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Abstract

This study investigates the influence of active layer thickness and temperature
on the performance of PM6:Y6 based organic solar cells (OSCs). The simula-
tion of these parameters provides valuable insights into optimizing the effi-

Cells through SCAPS-1D Simulation. Jour-
nal of Applied Mathematics and Physics,
14, 384-399.
https://doi.org/10.4236/jamp.2026.141021

Received: December 14, 2025
Accepted: January 25, 2026
Published: January 28, 2026

Copyright © 2026 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).

http://creativecommons.org/licenses/by/4.0/

ciency and understanding the behaviors of OSC, under different operating
conditions. In the investigation of active layer, thickness simulation was con-
ducted using SCAPS-1D for OSCs based on PM6:Y6 and the J-V characteri-
zations of the OSC;at varies active layer thickness were analyzed. The results
reveal that as the active layer thickness increases from 250 nm to 450 nm there
were a notable rise in the short current circuit density (/i) from 27.12 to 31.04
mA/cm? This enhancement in /i was attributed to an increase in light absorp-
tion leading to generation of more excitons within the active layer. Conse-
quently, more charge carriers were produced resulting in increased /.. It was
observed that while a slight increase in V.. was regarded as the active layer
thickness increases from 0.954 to 0.966 V, a significant decrease in fill factor
(FF) from 72.92 to 65.8% was observed beyond a critical active layer thickness
of 400 nm dropping from 67.62 to 65.8%. This reduction in FF beyond the
threshold of 400 nm suggested and increase in recombination rate of charge
carrier. The decrease in FF indicated that a thicker active layer might result in
a higher likelihood of charge carrier recombination, which led to the observed
reduction in FF and, consequently, the overall performance of the OSC. Fur-
thermore, it was observed that the Ji. of the OSCs increased with working tem-
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perature, reaching a saturation point. However, at high temperatures, /.
started to decrease. This behavior can be explained by considering the rela-
tionship between the current delivered by the cell, the number of free charge
carriers generated, and their mobility. As the working temperature increased,
the V. decreased from 0.96 to 0.95V. In contrast, the FF and PCE decreased
from 67.6 to 65.43% and 20.25 to 19.47% respectively. Further from the
Nyquist plot, it was found that the electrode resistance increases with temper-
ature while semiconductor materials resistance decreases with working tem-
perature, which shows the semiconducting behavior.

Keywords

Active Layer Thickness, Organic Solar Cells (OSCs), PM6:Y6, Charge Carrier
Recombination, Temperature Dependence

1. Introduction

Organic solar cells (OSCs) have become among the increasingly candidate for next
generation photovoltaic technologies due to their distinctive advantages such as
mechanical flexibility, lightweight nature, low fabrication cost and large surface
area [1] [2]. Unlike conventional inorganic counterpart OSCs depend on organic
semiconductor typically conjugated polymers and small molecules that enable so-
lution process ability and tunable optoelectronic properties through molecular
engineering [3] [4]. Despite these advantages OSCs still face challenges in achiev-
ing stability and efficiency levels comparable to silicon-based technology requir-
ing continuous effort to optimize device structures and material combinations [5]
[6]. Among varies donor acceptor system the polymer on fullerene acceptor
(NFA) blend of poly donor known as PM6, paired with Y6, a high performance
non fullerene acceptor has demonstrated remarkable power conversion efficien-
cies (PCEs) exceeding 18 % in experimental reports. The PM6:Y6 system exhibits
strong near infrared absorption optimal energy level alignment and enhanced
charge carrier mobility making it a benchmark material pair for high efficiency
OSCs [7]. However, a comprehensive grasp of ways in which different physical
parameter like operating temperature interface quality and active layer thickness
affect device attributes is necessary for additional performance optimization [8].
Device simulations are now essential resources for researching and improving
OSCs performance prior to experimental manufacturing. An efficient way to ex-
amine how material and device characteristics affect electrical and optical behav-
ior is using simulation platforms like solar cells capacitance simulator (SCAPS-
1D). Because of its strong foundation for resolving Poisson’s and continuity equa-
tions SCAPS-1D which was first created for inorganic thin film solar cells has re-
cently been modified for simulating organic and perovskite-based devices and
SCAPS-1D performs numerical simulations by self-consistently solving the fun-

