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Abstract. This study investigates the crucial role of charge transport layers in enhancing the performance of
inverted organic photovoltaic cells (OPVs) through advanced numerical simulations using OghmaNano
software. OPVs offer distinct advantages, including lightweight, flexibility, and potential cost-effectiveness
compared to traditional silicon-based counterparts, making them pivotal for sustainable energy solutions. We
evaluate the efficiency of inverted (iOPVs) employing binary (PM6:L8-BO) and ternary (PM6:D18:L8-BO)
active layers, utilizing electron transport layers (ETLs) including ZnO, TiO,, and SnOs, and hole transport
layers (HTLs) such as MoO3z, PEDOT, and WOs3. Results highlight ZnO with a 15 nm-thick layer combined with
MoO3; HTL achieving an impressive efficiency of 18.89% in ternary devices, demonstrating the effectiveness of
organic materials and ternary blends. The study demonstrates that TiO5 or SnO5 ETLs can compete effectively
with ZnO ETLs, particularly when used at thinner thicknesses, and offers alternative fabrication methods. It
suggests that employing thin ETL layers (15+2nm) could significantly enhance the performance of iOPV
devices. Simulations are crucial for optimizing iOPV device configurations with thin ETL layers, enabling rapid
prototyping and cost-effective exploration of material combinations and device architectures. These layers play
a critical role in balancing charge carrier generation and transport efficiency, collectively maximizing device
performance. Overall, the study underscores the pivotal role of simulations and optimized layer thicknesses in
advancing OPV technology by refining manufacturing processes and accelerating the adoption of OPVs for

sustainable energy solutions.

Keywords: Inverted organic photovoltaic cells / thin electron transport layers / hole transport layers /

ternary strategy

1 Introduction

The development of organic photovoltaic cells (OPVs) is
garnering a great deal of attention in both academic and
industrial communities, driven by their distinct advan-
tages over conventional inorganic solar cells. One signifi-
cant benefit lies in their versatility, allowing OPVs to be
manufactured on lightweight and flexible materials. This
characteristic makes them appropriate for use in portable
electronics, wearable devices, building-integrated photo-
voltaics, and as innovative energy sources for outdoor and
indoor applications [1-4]. This flexibility is enabled by
organic materials and manufacturing techniques such as
printing and roll-to-roll processing, which are more cost-
effective and less energy-intensive than the high-vacuum
methods required for inorganic solar cells such as CIGS, Si,
CdTe, etc. Furthermore, organic materials in OPVs can be
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precisely tuned to absorb specific wavelengths of light,
potentially enhancing efficiency and enabling the develop-
ment of multi-junction cells capable of capturing a wider
spectrum of sunlight. From an ecological perspective,
OPVs typically utilize non-toxic materials and avoid rare
elements, offering a more environmentally friendly alter-
native to certain inorganic technologies that rely on
hazardous substances like cadmium [5,6]. The power
conversion efficiency (PCE) of OPVs has been further
enhanced owing to the synthesis of novel active materials
and the design of new device architectures. The OPV
device typically consists of a bottom transparent conduc-
tive electrode, a photoactive layer sandwiched between an
electron transporting layer (ETL) and hole transporting
layer (HTL), and a top metal electrode. The photoactive
layer is generally composed of two organic semiconductors,
one electron donor (D), and one electron acceptor (A). This
photo-active layer converts absorbed photons into charge
carriers, which can be collected. The working principle of
OPVs begins with the absorption of light by organic
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materials in the active layer, creating excitons (bound
electron-hole pairs). These excitons then diffuse to the D/A
interface, which must be within a few nanometers due to
their short diffusion lengths. At this interface, the excitons
dissociate into free electrons and holes, with electrons
moving to the acceptor material while holes remain in the
donor material. Subsequently, the free electrons and holes
travel through the acceptor and donor materials to their
respective electrodes. Finally, in the conventional device
structure, the electrons are collected at the cathode and the
holes at the anode, whereas in the inverted device
structure, this process is reversed. To achieve efficient
charge collection, the work functions (WF) of both
electrodes, the anode, and cathode, should align with the
highest occupied molecular orbital (HOMO) of the donor
and the lowest unoccupied molecular orbital (LUMO) of
the acceptor, respectively [7]. Furthermore, it is crucial to
effectively reduce charge recombination to maintain device
efficiency. Despite their advantages, OPVs face challenges
such as lower efficiency and stability compared to inorganic
counterparts. In conventional device structures, the ETL
layer like PEDOT:PSS (poly(3,4-ethylenedioxythio-
phene)-poly(styrenesulfonate)), can corrode the ITO
electrode. Moreover, during vacuum evaporation deposi-
tion, the top metal electrode is prone to oxidation in air,
forming micropores. This permits oxygen and moisture to
penetrate the photoactive layer, speeding up the degrada-
tion of the underlying polymer. These factors collectively
contribute to the decreased stability of solar devices [8]. To
address these challenges and enhance device stability,
inverted (ETL-active layer-HTL) device structures have
been developed. In a standard device structure, holes are
injected into transparent indium-tin-oxide (ITO), and
electrons are injected into the counter electrode, such as
aluminum. Conversely, in an inverted device structure,
electrons are injected into the ITO, and holes are collected
by the top electrode, which can be a less air-sensitive, high-
work-function metal like silver (Ag) or gold (Au). In
comparison to standard configurations, inverted OPVs
(iOPVs) are preferred for their enhanced stability and
longer operational lifetimes. This improvement is primarily
due to better protection of the active layer against
degradation and increased stability of the electrodes
[9,10]. Previous studies [11-13] have shown the importance
of ETL design on interfacial contacts, electron extraction
efficiency, device stability, and device lifetime. Various
strategies have been explored to enhance the performance
of iIOPV devices. Low work-function metal oxides such as
zinc oxide (Zn0), tin oxide (Sn0O,), and titanium dioxide
(TiO,) are commonly chosen for their inherent properties
like ultraviolet (UV) and visible (Vis) light photons,
stability, ease of preparation, and potential to modify
optical energy band structures, making them effective
materials for the ETL [14-19]. These metal oxides enhance
iOPV performance not only due to their intrinsic properties
but also because of their specific WF and band alignments,
which critically influence OPV device efficiency, stability,
and overall functionality. The choice of ETL and HTL

