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Abstract: Extensive research on organic solar cells (OSCs) over the past decade has led to efficiency
improvements exceeding 18%. Enhancing the efficacy of binary organic solar cells involves multiple
factors, including the strategic selection of materials. The choice of donor and acceptor materials,
which must exhibit complementary absorption spectra, is crucial. Additionally, optimizing the
solar cell structure, such as adjusting the thickness of layers and incorporating hole-transporting
layers, can further increase efficiency. In this study, we simulated three different novels within
the use of the inorganic SnO, on the OSCs within this specific arrangement of structures using
a drift-diffusion model: direct and inverted binary; direct ternary configurations of OSCs, specif-
ically ITO/PEDOT: PSS/PM6:L8-BO/SnO,/Ag, ITO/SnO, /PM6:L8-BO/PEDOT: PSS/Ag; and
FTO/PEDOT: PSS/PM6:D18:L8-BO/SnO, /Ag. These structures achieved power conversion effi-
ciencies (PCE) of 18.34%, 18.37%, and 19.52%, respectively. The direct ternary device achieved an
important V. of 0.89 V and an FF of 82.3%, which is high in comparison with other simulated
results in the literature. Our research focused on the role of SnO; as an inorganic electron transport
layer in enhancing efficiency in all three configurations. We also evaluated the properties of these
structures by simulating external quantum efficiency (EQE), which results in a broadened absorption
spectrum from 380 nm to 900 nm for both binary and ternary devices. Furthermore, we measured
the spectral distribution of absorbed photons, and photo-charge extraction by linearly increasing
voltage (photo-CELIV) to assess charge extraction and generation rates as well as charge mobility.
These measurements help establish a robust model for practical application.

Keywords: binary and ternary organic solar cells; SnO; electron transport layer; active blend
thickness; inverted structure; power conversion efficiency

1. Introduction

OSCs are known as a viable approach to efficiently capture sustainable and eco-friendly
solar energy [1,2]. These materials possess a low weight exhibit flexibility, transparency, and
high photon transmission, and are well-suited for industrial processes involving large-scale
solution processing [3-8]. Nevertheless, some obstacles must be overcome before their
widespread commercial use. Several problems exist in the field, including reduced PCE
and a short lifetime [9-12]. The highest attainable PCE for binary and ternary OSCs is
19.3% and 19.2%, respectively [13,14]. The utilization of non-fullerene acceptors (NFAs)
has been important in improving the PCE of OSCs [15-17]. The shape of the photoactive
layer is considered a factor in achieving devices with outstanding efficiency [18-21]. To
reduce loss channels and ensure that domain sizes are in line with excitons, carriers, and
other photoelectron physical dynamics, it is crucial to manage the complex morphology
of the photoactive layer [22-25]. The charge transport layers are of greatest significance
in facilitating the transport of charges towards the electrodes [26,27]. The transport of
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charges within the active blend and the extraction of charges at the electrodes determines
the overall efficiency of OSCs [28-31]. The incorporation of charge transport layers serves
to boost the connection between the active surface and electrodes through the interfaces,
hence developing the efficiencies of electron and hole extraction [32-36]. Tin dioxide (SnO,)
exhibits favorable optoelectronic properties that make it an efficient material as an electron
transport layer (ETL) in perovskite solar cells (PSCs) and OSCs [37,38]. These properties
include suitable energy level alignment with the perovskite or organic active layers, high
electron mobility, and processing under low temperatures [39]. Using an optimized SnO,
ETL can enhance surface passivation and increase energy loss between the ETL and either
the perovskite or the organic active layer [40]. This, in turn, can reduce voltage losses and
facilitate electron transfer [41]. The ternary bulk heterojunction (BH]J) architecture of OSCs
is important in increasing the efficiency of OSCs [42]. The ternary BHJ architecture, by
incorporating an additional component into the active layer, not only improves charge
extraction but also enhances near-infrared absorption and reduces carrier recombination,
contributing significantly to efficiency gains in OSCs [42].