damental semiconductor device equations [5] [9]-[11]. Under varies structural
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and environmental circumstances this method enables mythological investigation
of charge formation recombination kinetics and transport mechanism [12]. Com-
pared to traditional arrangement inverted bulk Heterojunction (BHJ) topologies
have drawn more interest because of their greater stability and suitability for flex-
ible substrates [13]-[15]. The electro transport layer (ETL) and hole transport
layer (HTL) are switched in inverted configuration which usually uses materials
like MoOj; or PEDOT: PSS for the HTL and ZnO for ELT [16]-[19]. This arrange-
ment not only improves device lifetime by reducing sensitivity to oxygen and
moisture but also enhances charge extraction efficiency and reduces interfacial
recombination [15] [18]. Although extensive experimental research systematic
studies focusing on the simulation-based optimization of PYM6:Y6 inverted BH]
OSCs remain limited [20]. Specially there is a need to investigate how active layer
thickness and working temperature influence photovoltaic parameters [21]. Un-
derstanding these dependencies is crucial for predicting device performance un-
der practical operating conditions and guiding the fabrication of high efficiency
OSCs [22]. In this study, SCAPS-1D is employed to simulate and optimize the
performance of PM6:Y6 based inverted heterojunction (OSCs). The effect of ac-
tive layer and working temperature are systematically examined to explain their
impact on charge carrier generation, transport, recombination and energy con-
version efficiency [23]. Furthermore, impedance spectroscopy simulations are
conducted to interpret charge transport resistance and confirm the semiconduc-
tor behavior of the device. The insights gained from this work contribute to design
of more efficient and stable PM6:Y6 OSCs and provide a theoretical foundation

for future experimental developments.

2. Main Parameters in Solar Cells

The open-circuit voltage ( V) is the maximum output voltage of a solar cell when
the current flowing out of it is zero. The difference between photogenerated and
diode recombination currents is what determines the open-circuit voltage, and

can be written as [24]:

VM:”"_T[’—LH] M
q [0

where 7 is the diode ideality factor, k is the Boltzmann constant, 7 is the abso-
lute temperature, ¢ is the elementary charge, I, is the light-generated current,

and [ is the reverse saturation current.
qv
I, =1-1)|¢e" -1 (2)

Under short-circuit conditions (¥ =0), Eq. (2) reduces to /=1, , indicating
that the short-circuit current is primarily governed by the photogenerated current.
The solar power at the maximum power point is the product of current and
voltage (V) at the maximum power point that determines the maximum power

output (P,) of a solar cell. The association between open-circuit voltage ( Voo),
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short-circuit current (Z.), and full power output is measured in us of the fill factor
(FF). The fill factor is proportional to better output power, and highly dependent
on internal series resistance and recombination losses. The fill factor is computed
with the help of the equation. (3) [24] [25]:

P
FF= n 3
V. xI (3

oc sc

The power conversion efficiency (77) is a critical performance parameter that
represents the ratio of the maximum electrical output power to the incident opti-
cal power. It is calculated using Eq. (4) [26] [27]:

_V, <1 xFF
=

in

(4)

where 77 represent the power conversion efficiency and P, is the incident light
intensity, I, FF, V,cand P, determine the importance of power conversion effec-

tiveness.