materials significantly impacts device performance; for
ETLs like ZnO, SnO,, and TiO, in iOPVs, ZnO (WF 4.3—
4.4eV) excels with high electron mobility, transparency,
and compatibility with organic donor LUMO levels,
facilitating efficient charge separation. Similarly, SnO,
(WF ~4.5eV) provides good mobility, UV stability, and
transparency, while TiOy (WF 4.2-4.4eV) is noted for its
photocatalytic activity and stability, facilitating effective
electron transfer. Investigating HTLs such as MoO3 (WF
5.3-5.7eV), WO3 (WF 4.7-5.0eV), and PEDOT:PSS (WF
~5.0eV) highlights their roles in efficient hole extraction
and transport by aligning well with the HOMO levels of
organic donors [20,21]. Proper alignment of ETL conduc-
tion bands with donor LUMOs and HTL HOMOs with
acceptor HOMOs is crucial for minimizing recombination
losses and optimizing charge separation efficiency, thereby
enhancing overall device performance and stability.
Materials with suitable WFs also mitigate charge accumu-
lation at interfaces, ensuring long-term device reliability
and maximizing power conversion efficiency. This compre-
hensive discussion underscores the critical role of material
properties in designing advanced OPVs and justifies the
selection of specific materials in this study. Moreover,
several successful D/A materials are employed to construct
high-performance OPV devices. For instance, the polymer
donor PM6 is demonstrated to be one of the most effective
materials for matching different acceptors, achieving a
PCE now over 20% for single-junction devices [22,23].
Among different attempts for improving PCEs, ternary
blend systems, which typically include one donor and two
acceptors or two donors and one acceptor, have achieved
significant progress toward their optimal performance
owing to the presence of the third component [24-26]. The
third component’s light absorption spectrum is often
complementary to that of the light-harvesting polymer,
and it is included in the donor/acceptor binary blend. The
existence of the third component, when combined with the
other two components, might result in the formation of an
energy level cascade for charge transfer, as well as the
development of film morphology [27]. Nevertheless, the
appropriate selection of OPV transporting layer materials
and thickness is vital for improving their performance,
such as efficiency and stability. Utilizing HTL like MoOs,
vanadium pentoxide, nickel oxide, WO3, and PEDOT:
PSS has been common, yet their impact on iOPV
performance, especially in binary and ternary blends,
remains underexplored for optimizing effective organic
thin films in solar applications. In this study, we chose to
employ numerical simulations because they allow for
rapid prototyping, cost-effective exploration of different
material combinations and device architectures, and offer
insights into the underlying physical processes without
requiring extensive experimental trials. Our numerical
study aims to evaluate binary and ternary iOPVs by
adjusting ETL thicknesses and experimenting with
different HTL materials to find optimal configurations,
highlighting ZnO, SnO,, and TiO, for ETLs, and MoOs,
WOs3;, and PEDOT:PSS for HTLs.
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2 Simulation parameters

