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Abstract

This work reports the performance optimization
of PTB7:PCBM-based inverted organic solar
cells (IOSCs) using the Organic and Hybrid
Materials Nano (OghmaNano) simulator. A
comprehensive study was carried out by varying
the key performance parameters, such as active
layer thickness (AL), charge transport layers
(CTLs), operating temperature, charge -carrier
mobilities(CCMs), and incident light intensity.
The results showed that the carrier concentrations
and mobilities (e.g, electron mobility (u.) and
hole mobility (ph)) significantly changed with
operating temperature (280 to 400 K), affecting the
power conversion efficiency (PCE). Additionally,
changing light intensity from 0.1 to 1.9 suns greatly
impacted the short-circuit current density (Jsc)
and open-circuit voltage (VOC). The addition of
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BPhen as the ETL and Spiro-OMeTAD as the HTL
achieved an optimal device PCE of 16.12%. The
overall finding demonstrated that these optimum
device processing parameters are appropriate for
the fabrication of inverted OSCs for industrial
applications.

Keywords: inverted organic solar cells, drift diffusion
model, donor/acceptor, charge transport
oghmaNano.
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1 Introduction

The shift from non-renewable to renewable energy is
required to meet the energy demands of the world
while reducing the effects of climate change [1, 2].
Among the other non-renewable energy resources,
fossil fuels have driven industrialization in the past,
but they also pose serious environmental hazards in
the form of greenhouse gas emissions and exhaustion
of resources [3]. In contrast, renewable energy in
the form of solar, wind, and hydroelectric energy
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provides sustainable alternatives capable of meeting
growing energy needs while also decreasing carbon
footprints [4, 5]. In this regard, solar energy can
be described as one of the most efficient alternative
energy suppliers with many advantages that are
endless, clean, quiet, and produce no pollution,
making it highly relevant for large-scale solar cell
production [6]. Solar cells use semiconductor
material, whether organic or inorganic, which is
the main part for solar energy conversion. Organic
semiconducting material shows great promise owing
to its flexible nature and tailor-made properties
compared to inorganic semiconductors. Organic
semiconductor-based flexible solar cells are gaining
significant attention due to their numerous benefits,
making them an auspicious material for renewable
energy applications [7]. Conjugated polymer-based
OSCs are promising substitutes for inorganic solar
cells because of their low cost, lightness, flexibility,
and room-temperature solution deposition on
large-area substrates [8-10]. However, their low
PCE limits large-scale commercialization. Efforts
focus on improving OSC’s efficiency with new
materials and device engineering, and sophisticated
designs [11]. Various simulation tools are used for
solar cell modeling, such as SCAPS-1D [12-17] and
OghmaNano, among others.

However, in this study, Oghma Nano is employed
due to its user-friendly interface and high reliability.
It provides comprehensive simulation models of
organic, organic-inorganic hybrid solar cells [18-
20]. Among various solar cell configurations, the
OSCs in the inverted architecture were used to
simulate high-efficiency solar cells due to their
improved stability and flexible electron transport layer
design [44]. Compared to direct OSC configurations,
the inverted solar cell improves operational stability
by replacing acidic and hygroscopic materials like
PEDOT: PSS with more stable CTL. A breakthrough
in inverted OSCs was achieved with the PTB7:PCBM
system, which was among the first active layers to
exceed 9% PCE in 2012, using a 5nm BPhen (ETL) [21].
Furthermore, optimization of inverted OSCs with
solution-processed SnO; as the ETL and ternary
blends such as PM6:PC71BM:Y6 has led to outstanding
performance enhancement, with an average PCE of
16.3%, with lower recombination and improved device
stability under ambient conditions [22]. Recently,
efforts have been made to enhance device performance
and stability in inverted PTB7:PCBM-based OSCs
using a solution-processed HTL. The stability was

