Materials for Renewable and Sustainable Energy (2025) 14:26
https://doi.org/10.1007/540243-025-00300-2

ORIGINAL PAPER

®

Check for
updates

Stability and charge transport analysis of high-performance PM6:Y7
nonfullerene organic solar cells using the metal-insulator-metal
model

Liliana Fernanda Hernandez-Garcia' - Luis Reséndiz'® - Magaly Ramirez-Como' - Angel Sacramento? -
Victor Cabrera' - Magali Estrada? - Josep Pallarés? - Lluis F. Marsal®

Received: 29 February 2024 / Accepted: 19 February 2025 / Published online: 5 March 2025
© The Author(s) 2025

Abstract

Non-fullerene acceptors are promising materials for organic solar cells because of their flexibility and low cost; how-
ever, their long-term stability remains a critical challenge. In this study, we investigate the degradation mechanisms of
conventionally structured solar cells (ITO/PEDOT: PSS/PM6/Y7/PDINO/Ag) under different environmental conditions:
nitrogen preservation, encapsulation, and air exposure. Using the metal-insulator-metal (MIM) model, we simulate the
current-voltage characteristics and extract key parameters to understand the physical mechanisms governing device degra-
dation. The results show that air exposure primarily affects the anode interface, reducing the interfacial dipole energy and
shifting the Fermi-level alignment of PEDOT: PSS, which is crucial for efficient hole extraction. This process leads to a
deterioration in the hole transport properties over time, significantly affecting device performance. In contrast, the cathodic
interface remains stable, suggesting that degradation is largely driven by changes in the hole transport layer. These findings
provide critical insights into the interfacial degradation mechanisms of the NFA-based solar cells. Understanding these
effects will aid in the development of strategies to enhance the stability and efficiency of organic photovoltaic devices for
long-term operation.

Keywords Nonfullerene organic solar cells - Anodic interface degradation - Energy alignment - Numerical simulation

Introduction The developments in molecular engineering ensure the

design of organic molecules optimized for optoelectronic

Organic solar cells (OSCs), also known as plastic solar
cells, use conductive organic polymers or small organic
molecules for light absorption and charge transport, thereby
enabling the conversion of sunlight into electricity through
the photovoltaic effect.
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applications. Modifying functional groups attached to the
molecule or changing molecule length allows for bandgap
adjustments of the material, thereby enabling optical tun-
ing. An advantage of OSCs is their high absorption coeffi-
cient. A small amount of organic material, generally having
a size in the range of hundreds of nanometers, is sufficient
to absorb a large amount of light. However, OSCs pres-
ent some disadvantages, including lower power conver-
sion efficiency (PCE), stability, and strength, compared
to inorganic photovoltaic cells, such as silicon solar cells.
Despite these inherent challenges, the allure of OSCs lies
in their lightweight construction, disposability, inexpensive
fabrication, flexibility, and potential for low environmental
impact. These distinctive features make polymer solar cells
an attractive research topic. Recently, in the search for an
ideal polymer for light absorption and charge conduction, a
wide-bandgap polymer, PM6, has been developed that has
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shown excellent photovoltaic performance. PM6 has been
successfully used to design OSC with a high PCE of >15%
[1-4], which is a crucial achievement in the field of organic
photovoltaics. PM6, in conjunction with a low-band-gap
nonfullerene acceptor, such as 2,2°-((2Z,2°Z)-((12,13-
Bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro- [1, 2, 5]
thiadiazolo[3,4-¢]thieno-[27,3°":4°,5]-thieno[2°,3":4,5]
pyrrolo[3,2-g]thieno-[2°,3":4,5]thieno[3,2-b]-indole-2,10-
diyl)bis(methanylylidene))-bis(5,6-dichloro-3-0x0-2,3-
dihydro-1 H-indene-2,1-diylidene))dimalononitrile (Y7),
forms a bulk heterojunction with high efficiency for photon
splitting and charge transfer at the interface; such an accep-
tor facilitates the rapid development of OSCs with the PCE
exceeding 18% [5]. Additionally, OSCs utilizing PM6 in
the active layer have demonstrated excellent absorption in
the visible and near-infrared ranges [6], maintaining a sta-
ble morphology of the active layer over extended periods.
However, nonfullerene acceptor OSCs (NFA-OSCs) present
challenges that must be addressed before they can be used
in commercial devices, particularly regarding their contin-
ued performance over time in the ambient atmosphere. To
prevent the degradation mechanisms in the photostability of
NFA-OSCs, some studies have adopted diverse strategies
such as suppressing trap-mediated recombination [7] and
incorporating interlayer materials or modulating the elec-
trode work function (WF) to match the ionization poten-
tial (IP) of the donor and the electron affinity (EA) of the
acceptor [8]. A well-matched WF of the anode with the IP
of the donors prevents the loss of photovoltaic performance.
However, an in-depth exploration of the degradation mech-
anisms in these devices is imperative.

