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Abstract

We report a comprehensive spectroscopic, microscopic, and device-level investigation of
the ambient-driven degradation of PTQ10:IDIC bulk-heterojunction organic solar cells
(BHJ-OSCs), up to 500 h. The power conversion efficiency dropped from 9.51% to 7.69%
(≈19% relative loss), primarily due to a decrease in short-circuit current density (JSC 15.93
to 13.82 mA cm−2), while the open-circuit voltage remained largely stable (0.92 to 0.90 V).
Atomic force microscopy reveals surface smoothing upon ageing, with the root-mean-
square roughness decreasing from 4.29 to 3.45 nm, and the UV–vis absorption spectra show
negligible changes, indicating preserved bulk light-harvesting capability. In contrast, X-ray
photoelectron spectroscopy indicates pronounced surface compositional evolution, with
a decrease in oxygen (5.18 to 3.18%) and a substantial increase in fluorine content (3.23
to 7.23%), consistent with fluorine-rich surface segregation or reorientation. Ultraviolet
photoelectron spectroscopy further reveals a 0.48 eV reduction in surface work function,
indicative of surface dipole modification and near-surface electronic reorganization. Collec-
tively, these results demonstrate that ambient ageing primarily impacts interfacial chemistry
and morphology rather than bulk optoelectronic properties, highlighting interfacial engi-
neering and encapsulation as effective strategies for improving long-term device stability.
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1. Introduction
Organic solar cells (OSCs) have experienced significant advancement due to their

inherent advantages, including lightweight construction, mechanical flexibility, low pro-
duction cost, and compatibility with roll-to-roll solution-based manufacturing [1–3]. The
bulk heterojunction (BHJ) layer of an OSC consists of conjugated polymers blended with a
fullerene, and in recent years, the non-fullerene acceptors [4]. For a viable commercializa-
tion of OSCs, power conversion efficiency (PCE) along with the device stability and the cost
are the three critical factors to consider [5], whereas both the donor and acceptor fragments
of the BHJ layer play an essential role to enhance the PCE, lower the cost, and improve the
operational stability.

The BHJ-OSC was first developed by Heeger et al. [6] in 1995, and the power con-
version efficiency (PCE) of the device was only 1%. Thereafter, significant efforts have
been employed to develop highly efficient OSCs. In this context, the extraordinary
progress in recent years has largely been driven by the development of novel materi-
als, device architectures and technological improvement in the fabrication process [7,8].

Polymers 2026, 18, 480 https://doi.org/10.3390/polym18040480

https://crossmark.crossref.org/dialog?doi=10.3390/polym18040480&domain=pdf&date_stamp=2026-02-24
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/polymers
https://www.mdpi.com
https://orcid.org/0000-0002-8072-5460
https://orcid.org/0000-0002-8526-2127
https://orcid.org/0000-0003-4630-7692
https://doi.org/10.3390/polym18040480


Polymers 2026, 18, 480 2 of 16

Particularly, the organic semiconductor non-fullerene acceptors along with the low or
medium bandgap p-type conjugated polymer donors have demonstrated promising PCEs
since 2015 [8–11]. Unlike fullerene derivatives, the non-fullerene acceptors possess low
bandgap, broad and tunable absorption, easy tuning electronic energy levels and mor-
phological stability, allowing excellent room to rationally pair donor and acceptor frag-
ments and simultaneously yield high open circuit voltage (VOC), short circuit current
(JSC) and fill factor (FF) [12,13]. The PCE of non-fullerene acceptors along with the
medium bandgap donor polymers has rapidly increased and reached up to an impressive
value of 18% [7,10,14–19]. For instance, Sun et al. [20] in 2018 reported poly[(thiophene)-
alt-(6,7-difluoro-2-(2-hexyldecyloxy)quinoxaline)] (PTQ10), a donor polymer that pos-
sesses molecular design strategy based on the donor–acceptor copolymerization concept,
while 2,2′-((2Z,2′Z)-((4,4,9,9-tetrahexyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b’]dithiophene-2,7-
diyl)bis(methanylylidene))bis(3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile
(IDIC) was chosen as a non-fullerene acceptor counterpart. A PCE of 12.70% was obtained,
which is promising for a single junction OSC. Now, the PCE of the BHJ OSCs has already
reached to the threshold for the practical application, and the next step is to address the
instability issues associated with these delicate materials. Therefore, identification and
addressing the stability/degradation issues associated with these new polymer donor–
non-fullerene acceptor pairs is highly desirable, which have been largely ignored for
these materials.

