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ABSTRACT— Despite decades of research on
ternary organic solar cells, accurate prediction
and precise definition of their blend properties
remain challenging. In this work, we investigate
the interdependence between composition ratio
and optoelectronic  properties in a
PM6:Y6:1TIC-M cascade-type ternary organic
solar cell using drift-diffusion simulations
combined with experimental parameters. Key
parameters, including effective bandgap,
electron affinity, dielectric permittivity, doping
density, and trap density, were extracted and
modeled as functions of the ITIC-M weight
percentage. Comprehensive characterization
through  morphological  analysis (RMS
roughness), electrical measurements (carrier
mobility), and photovoltaic performance metrics
revealed strong correlations with the dielectric
permittivity (g), enabling more accurate
predictions. The proposed predictive model
establishes a direct link between blend ratio and
performance parameters—such as mobility and
surface roughness—thus providing valuable
guidance for optimizing ternary organic
photovoltaic materials in future research.

KEYWORDS: cascade, drift-diffusion,
optoelectronic parameters, Ternary.
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|.INTRODUCTION

Organic solar cells (OSCs) based on small-
molecule donors and acceptors have rapidly
evolved in recent years, offering promising
solutions for lightweight, flexible, and solution-
processable photovoltaic applications [1]-[3].
Recent advancements have pushed their power
conversion efficiencies (PCEs) toward the
commercial benchmark of 20% [4]. Bulk
heterojunction (BHJ) architectures optimize
exciton dissociation and charge transport by
mixing electron donor and acceptor materials.
However, these systems face trade-offs
between optical absorption and energy level
alignment, which constrain their performance

[5].[6].

Various strategies to boost device efficiency
can be classified into two main parts: active
layer and material modifications [7],[8], and
transport layer and electrode modifications
[9],[10]. Ternary blend engineering is a method
where a third component is added to the donor—
acceptor matrix, which has shown compelling
improvements in light harvesting, charge
dynamics, and morphological control [11]-
[13]. Ternary organic solar cells (TOSCs)
enable simultaneous improvements in the
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short-circuit current density (Jsc), open-circuit
voltage (Voc), fill factor (FF), power
conversion efficiency (PCE), and stability by
modulating the molecular packing and
interfacial interactions [14],[15]. Recent
research emphasizes that TOSCs are not simple
extensions of binary cells. Small-molecule
donors, such as DR3TBDTT derivatives, have
demonstrated that compositional variations can
transform nanoscale morphology and energy-
level alignment [16]. Additionally, a ternary
composition of PMG6:Y6:ITIC-M  has
broadened our understanding of how the
incorporation of ITIC-M enhances the
electronic  properties, suppresses charge
recombination loss, and optimizes the surface
morphology [17]. Therefore, TOSCs are ideal
solutions for addressing problems related to
interfacial charge transfer states, trap-assisted
recombination, and  morphology-induced
disorder [18],[19].

Ternary systems introduce novel phenomena,
such as cascade energy transfer, energy-level
tuning, and alloy-like mixing behaviors [20].
Each model explains how the three components
interact electronically and structurally. These
effects can enhance exciton dissociation,
suppress charge recombination, and improve
the FF, leading to higher PCE. In particular,
cascade-like systems benefit from intermediate
energy levels that facilitate exciton dissociation
and broaden the absorption window [21]. In
contrast, alloy-like blends enable tunable Voc
and charge-transfer (CT) state energies through
electronic mixing [22],[23]. While past studies
have reported shifts in energy levels and
morphology, few have provided analytical
relationships between blend composition and
key device-relevant quantities, such as energy
levels, trap densities, or dielectric constants.

In this study, we investigated the
PMG6:Y6:ITIC-M ternary blend to establish
correlations between the compositional ratio
and optoelectronic properties, including the
energy levels, dielectric permittivity (e), trap
densities (Ntl and Nt2), and doping density
(Ndoping). We developed a formula for
predicting the effect of the ITIC-M
concentration on the bandgap and electron
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affinity. Additionally, the variation of the
dielectric permittivity with varying weight
ratios of ITIC-M was compared with the
roughness, carrier mobility, carrier lifetime,
and FF of the solar cell device to establish a
predictive relation for the permittivity of the
ternary blend. The recombination dynamics of
solar cell devices at different ITIC-M
concentrations were also simulated. The results
highlight how morphology and defects jointly
can shape the device performance and provide
insights into future ternary solar cell designs.
Our findings establish predictive correlations
between the ternary blend composition and
device performance, highlighting the optimal
ranges for charge transport and defect
minimization.