Incorporating a transparent electrode into any OSC
design is essential; thus, indium tin oxide (ITO) is an
excellent material owing to its transparency, conductiv-
ity, and high WF. Similarly, PEDOT: PSS a commercially
available and accessible polymer blend, is widely used as
a buffer layer in OSCs, achieving a selective electrode for
hole collection [9]. Simultaneously, it acts as an electron-
blocking layer in the solar cells. Furthermore, its popular-
ity stems from the band energy level alignment that reduces
the energy barrier between ITO and the highest occupied
molecular orbital (HOMO) of the active layer material
[10]. To minimize the degradation effects on the OSC and
enhance its efficiency, determining the energy level dia-
gram of the materials involved in the heterostructure is
crucial. Determination of the degradation effect suffered by
the various layers and interfaces of an OSC and its direct
consequences on the charge generation and extraction pro-
cesses is possible by knowing the coupling of the energy
levels of the interfaces. Herein, sophisticated experimental
techniques, such as ultraviolet photoelectron spectroscopy
(UPS), X-ray photoelectron spectroscopy (XPS), and cyclic
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voltammetry, are usually used to obtain approximated val-
ues for the IP and EA of donors and acceptors, respectively,
to determine the solar cell energy configuration experi-
mentally. However, these technologies are not feasible in
all laboratories, where the performance of OSCs is studied.
Thus, electrical modeling and simulation are of direct rel-
evance in understanding the degradation effects on the elec-
trical performance of OSC. Moreover, simulation is simpler
compared to experimental techniques because simulation
offers a direct and uncomplicated route to achieve the same
objective. A feasible approach to determine the energy level
alignment of the solar cell structure involves electrical mod-
eling using the MIM model, which is extensively employed
in electronic device physics [11]. The MIM structure com-
prises two metal layers that function as electrodes and are
separated by an insulating layer. These components cor-
respond to specific parts of the solar cell: Metal 1 collects
the electrons generated by the solar cell; the insulator is the
active material responsible for light absorption and gen-
erating electron—hole pairs; and Metal 2 collects the holes
generated by the solar cell. In this study, the simulation of
the current—voltage (J-V) characteristics of the cell using
the MIM model is helpful to understand the consequences
of the degradation of an NFA-OSC in the alignment of the
energy levels between electrodes and the organic layers that
constitute the structure, optimize their design, and analyze
their charge extraction processes.

Herein, we analyzed the stability of NFA-OSCs by deter-
mining the WF obtained from simulating J—V characteris-
tics under different cell degradation conditions. This study
is novel compared to other studies because it helps us deter-
mine whether the degradation occurs in the active layer, i.e.,
at the cathode/electron-transport layer (ETL) interface or
the anode/hole-transport layer (HTL) interface.

Based on the WF value in each degradation condi-
tion, we propose the alignment of the energy levels at the
metal-organic interface in devices with ITO/PEDOT: PSS/
PM6:Y7/PDINO/Ag structure, which provides a deeper
understanding of the manner an OSC with PM6:Y7 as the
active layer degrades.

Materials and methods
Cell fabrication and characterization

Conventional NFA-OSCs were fabricated using PEDOT:
PSS as the HTL, PDINO as the ETL, PM6 as the donor
material, and Y7 as the nonfullerene acceptor material
(Fig. 1). The effective area of the device was 9 mm?>. The
solar cell fabrication process was described in our previous
work [1, 4].



Materials for Renewable and Sustainable Energy (2025) 14:26

Page3of 14 26

+ -

PEDOT:PSS

(a)

Ag
PDINO

PMG:Y7
PEDOT:PSS -

(b)

Fig. 1 Device structure of (a) Nonencapsulated and (b) Encapsulated solar cells

These solar cells were characterized under room tem-
perature (25 °C), illuminating with a Keithley 2400 source-
measure unit using a solar simulator (Abet Technologies
model 11 000 class type A, Xenon arc). To prevent degrada-
tion from light exposure, the devices were only illuminated
during their characterization and immediately returned to
the darkness. Calibration of the solar simulator intensity
yielded an AM1.5G spectrum of 100 mW/cm>.

According to the ISOS-D-1 protocol, the solar cells were
subjected to analysis under three conditions: devices main-
tained under a N, atmosphere, encapsulated devices (with
the top and bottom glass sealed using NOA 68 UV light
curing adhesive), and nonencapsulated devices exposed to
ambient conditions (23 °C+2 °C and 50% + 5% relative
humidity for up to 1,000 h).

These solar cells achieved the highest initial PCE of
17.53%, corresponding to the cell preserved in the N, envi-
ronment. The nonencapsulated cell exposed to ambient
conditions immediately after fabrication exhibited a PCE of
16.46%.