To predict the electrical parameters including open-circuit
voltage (V.), short-circuit current density (Jg.), fill factor
(FF), and PCE of the iOPV devices, we employed
OghmaNano 8.0.032 simulation software. Formerly known
as GPVDM (General-purpose Photovoltaic Device Model),
OghmaNano, exclusively available for Microsoft Windows,
is a free software tool utilized for simulating optoelectronic
devices including perovskites [28], and organic light-
emitting diodes [29]. It has been extensively used to
thoroughly evaluate OPV devices [30-35]. In OghmaNano,
understanding exciton properties is essential for accurately
simulating organic OPV devices. The exciton binding
energy, which dictates charge generation and separation
efficiency, along with exciton diffusion length, governing
how far excitons travel before recombining, significantly
influences charge separation efficiency. Moreover, the
exciton lifetime plays a critical role in determining the
probability of exciton diffusion to the donor-acceptor
interface during charge separation. OghmaNano intricately
integrates these properties to achieve precise simulations of
OPYV device behavior. Furthermore, the exciton generation
rate, which quantifies exciton production per unit volume per
unit time upon light absorption, directly affects photocur-
rent and device performance. Additionally, the energy levels
of D/A materials, including HOMO and LUMO levels,
influence the exciton dissociation process and the driving
force for charge separation. When employing an effective
medium model in OghmaNano, these properties are
harmoniously incorporated into simulations to offer a
comprehensive and accurate portrayal of OPV behavior.
This modeling approach averages the properties of compos-
ite materials to simulate exciton formation, movement, and
dissociation within mixed organic layers, facilitating detailed
and realistic predictions of OPV device performance. In
addition, OghmaNano incorporates critical material prop-
erties including permittivity, mobility coefficients for charge
carriers, band gap energies, and electron affinities. These
properties play a crucial role in accurately simulating the
behavior of optoelectronic materials in devices such as OP Vs
and OLEDs, thereby facilitating the optimization of device
performance and efficiency [36]. OghmaNano uses a finite
difference numerical method to solve the drift-diffusion
model, accurately modeling transport and recombination
processes within OPV devices. It incorporates Shockley-
Read-Hall dynamics and accurately captures carrier trans-
port and recombination through Poisson and continuity
equations. The transfer matrix method handles optical
effects, while Poisson’s equation models electrostatic effects.
This approach enables accurate simulation of carrier
distribution in position and energy spaces, facilitating the
generation of J-V characteristics and determining band gaps
based on the HOMO and LUMO levels of donor and acceptor
materials. The D/A blend is treated as an effective medium
where the properties of the organic components are
homogenized. The charge separation is facilitated by the
built-in electric field provided by the contacts, rather than
explicitly modeling exciton dynamics and dissociation. Here,
we outlined the carrier transport model in OghmaNano, but

comprehensive operational details of the model can be found
in the literature [36-38]. This software uses the effective
medium approximation to simulate carrier transport in the
OPV. In this approach, the band gap (E,) is defined as the
difference between the LUMO of the donor and the HOMO of
the acceptor. The potential distribution (¢p) within the
deviceis calculated by solving the Poisson equation (Eq. (1)).

d do
% . (80(% dl‘) = Q(nﬂ”@e — DPfree + Nrap — ptmp) (1)

where & is the permittivity of free space, €, represents the
relative permittivity of the active layer, and ¢ is the
elementary charge. The densities of free electrons and holes
are represented as . and pg.., while those of trapped
carriers are denoted by 7nyq, and pyep. To calculate the
electron current density (J,,) and hole current density (J,),
the continuity equations (Egs. (2) and (3)) are used. These
equations consider the total carrier densities (both free and
trapped) of electrons (n) and holes (p), the generation rate
of free charge carriers (G), and the recombination rates of
electrons (R,) and holes (R,).

aJ, on
— = q(Rn G+ at)

g (2)

dx ot 3)

dJ 0
—L£= —q(Rp—G—l——p>.

The free carriers are assumed to adhere to Maxwell-
Boltzmann statistics. The mobility edges for free electrons
and holes, defined as E; 0 and Eyoyo respectively, are
given by:

Erpmo = —(x +q@) (4)

Eromo = —(x + Ey + q®) (5)
where x is the electron affinity of the active layer.

Finally, equations (6) and (7), which represent the
momentum conservation equations (drift-diffusion equa-
tions) for electrons and holes, are solved:

oF 0

Jn = quen%m + 4D, £ (6)
0Enomo op

Ip = qup— — — 4Dy~ (7)

where u,and uj, are the mobility coefficients for electrons
and holes, while D,, and D, denote the diffusion coefficients
for electrons and holes, respectively. In OghmaNano
software, the structure calibration is performed through
systematic steps to ensure precise device performance
simulations. The process begins by selecting a configura-
tion from the software’s extensive library of various organic
semiconductor devices. Users then customize simulation
parameters in a dedicated window, adjusting details such
as materials, layer thicknesses, and operational settings
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Table 1. The primary input parameters used in the Oghmanano simulation for the active layers.

Electrical parameter Binary Ternary Unit
Free carriers

Electron mobility 1.50e-07 1.49e-07 m?V s
Hole mobility 1.15e-07 1.42e-07 m?V st
Effective density of free electron states 1e26 1e26 m >
Effective density of free hole states 1e26 1e26 m*
Recombination rate constant 1.77e-17 1.15e-17 m?®s !
Equilibrium SRH traps

0y, p1 1e20 1e20 m?
Tos Tp le-15 le-15 st
Non-equilibrium SRH traps

Free electron to trapped electron le-15 le-15 m 2
Trapped electron to free hole le-20 1le-20 m 2
Trapped hole to free electron le-20 1e-20 m 2
Free hole to trapped hole le-15 le-15 m
Electrostatics

X 4.2 4.2 eV
E, 1.28 1.29 eV
Relative permittivity 3.0 3.0 au
Excitons

Scattering length 4.221e-8 4.272e-8 m
Lifetime 3.6e-10 3.6e-10 s
Kyl 2.78¢9 2.78¢9 st
Kais 2.17e12 1.96e12 st

like temperature and light intensity. Once these param-
eters are set, the simulation is executed, generating key
performance metrics, including V., Ji., FF, and PCE. The
results are analyzed and compared with experimental data
to validate accuracy. Iterative adjustments, guided by the
literature and experimental insights, are made to refine the
model for a more accurate representation of the OPV
device. The entire calibration process is well-documented
in the literature [36,37], providing a reference for users to
replicate the steps. Critical physical parameters used in the
simulations, such as charge mobility, recombination rates,
and optical properties, are detailed and summarized in
Table 1 (see also Fig. S1 in the Supplementary informa
tion). By following these steps, OghmaNano ensures
accurate modeling of OPV devices, resulting in reliable
and insightful simulation outcomes.