In this work, the stability and degradation study of the PTQ10:IDIC-based BHJ OSCs
have been presented. Although, a few studies have been carried out to demonstrate the
high efficiency of this pair, the degradation study that elucidates the degradation mech-
anism has not been carried out so far to the best of our knowledge. The chosen BHJ pair
(PTQ10:IDIC) possesses several potential advantages over its counterparts such as the
PTQ10 is a low-cost donor material synthesized from an easy two steps and possessing
a high yield of 87.4% [7,20]. Moreover, it exhibits a strong and broad absorption band in
the 450–620 nm wavelength range, and with the medium bandgap of 1.92 eV, it is a strong
candidate for future applications [12]. Also, IDIC as a non-fullerene acceptor has a simpler
structure composed of alkyl side chains on its smaller fused ring core. Moreover, PTQ10
along with IDIC shows complimentary absorption between 400 and 800 nm wavelength
region. Therefore, both donor–acceptor fragments of BHJ layer will benefit from the solar
light harvest [8,21]. To evaluate the stability of the PTQ10:IDIC-based OSCs over the course
of 500 h, the ISOS-D-1 stability test has been employed where the cell environment is moni-
tored in the ambient atmospheric conditions assuming the room temperature of laboratory
to be 23 ± 4 ◦C [22,23]. Generally, ambient atmosphere plays a vital role in determining the
lifetime of a solar cell device, in particular the photoactive layer. Ambient species might
promote oxidation, formation of traps or charge carrier barriers and in some cases interdif-
fusion of layers or even the surface or interfacial modifications [24,25]. Thus, it is highly
desirable to investigate the stability/degradation of OSCs based on the PTQ10:IDIC BHJ
system. While prior works have explored device-level stability, few studies have directly
correlated interfacial chemical evolution via XPS and UPS to performance degradation in
PTQ10:IDIC systems. Therefore, the degradation patterns in the ambient environment as a
function of time have been evaluated along with the photovoltaic performance evolution
of the device. X-ray and ultraviolet photoelectron spectroscopy (XPS and UPS) in con-
junction with atomic force microscopy (AFM) and UV-visible absorbance studies enabled
information on changes in surface chemistry, work function (WF), morphology, and optical
characteristics as a function of ageing in ambient environment.
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2. Experimental Section
2.1. Materials

PTQ10 and IDIC were obtained from Lumtec Corp. New Taipei City (Taiwan). An
aqueous dispersion of PEDOT:PSS was purchased from Sigma-Aldrich, Gillingham, Dorset,
UK. Pre-patterned and unpatterned indium tin oxide (ITO) glass substrates with a sheet
resistance of approximately 15 Ω/sq were sourced from Ossila Ltd., Sheffield (UK). All
chemicals used in this study were acquired from Sigma-Aldrich and used as received unless
otherwise specified.