Device Architecture

The functionality of organic solar cells is dependent upon electron transport layer
(ETL), which plays a pivotal role in the system. Typically, the construction of elec-
tron transport layer (ETL), involves the application of a slender coating of a ma-
terial that exhibits high electro transport properties such as metal oxides like TiO,,
Zn0O, and SnO,. The thickness of electron transport layer (ETL) is influenced by
the type of material employed, the device design, and the deposition method. In-
sufficient electron transport and insufficient charge collection can be observed in
the cases where electron transport layer (ETL) is excessively very thin [28] [29].
Conversely, in the event that the thickness of electron transport layer (ETL), ex-
ceeds a certain threshold it has the potential to evaluate the resistance of electron
transport thereby diminishing the overall efficiency of the device. Furthermore,
the thickness of electron transport layer (ETL), may exert an influence on the
charge transfer and replication mechanism transpiring at the junction of the active
layer and the electrode. The performance of OSCs, is significantly impacted by the
presence of hole transport layer (HTL), which operates in manner analogous to
electron transport layer (ETL). The hole transport layer (HTL), facilitates the move-
ment of positively charge carriers (hole) between the electrode and the active layer
thereby influencing the interface charge transfer and recombination mechanism
[29]-[31]. An active anode refers to a polymer or a small molecule that serve the
dual purpose of acting as both a substance donor and an acceptor. For the ab-
sorber layer PM6:Y6 was used as a hole transport material (HTM) and TiO, Nano
rods as an electron transport material (ETM) shown in Figure 1. The ETL, of TiO,
nanorods and the hole transport layer (HTL), of PEDOT: PSS, are separated by
active layer. Inorganic and perovskite optoelectronics systems PEDOT: PSS is fa-
vored as hole transport layer (HTL), because in contract to other choices it may

offers a plat surface on the ITO electrode [32] [33]. TiO,is used as electron transport
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layer (ETL), because of its affordability, chemical stability and easy use in thin
films productions. The proposed configuration works TiO, as the transport me-
dium which has accelerated the development of durable tin iodide-based perov-
skite solar cells. This material is frequently utilized in commercial solar cells [34]
[35]. This design offers advantages in terms of its stability, compatibility and the
diffusion length of charge carriers. The present study employs SCAPS:1D, simu-
lation to investigate the influence of diverse electrical parameters on the efficiency
of TiO,/PM6:Y6/PEDOT: PSS (Table 1).

PEDOT:PSS

PMY6:Y6

TiO,

ITO

Figure 1. Device structure.

Table 1. Summarize parameters for PEDOT: PSS/ PM6:Y6/TiO./ITO.

Parameters
Thickness (nm)
Energy band gap (eV)
Electron affinity (eV)
Dielectric permittivity
CB effective density of states (cm™)
VB effective density of states (cm™)
Electron mobility (cm?/Vs)
Hole mobility (cm?/Vs)
Shadow acceptor density (cm™?)
Shadow donor density (cm™)

Shadow donor density (cm™)

PEDOT: PSS PMé6:Y6 TiO: ITO
40.0 400 50 200
2.20 1.30 3.200 3.500
2.90 3.45 3.900 4.0
3.0 3.50 9.000 9.0

2.2x 108 2.2x 1018 2.2 x 108 2.2x 108

1.8 x 10" 1.8 x 10%° 1.8 x 10¥ 1.8 x 10Y
1.1 x 10! 5.5%x 107 1.1 x 10? 20
1.1 x 10! 5.5x 107 2.5 x 10! 10
3.17 x 10% 1.0 x 10Y7 0 0.0

0 1.0 x 10V 9.0 x 101¢ 1.0 x 108

0 1.0 x 1017 9.0 x 1016 1.0 x 1018
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3. Results and Discussion