Building on these insights and taking advantage of the previous literature that achieved
a high PCE by Zhu et al. and Fu et al. [13,14], our study aims to simulate three different OSC
configurations, direct binary, inverted binary, and direct ternary BHJ architectures, utilizing
5nO; as the ETL to enhance the efficiency of OSCs by using 1-dimensional optoelectronic
software “Oghma-Nano 8.0.034” with a comprehensive simulation optical and electrical
data input in the software referenced below in Sections 2 and 3. We made a selection of
different materials, and every material included its characteristics. We also made sure to
construct original structures composed from those materials that had not been reported be-
fore as theoretical work to simulate new structures and discover their efficiency, which gave
us an outline to make samples in the laboratory in the future. The simulated structures in-
clude ITO/PEDOT: PSS/PM6:L8-BO/Sn0O, /Ag, ITO/SnO, /PM6:L8-BO/PEDOT: PSS/ Ag,
and FTO/PEDOT: PSS/PM6:D18:L8-BO/SnO, /Ag. These configurations achieved PCEs
of 18.34%, 18.37%, and 19.52%, respectively, demonstrating the effectiveness of SnO, in
improving solar cell performance.

2. Methods
2.1. Governing Equations

For general purposes, Oghma-Nano software was used to model the optical and
electrical response of OSCs, which uses a finite difference approach to solve Maxwell
domain’s frequency, the spectral absorbed energy density in the active layer, drift-diffusion
equations, charge carrier continuity equations, and Poisson’s equation.

Maxwell’s domain’s frequency equation was used in the 1-dimensional optical model
to calculate the distribution of photons. The electric and magnetic field is provided by
Equations (1) and (2) [43].

N
oH, t i —
a;p = j2nveregEopt (1)
and
3E,, ~
t )
T;” = —j2mvoHopt )

where H;;,t represents the magnetic field vector, E;;t is the electric field vector, and v is the fre-
quency; g and ¢, are the constants of free permittivity and the relative permittivity, respectively.

The spectral absorbed energy density in the active blend in 1-dimension at x position
is as follows in Equation (3) [43]:

1
Qv,x) = EcsooayEgpt 3)
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where c is the speed of light, 7 is the refractive index, « is the absorption coefficient, k is the
imaginary part of the refractive index, and A is the incident light wavelength. The formation
of excitons was dependent on the absorption of light photons, resulting in the production
of a specific quantity as depicted in Equation (5) at each frequency and position [43]. All
the optical inputs including 7 and « of the active layer, ETL, and HTL materials in Figures
515-520 were used to calculate the distribution of the specter and the absorbed photon
distribution, EQE, and IQE.
Q TTErEQ
G(er) = h = TrEgpt 5)
where /1 is Planck’s constant. By resolving the continuity of charge carrier equations as
specified in Equations (6) and (7), the conservation of the charge carriers is ensured [44].

Oy _ o o O
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where R, and R, are the recombination rate of electrons and holes, respectively, ], and ],
are the electron and hole current density, respectively, g is the charge, 7 is the density of
electrons, and p is the density of holes.

Maxwell-Boltzmann statistics are responsible for solving free carrier statistics as
mentioned in Equations (8) and (9), which represent the solution of the equations of carrier
densities of electrons and holes [45].

n = Ngexp (FnK;fc > 8)
and
= N, ex Eo = Fy 9)
p = Noexp KBT

where N, N, are the constants of the effective density of states in the conduction and
valence band of a semiconductor, F,, , are constants of the energy level of the Fermi level in
the valence and conduction band, E. is the conduction band, E, is the valence band, Kz is
Boltzmann constant, and T is the temperature.

The solution of Poisson’s equation is used to obtain the distribution of potential within
the device, and it is represented as follows in Equation (10) [44]:

92
Soreoer = q(n—p) (10)

where ¢ is the electric potential. The transfer of charges is determined by solving the
drift-diffusion equations that account for the movement of both electrons and holes as
mentioned in Equations (11) and (12) below [45].

_ o on
Jn= W/leng + ang (11)
and 3 3
_ 299 °p
Jp = qunp= +aDp3 (12)

where [, is the electron and hole current density, respectively, j. is the mobility of
electrons and holes, respectively, and D;, , is the electron and hole diffusion coefficient,
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respectively. The boundary conditions are represented as tunneling of electrons and holes
through heterojunction interfaces provided by Equations (13) and (14).