greatly enhanced with T80 lifetimes in excess of 2200
hours by minimizing burn-in losses and interfacial
degradation [23]. Phenanthroline derivatives such
as BPhen have been very promising in maximizing
inverted OSC'’s efficiency by utilizing n-type doped
BPhen (e.g., Cs2CO3:BPhen) facilitates better energy
level alignment and enhanced conductivity, leading
to enhanced PCEs from 1.34% to 4.1% in PTB7:PCBM
devices, owing to enhancing electron extraction and
morphology of the film [24]. The solution-casting
BPhen onto Cs-halide layers in an attempt to improve
device performance, reducing the recombination
of charges and improving stability, resulting in
PCE gains up to 46% and trivial degradation over
weeks [25]. Likewise, the combination of CdS with
diphenyl-substituted phenanthroline molecules such
as BPhen and BCP enhanced interfacial contact and
electron mobility, boosting device efficiency from
3.09% to 8.36% in PTB7:P7;BM device [26]. Recently,
doping ZnO with Cs2CO3:BPhen lowered surface
defect-related degradation and enhanced the PCE
of PM6:Y6 inverted devices from 15.54% to 17.09%
and remained at 83% efficiency after 1000 hours
without encapsulation, proving its dual functionality
in enhancing performance and stability [27]. Besides,
because of its physical and electrical properties,
Spiro-OMeTAD, as the first solid-state HTL developed
for perovskite solar cells, has been a conventional
material. 4-tBP and LiTFSI are commonly used even
though they adversely affect the long-term device
lifetime, particularly through their hygroscopicity and
corrosiveness. Its efficiency is directly related to the
type and dopant concentration [28]. Building on this,
the research work aims to combine PTB7: PC70BM
as AL, BPhen as ETL, and Spiro-OMeTAD as HTL
into an IOSC device configuration would enhance
PCE and device stability even further. By optimizing
interfacial energy alignment and charge transport,
this study seeks to reveal new avenues for low-cost,
high-performance IOSCs in industrial production [29].

2 Device Modeling and Simulations

2.1 Simulation Methodology

We employ the OghmaNano simulator for
comprehensive electrical modeling, which is a tool for
the simulation of optoelectronic devices [20, 30, 31],
such as OLEDs and OFETS, especially thin-film
solar cells [32, 33]. OghmaNano provides correct
results as it solves the drift-diffusion and Poisson
equations with the chosen statistics [34-36]. One
of the main limitations of this simulation software
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is that it assumes ideal, uniform layers, ignoring
real-world material heterogeneity such as non-uniform
defects, grain boundaries, and degradation. However
experimentally, materials have grain boundaries,
different types of non-uniform defects, and chemical
reactions at interfaces.

In this study, we employ a 1-D mathematical model
to solve the complete set of semiconductor equations,
namely the electron and hole continuity and
drift-diffusion equations coupled with Poisson’s
equation, together with appropriate carrier
statistics [37]. The solver also includes detailed
physical models (e.g., multi-trap Shockley Read-Hall
recombination  [38], band-to-band/Langevin
recombination [39], etc.) and supports both
Maxwell-Boltzmann and Fermi-Dirac carrier statistics,
making it well-suited to disordered materials such
as organic or perovskite semiconductors [40, 41].
It allows all device parameters (for example, band
gaps, mobilities, trap densities, doping, etc.) to vary
with position in the stack, enabling the modeling of
graded layers and AL thicknesses. The temperature
can be changed to perform temperature-dependent
simulations. The fundamental equations used in this
model are as follows [42, 43]:

%eoer% = q(n—p) (1)
%‘zq(Rn—GJraaTtL) (2)
P (r-6+2) )

J=Jn+J, (4)
Ty = qunn% + ang—Z (5)
Jp = qupp% - qu% (6)

Where ¢ is the elementary charge, € is the permittivity
of vacuum, ¢, is the relative permittivity of an organic
semiconductor material, and the variable ¢ is the
electrostatic potential, and z is the position in a
direction normal to a device surface. J, J,, and J, are
the total, electron, and hole current densities. Similarly,
R,, R,, are the rates of recombination of electrons and
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holes, G is the photogeneration rate, D), D,, represent
the diffusion coefficient of holes and electrons, and 1,
and ., are the mobilities of the free electrons and holes
of the active layer.