3.1. The Effect of Active Layer Thickness

To investigate the influence of active layer thickness of organic solar cell (OSCs)
performance simulation were conducted using SCAPS-1D for OSCs based on
PM6:Y6. The J-V, characteristics of the PM6:Y6 based OSCs at different active
layer thickness are presented in Figure 2. Furthermore, Figures 3(a)-(d) illustrate
the impact of active layer thickness on various parameters of OSCs. When the
active layer thickness is increase from 250 to 450 nm, the /.. show a notable rise
from 27.12 to 31.05 mAcm™. This enhancement is attribute to a rise in light ab-
sorption, leading to generation of more excitons within the active layer [36] [37].
Consequently, a more numbers of charge carriers are produced resulting an ob-
served increase in /i display in Figure 3(a). Regarding the V,.a slight increase is
observed from 0.95 to 0.96 V, as the active layer thickness increases is show in
Figure 3(b). This change in V,.is influenced by material’s band gap and energy
band gap alignment. The slight improvement in V,.can be attributed to the spe-
cific characteristics of the PM6:Y6 based OSCs regarding their band structure
alignment. However, a slight decrease in Fill factor is display in Figure 3(c), when
the active layer thickness exceeds 400 nm, the FF dropping from 67.62 to 65.8 %.
The reduction in FF beyond the threshold of 400 nm, suggests a rise in recombi-
nation rate of charge carriers. Physically, the decrease in FF with increased active
layer thickness is largely related to the increased bulk recombination processes. In
the SCAPS-1D simulation system, recombination is most often modelled by
Shockley-Read-Hall (SRH) trap-assisted processes, which grow more and more
important as the thickness of the active layer is scaled up. The increased active
layer causes the carrier transport pathways to be longer and the slowing down of
the carrier residence time and, therefore, the possibility of trap-mediated recom-
bination is high. In addition, the internal electric field also becomes weaker in the
middle between thicker active layers, which decreases the effectiveness of charge
extraction and causes a spatial improvement in recombination outside the elec-
trodes. This field-dependent recombination behavior has an undesirable impact
on carrier collection and hence the fill factor improves with better light absorp-
tion. The effect of both high recombination rates of SRH and lower values of the
internal electric field strength can therefore explain the degradation of FF and
PCE at too thick active layers. This indicates that a thickness active layer may re-
sult in a higher probability of charge carrier recombination leading to fall in FF,
and therefore the overall performance of OSCs [38] [39]. Interestingly the power
conversion efficiency (PCE) of OSCs also experience a decline after reaching an
active layer, thickness of 400 nm, is shown in Figure 3(d). As mentioned above,
this decrease in PCE, is aspect to increase in charge carrier recombination rates.
This responds the positive effects of the enhanced /i and the slight improvement
in V. Therefore, beyond the critical active layer thickness of 400 nm, the overall
efficiency of the PM6:Y6 based OSCs reduces (Table 2).
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Figure 2. The influence of active layer thickness on the characteristics J-V.

Table 2. The active (absorber) layer has been taken as PM6:Y6 blend and the electron
transport layer (ETL) has been taken as TiO2 nanorods.

PM6:Y6 thickness Jsc (mAcm™2) Voe (V) FF (%) PCE (%)
250 nm 27.12237 0.95422 72.92 18.87
300 nm 28.84831 0.95879 71.34 19.72
350 nm 30.13234 0.9622 69.55 20.16
400 nm 31.0497 0.9648 67.62 20.25
450 nm 31.5731 0.96683 65.80 20.08
35 12 —
=@« Short current density =@e= Open circuit voltage
’0 1.0
30 - o/ ° o o ») Qo o
E /0 =
< © 0.8+
£ 0 o
% >
2
= 25
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Figure 3. Influence of AL thickness on J-V characteristics, (a) /i (b) Voc () FF and (d) PCE.

3.2. Effect of Working Temperature on the Solar Cell Parameters

The study of the working temperature influence on OSCs performance is essential
for understanding their thermal stability, given their usual exposure to temperature
that span form room temperature to 330K, particularly in condition like desert
summer where temperature can subsequently exceed the average. In Figure 4, we
illustrate the effect of working temperature on J-V characteristics of OSCs. It was
observed that /. increases with working temperature and reaches a saturation point
at a maximum value. However, at high temperatures /i start to decrease. This be-
havior can be explained by considering the connection between current deliver by
cell, numbers of free charge carrier generated and their mobility [40] [41]. In case
of organic semiconductor, the transfer of charge carriers occurs through localize
sites. The movement of charge carriers from one place to another in vicinity in-

volved interaction with photons. The materials conductivity is thermally activated