Jn = —qTe((nl — niq> — (no - nf)q)) (13)

and
Jp = =aTi((p1 = #1") = (P —#7")) (14)

where T, and T}, are the rate constants of tunneling of electrons and holes, respectively, 1 1
is the number of electrons in the layers before and after the interface, pg 1 is the number of
holes in the layers before and after the interface, ”871 is the equilibrium number of electrons
in the layers before and after the interface, and p(e)'?l is the equilibrium number of holes in
the layers before and after the interface.

A full description of the electrical and optical model [45] of our simulation is shown
in Tables 1 and 2.

Table 1. The PCE parameter output of our different devices.

Devices Voe ) Jsc mA/ecm?)  FF (%) PCE (%)
S1: ITO/PEDOT:PSS/PM6:L8-BO/SnO, / Ag 0.859 26.5 80.4 18.34%
52: ITO/SnO, /PM6:L8-BO/PEDOT:PSS/ Ag 0.859 26.6 80.48 18.37%

S3: FTO/PEDOT:PSS/PM6:D18:L8-

BO/Sn0,/Ag 0.89 26.65 82.3 19.52%

2.2. Evaluation of the Performance Indicators

The objective of our study was to improve the PCE of OSCs, which is represented by
Equation (15) [46].
PCE — Pmax — ]SCVOCFF
Lin I
where Py is the maximum power output by the OSC, and I, is the illumination intensity.
The V. value represents the highest voltage when the current is null through the device,
and it is represented as follows:

(15)

Eg — AE
q

Ve = (16)

and

AE = 2(Er) — Efjono) — KsT In <;> (17)

where AE is the energy offset, the, FF presents the maximum power output of the OSCs,
which is defined below the Equation (18) [46].

Prax Vin A (Vin—Voc)
FF = = |1 — eakr \Vm—Voc 18
VOCISC VOC |: :| ( )

where A is the ideality factor of the semi-conductor.

Table 2. Comparison between our direct and inverted binary OSCs and TOSCs with other simula-
tion studies.

Reference Structure Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
Rafiqetal. [47]  ITO/MoOs/PDTS-DTTFBT:PC71BM/Cgy/PCeoBM/ZnO/Ag 0999 20.01 88.52 17.69%
Ram et al. [48] ITO/WS, /PBDB-T-2F:Y6:PC7 BM /PEN-Br/ Al 0.85 25.1 80 17.10%
Zhu et al. [14] ITO/PEDOT:PSS/PM6:D18:L8-BO/PNDIT-F3N/Ag 0.87 24.49 80.38 17.21%

Our work ITO/PEDOT:PSS/PM6:L8-BO/SnO, / Ag 0.859 26.5 80.4 18.34%

Our work ITO/Sn0O, /PM6:L8-BO/PEDOT:PSS/Ag 0.859 26.6 80.48 18.37%

Our work FTO/PEDOT: PSS/PM6:D18:L8-BO/SnO, /Ag 0.89 26.65 82.3 19.52%
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3. Results and Discussion
3.1. Device Performance

Figure 1a,b and Figure 2 represent the 1-dimensional device structures of the inverted
binary, direct binary, and direct ternary, respectively. Figure 3a depicts the chemical material
architecture and the absorption wavelength of the materials used in this work. They are
protons that are predominantly absorbed between 550 and 900 nm [14].

(a) (b)

PEDOT:PSS

:L8-BO

PEDOT:PSS

Figure 1. 1D structure of (a) inverted binary organic solar cell; (b) conventional binary organic solar
cell structure models under light exposure.

18:L8-BO

PEDOT:PSS

FTO

L m = ]

Figure 2. 1D structure of ternary organic solar cell model under light exposure.

PM6 and D18 serve as means to capture photons with short wavelengths from 400
to 700 nm [14]. Furthermore, the utilization of this particular combination enables the
manipulation of material crystallization processes, leading to the creation of a donor phase
that exhibits exceptional crystalline characteristics [14].

The J-V characteristics were simulated under AM 1.5 G illumination with an inten-
sity of 100 mW cm™~2. The findings are presented in Figure 3c and Table 2. The three
devices direct binary, inverted binary, and direct ternary structures (see Figures 1a,b and 2)
achieved 18.34%, 18.37%, and 19.52%, respectively. Additionally, the devices result in
Jsc of 26.5 mA cm 2, 26.6 mA cm 2, and 26.65 mA cm 2, respectively. For the V., they
exhibit 0.859 V, 0.859 V, and 0.89 V, respectively. The FF exhibits 80.4%, 80.48%, and 82.3%,
respectively. Both conventional and inverted binary structures showed the same improved
PCE of approximately 18.3% since we used SnO, as an ETL. The ternary device resulted
in the best efficiency performance of 19.52%, while the FF and V. increased from 80.4%
to 82.3% and from 0.859 V to 0.89 V, respectively. The high value of the FF for TOSCs
is related to the optimization of the active layer of the solar cell that requires it to have
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External Quantum Efficiency (%)

a bi-continuous shape with suitable and solidified nanoscale domains. Efficient charge
transport and reduced recombination are dependent on this.