In comparison to other computational methods such as
molecular dynamics (MD), quantum chemical calculations,
and Monte Carlo (MC) simulations, OghmaNano provides
a balanced approach that combines accuracy with
computational efficiency. This makes it particularly
suitable for modeling disordered materials like organic
semiconductors. While MD simulations provide detailed
atomistic interactions and dynamics, they are computa-
tionally intensive. Quantum chemical calculations accu-
rately determine charge transfer rates but are limited by
scalability. MC simulations model charge transport over
longer timescales and larger systems.

Figure 1a shows the chemical structures of L8-BO (2,2’-
((22,2°Z)-((12,13-bis(2-ethylhexyl)-3,9-(2-butyloctyl)-
12,13-dihydro-[1,2,5]thiadiazolo[3,4-e|thieno|2,“3":4,5’
thieno[2’,3’:4,5]|pyrrolo[3,2g]thieno [2°,3’: 4,5] thieno[3,2-b]
indole-2,10-diyl)bis(methanylylidene))bis(5,6-difluoro-3-
0x0-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile
as non-fullerene acceptors, D18 (Poly[(2,6-(4,8-bis(5-(2-
ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-b’]
dithiophene))-alt-5,5'-(5,8-bis(4-(2-butyloctyl)thiophen-
2-yl)dithieno[3’,2":3,4;2”,37:5,6]benzo[1,2-c|[1,2,5] thiadia-
zole)]), and PM6 (Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-
fluoro)thiophen-2-yl)-benzo[1,2-b:4,5b’|dithiophene))-alt-
(5,5-(17,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl) benzo [1’,2-
c:4’,5’-c’|dithiophene-4,8-dione)|) used as polymer donors,
utilized in this work to form the binary and ternary
blends. Figure 1b depicts the schematic energy levels of all
functional layers in the iOP Vs, indicating a gradient energy
alignment for charge transport. Excitons may be created
inside the active layer when exposed to sunlight, and they
then diffuse to the donor-acceptor interfaces. The charges
will then be separated at the donor-acceptor interfaces and
carried to the transporting layers, with electrons to ETL
and holes to HTL.

Here, we simulated the iOPV devices using different
configurations, where each HTL material has three possible
configurations. Figure 2 shows the structure of simulated
iOPVs with the structure of ITO/ETL/Active layer/HTL/
Ag where the ETL materials used are ZnO, SnO,, and TiO,
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Fig. 1. a) Molecular structures of active layer materials (PM6, D18, and L8BO); b) Energy level diagram that includes the HOMO
levels, LUMO levels, and work function of the materials utilized in this work.

and the HTL materials chosen here are WO3, MoQOs, and
PEDOT:PSS. Table 2 lists the band parameters of all
functional layers and Figure 1b shows the energy diagram
for each cell component. The optical constants of PM6:L8&-
BO and PM6:D18:L8-BO are taken from the literature [42],
and the Ag, MoOs, ZnO, ITO, TiO,, and SiO, optical
constants are obtained from the reference website https://
refractiveindex.info/.

It should be noted that the initial results produced by
the OghmaNano software may show slight, transient
oscillations due to the mesh discretization. To improve the
readability and facilitate comparisons among different
materials, we opted to fit the data with fourth-degree
polynomials as presented in Figure S2 (see the Supplemen
tary information).

3 Results and discussion

3.1 Influence of active layer thickness on the
photovoltaic performance of iOPVs based on binary
and ternary blends

The optimization of the active layer thickness is pivotal in
determining the photovoltaic performance of iOPVs
employing binary and ternary blends. This parameter
significantly influences the efficiency of energy conversion
processes essential to OPV technology. OPVs convert
energy through a series of steps, beginning with light
absorption that generates excitons. These excitons then
move to the D/A interface, where they split into free charge
carriers. These carriers are transported to their respective
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Fig. 2. Schematic illustration of the iOPV-based binary (PM6:
L8-BO) and ternary (PM6:D18:L8-BO) blends with various ETL
materials (SnOs, ZnO or TiO,) as well as different HTL materials
(MoO3, WO3 or PEDOT:PSS) used in this work.