Cells electrical modeling and simulation

Simulation parameters were adjusted and J—V characteris-
tics were obtained by means of MIM model using numerical
simulations. The simulation parameters used for the three
devices included dielectric permittivity constant (g), the
effective density of states in the valence band (Vy,), effective
density of states in the conduction band (), separation dis-
tance between electrons and holes (ajy,1e) decay rate (K),
singlet exciton binding energy (syinging), Scale factor of the
photogeneration rates (b,), and mobilities of holes () and
electrons (u.). The extinction coefficient and refractive
index of the active layer used to simulate our work were

based on the PM6:Y6 data set reported by Kerremans et al.
[12]. The optical energy gap (E,) and thickness of the active
layer were obtained from experimental data by our group
[1].

Despite the simplification of certain dynamic and mor-
phological factors, the MIM model provides significant
insights into the degradation mechanisms and energy-level
alignment of organic solar cells. Its application aligns with
previous studies that have demonstrated the efficacy of
MIM-based approaches in elucidating trends in organic pho-
tovoltaic performance by focusing on bulk and interfacial
charge transport phenomena [13, 14]. The MIM model is
particularly well suited for identifying the dominant mecha-
nisms affecting device performance, such as the impact of
interfacial dipoles and alignment of energy levels, which are
critical for understanding degradation.

However, the MIM model has inherent limitations. It
does not explicitly account for complex processes, such as
exciton dissociation or spatially resolved morphological
effects, which are crucial for a comprehensive description
of the physics of organic solar cells. Furthermore, while
the MIM model simplifies charge transport as a function of
interfacial conditions, more comprehensive models allow
for a detailed understanding of coupled processes, including
charge-carrier dynamics and excitonic behavior, across the
bulk and interfaces of the device.

Nonetheless, the MIM model has proven to be compu-
tationally efficient and has demonstrated the capability to
accurately reproduce the experimental J—V characteristics.
This provides a reliable framework for analyzing trends
in device degradation and identifying key interfacial pro-
cesses. The insights gained from the MIM model in this
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study provide a strong foundation for understanding deg-
radation mechanisms at the interfacial level in organic solar
cells.

Results and discussion

Our comprehensive analysis of nonfullerene organic solar
cells (NFA-OSCs) is based on the findings of previous
research [4], which demonstrates the detrimental impact
of environmental humidity on the electrical performance
of NFA-OSCs. In particular, the aforementioned research
highlighted that humidity affects key processes within the
device, such as absorption, charge separation, transport, and
extraction. Moreover, the performance degradation in simi-
lar devices adheres to an exponential decay law, character-
ized by the superposition of two exponential functions with
distinct time constants. To expand these insights, our current
study delves deeper into the mechanisms behind this solar
cell degradation. We measured J—V characteristics on non-
encapsulated solar cells with ITO/PEDOT: PSS/PM6:Y7/
PDINO/Ag structure to examine how these processes are
impeded under humid conditions and quantify their impact
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on the overall device performance. Our findings demon-
strate a dual-exponential decay model, which we have dis-
cussed and depicted in Fig. 2 (triangles). This model reveals
the nuanced patterns of decay and offers a more refined
understanding of the underlying phenomena.

Particularly, our research also contrasts the behavior of
devices preserved in a nitrogen (N,) atmosphere and encap-
sulated (as represented by squares and circles, respectively)
in Fig. 2 with those that are not encapsulated. The former
exhibits a stable open-circuit voltage (V), while the latter
shows a marked decline in this crucial parameter over time.
Similarly, the N,-preserved cell exhibited higher short-
circuit current (Jgo) and fill factor (FF) compared with the
cells exposed to ambient conditions. This stark difference
underscores the importance of protecting NFA-OSCs from
humidity to maintain performance and longevity. Our study
offers a deeper understanding of the impact of environmen-
tal factors on NFA-OSCs, specifically humidity, and practi-
cal insights into the storage and handling of these devices.

Previous studies have suggested that V- in nonohmic
contacts is determined using the WF difference of the elec-
trodes; in ohmic contacts, it is determined using the lowest
unoccupied molecular orbital (LUMO) and HOMO levels

Fig. 2 Electric parameter values as a function of time of devices preserved in N, (squares) encapsulated devices (circles) and nonencapsulated

0 200

400 600 800 1000 1200 1400
Time (h)

(c)

58l i. : : : ; : ]

271 el ea ]
_. 26} Tl . I
< .

E s e, ]
@ iy
= 24r A o . .
2.3} ° 4
2.2} oA j
0 200 400 600 800 1000 1200 1400
Time (h)
(b)
18 | . ) e
16 4 T e 1
: i TTmes ]