Il. MATERIALS AND METHODS

The simulation focused on fitting the
experimental current-voltage curves and
studying the resulting changes in the properties
of the active layer by varying the ternary blend
weight ratio. We selected fitting parameters
including bandgap, electron affinity, dielectric
permittivity, trap densities, and doping density,
while considering all other parameters constant
for each solar cell (Fig. 1(a)). The donor-to-
acceptor weight ratio of the ternary layer was
fixed at 1:1.2 (Fig. 1(b)), and systematic
variations were made in the concentrations of
the two acceptor materials. The SCAPS-1D
software [24], based on the principles of drift-
diffusion (DD) theory, was used to simulate the
solar cell device performance. The DD theory
involves solving the Poisson and continuity Eq.
(2) to Eq. (3) [25]:

d?y(x) q -
W:—;X[—n(x)+p(x)—NA +
ND+ +pp — pn] 1)

where 1y is the electrostatic potential, g is the
electrical charge, ¢ and g, are, respectively, the
dielectric  permittivity and the vacuum
permittivity, and n and p are electron and hole
concentrations, respectively. The Ny and N7
represent  the  dopant  concentrations,
respectively. p, and p, are the electron and
hole distributions, respectively. The continuity
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equations for electrons and holes are Eq. (2) and
Eq. (3):

djn

dx =G, — Ry (2)
aj

d_; = Gp - Rp (3)

where J,, and ], are electron and hole current
densities, respectively. The recombination and
generation rates are given by R and G. The
carrier transport can be expressed by Egs. (4)
and (5) [26]:

da d
Jn =qDy d_;l — qHan I{d)SC) 4)
_ dp ap(x)
Jp = —aDp—— qupp = (5)

where D, and D, are electron and hole
diffusion coefficients. Also, u, and p, are the
electron and hole mobilities. Solving these
basic semiconductor equations under steady-
state conditions has enabled the achievement of
performance parameters for solar cells. The
SCAPS package solves the Poisson and
continuity equations by a finite difference
method using the Gummel iteration scheme
[27].

Device parameters are summarized in Table 1,
obtained from references [28]-[30], while data
related to fitting parameters are summarized in
Table 2. The cascade band structure of the
ternary blend used in this simulation is
illustrated in Fig. 2(a). Using previously
reported experimental parameters, we analyzed
the effective bandgap variations of the active
layer relative to the transport layers (Fig. 2(b)).
We utilized absorption spectra of active layers
with different weight ratios of ITIC-M [17] and
the AM1.5G 1 sun spectrum for light intensity,
as depicted in Fig. 3. We introduced two types
of defect states into all solar cells: interfacial
defects and active layer defects. The
distribution of defects in the active layer was
modeled using the Gaussian distribution
equation [31].
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Fig. 2. Band structure of (a) active layer ternary
cascade structure and (b) solar cell device structure.
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Table 1. Material parameters used for sola
device simulation.

r cell

Materials
Parameters PEDOT: Ternary PFN-Br
PSS [28] | [171,[30] [29]
Thickness (nm) 50 Experimental 10
Fitting and
Bandgap (eV) 1.7 Experimental 2.98
Electron affinity (eV) 3.63 Fitting 4
Dielectric permittivity 3 Fitting 5
Conduction Band Density
19 21 19
of States (N,) cm™) 1x10 1x10 1x10
Valence Band Density of
19 19 19
States (N,) (cmfa) 1x10 1x10 1x10
Elecz::z/%z;""ty 9x10° | Experimental | 1x10+
Hole mobility (cm’/Vs) | 9x10° | Experimental | 2x10°
Donor density (cm °) 0 Fitting 9x10'®
Acceptor density (cm °) | 3x10%7 0 0
Defect Density (cm ) | 1x10™ Fitting | 1x10%

Table 2. Fitting parameters of the active layer used

for simulation.