electrodes, producing photocurrent and enhancing the
overall efficiency of the device. Therefore, optimizing the
thickness of binary and ternary iOPV configurations is
essential to maximize light absorption, exciton dissocia-
tion, and charge carrier transport efficiency. To achieve
this, we initially simulated devices with varying active
layer thicknesses ranging from 80 to 200 nm, incremental-
ly increasing by 1 nm steps. The iOPV structure comprises
100 nm-thick indium tin oxide (ITO) as a bottom
transparent electrode, 40 nm-thick ZnO as an ETL, a
photoactive layer (variable thickness), 10 nm-thick MoOj3
as a HTL, and 100 nm-thick silver (Ag) as a top electrode.
Ag is chosen for its high conductivity, suitable work
function for efficient electron collection, and high
reflectivity, which enhances light trapping within the
active layer. Moreover, Ag is more cost-effective than gold
and offers better performance than Aluminum in terms of
aligning with the work function of the ETL. The device
was tested under standard illumination conditions of
1000 W.m ™2 (AM 1.5G illumination). To study the effect
of the active-layer thickness on the photovoltaic perfor-
mance of the devices, we first simulated binary (PM6:L8-
BO) and ternary (PM6:D18:L8-BO) iOPVs with different
active-layer thickness. We selected an active layer
thickness ranging from 80nm to 200 nm to align closely
with experimental standards. This choice enhances light
absorption efficiency and reduces recombination losses, as
active layers typically achieve optimal performance within
the range of 100 + 20 nm for effective absorption. It should
be noted that thicker layers (e.g., 600 nm) could increase
recombination, while thinner layers (e.g., 50nm) might
not absorb sufficient light.

Figure 3 depicts the dependence of photovoltaic
performance on active-layer thickness. Figure 3a shows
that the PCE lowers swiftly as the active layer thickness
increases due to a reduction in both V. and FF, implying
that higher carrier recombination (due to increased
thickness) significantly reduces charge collection efficiency
in these thick-film devices. This confirms that the active

layer thickness is a sensitive parameter for improving iOPV
performance. Thus, the optimal thickness of the photo-
active layer is 80 nm achieving a PCE of 17.94% with a V.
0f0.865V, and J.. of 25.37 mA - cm 2 with a FF of 0.817, for
binary OPVs, whereas the ternary devices exhibit a V.. of
0.866 V and a higher J. of 26.29 mA -cm ™2 with FF of
0.816, and a higher PCE of 18.59%. It is assumed that with
the addition of the D18 polymer donor as a third
component into the PM6:L8-BO host blend, the resultant
PCE can be enhanced due to increased photovoltaic
parameters, mainly the J.. Zhu et al. [42] experimentally
demonstrated that PM6:D18:L.8-BO based on ternary
devices fabricated with the standard configuration out-
performs PM6:L8-BO-based binary devices due to efficient
exciton diffusion and suppressed recombination, leading to
increased exciton dissociation yield and decreased free
charge recombination in ternary blends. This conclusion
aligns with findings from experiments, which emphasize
the enhancement of ternary-based iOPV compared to
binary iOPV [44-46].

3.2 Influence of the MoO3 HTL material in iOPVs
based on binary and ternary blends with three ETL
materials

MoOs3 is recognized for its potential as a solution-
processable material for the HTL in organic electronic
devices, with electrical properties that facilitate charge
injection and extraction. It represents a credible alterna-
tive to PEDOT:PSS which presents some limitations owing
to its hydrophilic and acidic characteristics [47,48]. To
study the influence of the thickness of three ETL materials
on the performance of iOPVs, we employed three metal
oxides SnO,, ZnO, and TiO,. Figure 4a shows a schematic
illustration of aniOPV structure with three ETLs, and MoO4
as HTL. The iOPV structure consists of 150 nm-thick ITO/
ETL/ 80 nm-thick PM6:L8-BO or PM6:D18: L8-BO/ 10 nm-
thick MoO3/100 nm-thick Ag, and the ETL thickness is
ranging from 5 to 40nm. Figures 4b—4e depict the
photovoltaic parameters of the binary and ternary devices
versus the thicknesses of the various ETL materials.

The performance of ternary devices outperformed the
binary devices regardless of the nature of ETL materials
and thickness. This finding is consistent with our prior
findings in Section 3.1, demonstrating the presence of D18
in the host blend improves photovoltaic properties by
enhancing charge transfer, lowering recombination losses,
and optimizing the morphology of the active layer. Among
the six devices, the devices with SnO5 ETL show the lowest
performance by increasing the ETL thickness compared to
the TiO, and ZnO-based iOPV devices. This can be
attributed to the SnO, material’s properties which could
harm electronic mobility or energy level alignment with the
active layer compared to TiO, and ZnO. The current
density (Js) and overall performance of the device can be
adversely affected by the mismatch, which can lead to an
increase in serial resistance or inefficient load extraction.
However, the FF and V. are quite similar for all devices
regardless of ETL thicknesses. This suggests that the active
layer has a greater influence on these two parameters than
the ETL thickness, as well as the consistency of the active
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Table 2. Bandgaps of each layer used in this study.