The carrier concentrations within the device were
calculated using Maxwell-Boltzmann approximations
for non-degenerate semiconductors. For this method,
electron and hole concentrations are expressed by the
following relations:

(7)

Fn_Ec
n:Ncexp< >

KgT

E, — F,
p = Nyexp (?(BTP>

(8)
In these equations, F,, and F), are the quasi-Fermi
energy levels for electrons and holes, respectively. E.
and E, are the conduction and valence band energies,
while N, and N, are the effective density of states in
the corresponding bands. K g is Boltzmann’s constant,
and T is the absolute temperature. These equations
are fundamental in semiconductor device modeling,
enabling the exact computation of carrier distributions
under both thermal equilibrium and non-equilibrium
conditions.

The simulation process was done step by step to
enhance the device performance. Various device
structures were initially made by considering
appropriate boundary conditions and material
parameters.  The optimum CTL was selected
by optimizing ETL and HTL. For uniformity of
later experiments, the AL was then optimized
to 170 nm. Besides, the impact of temperature
on the device capacitance and CCM was studied.
Impedance simulation was used to study charge
transport dynamics and recombination processes.
The optimized structure generally improved PCE
substantially, with wuseful information for the
development of high-performance OSCs.

2.2 Device Design and Energy Band Alignment of
I0SC

The optimal structure of IOSC (see Figure 1(a))
employs Spiro-OMeTAD as the HTL and BPhen
as the ETL, while Figure 1(b) shows the working
principles of the IOSCs, where the light absorption
in the AL forms excitons, which are split to free
charge carriers. The electrons are transported toward
the cathode by means of the ETL, and the holes
are transported toward the anode by means of the
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Figure 1. (a) Structural diagram, and (b) energy level
diagram showing charge transport routes.

HTL. Better energy level alignment facilitates efficient
transportation, resulting in efficient charge separation
and suppressing recombination losses, which is critical
for achieving high performance.

The impact of different ETLs and HTLs on the
performance of IOSCs was systematically analyzed.
Various ETLs such as PEDOT:PSS, Spiro-OMeTAD,
PMMA, P3HT, CuO, BCP, and NT4N, and HTLs such
as TPBI, TiOy, ZnO, SnO,, Cgy, and BPhen were
used to enhance the key performance parameters
like PCE, FF, V,., and J,.. The optimized device
consists of Spiro-OMeTAD as the ETL and BPhen as
the HTL, giving maximum PCE while the thickness
of the PTB7/PCBM was maintained at 110 nm. The
optimal device structure (see Figure 2) consisted
of Ag/Spiro-OMeTAD/PTB7:PC70BM/BPhen/ITO.
BPhen was shown to be an efficient HTL through
its better energy level alignment with the AL,
enabling efficient hole extraction and transport.
Its high hole mobility helps in minimizing the
charge recombination, thereby enhancing device
performance.

BPhen’s transport properties of charge and reduced
energy losses are better than other HTLs such
as TPBI, TiO;, ZnO, SnO,, and Cgo. Similarly,
Spiro-OMeTAD is set aside from the rest of the ETLs
as it possesses higher hole conductivity and efficient
charge transport characteristics, both of which help
with improved carrier collection and less interfacial
resistance. Although there are other alternatives, such
as PEDOT:PSS and PMMA, Spiro-OMeTAD is the ideal
option for improved efficiency due to fewer limitations
on stability and hole transport.

2.3 Simulation Settings and Parameters

Simulation settings and the AL parameters were all
taken from the literature [45-47]. Basic active layer
parameters were all considered carefully, including
optical bandgap, effective density of the states, relative

permittivity, carrier mobilities, trap densities, and tail
slope. Table 1 lists the important values utilized in
the simulation. To facilitate precise device modeling,
refractive index and absorption information were also
obtained from some published articles [48, 49]. It was
revealed from the prior works that the bandgap of
PTB7:PC70BM ranges from 1.0 and 2.1 eV and depends
on the reason, such as the method of measurement and
the structure of the film. In the current work, a band
gap value of 1.59 eV was chosen from the literature [37,
50, 51].

Table 1. Summarized parameters used for simulation.