PM6 D18 L8-BO
(b) (c)
100 10
4 _ T ) an ]
804 o
o E 0 T I T I T I T I T
60+ 5 1
' g -10+
40 , [ | o
| Direct binary (m] Direct binary
204 ‘1' Inverted binary ;C-: -204 Inverted binary
| Direct ternary - J Direct ternary
. J S - o
0 T ' | ' T -30
400 600 800 0.2 0.4 0.6 0.8 1.0
Wavelength (nm) Voltage (V)

Figure 3. (a) Chemical structures of PM6, D18, and L8-BO; (b) external quantum efficiency (EQE) of
the devices with different active blend thicknesses; (c) J-V curves of the OSCs based on direct binary,
inverted binary, and direct ternary structures with a device area of 4.84 mm? for each.

In addition, the widened absorption spectra by the insertion of a third component can
broaden the absorption spectra, which enhances light harvesting and raises the short-circuit
current. Furthermore, the third component can assist in suppressing the morphological
evolution of the host mix, resulting in better stability, and serves as a bridging unit to
systematically optimize charge migration, exciton lifespan, recombination, and nanomor-
phology. The development of the ternary devices was marked by the addition of D18 as a
third element and a 2nd donor to the structure, which created more cascaded energy levels
for the devices, according to Figures 4, S3 and 54, and facilitates the electron transport
toward the electrodes. The . has slightly improved the binary devices to 26.65 mA cm 2
due to the slight enhancement in the absorption specter by adding the third element, which
results in more exciton creation.
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Figure 4. Energy levels diagram for ternary organic solar cells.

3.2. Charges Generation, Transport, and Recombination

The EQE and IQE of the three OSCs are shown in Figures 3b and S1. EQE quantifies
the efficiency of a solar cell in converting light energy into electrical energy. The term
“quantum efficiency” refers to the ratio of the number of carriers gathered by the solar
cell to the number of photons with a specific energy that hit the solar cell. The quantum
efficiency at a specific wavelength is unified when all photons of that wavelength are
absorbed and the ensuing minority carriers are collected. Photons with energy below
the band gap have a quantum efficiency of zero. The integrated current in a solar cell is
directly linked to the EQE. By integrating the quantum efficiency of the cell across the
entire solar electromagnetic spectrum, it is possible to determine the current that the cell
will generate when exposed to sunlight. The results of the integrated current are depicted
in Figures S21-523 for direct, inverted binary, and direct ternary, respectively. EQE(A) is
directly proportional to the current divided by the photon flux. The results indicate an
absorption spectrum from 380 nm to 870 nm for both binary devices and a wide absorption
from 380 nm to 900 nm for ternary devices. A notable disparity in absorption wavelengths
is observed between ternary and binary devices. Specifically, within the range of 510 nm to
820 nm, binary devices exhibit a higher absorption rate. This is evidenced by peak values
of 95% at 650 nm and 94% at 770 nm for both direct and inverted binary devices. In contrast,
the ternary device demonstrates a slightly lower absorption rate, with a peak value of
90% at 650 nm. Furthermore, the average absorption within the same range for ternary
devices is 85%, which is less than that of binary devices. The ternary device presents a
wide range of EQE due to the incorporation of a third material. This additional material
contributes to the broadening of the absorption wavelength and the generation of more
excitons. In contrast, binary devices show slightly higher absorption from 510 nm to
820 nm. This is attributed to the redistribution of absorbed photons across two band gaps
in the organic materials, which allows for the absorption of a larger quantity of photons
within this specific range. The inclusion of a third material in the ternary active blend
resulted in enhanced photon absorption within the visible wavelength range, as well as
widened absorption wavelengths to encompass the near-infrared range (NIR) spectrum.
This modification led to an improvement in the Js.. In Figures 4, S3 and S4, we observed
that PM6 exhibits a home energy of —5.20 eV and a LUMO energy of —3.06 eV. The energy
levels for D18 are —5.24 eV and —2.95 eV, while for L8-BO, they are —5.67 eV and —3.92 eV,
respectively. Equation (19), which represents the energy offset (AE), is a crucial parameter
that influences the performance of charge transportation. If the magnitude of AE is equal
to or higher than the exciton binding energy (Eg), there is a possibility that the vibrational
energy of the released molecule could drive the dissociation of excitons [48].