2.2. Device Fabrication and Characterization

The non-fullerene organic solar cells were fabricated using a conventional device
configuration of ITO/PEDOT:PSS/PTQ10:IDIC/Al. Prior to device fabrication, the ITO
substrates were sequentially cleaned with detergent, deionized (DI) water, acetone, and
isopropyl alcohol in an ultrasonic bath for 15 min per step. After rinsing with DI water
and drying under a nitrogen stream, the substrates were further treated with ultraviolet
ozone for 15 min. An aqueous PEDOT:PSS layer was deposited onto the cleaned ITO
substrates by spin coating at 4000 rpm for 40 s, followed by thermal annealing at 150 ◦C for
15 min in ambient air. Subsequently, the substrates were transferred into a nitrogen-filled
glovebox for deposition of the bulk heterojunction (BHJ) active layer. The BHJ solution
was prepared according to a previously reported procedure [20]. Briefly, PTQ10 and
IDIC were blended at a donor-to-acceptor weight ratio of 1:1 and dissolved in chloroform,
with a total concentration of 20 mg mL−1. The solution was stirred for several hours
prior to use. The active layer was spin-coated onto the PEDOT:PSS layer at 3500 rpm
and then annealed at 140 ◦C for 5 min. Device fabrication was completed by thermally
evaporating a 100 nm thick aluminum cathode through a shadow mask under a vacuum of
approximately 10−6 Torr. The current density–voltage (J-V) characteristics were recorded
using a Keithley 236 source-measure unit under simulated AM 1.5G illumination (1 sun)
provided by a Newport solar simulator equipped with a xenon lamp. The light intensity
was calibrated to 100 mW cm−2 using a Newport 1918-R power metre (Irvine, CA, USA).
During all photovoltaic measurements under the solar simulator, the device temperature
was monitored using a thermocouple attached to the sample holder and remained at
approximately 23 ± 2 ◦C. No intentional thermal stress was applied, and measurements
were conducted under near-room-temperature operational conditions in accordance with
the ISOS-D1 protocol.

2.3. Stability and Degradation Study

The devices used for IV characterization and stability measurements were encapsu-
lated inside a nitrogen-filled glovebox (O2 < 1 ppm, H2O < 1 ppm) using ultraviolet-curable
epoxy and thin glass slides prior to exposure to ambient conditions. Device ageing was
subsequently performed under ambient laboratory atmosphere following the ISOS-D1
protocol [22,23].

ITO/PEDOT:PSS/PTQ10:IDIC films were replicated using the same fabrication proce-
dure for surface and interface characterization (AFM, XPS, UPS). These films were aged
under identical ambient conditions but without metal electrodes, enabling direct access
to the active-layer surface. While the ageing environments of devices and films are not
strictly identical, this approach allows isolation of intrinsic surface and interfacial evolution
within the bulk heterojunction layer, which cannot be directly probed in completed devices.
Photovoltaic performance was evaluated in the regular intervals until 500 h.

Change in the surface morphology and the optical absorbance of the BHJ layer were
measured by atomic force microscope (AFM, JPK Nano Wizard II, Billerica, MA, USA)
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and a double-beam UV/Vis/NIR Perkin-Elmer Lambda 365 spectrophotometer, respec-
tively. Tapping mode of AFM was employed to acquire images with the 512 scan lines
and 512 pixels per scan line. A third order flattering was further applied using Bruker
NanoScope Analysis V1.40 software to remove the non-linear background artefacts in-
duced by the piezo scanner. In addition, a scan area of 5 µm × 5 µm was used to evaluate
the surface roughness. UV-visible absorbance spectra were collected in the wavelength
range of 300–900 nm for films aged up to 500 h. Chemical composition and bonding-state
variations were analyzed by X-ray photoelectron spectroscopy (XPS) using a Kratos Axis
Supra system (Kratos Analytical) equipped with a monochromatic Al Kα radiation source
(Sourced from Waltham, MA, USA). Deconvolution and peak fitting were performed using
CasaXPS software (version 2.3.17dev6.4k) with sensitivity factors provided by the Kratos
library. Changes in the work function were further examined after 500 h of ageing using
ultraviolet photoelectron spectroscopy (UPS).

3. Results
Figure 1a presents the molecular structure of the PTQ10 donor polymer and IDIC

non-fullerene acceptor employed in the BHJ layer of the investigated device, while the
energy-level diagram and illustration of the device architecture have been presented in
Figure 1b and c, respectively. The photovoltaic characteristics in regular intervals and the
degradation phenomenon were investigated in a conventional BHJ device architecture
consisting of ITO/PEDOT:SS/PTQ10:IDIC/Al.