Parameters SI Units Numerical Values
Electron mobility m2V-ls™!l 248 x 1077 [52]
Hole mobility m2V-ls™l 248 x 1077 [52]
Effective density of free m—3 1.28 x 10%7 [52]
electron states

Effective density of free m~3 2.86 x 10%° [52]
hole states

Electron trap density m3eV! 3.8 x 10?6 [52]
Hole trap density m3eV-l 145 x10% [52]
Electron tail slope eV 0.04 [52]
Hole tail slope Y 0.06 [52]
Free electron to trapped m—?2 2.5 x 10720 [52]
electron

Trapped electron to free m~2 1.32 x 10722 [52]
hole

Trapped hole to free m~2 4.67 x 10726 [52]
electron

Free hole to trapped m~> 4.86 x 1022 [52]
hole

Number of traps bands — 20 [52]
Relative permittivity au 3.9 [53]

Xi v 3.75 [54]

Eg v 1.59 [55, 56]

3 Results and Discussions

The creation of excitons as a result of photon flux
to the donor/acceptor interface and the subsequent
splitting of excitons into holes and electrons to
produce electricity are explained in detail in the
following sections. PTB7:PCBM blend with different
electron and hole transport layers of varying
thicknesses was employed to study the performance
of the OSCs, simulated by OghmaNano, which
includes comprehensive details of device operational
parameters based on optoelectronic characteristics of
OSCs.

In real-world thin-film OSCs, performance is often
affected by factors such as energetic disorder,
trap-assisted recombination, and variants in film
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Figure 2. Impact of different ETL/HTL materials on V,., Js., PCE, and FF.

homogeneity, which are not entirely signified in
ideal simulation models. To reduce this gap, our
calculation for the PTB7:PC70BM-based inverted
architecture utilized realistic physical parameters,
including defect density, trap densities, and carrier
mobilities, to make the device more realistic. The
electron trap density (3.8 x 102m=3eV~!) and
145 x 10®m 3eV~! for holes and tail slopes
(0.04-0.06 eV) are added to represent defect-related
recombination, whereas charge carrier mobility
(2.48 x 107"m2 V~1s~1) represents scattering effects
introduced by morphological irregularities and
structural. All these parameters together characterize
the effect of interfacial defects, grain boundaries, and
phase inhomogeneity on recombination processes
and carrier transport. = This method helps to
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establish a dependable and realistic framework
for investigating and enhancing the performance of
PTB7:PC70BM-based OSCs.

3.1 Thickness Optimization of PTB7:PCBM

Optimizing the PTB7:PCBM thickness is crucial
for enhancing the efficiency of solar cells. A
thicker layer harvests more light but increases the
rate of recombination; too thin reduces absorption.
Simulations between 110 and 290 nm indicated that J,,.
increases with thickness up to 290 nm due to improved
incoming radiation absorption, which generates more
photo-generated excitons [57], then worsens likely due
to defects. FF declines with thickness increase due
to series resistance [58]. At optimum AL thickness
of 170 nm, the PCE reached 16.034% with an FF of
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74214 %, Js. 19.4 mA/cm?, and V. of 1.12 V. -V
curves shown in Figure 3(b). At lower thickness
absorb less light, whereas at higher thickness (e.g.,
290 nm) face higher recombination. V,. remains stable
but may drop slightly to high thickness. Balancing
absorption, recombination, and charge extraction at
170 nm yields the highest efficiency, highlighting the
optimal thickness.
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Figure 3. (a) Effects of active layer thickness on efficiency,
Voc, Jsc, and FF, (b) J-V response for various thickness
conditions.

3.2 Effect of Working Temperature on Device
Performance

The primary photovoltaic properties of IOSCs were
assessed with varying temperatures from 280 K to 400
K to observe the thermal effect on the device efficiency.
At 330 K, V,. decreases with rising temperature due
to increased recombination and reduced V. (1.0843
V) [59], Jsc remains stable with slight gains at higher
temperatures, reaching 19.398 mA/ cm?2. PCE first rises
to 16.120%, then falls since recombination prevails at
330 K, and the FF remains close to 76.642%, showing
maximum charge extraction. This indicates that
330 K provides the optimal balance between charge
generation and recombination. Figure 4(b) illustrates
that with an increase in temperature, Vo falls due
to more recombination, while J,. remains unchanged,
indicating temperature primarily influences Vo and
FF, which causes the device performance to vary.