AE = EPHOMO — EAHOMO (19)

The ternary strategy makes more straightforward pathways for charges to reach the
electrodes because it minimizes the AE between the active blend and the charge transport
layers. This is strong evidence of the V. and the FF improvement for the ternary OSC



Energies 2024, 17, 3302

8 of 14

Wavelength (rm)

300

400

500

600

700

8001

900

compared to binary devices, as we witnessed in the previous performance in Figure 3 and
Table 2.

An optical simulation was performed to the device’s efficiency of light absorption
and exciton generation. Figures 5, 6 and S8-5S11 display the wavelength distributions
of incident photons and absorbed photons for direct binary, inverted, and direct ternary
devices, respectively. The active blends in the three devices showed great absorption
within the wavelength between 510 nm and 810 nm, while the ternary device had slightly
broader absorption than the other devices from 370 nm to 880 nm, as evidenced by the
EQE previously.

Betid ="

Te+ad

fe+34 -

Set+34

da+34 -

3e+34

Z2e+34 -

le+34

300

400+

500

Wavelength (rm)

700

8001

00

600

1 1 1
100 200 300
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Figure 5. The distribution of the specter of the absorbed photons of the donor-acceptor (D-A) blends
PM6:L8-BO for the direct binary device.

1le+35 -
Setid -
Ge+3d -
4e+34 -
Z2e+3d -
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Figure 6. The distribution of the specter of the absorbed photons of the D-A blends PM6:D18:L8-BO
for the ternary device.
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(a)

The mobility of charge greatly influences the efficiency of OSCs. Figure 7a,b depicts the
average charge mobilities in the function of illumination and voltage. The ternary device
showed the best average mobility of 1.45 x 1073 cm? V! s~! than both binary direct and
inverted devices within an approximately equal value of 1.32 x 1073 cm? V-1 s71. As
a result of the high mobility of ternary structure, the V. improved to 0.89 V due to the
reduction of energy losses on the interfaces between the charge transport layers and active
layer based on Equations (16) and (17), which demonstrates the importance of increasing
the mobility of the charge to minimize the energy loss to increase the charge transport and
obtain a high V. On the other hand, the charge recombination was primarily responsible
for determining the incidence of V,. loss. The phenomenon of charge recombination is
dependent on the carrier’s mobility.

(b)

1)

%, 15%10° " 0.00150
‘T> 4 \7>
NE 1.45% 103 bddbdd 44444444 NE 0.00145+ A hhhhhhhhhhkhhd
K i L
>
;'_f 1.4%x10-3 E 0.00140
'g ] —&— Direct binary '8 —@— Direct binary
= 3 —&— Inverted binary = —- Inverted binary
g 1.35%10-3+ — Direct temary % 0.00135+ —A— Direct ternary
g - o Eesoncoonesene
o w o
2 1.3x10-%+ r T T T 2 0.00130 T T T T
0 5 10 0.78 0.80 082 084 086 0.88
Sun (a.u) Voltage (V)

Figure 7. Charges carrier mobilities. (a) Charge carrier mobility of direct binary, inverted binary, and
direct ternary device (direct binary is under-inverted because they have approximately the same
measured average mobility) in the function of illumination (a.u.); (b) charge carrier mobility in the
function of voltage.

The measurement of charge extraction is conducted using the photo-CELIV and is
shown in the supporting information (Figures S11-513). For both binary (direct and inverted
structures) and ternary devices with the following mobilities of 1.45 x 1072 cm? V~!s~! and
1.32 x 1073 cm? V~! 571, respectively. The devices show a close transient charge extraction
and generation rate of charge carriers (see Figures S5-57). This can be described by the
close Js. result for the three structures of direct binary, inverted binary, and direct ternary of
26.5 mA cm 2, 26.6 mA cm~2, and 26.65 mA cm 2, respectively.