14 1 ®. 5
12t - -
0
o100 4 o .
o | i

8+ - e - T

S—_—
6r A -9 1
4_ 1 1 1 1 —I“ 1 1 ]
0 200 400 600 800 1000 1200 1400
Time (h)
(d)

devices (triangles). (a) Ve, (b) Jge, (¢) FF, and (d) PCE of solar cells. Dashed lines serve as visual guides
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of the acceptor and donor [15], respectively. However, in
plastic solar cells based on fullerene derivatives, V. is
directly correlated with the electron-accepting strength of
fullerenes [16]. For NFA-OSCs, V. is expected to be pri-
marily dictated by the WF of the electrodes. This crucial
parameter is susceptible to alternations owing to degrada-
tion effects occurring at the metal-organic interface. Fur-
thermore, air exposure significantly affects the stability of
organic solar cells (OSCs), particularly at the anode inter-
face in ITO/PEDOT: PSS/PM6 structures, particularly due
to oxygen and moisture. The key degradation mechanisms
are (1) Etching of ITO owing to the acidity of the PSS chain
in the presence of air. De Jong et al. found a significant
indium content in PEDOT: PSS films after casting resulting
in indium diffusion into the active layer, which increased
over time with both thermal annealing and exposure to air.
Conversely, negligible changes in the In content in PEDOT:
PSS films stored in an N, atmosphere at room temperature
for an extended period were found. Upon removal from an
N2 environment and exposure to air, considerable accel-
erated ITO erosion occurred [17]. Oxygen and moisture
penetration lead to metal oxidation (e.g., indium or silver
diffusion from ITO and Ag electrodes), increasing the resis-
tance and causing morphological instability [18]. Therefore,
we infer that in an N,-preserved device, the minimal redis-
tribution of In atoms at the metal-organic interface did not
affect VOC stability, as there was no substantial degradation
effect, allowing for the energy alignment of the structure to
remain unchanged. (2) Exposure of the PEDOT: PSS layer
to moisture present in atmospheric conditions results in an
increase in the resistivity of the PEDOT: PSS/blend layer
interface. This degradation of PEDOT: PSS layer appears to
be spatially inhomogeneous, associated with the formation
of insulating patches resulting in loss of device current and
therefore device efficiency [19, 20]. (3) Susceptibility of
polymers to photo-oxidation in the presence of oxygen and
moisture can lead to the formation of free radicals, result-
ing in the breakdown of polymer chains and the creation
of carbonyl and hydroxyl groups. Although not specific to
PMB6, the principles outlined are applicable to understanding
the degradation pathway [21]. (4) The ITO layer oxidizes
as a result of oxygen diffusion through the HTL, creat-
ing trap states that lower the charge mobility and increase
recombination losses. The evidence that oxygen-induced
interfacial oxidation modifies the charge extraction effi-
ciency was confirmed by XPS and TOF-SIMS in a recent
study on non-fullerene acceptor-based OSCs (PM6:Y7).
According to Raman spectroscopy, the bulk of the active
layer remained stable, but degradation was accelerated by
interfacial defects [22].

To understand the evolution of layer morphology and
interface changes during the degradation process in terms of

device performance, we conducted numerical simulations
on fabricated devices. As in previous reports, employing the
MIM model allowed us to fit the experimental and simu-
lated J-V characteristics [23, 24]. This alignment facilitated
the identification of changes in the energy levels of the
structure and their correlation with degradation processes at
the anode/HTL interface of the device.

Electrical simulations of N2-preserved solar cell

Owing to the inherent complexity of directly determining
the material parameters of the PM6:Y7 heterojunction, we
selected the following values based on literature reports for
similar organic photovoltaic materials: dielectric constant, ¢,
of 3.40 F/m [25], electron mobility, u,, of 2.98 x 1074 cm?/
Vs, and hole mobility, u;, 0of 9.67 x 10~ cm®Vs. The chosen
values are consistent with those reported for polymer-NFA
systems [26—28], ensuring their physical validity. In particu-
lar, the estimated mobility values (~ 1074 cm?/Vs) align with
the typical range observed for organic semiconductors used
in organic solar cells. Although variations in these param-
eters can influence the device performance, previous studies
have indicated that the general trends in charge transport
and interfacial effects predicted by the MIM model remain
valid within a reasonable range of parameter variations. Fig-
ure 3 shows the results of the simulated versus measured
J-V characteristics of the N,-preserved device over time.
The term “fresh” device was characterized immediately
after fabrication, and the remaining curves were measured
at intervals after fabrication. The curves practically over-
lapped, indicating minimal degradation effects of the solar
cell over time. Constant parameter values used for reproduc-
ing all the J—V characteristics during the simulation include
energy band gap, Eg’,of 1.33 eV [2], dielectric constant, ¢,
effective density of states for electrons, N, of 1 x 10" em™3,
effective density of sates for holes Ny of 1x10" cm™3,
decay constant K, of 1.82x10° pair electron-hole dis-
tance dgjnoi; O 1.32 nm, and exciton binding energy sy;,ding
of 0.27 eV [23]. The constant K, and effective density of
the electron and hole states (Nc, Nv) were selected based on
the results of comparable simulations of bulk heterojunc-
tion organic solar cells [29, 30]. The reported distance for
the singlet exciton (gj,g,) in the charge-transfer (CT) states
of non-fullerene acceptors is within the nanometer range,
which is consistent with values typically used in similar
modeling approaches [31]. Regarding the electrode work
functions, the values determined within the MIM model rep-
resent the quantified “global effect” of energy level coupling
at the interfaces. However, Riley et al. [25] reported similar
work-function values in a device architecture comparable to
that described in this study, further supporting the validity
of the chosen parameters. Variable parameters considered
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Fig.3 J-V characteristics of the N,-preserved device. Symbols denote
measured curves, while solid lines represent simulated curves. (a)
Fresh device and (b) 300 h, (¢) 600 h, (d) 900 h, (e) 1,200 h after