Figure 1. (a) Chemical structure of PTQ10 and IDIC, (b) energy-level diagram of the relevant
materials employed in the OSCs. (c) Schematic of the device architecture employed with PTQ10:IDIC
photoactive layers.

3.1. Device Photovoltaic Performance and Stability Evaluation

For the practical application of OSCs, stability is equally important along with effi-
ciency and cost. Here, initial photovoltaic performance parameters and stability of the
OSCs for 500 h were tested for the PTQ10:IDIC normal architecture device with the sim-
ple encapsulation by glass slide and ultraviolet-curable epoxy. Figure 2a shows the J-V
curves of the OSCs for the fresh- and up to 500 h aged devices, and the detailed cor-
responding photovoltaic parameters are listed in Table 1. The fresh device exhibited
a VOC = 0.92 V, JSC = 15.93 mA/cm2 and FF = 0.649, yielding a PCE = 9.51%. The de-
vices were subjected to ageing in the ambient environment and PCE reduced to 7.69%
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(VOC = 0.90 V, JSC = 13.82 mA/cm2 and FF = 0.618) after 500 h, experienced a 19.14% rel-
ative performance loss during this time. The VOC has been found to be relatively stable
and retained almost 97.83% of their initial values after 500 h, while JSC showed the highest
degradation of 13.24% followed by a slight reduction (<5%) in the FF. Corresponding
normalized photovoltaic parameters are presented in Figure 2b.

(a) 

(b) 

Figure 2. Photovoltaic performance of the OSCs. (a) J-V curves of the OSCs based on PTQ10:IDIC mea-
sured after regular interval of time. Device stability of the normal architecture OSCs. (b) Normalized
photovoltaic parameters measured up to 500 h of ageing in ambient environment.

The relatively stable VOC observed during ageing suggests that the donor–acceptor
energetic alignment remains largely preserved under the studied conditions. This interpre-
tation is consistent with the deep-lying HOMO level of PTQ10 (−5.54 eV), which maintains
a favourable energy offset with IDIC, and with the absence of pronounced energetic dis-
order as inferred from UPS measurements. In contrast, the pronounced decrease in JSC
primarily originates from interfacial degradation processes rather than bulk deterioration
of the photoactive layer. Interfacial chemical reorganization and morphology evolution can
reduce charge extraction efficiency and increase carrier trapping near interfaces, leading
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to photocurrent loss, while FF is only weakly affected due to the absence of significant
changes in series or shunt resistance. The negligible change in UV-Vis absorption further
confirms that bulk photogeneration remains largely intact.

Table 1. Photovoltaic parameters of the OSCs based on PTQ10:IDIC and tested for stability until 500 h.

Parameters Fresh 25 h 125 h 250 h 500 h

Jsc (mA/cm2) 15.93 15.62 15.01 14.65 13.82
Voc (V) 0.92 0.91 0.91 0.91 0.90

FF 0.649 0.646 0.64 0.628 0.618
PCE (%) 9.51 9.18 8.74 8.37 7.69

Although oxygen can induce p-doping in some OSC systems, the XPS results indicate
a reduction in oxygen content, ruling out bulk oxidation or doping as the dominant
degradation mechanism. Instead, UPS measurements reveal a decrease in the work function
(from 4.95 to 4.47 eV), indicating a weakened interfacial dipole and reflecting interfacial
electronic reorganization that can indirectly affect charge extraction efficiency. Combined
with AFM evidence of surface smoothing, these observations suggest that interfacial
chemical reorganization—specifically fluorine surface enrichment and oxygen depletion—
is the primary origin of photocurrent loss, while the bulk donor–acceptor alignment, and
thus VOC, remains largely unaffected. Consequently, the overall performance degradation
is dominated by photocurrent loss rather than voltage-related losses. A detailed analysis of
morphology, chemical rearrangement, and changes in work function is discussed in the
following sections.