3.3 Effect of Temperature on the Device Capacitance

The capacitance and other performance characteristics
of inverted OSCs are significantly influenced by
various temperatures. The capacitance in Figure 5(a)
is comparatively high at 280 K, reaches its maximum
at 300 K, then slowly reduces while the temperature
increases to 320 K, 340 K, and so on. This trend can be
understood based on how temperature acts on charge
carriers. The capacitance is large at 280 K due to charge

~ 28
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Figure 4. (a) Effect of operating temperature on device
parameters, (b) J-V characteristics at different
temperatures.

carriers, but the width of the depletion is still decent.
When the temperature is increased to 300 K, thermal
excitation also generates more free carriers, decreasing
the depletion width and creating a total capacitance
larger [60]. At temperatures above 300 K, capacitance
decreases, probably due to more recombination of
thermally generated carriers before they can contribute
to charge build-up. Also, higher temperatures result
in more intense lattice vibrations, lowering carrier
mobility [61] and subsequently reducing capacitance.
In Mott-Schottky analysis, the 1/C? vs. voltage is
plotted in Figure 5(b). At higher temperatures, the
slope of 1/C? decreases, indicating a reduction in
the built-in potential (14;) and depletion width. The
higher slope shows a more noticeable depletion effect
at lower temperatures, for example, 280 K and 300
K, with more localized charge carriers and a larger
potential barrier [62]. This transition means that the
electrical properties of the IOSC are affected by band
alignment and distribution changes taking place at
high temperatures.
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Figure 5. (a) Capacitance-voltage measurements at various
temperatures, and (b) Mott-Schottky plot (1/C2vs. V) at
various temperatures.
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3.4 Temperature Effect on Charge Carrier Transport

In OSCs, for instance, PTB7:PCBM blends, charge
transport is controlled mainly by thermally activated
hopping from localized molecular sites. As one
proceeds to higher temperatures, carriers acquire
enough thermal energy to overcome trap states and
energetic disorder, leading to enhanced mobility
[63]. The graphs show how temperature and open
circuit voltage affect CCM in an OSC (see Figure 6),
illustrating various conditions like electron, hole,
average mobilities at maximum power, J,., and V..
Electron mobility at maximum power increases with
temperature and voltage, indicating fewer scattering
effects and better charge transport. A similar
trend is observed for hole mobility, which rises due
to enhanced hopping transport typical for organic
semiconductors. The average mobility at maximum
power, combining both carriers, also increases
with temperature, facilitated by thermal activation
overcoming trap sites. The mobility at short-circuit
current density increases with temperature, though
minor variations occur from recombination and
electric fields. Conversely, average mobility at
open-circuit voltage shows decreasing or undefined
values, likely due to charge recombination or extraction
issues at higher temperatures. Increased temperature
enhances mobility by enabling charge carriers to
overcome traps through thermal energy, improving
molecular ordering, but excessive thermal disorder
can saturate or reduce mobility [64].

3.5 Effect of sunlight intensity

The quantity of sunlight intensity is an important
factor to consider when describing the performance
and efficiency of photovoltaic systems since it affects
the formation of charge carriers within the solar cell,
and thus the overall electrical output [65]. Figure 7(b)
illustrates the J-V curves of IOSCs at varying suns
ranging from 0.3 to 1.9 sun. The best performance
was observed at an optimum sun intensity of 1 sun,
resulting an efficiency of 16.12%. It is observed that
the J,. increases with the increasing the sun intensity
while the V. slightly varies, demonstrating efficient
charge separation and collection at the respective
electrodes. The curves at Figure 7(a) show how IOSCs
photovoltaic properties change with light intensity
from 0.3 to 1.9 sun. The increasing trends in the device
performance parameters with higher sun intensity
demonstrates the significant effect of irradiation of
OSCs. The Vpc slightly varies with increasing sun
intensity which is mainly depend on the photoactive
layer’s built-in potential and recombination losses. The

30

Jsc increases linearly with sun intensity which is the
most important factor contributing to the enhanced
output under irradiation the OSCs. Moreover, there is
slight loss observed in the FF with increasing the sun
intensity, which might be attributed the effect higher
recombination or series resistance. The PCE of 16.12%
was achieved at the optimum sun intensity (1 sun),
with other optimum device performance parameters
such as a FF of 76.64 %, Voo 1.08 V and a J,. of 19.398
mA/cm?. The loss of PCE at higher sun intensity is
due to resistive and recombination losses.