Materials HOMO Level (eV) LUMO Level (eV) Band gaps (E,) (eV) References
PEDOT:PSS -3.5 —5.2 1.7 [39]
MoOs —2.3 —5.3 3 [40]
WO, —2.2 —5.7 3.5 [41]
PM6 ~3.06 ~5.20 2.14 [42]
D18 —-2.95 —5.24 2.29
L8-BO -3.92 —5.67 1.75
Zn0 —4.2 —7.5 3.3 [40]
SnO, —4.01 ~7.95 3.94 [43]
TiO, —4.2 —74 3.2 [41]
1 T T T 19 0.9
ngE Tgrnary
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Er Toinary —-— 1 18 0.88
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17 < 0.86
0.85 2 S
& w 3
0.8 16 & 084 ~
075 ’ Jsc - Ternary ——
\.\:\ 115 Jsc—Binar§ — 7 082
0.7 - ! Voc - Ternary — - —
t Voc - Binary —-—
0.65 L 14 24 e : 0.
80 100 120 140 160 180 200 80 100 120 140 160 180 200

Active layer thickness (nm)

@)

Active layer thickness (nm)

(b)

Fig. 3. Variations of iOPV based on binary and ternary devices’ performance parameters with different thicknesses of photoactive
layer: (a) FF and PCE; and (b) J. and V,,.. The blue color represents the photovoltaic parameters of binary devices and the black color

is that of the ternary devices.

layer blend and MoOjz; HTL characteristics may be
beneficial to stabilize FF and V. values across varied
ETL thicknesses.

The best ternary iOPV delivers a maximum PCE
of 18.89% along with a V., of 0.866V, a higher Jg.
(26.72mA.cm ?), and a FF of 0.8162 with 15 nm-thick
ZnO ETL while the best binary iOPV with 17 nm-thick ZnO
ETL exhibits a PCE of 18.28% with V,. (0.865V), Jg.
(25.86 mA.cm™?), and FF (0.817). In general, the observed
device performance trends can be attributed to the interac-
tion between active layer, ETL materials, and thicknesses
as well as the overall device architecture, facilitated by a
ternary blending approach. To better understand the effect
of HTL material on the performance of iOPV devices, we
changed the MoO3; to WOj5 in the next section.

3.3 Influence of the WO3 HTL material in iOPVs
based on binary and ternary blends with three
different ETL materials

HTL using WOg3 is favored due to its transparency,
chemical stability, and high work function, which facilitate
efficient hole extraction and transport in OPVs. These

properties of WO3; are particularly advantageous in
enhancing device performance, especially under air-expo-
sure conditions, as demonstrated by experimental studies.
[49-51]

To examine the effect of the HTL WO3 material on the
performance of binary and ternary iOPVs, we tested SnO,,
Zn0O, and TiO, as ETL materials with different thick-
nesses, as presented in Figure 5a. The thicknesses used for
the different layers of the iOPV devices have been
conserved and the MoOs; HTL material has been
substituted by WOs;. In terms of photovoltaic parameters
enhancement, ternary devices with WOz HTL surpassed
binary devices independent of ETL material or thickness
(Figs. 5b-5e), indicating the evidence of ternary blend’s
benefits over binary blend under different configurations.
Overall, the photovoltaic parameters results reveal that
devices with SnOs ETL show the lowest performance as
various ETL thickness increases, compared to TiO, and
ZnO-based iOPV devices, aside from the FF and V
results, which demonstrate a negligible change (Fig. 5d).
As mentioned in the previous section, the invariance of FF
and V. values proves that these two parameters are not
influenced by the thickness or material of the ETL layer.
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The ternary iOPV with a 14 nm-thick ZnO ETL
achieves a maximum PCE of 18.90% thanks to an improved
Jee of 26.73mA.cm 2. Similarly, the binary iOPV devices
show the highest PCE of 18.28% with a ZnO ETL of 16 nm
thickness, offering a J.. of 25.87mA.cm ™2, a FF of 0.8167,
and a V,. of 0.865V. This outstanding performance is
attributed to the efficient electron transport properties of
Zn0 and its well-aligned energy levels with the active layer,
enabling effective charge extraction. Furthermore, iOPV
devices with a WO3; HTL achieve a PCE of 18.90% and a J.
of 26.73mA.cm ™2, which is comparable to iOPV devices
with a MoO3; HTL that have a PCE of 18.89% and a J of
26.72mA.cm 2, with a similar ZnO ETL thickness and the
same HTL thickness. This suggests that WO3 is an efficient
HTL material, offering competitive performance advan-
tages similar to MoOs for specific configurations.

To illustrate that WO3; and MoOs; can serve as
alternative HTL materials with properties comparable to
PEDOT:PSS, we conducted a parallel study in the
following section.

3.4 Influence of the PEDOT:PSS HTL material in
iOPVs based on binary and ternary blends with three
different ETL materials

The PEDOT:PSS is the cutting-edge, widely used interface
material for efficiently transporting holes and blocking
electrons, thereby minimizing leakage currents at the
active layer/anode interface [52,53]. We previously
employed PEDOT:PSS as HTL for the fabrication of
iOPVs [53,54]. Additionally, the hydrophilic and acidic
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Fig. 5. (a) Schematic of the simulated iOPVs based on binary and ternary blends using different ETL materials with WOz as HTL.
Variations of iOPV device performance parameters with different thicknesses and materials of ETL: (b) Jg, (¢) Vi, (d) FF, and

(e) PCE.