3.2. Evaluation of Degradation Mechanism

The BHJ active layer of OSCs is the most critical componet which possesses an init-
mate mix of donor and acceptor segments. The degradatiuon of OSCs is a complex
phenomenon that involves both extrinsic and intrinsic degradation factors. Although the
known degradation factors are oxygen, humidity, light irradiation, inter-layer diffusion,
heat and mechanical stress, etc., every donor–acceptor component reacts differently to
these degradation factors; hence, with PTQ10:IDIC being the relatively new high-efficiency
material, it should be studied for its degradation mechanism.

3.2.1. Morphology and Optical Properties of Fresh Versus Degraded Films

Morphological changes in the active layer play a critical role in determining the photo-
voltaic performance of OSCs [26,27]. Here, AFM was employed to investigate the effect
of ambient atmospheric conditions on the morphology of the active layer. Interestingly,
the degraded PTQ10:IDIC films exhibited relatively smoother morphology than the fresh
films, as shown in Figure 3. The fresh film showed large root mean square (RMS) surface
roughness of 4.29 nm, while the 500 h aged films became relatively smoother with a RMS
of 3.45 nm. Clearly, aggregation of relatively larger domain sizes is observed in the film
morphology of the fresh PTQ10:IDIC blend [12]. Relatively smoother morphology of the
aged film may indicate increased molecular packing or phase homogenization. While
smoother surfaces can sometimes favour charge transport, excessive homogenization in
BHJ systems may suppress efficient donor–acceptor domain formation, thus limiting the
exciton dissociation and reducing the photocurrent. It should, however, be noticed that
AFM measurements were performed on the surface of the BHJ layer, and probably mor-
phology changes could be different below the absorber layer [28]. The observed surface
smoothing (AFM) may facilitate the upward migration of low-surface-energy fluorinated
segments, consistent with the surface F enrichment detected in XPS. While isolated surface
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particles may partially originate from extrinsic contamination, the consistent reduction in
RMS roughness observed across multiple samples indicates a systematic surface smoothing
trend rather than random artefacts.

Figure 3. Atomic force microscopy images (2D on the left, 3D on the right) of the PTQ10:IDIC layer
after different ageing times. (a) Fresh and (b) aged for 500 h.

Figure 4 shows the absorption spectra of PTQ10:IDIC films exposed to the ambient
atmosphere and recorded after regular intervals of time. The blend possesses a broad and
strong absorption in the 450 to 750 nm wavelength range. It is interesting to note that
there was no defined degradation pattern observed and the absorption spectra showed
a random trend. The negligible change in optical absorption after 500 h ageing suggests
that the bulk molecular ordering and π–π stacking of PTQ10 and IDIC remain intact.
Therefore, the observed efficiency loss is not due to intrinsic optical degradation but must
originate from interfacial and surface phenomena. This interpretation is consistent with
AFM, XPS, and UPS results, which reveal morphological homogenization, fluorine surface
enrichment, and a significant reduction in work function. Together, these findings indicate
that interfacial reorganization, rather than bulk optical decay, governs the ageing behaviour
of PTQ10:IDIC devices.
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Figure 4. Optical absorption spectra of PTQ10:IDIC films evaluated for up to 500 h of storage in
ambient atmosphere.

It is noteworthy that in this work, intrinsic optical degradation refers to ageing-
induced changes in the absorption intensity or spectral features of the PTQ10:IDIC active
layer, as probed by UV–Vis spectroscopy, which are independent of electrode-related
effects. In contrast, interfacial reorganization describes chemical and electronic structure
changes occurring near the active-layer interfaces, evidenced by XPS-derived compositional
evolution and UPS-measured work-function variations. These experimental signatures are
used here to distinguish bulk optical stability from interface-driven degradation processes.