3.6 The Intensity-Dependent Behavior of IOSC:
Probing Performance and Loss Mechanisms

The performance of IOSC as a function of different light
intensities reveals its working and loss mechanisms.
Figure 8(a) shows voltage increases logarithmically
with intensity, as more photogenerated charge carriers
lead to splitting of more quasi-Fermi levels, bringing
the voltage closer to its maximum. This phenomenon
is due to the diode equation, as V,. o (%T> In(1)
[66]. The Jg is rising linearly, following a typical
power law (Js. o« I% with @ < 1). The non-ideal
behavior arises mainly due to the accumulation
of space charge caused by unbalanced mobility of
electrons and holes, preventing current extraction
with higher intensity [59, 67]. The recombination
time constant in Figure 8(b) reduces as illumination
increases, since greater carrier density enhances
recombination, shortening lifetimes. In the meantime,
effective carrier mobility slightly increases with
intensity. This trend is related to trap filling, in
which increased carrier densities fill up shallow traps
to allow freer transport and to morphology effects
that enhance percolation paths [68]. The initially
extracted charge shown in Figure 8(c) rises with light
intensity. However, at high illumination levels, the
rise becomes sublinear, which indicates a balance
between improved carrier generation and greater
recombination losses. At extremely high intensities
the balance tilts in favor of bimolecular recombination,
and the steady-state carrier concentration follows a
linear dependence on the square root of generation
rate (n o GY?). If charge is normalized with
intensity and carrier lifetime reverses the trend: the
extracted charge drops quickly before saturating,
as in Figure 8(d). This suggests the loss of
collection efficiency at high generation rates, when
extraction is overwhelmed by recombination. This
regime clearly demonstrates recombination-limited
behavior, wherein efficiency of extraction reduces with
bimolecular recombination channels taking control.
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Light intensity characterization reveals recombination 3.7 Charge Transport and Recombination Study
mechanisms and transport limitations and constitutes Using Impedance Spectroscopy

a valuable diagnostic for device optimization. Impedance spectroscopy (IS) studies in organic solar

cells under various light intensities and voltages
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examine the influence of light and applied voltage
on charge recombination and transport. Figure 9(a)
shows that the semicircle in the Nyquist plot decreases
as the sun intensity increases, resulting decrease
in charge transport resistance [69, 70]. At lower
intensities (0.1 or 0.3 sun), the impedance is higher due
to fewer charge carriers and increased resistive losses.
The maximum efficiency of 16.12% was achieved at 1
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sun when recombination and charge generation are
equal. Figure 9(b) illustrates impedance at different
voltages. When an external voltage is applied, carrier
transport improves. High recombination resistance
is indicated by impedance peaking at 0V, which
decreases as the voltage reaches 0.7 V, suggesting better
charge injection and reduced losses. Figure 9 illustrates
how sunlight intensity and applied voltage influence
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Table 2. Theoretical and experimental analysis of electrical parameters in PTB7:PC70BM-based OSCs.