-35
-30 -
%t 254 —m—300(K)
o —e— 320(K)
E—,-zo- A—340(K)
2 —w— 360(K)
£ 154 380(K)
& —<4— 400(K)
€ -10
g
3 -5
0-
0.0 0.2 0.4 0.6 0.8 1.0
Temperature(K)

Figure 4. Influence the effect of working temperature on J-V characteristics.
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increasing with temperature. This temperature dependent conductivity influences
the generation and mobility of charge carrier resulting in the observed trend of /.
with WT [42] [43]. Furthermore, as charge carrier concentration increases the V.
will decrease due to reduction in the band gap. Optimal performance denoted by
an efficiency of 20.25 % was obtained at RT. As working temperature increases
from room temperature to 400K, the concentration and mobility of both electrons
and holes were affected leading to fall in PCE, from 20.25 to 19.47 % is shown in
Figure 5(d). The reduction in FF (67.6 to 65%) Figure 5(c), and the overall PCE,
is primarily attributed to the acceleration of internal carrier recombination process

within the OSCs, initiated by increases in carrier concentration (Table 3).

1.2 40
=(P= Open Circuit Voltage e@)e Short Current density
1.0 &
— (P e (P e (P e (P e (P e (P £
s § | O=—@=—@=—@=—0=—0
8 E 30 o
> ~
@
0.8 « -
(a) (b)
0.6 T T T T T T 20 T Y T T T T
300 320 340 360 380 400 300 320 340 360 380 400
Temprature (k) Temprature (k)
- 25
80 4=(@= Fill Factor Power Factor Efficiency
O—O— —
X <
L 60 Ly 207
& Q
(c) (d)
40 r r r r r r 15 L] L] L L L L]
300 320 340 360 380 400 300 320 . 340 ) 360 y 380 400
Temprature (k) emprature (k)
Figure 5. Influence of temperature on OSCs parameters (a) Vo, (b) /i (c) FF and (d) PCE.
Table 3. Output parameters of stimulated various temperature.
Temp (K) Voe (V) Jsc (mAcm™2) FF (%) PCE (%)
300 0.964 31.049 67.61 20.25
320 0.964 31.051 67.54 20.23
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Continued
340 0.963 31.049 67.12 20.09
360 0.962 31.048 66.58 19.90
380 0.961 31.043 65.00 19.96
400 0.958 31.037 65.43 19.47

3.3. Impact of Working Temperature on Series and Shunt
Resistance: Insights from Impedance Spectroscopy

Impedance spectroscopy has been widely employed to explore the electrical char-
acteristics of materials or devices. Electrochemical impedance spectroscopy (EIS)
is a standard and popular method of the study of charge transport, recombination,
and interfacial processes in semiconductor devices, such as organic solar cells [44].
In these devices, the frequency-dependent resistive and capacitive responses are
caused by transport of charge carriers by semiconducting layers and charge con-
centration at interfaces [45]. The presence of distinct semicircles in Nyquist plots
is widely attributed to different physical processes, with the high frequency semi-
circle linked to charge transport or series resistance, and the low frequency semi-
circle linked to recombination and interfacial dynamics of charge [46]. It follows
that series resistance, charge transport or recombination resistance and capacitive
(or constant phase) element models of equivalent circuit have been widely used to
model the behavior of semiconductor junctions in organic photovoltaic devices.
The circuit model used herein is thus in line with the accepted interpretations of
impedance spectra in organic solar cells and has previous literature backing it [47].
This method helps study the impact of series resistance (R;) and shunt resistance
(Ry) arising from interfaces and electrodes in a solar cell. Moreover, some of the
capacitance in solar cells is undesirable, and this technique can be used to identify
it. The process involves applying a low-level alternating current signal to the solar
cell, with the signal frequency dependent on the area of investigation [48]-[50].
The impedance spectra of the OSCs are subsequently recorded at different work-
ing temperatures. (Table 4) Analyzing the impedance spectra within a specific
frequency range provides essential information regarding the electrical properties
of the OSCs. Figure 6 shows a Nyquist plot's general representation, allowing us
to determine R, and R