(e) ()

fabrication. (f) Device degradation effects on the J-J characteristics of
the cell at different times

Table 1 Parameter values used

. _ r _ Parameter Fresh 300 (h) 650 (h) 900 (h) 1,200 (h)
in the simulation employing the 7 0.16 0.160 0.156 0.154 0.154
metal-insulator—metal model to WF v 3.880 3.880 3.880 3.880 3.880
reproduce the J—V characteristics g (V) : ) : : :
of the N,-preserved device WFr0 (€V) 5.150 5.150 5.150 5.150 5.150
U, (cm?Vs) 2.98x1074 2.08x107* 2.08x1074 2.08x107* 2.08x1074
uy(cm?/Vs) 9.67x107% 7.90x 1074 6.20x1074 4.90x107* 3.90x1074

for the simulation encompass photogeneration rate, b, Ag
work function, WF,,, ITO work function, WF;,, and elec-
tron mobility, u., and hole mobility, ;. These values for
simulating the N,-preserved devices are listed in Table 1.
Notably, u. remained almost constant, whereas u,
slightly reduced. This behavior suggests that the ITO/
PEDOT:PSS interface is more sensitive to changes in the
chemical composition of its components than the PEDOT/
Ag interface, even in an N, atmosphere. Moreover, reduced
hole mobilities are related to hindered hole transfer from
Y6 to PM6 caused by morphological defects in the active
layer, as reported by Wu et al. [32]. Note that the values of

@ Springer

the variable fitting parameters were not chosen arbitrarily.
Although the choice was based on the best fit to the J-V
experimental curve, we also considered values consistent
with those obtained experimentally. In the case of elec-
tron and hole mobilities, values in the order of 10™* cm/V's
were reported by our research group, which were obtained
experimentally using the same device architecture [1]. In
these devices, which were thermally treated to avoid intrin-
sic sources of traps, the trap state density is negligible, as
shown through the space-charge-limited current technique
for mobility measurements, as reported in previous work
[1, 2]. The charge carrier mobility values of the fabricated
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Fig. 4 J-V characteristics of the encapsulated device immediately after fabrication (fresh) and at 300, 650, 900, and 1,200 h after fabrication.
Symbols represent measured curves, whereas solid lines depict simulated curves

Table2 Parameter values usedin  parameter Fresh 300 (h) 650 (h) 900 (h) 1,200 (h)
simulation under the metal-insu- b, 0.160 0.160 0.159 0.156 0.156
lator—metal model to reproduce
the J—V characteristics of the WF,, (V) 3.880 3.880 3.880 3.880 3.880
encapsulated device WF o (eV) 5.150 5.126 5.000 4.880 4814
U, (cm?/Vs) 2.98x107% 1.2x107* 0.99x10°4 0.48x1074 0.48x1074
Uy, (cm?/Vs) 9.67x107* 2.8x1074 2.73x1074 2.73x107% 232x107%

devices were calculated using the Mott—Gurney model. In
this model, the current density (J¢; ) is theoretically a func-
tion of the applied voltage () and is assumed to have uni-
form charge carrier mobility [33]. The space charge-limited
mobility value is extracted from the log—log dependence of
Jscrc on Vitted to a slope of 2. However, in systems with
high energetic disorder, a slope higher than 2 is observed,
which suggests the existence of deep traps [34, 35]. There-
fore, we can consider mobility as an average value with free
and trapped carriers.

Electrical simulations of encapsulated solar cell

Figure 4 shows a comparison between the measured J-V
characteristics and the simulated J-V characteristics of the
encapsulated device. The variable parameter values con-
sidered in the simulations are presented in Table 2. In this
device, the degradation effects were evident through the
modification of its J—J characteristics. The effect of the
degradation in the ITO/PEDOT: PSS interface is also cor-
roborated by the observation that 4, diminished to a greater
extent than u,.
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Fig.5 J—V characteristics of the nonencapsulated device measured immediately after fabrication and at, 24, 350, 600, and 1,000 h after fabrication.