Parameters PM6:Y6(100-x): ITIC-M(X)
0% 5% | 10% | 20% | 50% |100%)
Bandgap (eV) | 1.4 [1.406|1.414|1.434 | 1.44 |1.665
E'ECtr?e”Va)ﬁ'”'ty 41 | 4086 | 407 |4.058 |4.025(3.908
Dielectric 38 | 658 | 6.48 | 3.94 |3.03| 25
permittivity
Electron
mobility 5.08 | 7.13 | 5.89 | 3.94 | 2.00 | 3.62
(x10*cm?/Vs)
Hole mobility
(x10cm?/V's) 6.83 | 8.19 | 6.91 | 4.04 | 2.62 |1.96
Donor density | 5.3x | 4.5x | 3.26x | 2.7x |9.36x|8.77x
(CmiB) 1017 1017 1017 1017 1016 1015
Defect Density | 2.66x | 3.46x | 4.3x |4.28% |7.65% |7.67x
(Cm_3) Nt1 1013 1012 1013 1013 1013 1014
DefecEBDensity 1x1013| 276% | 1x | 13x 138x3.86
(cm ) Nt2 10° | 10° | 10% | 10%0 |x10%2
5
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Fig. 3. Solar radiation spectrum and the absorption
spectra of the ternary blend with different weight

ratios of ITIC-M.
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I1l. RESULTS AND DISCUSSION

The current densities for different weight ratios
of ITIC-M along with the simulated fitting
curves for each composition are shown in
Fig. 4. Based on this figure, the fitted curves are
in excellent agreement with the experimental
curves. The chi-square values for each fitting

curve

ranged from 1x10™* to 6x107,

demonstrating that the simulation results are
very accurate and close to the experimental

data.
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Fig. 4. Short circuit current density-voltage curves of

experimental and fitting results for (a) 0 w/w%, (b) 5

w/w%, () 10 w/iw%, (d) 20 w/w%, (c) 50 w/w%, and

(f) 100 w/w% of ITIC-m in acceptors.

Additionally, the performance parameters
versus weight ratios of ITIC-M are illustrated in
Fig. 5, which demonstrates that the
experimental and simulation results are
consistent and follow a systematic trend.
Analysis of different weight ratios of ITIC-M
shows that, except for an anomaly at 5 wt%
ITIC-M, the performance parameters follow a
consistent trend. Subsequently, we developed a
formalism to predict and explain this trend.
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Fig. 5. Experimental and simulated solar cell
performance  parameters:  power  conversion
efficiency (PCE), fill factor (FF), short-circuit
current density (Jsc), and open-circuit voltage (Voc),
vs. stability of weight ratios of ITIC-M in acceptors.

In Fig. 6, the simulated parameters are shown
versus weight ratios of ITIC-M in the ternary
blend with curve-fitting analysis. The dielectric
permittivity (¢) increased at 5 wt% and 10 wt%
ITIC-M concentrations, before showing a
parabolic decrease. Since ¢ showed a nonlinear
trend, we attempted to describe and predict its
behavior by relating it to experimental
parameters as discussed below. The electron
affinity and bandgap of the solar cells
fabricated with different concentrations of
ITIC-M showed cubic polynomial trends, as
shown in Fig. 6(b) and Fig. 6(c). The
corresponding fitting formula for electron
affinity is as follows:

e=A+Bx+ Cx?+ Dx3 (6)

where A, B, C, and D are approximately
4.1, -0.003, 4.8x10° and -3.75x107,
respectively, and x is the ITIC-M concentration.

For the bandgap, the fitting formula is as
follows:
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E; = A+ Bx + Cx* + Dx? (7)

where A, B, C, and D are approximately 1.4,
0.003, -6x107, and 7x107, respectively, and x
is the ITIC-M concentration.

A comparison between the bandgap and
electron affinity of the ternary solar cells versus
ITIC-M weight ratios is shown in Fig. 7. The
figure indicates that increasing the ITIC-M
concentration leads to bandgap widening.
Importantly, this bandgap increase occurs
through approximately symmetric shifts of both
the HOMO and LUMO energy levels, resulting
in simultaneous changes that increase the
overall bandgap of the ternary active layer.
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Fig. 6. Simulated parameters of (a) dielectric
permittivity, (b) electron affinity, and (c) bandgap vs.
weight ratios of ITIC-M in acceptors with curve-
fitting.
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Fig. 7. Comparing simulated bandgap and electron
affinity bandgap vs. weight ratios of ITIC-M in
acceptors.

A comparison between the bandgap and Voc of
the solar cell devices is shown in Fig. 8. The
figure demonstrates that the voltage loss
(Eg-Voc) remains approximately constant for
different weight ratios of ITIC-M, indicating
that energy losses do not vary significantly with
ternary blend composition. Notably, at 100 wt%
ITIC-M, the voltage loss reaches its maximum
value, which explains the lowest PCE observed
under this condition.
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Fig. 8. Simulated and experimental bandgap of the
ternary structure compared with the Voc of the solar
cell device, experimental data from [17],[30].