The recombination prefactor (Kj;) was subjected to the effect of multiple factors, such as
the mobility of carriers, the electric field, and the density of states [32]. The utilization of the
Ky has been employed as a modeling parameter to characterize the V. and FF of OSCs [32].
Figure 8 shows the K},; measurement of the different devices, such as conventional binary,
inverted binary, and ternary.

The binary devices showed slightly the same recombination rate value of the average
5 x 107!2 cm3 s, while the ternary device showed a decreased value of 3 x 10712 cm3 s~ 1.
The low recombination rate observed in ternary devices facilitates efficient charge extraction
and transport within the anode and cathode paths, as mediated by the distinct charge trans-
port layers. Moreover, the V. and FF outcomes of this particular device exhibit significant
improvements when compared to binary devices.
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Figure 8. The recombination prefactor of the charges (Ky,;) is the function of charge density for the
direct, inverted binary, and direct ternary devices.

We compared other theoretical studies represented in Table 2 conducted by Rafiq et al. [47],
Ram et al. [48], and Zhu et al. [14] with our findings by simulation of inverted and direct
binary and direct ternary OSCs. Our simulated structures demonstrated significant ad-
vancements in the PCE of single-junction OSCs, surpassing the results of previous studies
reported in Table 2. Furthermore, we noticed a great achievement in J; of 26.5 mA cm—2,
26.6 mA cm~2, and 26.65 mA cm~?2 for direct, inverted binary, and ternary OSCs, re-
spectively, compared with other simulated results in the table because of the broadened
absorption wavelength of EQE depicted by this structure. Also, the optimization thickness
of the active layer at 80 nm played a key role in facilitating the exciton separation and
the creation of free charge carriers, which contributed to enhancing the J;.. In addition,
our ternary device achieved a higher V,, result of 82.3 V than Ram et al. and Zhu et al.
However, the study of Rafiq et al. achieved a slightly higher V,c and FF than our TOSC
devices within the values 0.999 V and 88.52%, respectively. By analyzing their structure,
we found that the key point in their achievement of V. and FF was in the use of triple ETL
of C60, PC60BM, and ZnO, which created a close energy alignment between the LUMO
of these materials and a cascaded energy level that facilitated electron transfer toward
the Ag electrode. On the other hand, despite their important achievement of V. and FF,
our TOSCs achieved a higher PCE of 19.52%, which is higher than their study, and the
PCE is supposed to be the important parameter to consider and was the ultimate goal of
this research.

4. Conclusions

We investigated the effectiveness of the inorganic ETL SnO, by performing three dis-
tinct structures: direct, inverted binary, and direct ternary structures within the structures
ITO/PEDOT: PSS/PM6:L8-BO/SnO, / Ag, ITO/SnO, /PM6:L8-BO/PEDOT: PSS/Ag, and
FTO/PEDOT: PSS/PM6:D18:L8-BO/SnO, / Ag, respectively. These structures achieved
power conversion efficiencies of 18.34%, 18.37%, and 19.52%, respectively. Further, the
integration of SnO; not only established a series of interconnected energy levels between
the active layer and both electrodes but also improved the transit of electrons. This con-
tribution played a vital role in enhancing the V. of the devices. The V,, values were
measured at 0.859 V, 0.86 V, and 0.89 V for the conventional binary, inverted binary, and
direct ternary devices, respectively. In addition, we optimized the thickness of the active
layer for the three devices at 80 nm to enhance the efficiency of the exciton diffusion length,
which achieved an average J;. value of 26.6 mA cm 2, which is higher than the compared
literature’s results. At the same time, we obtained a broadened absorption spectrum from
380 nm to 900 nm for both binary and ternary devices by EQE measurements. The main
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objective of future research efforts should be to employ a global strategy to optimize the
overall configuration of OSCs. This involves examining different factors, such as employing
optical engineering methods to improve light absorption and reduce reflection, studying
the physical properties of the cells through electronic and mathematical analyses to de-
termine important variables, and researching new materials and microscopic structures
to create more efficient materials. The primary objective is to optimize the efficiency of
OSCs. These developments have a substantial influence on the overall enhancement of the
device’s efficiency.

Supplementary Materials: The following supporting information can be downloaded at:
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