Symbols denote measured curves, while solid lines represent simulated

Table 3 Parameter used in the Parameter Fresh 24 (h) 350 (h) 600 (h) 1,000 (h)
simulation under the metal-insu- b, 0.160 0.160 0158 0152 0.143
lator—metal model to reproduce
the J—V characteristics of the WF,, (eV) 3.880 3.880 3.880 3.880 3.880
nonencapsulated device WF o (eV) 5.150 4.930 4.800 4770 4710
U, (cm?/Vs) 2.98x1074 8.00x 1077 4.00%x107° 2.80x1073 2.70x1073
Uy, (cm?/Vs) 9.67x107* 7.35x1074 6.85x107* 6.30x1074 5.00x1074

Electrical simulations of nonencapsulated solar cell

Figure 5 shows the J-V characteristics of the nonencapsu-
lated device. The variable parameter values utilized in the
simulations are listed in Table 3. During the most critical
stage of device degradation, 1,000 h after manufactur-
ing the device, the measured J—V showed an S-kink at an
approximate value between 0.4 and 0.5 V. The formation
of an S-shaped J—V characteristics at 1000 h is attributed to
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several factors such as the insufficient extraction of charge
carriers at low internal fields, close to V- [36], imbalanced
charge carrier mobility, increased series resistance within
the layers, and charge accumulation at the interfaces [37].
Degradation effects at the anodic interface of OSCs
exposed to the environment can increase the energy differ-
ence between the HOMO of the buffer and active layers,
potentially causing charge accumulation at the interface and
subsequent formation S-shaped curve formation [38].
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The decrease in the built-in voltage (V};) experienced
by the carriers results in an effective increase in the injec-
tion barrier at the respective electrode [39]. Herein, the Vi
measured 1,000 h after device fabrication exposed to the
environment was 0.45 V, which is close to the voltage at
which the S-kink appears. Under these device degradation
conditions, as will be explained later, the calculated Vy; is
determined to be 0.41 V, which was obtained by calculat-
ing the difference between the WF of the electrode and the
energy offset resulting from the organic HOMO level owing
to the formation of a dipole at the metal-organic interface.

The nonencapsulated device proves especially valuable
in understanding the manifestation of degradation effects at
the metal-organic interface of the device through its elec-
tronic properties. To explain this phenomenon, we proposed
a simplified model to establish a connection between the
charge extraction process and the degradation state of the
anode—organic material interface.

As reported by Faria et al., cell degradation is evident in
its J~V characteristics, represented by the S-kink effect due
to the appearance of a potential barrier at the PEDOT: PSS/
organic interface [40—42]. The vertical dashed line indicates
the position of V,; of the J-V measured after 1,000 h after
device fabrication.

Fermi level and HOMO energy, denoted as EFjjop0, and
the Fermi level and LUMO energy of the organic layer,
denoted as EFj 0. This case is depicted in the energy
level diagram for ITO/PM6:Y7 in Fig. 6(a). The WF of ITO
and Ag are 4.7 and 4.3 eV, respectively; the IP and EA of
PM6:Y7 are 5.45 and 4.12 eV, respectively, as reported in
a previous publication [2]. Herein, we deliberately omitted
the PEDOT: PSS layer in the MIM model, considering the
energy alignment of the solar cell structure as the limiting
case where the effect of PEDOT: PSS completely disappears
owing to interfacial degradation. Under this assumption,
the EXjjoumo of the organic layer was 0.75 eV. Nevertheless,
when a metal encounters an organic material, an interfacial
dipole is generated, resulting in an offset in the vacuum level.
This offset is beneficial when the Fermi level of the metal
matches the HOMO level of the polymer [43, 44]. Another
consequence of this interfacial dipole is the increased WF
of the metal (i.c., the Fermi energy decreases), leading to
an increase in the HOMO energy of the organic layer by
adding electrostatic energy, which further reduces the dif-
ference between the Fermi level and HOMO energy [45].

The positive impact of PEDOT: PSS on device perfor-
mance as an HTL has been demonstrated [46]. We assume
that this effect is due to its HOMO energy level matching
with the WF of the ITO. To prove our hypothesis, we cal-
culated the E"opo and E'| jyo values inferred from the
effective WF of ITO and Ag, as determined from the simu-
lation results. An energy level diagram under equilibrium

conditions for the nonencapsulated “fresh” device is shown
in Fig. 6(b). In this case, the WF of ITO and Ag is modified
due to the formation of dipole at the interfaces because of
the HTL and the ETL. The calculated interfacial dipoles for
eachinterface are A;=0.45 eV and A,=0.42 eV, respectively.