properties of PEDOT:PSS are highly hygroscopic, capable
of absorbing moisture from the air. This characteristic
poses a risk to the integrity of the active layers in iOPVs,
thereby imposing a significant stability limitation on OSCs
configured in direct setups. Despite these drawbacks,
PEDOT:PSS is still used thanks to its excellent electrical
conductivity properties [55]. Herein, we examined the
impact of a PEDOT:PSS as HTL on the performance of
binary and ternary iOPVs using three ETL materials with
different thicknesses as shown in Figure 6a. The iOPV

device layers are based on the same thicknesses as
previously, with the WO3; HTL material replaced by
PEDOT:PSS. The increase in photovoltaic parameters
observed in ternary devices incorporating PEDOT:PSS as
the HTL exceeded that of binary devices, irrespective of
material or ETL thickness as seen in Figures Gb—Ge.
Interestingly, the photovoltaic parameter results highlight
that iOPV devices with SnO, ETL present the lowest
performance as ETL thickness increases, in contrast to
TiOg- and ZnO-based iOPV devices. In Figure 6d, there is a
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marginal improvement in FF results with increasing ETL
thicknesses, particularly with the SnO, ETL, which
surpasses the other two ETLs. However, as with the other
ETLs, the differences between FF and V. are minimal. An
optimal PCE of 18.88% is achieved by the ternary iOPV
with 17 nm thick ZnO ETL, thanks to the enhancement of
Jee (26.69mA.cm™?). The V,, is 0.866 V and FF 0.8163.
Similarly, the binary iOPV devices show the highest PCE
of 18.25% with a 19nm thick ZnO ETL, yielding a J. of
25.82mA.cm 2, FF of 0.8169, and V,. of 0.865V. This
correlates with the observations with iOPV devices using
WO3; and MoO3 as HTL.

These results unequivocally demonstrate that whatever
the choice of three different HTL or ETL materials, ternary
devices using the PM6:D18:L8-BO active layer consistent-
ly outperform their binary counterparts using the PM6:L8-
BO active layer, with significantly improved J,, and PCE
values. For example, using a 5nm MoO3 HTL and SnO,
ETL, the differences in FF and V. between the binary and
ternary devices are negligible, while there is a slight 3.5%
improvement in Jg, leading to a similar increase in PCE,
attributed to efficient exciton diffusion and reduced
recombinations. In addition, the equivalent maximum
PCE (18.9%) and J,. (26.7mA.cm?) can be achieved with
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Table 3. Comparative analysis of electrical parameters for simulated ternary iOPVs and recent experimental ternary

OPVs.

Device structure Voe (V) Jee (mA.cm™?) FF PCE (%) References
ITO/ZnO/BHJ (D18:Y6:C60- 0.81 24.5 0.72 15.6 [45]
SAM)/MoO3/Ag

ITO/PEDOT:PSS/PM6:BTPeC9: 0.86 27.8 76.5 18.2 [57]

IT-4F /PDIN/AL

ITO/PEDOT:PSS/Active layer/ 0.873 27.2 73.5 17.6 58]
PDINN/Ag.

ITO/PEDOT:PSS/PM6:Y6: 0.848 27.47 77.20 18.00 [59]
FPDI-2PD /PFN-Br/Ag

ITO/PEDOT:PSS/PM6:Y6:BTP- 0.848 27.31 73.9 17.10 [60]
PIO/PDINN/Ag,

ITO/PEDOT:PSS/PM6:m-BTP- 0.871 26.71 80.04 18.62 [61]
PLC6:Qx2/PNDIT-F3N/Ag

ITO/ZnO/PM6:D18:L8-BO 0.866 26.72 81.62 18.89 This work

/MoO3/Ag

various thickness combinations of ZnO and HTL materials.
For example, using 15 nm ZnO with a MoO3 HTL, or 14 nm
7Zn0O with WOg, or 17nm ZnO with PEDOT:PSS, all give
almost identical PCE and Jg. values. This demonstrates
that MoO3; or WO3 materials can be utilized as viable
alternatives to PEDOT:PSS because they provide similar
device performance while potentially delivering other
advantages in terms of availability, stability, and compati-
bility with the existing fabrication process. In ternary
devices, employing ZnO as the ETL consistently yields the
highest J,. and PCE values for thicknesses below 33 nm.
However, this study also indicates that iOPV devices with
TiO5 or SnOy ETL can be competitive with those with ZnO
ETL at the finest thicknesses, offering a viable alternative
to the ZnO ETL material widely used in the fabrication of
iOPV devices. This is particularly important given that
ZnO is known to exhibit poor stability when exposed to UV
light, and possesses photocatalytic activity, which can
accelerate the degradation of the active layer [56]. A 5 nm-
thick SnO, ETL, when using a MoO3 or WO3 HTL, yields a
PCE of 18.84% compared to the 18.89% obtained with a
5 nm-thick ZnO ETL. This minor difference prompts
consideration of the balance between performance and
other material characteristics. In Table 3, we compared the
electrical parameters of our simulated iOPV with those of
recent experimental OPV devices. For instance, our device
achieves a V. of 0.866 V, a J. of 26.72mA.cm ™2, an FF of
81.62%, and a PCE of 18.89%. This performance is
competitive with several state-of-the-art experimental
results. For example, the device reported by Liu et al.
[59] shows a PCE of 18%, and the device by Wang et al. [61]
achieves a PCE of 18.62%. Our simulated OPV matches
closely with these experimental values, showcasing the
robustness of our simulation approach. Additionally, our
FF of 81.62% is one of the highest reported, indicating
efficient charge collection and minimal recombination
losses. Compared to the inverted structure device by Jeong

et al. [45] with a PCE of 15%, our device shows significantly
improved performance metrics. Additionally, our Jg. value
of 26.72mA.cm 2 is comparable to those reported by other
researchers, further validating our methodology. This
comparison demonstrates that our simulated iOPVs are
on par with, or even superior to, many current experimen-
tal devices. It underscores the potential and reliability of
our simulation techniques for optimizing OPV perfor-
mance.