Device Configuration FF (%) Jsc (mA/ecm?) V,. (V) PCE (%) Data Type  Ref.
ITO/PEDOT:PSS/PTB7:PC70BM /AL 65.3 13.14 0.60 5.20 Simulated [37]
ITO/PEDOT:PSS/PTB7:PC70BM /AL 75.6 15.27 0.60 6.98 Simulated [71]
ITO/PEDOT:PSS/PTB7:PC70BM/EFN-Br/Ag 68.05 16.34 0.73 8 Simulated [53]
ITO/ZnO/PTB7:PC70BM/MoO3/Ag 56.9 13.74 0.75 5.87 Experimental [72]
ITO/ZnO/PTB7:PC70BM/Mo00Os3/Ag 69 14.93 0.70 7.2 Experimental [73]
Glass/ITO/ZnO/PTB7:PC70BM/Mo0O3/Ag 69.97 13.5 0.73 6.95 Experimental [74]
ITO/ZnO/ PFEOSO3Na/PTB7 69 16.63 0.74 8.49 Experimental [75]
ITO/ZnO:Au NPs/PTB7Th:PC71BM/MoO3/Ag 67.8 22.3 0.79 11.8 Experimental [76]
ITO/ZnO/PEOz nanodots/PTB7Th:PC71BM/MoO3/Ag  71.2 19.0 0.794 10.74 Experimental [77]
Ag/Spiro-OMeTAD/PTB7:PC70BM/BPhen/ITO 76.64 19.398 1.08 16.12 This study —

efficiency, with an optimum sun intensity of 1 sun.

3.8 Comparative analysis of the OSCs

Figure 10(a) shows the J-V characteristics of
the optimum device operational
Compared to the initial device efficiency, the
enhanced device performance was obtained
by utilizing the optimized AL thickness (170
nm), ETLs, sun intensity (1 sun), and working
temperature (330 K). The maximum PCE of 16.12%
was obtained with optimized device operational
parameters. The optimized device exhibited the
other performance parameters such as V,. of 1.08
V, Jse = 19.398mA cm™?, and an FF of 76.64%. In
addition, the OSC configuration was modified as
Ag/Bphen/PTB7:PCBM/Spiro-OMeTAD/ITO, by
replacing the ETL and HTL positions, referred to
as conventional OSC. The J-V curves for optimal
conventional OSC were measured. The high efficiency
of 15.77% was obtained from the optimal conventional
OSC along with the other performance parameters

parameters.

such as V,. of 1.081V, J,. of 17.03 mA cm~2, and FF
of 77.15%. Figure 10(b) illustrates the comparative
analysis of both OSCs. The results demonstrate that
the PCE of the inverted OSC is higher than that of the
conventional OSC. It might be attributed to the better
energy level alignment of the materials, resulting in
better charge carrier extraction and transport to the
respective electrodes in the case of inverted OSCs as
compared to the conventional counterpart.

To accurately evaluate the simulation model, it should
be compared with data from recent experiments on
PTB7:PCBM-based OSCs. As shown in Table 2, this
comparison outlines simulated device parameters
with experimental results. The outcome shows that
the simulation aligns with the common performance
trends observed in experiments with Vo, Js, FF, and
PCE. Moreover, the improved device configurations
suggested here have superior performance parameters
and achieve a maximum efficiency of 16.12% (V. =
108V, Jg. = 19.398mA/cm?, FF = 76.64%). These
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values exceed the model’s predictions and previous
experimental results achieved, thereby serving as
confirmation of the applicability of the model to
reliable estimation of performance and designing
high-efficiency devices. Future experiments will be
marked by the precise fabrication and characterization
of these improved structures under real-world
conditions. This research will help to validate the
simulation, improve the understanding of charge
transport and interface interaction, and eventually
bridge the theoretical modeling—practical device
implementation gap.

4 Conclusion

In this research work, we have systematically
investigated the performance parameters of inverted
PTB7:PCBM OSC and the impact of different hole and
electron transport materials, operating temperatures,
light intensity, and impedance behaviors. The higher
performance IOSC was obtained by using BPhen as
ETL and Spiro-OMeTAD as HTL. Under optimal
device parameters, i.e., the AL thickness of 170 nm,
operating temperature of 330 K, light intensity of 1 sun,
and charge carrier mobility of 2.48 x 107" m?V~'s71,
the device achieved the maximum PCE of 16.12%,
FF of 76.64%, V,. of 1.08 V, and a J,. of 19.398
mA/cm?.  The findings verify the advantages of
inverted organic architecture over standard OSC, with
enhanced charge carrier generation, better carrier
transport behavior, and efficient carrier collection to
corresponding electrodes. The findings provide an
enabling platform for rational design and fabrication
of high-efficiency IOSCs and open up new avenues for
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the prospective realization of future next-generation
organic photovoltaics for large-scale commercial
production.
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