Whitcher et al. reported a vacuum level dipole of 0.40 eV
at the ITO/PEDOT: PSS interface and an effective WF of
ITO as 5.05 eV measured using UPS and XPS, which are in
good agreement with our calculations [47]. Yao et al. mea-
sured an effective WF of 3.88 eV for Ag employing UPS at
the PDINO/Ag interface [48], corroborating the value we
obtained merely through simulation. The EF;o\0 value of
0.3 eV for the ITO/PEDOT: PSS interface and the E*| ;10
value of 0.24 eV for the PDINO/Ag interface can be the
minimum value of the interfacial energy alignment between
the Fermi level of the electrode and the transport states in the
organic semiconductor according to Ochzelt’s theory [49].
Furthermore, Wang et al. observed that the gap states origi-
nating from organic buffer layer/fullerene layer interfaces
can facilitate electron transfer in OSCs, thereby improv-
ing their efficiency and reducing the WF of the electrode
[50]. During an intermediate stage of ITO/PEDOT: PSS
interfacial degradation, occurring between 300 and 600 h
after device fabrication, the E' ;5o increases, subsequently
reducing the WF of the ITO. As expected, we also observed
a decrease in the dipole values and the built-in voltage at
ITO/PEDOT: PSS interface. The E'| ;o remains constant,
as depicted in Fig. 6(c)-6(e). Previous reports indicate that
the PDINO/Ag interface maintains ~90% of its initial value
after 300 h of device fabrication [51], consistent with the
calculations performed in this study.

In an advanced stage of device degradation, occurring
1,000 h after fabrication, PEDOT: PSS loses all its func-
tionality as HTL at the respective electrode. The calculated
interfacial dipole value for the ITO/PEDOT: PSS interface
is extremely small, barely 0.01 V, as shown in Fig. 6(f). The
energy diagram of the degraded device resembles the case
when there is no HTL between the anode and the active
layer, as shown in Fig. 6(a). As mentioned above, the cal-
culated V;; value in this condition was 0.41 V, where carrier
extraction is compromised at the ITO/PEDOT: PSS inter-
face, causing an S-kink in the J-V characteristics. At this
degradation stage, the favorable effect of PEDOT: PSS on
cell performance disappears over time. Notably, HTL and
ETL were indirectly considered in the MIM model during
the simulation. Thus, fitting values for the WF quantifies the
“global effect” of the energy level coupling at the interfaces.

Table 4 shows the estimated values of EXjonm0r E' Lumos
and the interfacial dipole calculated from the material
parameters employed in the J—V simulations for each
device. Notably, for nonencapsulated device, as degradation
advances to critical stages, the dipole value decreases and
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A

Evac

IPPM62Y7 ¢ ¢
¢|TO 545 eV Ag ITO Az = 042 eV

Evac — Evac“‘

¢ITO . ¢ITO
4.77 eV g 4.71eV

EFomo= 0.74 eV

(e) (f)

Fig. 6 Energy level alignment under the MIM model for (a) ITO/PM6:Y7/Ag structure, (b) as fabricated nonencapsulated device, (¢) 24 h, (d)
350 h, (e) 600 h, and (f) 1,000 h after device fabrication
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Table 4 Efy 000, EF1 umo» and interfacial dipole offset values obtained
from numerical simulations

Time(h) A (V) A (V) EYomo  Efumo
(eV) (eV)
Nonen- 0 0.45 0.42 0.3 0.24
capsulated 24 0.23 0.42 0.52 0.24
device 350 0.1 0.42 0.65 0.24
600 0.07 0.42 0.68 0.24
900 0.01 0.42 0.74 0.24
Encap- 0 0.45 0.42 0.3 0.24
sulated 300 043 042 031 0.24
device 650 0.3 0.42 0.45 0.24
900 0.18 0.42 0.57 0.24
1200 0.12 0.42 0.63 0.24
N,-pre- 0 0.45 0.42 0.3 0.24
served 300 0.45 0.42 0.3 0.24
device 650 0.45 0.42 0.3 0.24
900 0.45 0.42 0.3 0.24
1,200 0.45 0.42 0.3 0.24

Table 5 Parameter values used in the simulation of various diodes to
reproduce the J—V characteristics of solar cells under different envi-
ronmental conditions

Encapsulated device

Parameter D1 D2 D3

b, 0.160 0.168 0.180

WF 1 (eV) 3.880 3.880 3.880

WF ro(eV) 5.150 5.145 5.142

M (cm?/Vs) 2.98x 107 3.10x107* 3.40x107*
M, (cm*/Vs) 9.67x10°4 1.10x1073 1.30x1073
Nonencapsulated device

Parameter D1 D2 D3

b, 0.160 0.175 0.154

WF 4, (eV) 3.880 3.880 3.880

WF 110(eV) 5.150 5.145 5.145

M (cm?/Vs) 2.98x10°4 2.00x 104 2.00x10°4
M, (cm?/Vs) 9.67x1074 2.60%x1073 2.89%x1073
Nitrogen-preserved device

Parameter D1 D2 D3

b, 0.160 0.172 0.180

WF 4 (eV) 3.880 3.880 3.880

WF ro(eV) 5.150 5.158 5.158

M (cm?/Vs) 2.98%x107% 3.20%x1074 3.50x1074
My (cm?/Vs) 9.67x1074 1.00x1073 1.00x1073

EFyomo increases for the ITO/HTL interface. Meanwhile,
in all devices, the ETL/Ag interface remains stable, and the
E"| umo and interfacial dipole are practically constant over
time.