Ultimately, the present numerical study proposes an
effective approach to improving the performance of iOPV
devices using a thin ETL film with a targeted thickness of
around 15=+2nm, achievable using the atomic layer
deposition (ALD) technique. Di Mario et al. [62] recently
reported on the proposed strategy in which iOPV devices
fabricated with the structure ITO/ALD-SnO,/PM6:L8-BO
active layer/MoOx/Al, using a 12 nm-thick SnO, film as the
ETL deposited via ALD, achieved higher overall perfor-
mance than those based on ZnO.

3.5 Study implications and limitations

Our study underscores the potential for enhancing PCE in
commercial OPV applications through the optimization of
layer thicknesses. This optimization not only promises
more cost-effective manufacturing but also advances
flexible and lightweight photovoltaic technologies. By
demonstrating the critical influence of layer thickness on
device performance, the study contributes to the ongoing
development of sustainable energy solutions, effectively
addressing various needs in the renewable energy sector.
However, the study faces several limitations. Firstly,
there is a significant reliance on simulation data, which may
not accurately replicate real-world conditions or account for
all factors affecting OPV performance. Additionally,
variability in material properties could introduce uncertain-
ties that impact the reliability of the outcomes. Despite the
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robustness of the computational models, inherent limitations
exist. Therefore, experimental validation is crucial to
confirm the simulated results and ensure their practical
relevance and applicability in real-world scenarios.

3.6 Future research directions

To advance OPV technology, future efforts will focus on
several key areas. (i) Exploring new donor and acceptor
materials by synthesizing and characterizing those with
improved optoelectronic properties to boost efficiency and
stability. (ii) Optimizing blend ratios in ternary systems to
enhance charge generation and transport efficiencies. (iii)
Developing more efficient charge transport layers by
engineering and characterizing inverted OPV devices,
optimizing electron and hole transport layers, precisely
controlling layer thicknesses, and assessing long-term
stability under various environmental conditions. (iv)
Conducting theoretical investigations into advanced
material combinations and device architectures using
computational modeling to push OPV performance limits,
aiming for higher PCEs and improved durability, ulti-
mately aiding in their practical deployment in renewable
energy applications. (v) Integrating insights with Oghma-
Nano to further enhance understanding of charge transport
mechanisms. This approach provides a comprehensive
multiscale description by leveraging the strengths of each
computational method mentioned in Section 2, particular-
ly for modeling disordered materials like organic semi-
conductors, through the combination of drift-diffusion
modeling and effective medium approximation for detailed
and efficient OPV device simulations.

4 Conclusion

In the present study, we utilized OghmaNano software to
investigate the impact of charge transport layers on the
efficiency of inverted organic photovoltaic (IOPV) devices.
The study involved the analysis of three electron transport
layers (ETLs) such as ZnO, TiO,, and SnO, — as well as
three-hole transport layers (HTLs) namely MoOsz, WO3,
and PEDOT:PSS for binary systems (PM6:L8-BO) and
ternary photoactive layers (PM6:D18:L8-BO). Our study
revealed that a photoactive layer thickness of 80nm,
combined with a 15 nm-thick ZnO layer and MoOs; HTL,
achieves a maximum efficiency of 18.89% in ternary devices
due to ZnO’s advantageous properties and the effectiveness
of the ternary blending approach. Further investigation of
ETL thicknesses for each HTL, on binary and ternary
active layers, highlighted the advantages of ternary
materials. Specifically, we observed that various combi-
nations of ZnO thicknesses and HTL materials gave almost
identical PCE and J. values, offering flexibility in HTL
selection. Notably, using ZnO as ETL consistently
produced the highest J,. and PCE values for thicknesses
below 33nm in ternary devices. Additionally, our studies
found that iOPVs devices with TiO, or SnOy ETL might
rival in comparison with ZnO ETL, especially at tiny
thicknesses, indicating new device manufacturing choices.

Overall, our findings recommend the adoption of a thin
ETL layer, roughly 154 2nm thick, to improve iOPVs
device performance. Lastly, this work demonstrates the
ability of thin ETLs to deliver exceptional performance in
inverted OPVs.

Funding

The APC was funded via the National Open Access agreement
signed by the University of Lille.

Conflicts of interest

The authors have nothing to disclose.

Data availability statement

The generated data are available upon request to the correspond-
ing author.

Author contribution statement

Kekeli N’Konou supervised the study and simulations were
carried out by Vincent Magnin. Both authors contributed to the
preparation of the figures and to the redaction of the paper and
have approved the final manuscript.

Supplementary material

Figure S1. Screenshots from the OghmaNano software interface,
illustrating electrical parameters for the active layers, (binary on
the left and ternary on the right).
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