to a notable improvement in the overall device performance.
The optimized OPV device achieved a JSC of 19.573 mA cm−2,
VOC of 1.092 V and PCE of 11.834% compared to the initial
device conguration.
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