The Nyquist plot of an ideal parallel R-C circuit shows a semicircle shape where
each point corresponds to a specific frequency. At low frequencies, characterized
by high values, it is possible to determine the combined resistance of the R, within
the intermediate frequency range, half of the R, and R, components [51] [52].
Alternatively, can be determined by measuring the distance from the onset to the
minimum point of the semicircle on the axis or by evaluating the absolute value
of the reactance at the minimum of the semicircle. Additionally, the capacitive
elements, such as the barrier capacitance (Cb), can be accessed at the angular fre-

quency (w) when it reaches its most negative value. Figure 7 shows the Nyquist
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plot of PM6:Y6-based OSCs at different working temperature. Two semicircles
were observed. The small semicircle at the low value shows the contribution from
the electrodes, while the large semicircles show the contribution from the semi-
conductor materials. Figure 8(a) and Figure 8(b) clearly show that the conduc-
tivity due to small semicircles decreases with the working temperature. In con-
trast, the conductivity of large semicircles increases with the working temperature,

which indicates the metallic and semiconductor behavior, respectively [53] [54].

Table 4. Temperature dependents output values.

Temp (K) Rl R2 CPEL-T CPE2-T  CPE1-P  CPE2-P
300 1841 2873  3.3449E-7  2.9651E-6 1.005 0.65535
320 1968 2757  3.1416E-7  2.9294E-6 1.005 0.65835
340 2015 2672 2.9943E-7  2.9918E-6 1.005 0.65775
360 2023 2594  2.8808E-7 3.131E-6 1.006 0.65521
380 2007 2527  2.7798E-7  3.3666E—6 1.006 0.65085
400 1975 2466  2.6955E-7  3.6968E—6 1.006 0.64526

A Z
) ~ =T >
| Rs Rs + Rsn |
. /
i \ Nyquist Plot  /
N \
Rsh 1
2 7 T
Grrrmerennnnnnssnn et s D Wiy RiCo
frequency

Figure 6. The general representation of a Nyquist plot.
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2000

Z ()

Figure 7. Nyquist graph of Impedance spectroscopy.
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Figure 8. (a) The calculated conductivity and (b) Capacitance.

4. Conclusion

The study into the influence of active layer thickness and working temperature on
the work of PM6:Y6-based organic solar cells is useful information that can help to
optimize the performance of the device and learn how it will act in various operat-
ing conditions. When the active layer thickness is increased in 250 nm to 450 nm,
the short-circuit current density (/) is significantly improved because of the light
absorption and exciton generation rate in the active layer. There is also a slight
improvement in open-circuit voltage ( V,c) which can be attributed to the both pre-
ferred band structure and the alignment of the energy levels of the PM6:Y6 system.
But at a critical active layer thickness of above 400 nm a critical drop of fill factor
(FF) of 67.62 per cent to 65.8 per cent and power conversion efficiency (PCE) of
20.25 per cent to 20.08 per cent is recorded. This degradation is linked to a higher
likelihood of charge carrier recombination that cancels the advantage of a high /.
and a small increase in V,. In addition, the working temperature effects observa-
tion shows that /. proportional risen with temperature at first because of thermally
activated conductivity and improved charge carrier generation and mobilities that
plateaus at a specific temperature. Onward of its temperature, /i starts to fall since
high temperatures adversely impact charge transportation and carrier lifetime. The
Vo steadily goes down as the temperature rises, mainly the narrowing of bandgaps
and the rising carrier density. Unlike /., FF and PCE are functions that decline with
rising working temperature as the simulated results verify. This decrease is largely
due to improved internal carrier recombination and heavier resistive losses in high
temperatures which negatively impacts the charge extraction efficiency. Generally
speaking, these results indicate that it is necessary to optimize the active layer thick-
ness and operating temperature with care in order to obtain high-performance or-
ganic solar cells based on PM6:Y6. The findings are useful in designing and thermal
engineering of inverted bulk heterojunction OSCs and in the development of effi-

cient organic photovoltaic technologies.
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