In Fig. 9, the simulated ¢ is compared with the
FF values versus ITIC-M weight ratios. The
similar trends between ¢ and FF suggest a
correlation that may arise from the dependency
of both parameters on the morphological
properties of the ternary blend. Therefore, we
can predict the approximate trend of FF or ¢
from the other's behavior, which provides better
understanding of active layer morphology.
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Fig. 9. Comparing simulated ¢ with experimental fill
factor (FF) vs. weight ratios of ITIC-M in acceptors.

To explore this relationship further, the RMS
roughness measured by AFM analysis for
different weight ratios of ITIC-M was
compared with ¢ (Fig. 10(a)). While there is
limited correlation between the inverse of
roughness and &, some correspondence is still
recognizable in the trend lines. In a separate
comparison, we correlated the experimentally
obtained carrier lifetime with ¢ (Fig. 10(b)).
Although the experimental data were limited to
three points, the trends showed good similarity,
suggesting that morphological effects may not
always manifest as obvious surface features like
roughness, but rather as internal phase
separation enhancements not visible at the
surface.
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Fig. 10. Comparing simulated ¢ with different
experimental parameters, including (a) root
mean square roughness, (b) carrier lifetime, (c)
carrier mobilities, and (d) coupling coefficient
of ¢ and root mean square roughness vs. weight
ratios of ITIC-M in acceptors.

Another  parameter examined is the
experimentally  determined  mobility  of
electrons and holes (Fig. 10(c)), which are also
related to carrier lifetime. These parameters
also showed good agreement with the ¢ trend
line. Notably, hole mobility correlated better
with the & trend, indicating that this device
performance is more dependent on hole
transport than electron transport. Finally, by
considering the product of the inverse of RMS
roughness and mobility (Fig. 10(d)), we obtain
improved correlation with the & trend,
demonstrating that morphological optimization
involves both surface and internal phase
separation enhancements.

Figure 11(a) shows that the trap densities of Nt1
(near LUMO) and Nt2 (near HOMO) increased
exponentially with the ITIC-M concentration.
The figure also demonstrates that the trap
density of Ntl is more significant than that of
Nt2. The trap density trends upon changing the
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weight ratio of ITIC-M are approximately
similar for Ntl and Nt2. The schematic
representation of the trap levels within the
bandgap is shown in Fig. 11(b).

Using these trap parameters, we calculated the
total recombination rate for solar cell devices
with different weight ratios of ITIC-M
(Fig. 12). Although the total recombination
rates for all devices are of the same order of
magnitude, the 5 wt% sample showed the
minimum recombination rate. This result
confirms that 5 wt% ITIC-M is the optimal
composition, as it exhibits higher efficiency
compared to other weight ratios.

Additionally, Fig. 13 shows that increasing the
ITIC-M concentration decreases the effective
doping concentration of the active layer,
suggesting that ITIC-M has lower electron-
accepting  ability and weaker n-type
characteristics than Y6. This analysis helps in
predicting and understanding how organic
materials influence the overall semiconductor
characteristics of the active layer and enables
comparison of different material systems.
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Fig. 11. (a) Trap densities for two shallow trap states
within the bandgap of the ternary layer vs. weight

ratios of ITIC-M in acceptors, and (b) schematic
structure of the related traps.
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V. CONCLUSION

This study focused on determining and
formulating the optoelectronic properties of
ternary solar cells by changing the weight ratio
of the acceptor materials, thereby introducing a
predictive framework for blend optimization.
The results revealed that the dielectric
permittivity, band structure, doping, and defect
density are key parameters, enabling device
simulation and fitting using only these
parameters. The electron affinity and bandgap
both followed cubic polynomial trends with
changes in the weight ratio of ITIC-M. Both ¢
and FF showed similar trends, indicating that
these parameters are highly related to the active
layer morphology. Moreover, the strong
correlation between ¢ and morphological
properties demonstrates that ¢ can be accurately
modeled using parameters such as RMS
roughness and carrier mobility. This study
contributes to ternary blend engineering by
offering predictive relationships for the rapid
optimization of high-efficiency OSC devices.
Future studies may extend this framework to
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other ternary systems or integrate additional
parameters such as mobility and energy loss
profiles.
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