Statistical significance test for the simulation fit
parameters

To assess the statistical significance of the observed dif-
ferences between the tested devices, we performed a

one-factor analysis of variance (ANOVA) on the key simu-
lation parameters: WFirq, i, iy, and parameter b;. The J-V
characteristics of different simulated diodes (DI, D2, and
D3) were analyzed, and the parameter values were obtained
for fresh solar cells under three conditions: encapsulated,
non-encapsulated exposed to air, and nitrogen-preserved.
Table 5 presents the parameter values for each condition.

A one-factor ANOVA was conducted to compare the
mean values of the aforementioned parameters. The results
of the data analysis are shown in Table 6. The null hypoth-
esis is that all means are equal. Rejecting this hypothesis
ensures the statistical significance of the observed differ-
ences between the mean values of the fit parameters.

The results indicate that WFrq and u, exhibited p-values
below the significance level of 0.05, confirming that these
parameters showed evidence of statistically significant dif-
ferences among the tested conditions. This suggests that
changes in the anode interface and charge transport proper-
ties due to air exposure or encapsulation have a measurable
impact on device performance.

In contrast, w4, did not show statistical significance,
which is likely due to the inherent limitations of the MIM
model in fully capturing the hole-transport processes across
interfaces. While the model effectively representsinterfa-
cial defects, such as recombination, trap states and resis-
tive losses, it provides a generalized rather than a detailed
description of hole mobility dynamics.

Similarly, a lack of statistical significance in parameter b,
was expected because this parameter primarily serves as a
calibration factor for aligning simulations with experimen-
tal data. Given that the photogeneration profile in the simu-
lation cannot perfectly match the experimental conditions,
small random variations in b, are inherent in the fitting pro-
cess. However, this does not affect the overall reliability of
the model, as b; only adjusts the short-circuit current in the
simulated J—V characteristics without influencing other fun-
damental physical parameters.

These findings confirm that the estimated parameters
accurately capture the primary degradation mechanisms
observed under different environmental conditions, thereby
reinforcing the validity of the simulation approach. The sta-
tistical significance of WF,;, and u, highlights the sensitivity
of these parameters to environmental factors, emphasizing
the importance of interfacial stability for organic solar cell
performance.

Conclusions
We fabricated conventional NFA-OSCs (ITO/PEDOT/PM6

/PDINO/Ag) and measured their photovoltaic J-V char-
acteristics over time to monitor degradation under three
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Table 6 One-factor variance analysis of the simulation parameter mean values

Origin of variations Sum squares  Degrees of freedom  Mean squares  F — Statistic ~ Critical F — Value P — Value
WFo Between groups 1.69x107% 2 8.47x107° 5.52 5.14 0.04
Within groups 9.20x1077 6 1.53x1073
Total 2.61x107* 8
M Origin of variations Sum squares Degrees of freedom Mean squares F — Statistic  Critical P - Value
F - Value
Between groups 1.50x 1078 2 7.54x107° 5.20 5.14 0.04
Within groups 8.70x107° 6 1.45x107°
Total 2.37x10°% 8
My Origin of variations Sum squares Degrees of freedom Mean squares F — Statistic  Critical P - Value
F — Value
Between groups 3.43x107°¢ 2 1.71x107° 3.81 5.14 0.08
Within groups 2.70x10°6 6 4.50%x1077
Total 6.13x1076 8
b, Origin of variations Sum squares Degrees of freedom Mean squares F — Statistic  Critical P - Value
F — Value
Between groups 1.00x107% 2 5.03x107° 0.47 5.14 0.64
Within groups 6.39x1074 1.06x1074
Total 7.40%x10°4 8

different conditions: N, atmosphere, encapsulation, and
exposure to ambient conditions. The stability of the ITO/
PEDOT interface was analyzed at different time points and
correlated with the charge extraction process via numerical
simulations using the MIM model. The devices preserved
in the N, environment showed a stable anode/HTL inter-
face, with constant interfacial dipole and E"OM© values of
0.45 and 0.3 V, respectively, indicating that the ITO/PEDOT
interface did not affect device performance. The encapsu-
lated devices showed signs of degradation over time, such
as reduced charge mobility, decreased WF,y,, and degraded
J-V characteristics. At 1,200 h after fabrication, a low inter-
facial dipole (0.12 V) and high E;"°MO (0.63 V) indicated
energy misalignment between the WF,;, and HOMO level
of PEDOT, reflecting interface instability. Nonencapsulated
devices showed the most advanced degradation, with the
lowest PCE value of 4.5% and the appearance of an S-kink
in the J-V characteristics, indicating a potential barrier
at the ITO/PEDOT interface. The highest EOMO value
(0.74 V) confirmed the loss of PEDOT functionality owing
to the prolonged exposure to air. This study highlights the
effectiveness of the proposed methodology in the qualitative
and quantitative analysis of degradation effects in OSCs and
predicting the consequences of electrode—organic interfacial
degradation on photovoltaic performance. The agreement
between experimental and simulation results enhances our
understanding of the degradation mechanisms in OSCs.
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