3.2.2. XPS and UPS Analysis of PTQ10:IDIC Films

High-resolution XPS spectra were used to probe the surface chemical evolution of
PTQ10:IDIC films upon ambient ageing. While the electronic structure of PTQ10:IDIC
films were evaluated using UPS measurements. It should be noted that XPS and UPS
are inherently surface-sensitive techniques probing only the top few nanometers of the
active layer; therefore, the results primarily reflect near-surface chemical and electronic
evolution rather than bulk compositional changes. Figure 5 shows representative C 1s,
O 1s, and F 1s spectra of fresh and 500 h aged films. While the survey spectra (Figure 7,
schematic illustration of degradation mechanism) offer insight into the relative changes in
surface composition that occur during storage under ambient conditions. A weak Si signal
observed in the fresh-film survey spectrum is attributed to trace surface contamination,
potentially arising from handling or substrate-related sources, and is not intrinsic to the
PTQ10:IDIC blend. Moreover, minor contributions from N and S were observed in the
survey spectra but did not exhibit systematic changes upon ageing and therefore were not
included in the quantitative comparison.
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Figure 5. High-resolution XPS spectra of PTQ10:IDIC films deposited on ITO/PEDOT:PSS, recorded
in the fresh state (left) and after 500 h of ambient ageing (right). Panels show (a,b) C 1s, (c,d) F 1s,
and (e,f) O 1s core-level envelopes. The C 1s spectra are dominated by C–C/C=C, with oxygenated
contributions (C–O, O–C=O) reduced after ageing. The F 1s peak increases markedly with time,
indicating fluorine surface enrichment, while the O 1s intensity decreases, consistent with oxygen
depletion and surface reorganization.

The C 1s envelope was decomposed into contributions at ≈284.0 eV which is assigned
to C–C/C=C bonds in the conjugated backbone, ≈285.14 eV is attributed to C–O/C–N
functionalities (i.e., ether/amine-type linkages) ≈ 286.09 eV corresponds C=O bond, and
287.26 eV at fresh plus 287.82 eV at 500 h is assigned to O–C=O groups (carboxyl, carbonyl),
consistent with conjugated backbone and weakly oxygenated side groups [29,30]. After
500 h ageing, the relative intensity of oxygenated carbon species has reduced, while the
main C-C/C=C peak remained nearly unchanged. This indicates that the conjugated
backbone is stable under ambient storage, but oxygenated functional groups at the surface
are partially lost or suppressed [31,32]. Such reductions have been reported previously
in aged OSC systems, where oxygenated states are sensitive to desorption or chemical
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rearrangement [32]. The O 1s spectrum provides further evidence. The O 1s spectrum
in the fresh film shows components near ≈531 eV (carbonyl/chemisorbed oxygen, C=O),
≈532.2 eV (C–O/hydroxyl or physisorbed oxygen) and 534.54 eV (H2O absorbed) [30,33,34].
After 500 h ambient ageing, the overall intensity of the oxygen components decreases
markedly (5.18% to 3.18%, ≈−38.61% relative). This drop can be interpreted in two ways:
Firstly, it may indicate desorption/reduction of oxygenated species, inferring that loosely
bound oxygen functionalities or physisorbed O2/H2O can be lost upon storage. A second
explanation could be due to signal attenuation by fluorine-rich surface segregation, as
enriched fluorinated moieties at the surface can shield subsurface oxygen contributions,
leading to an apparent decrease in “O” concentration. Both mechanisms are consistent
with the literature on fluorinated polymer systems [30,35]. Accordingly, the XPS-derived
atomic percentages should be interpreted as relative surface compositional trends rather
than absolute stoichiometric values.

The most significant change has been observed in the F 1s spectrum. In both samples,
the peak at ~686.4 eV represents fluorine atoms bonded to carbon atoms, characteristic of
C–F bonding [36,37] from the difluoro–quinoxaline unit in PTQ10 [38]. After 500 h, the
relative F atomic concentration increased to more than double (3.23 to 7.23%, +≈124%). This
strong increase indicates the surface enrichment of fluorine-containing units, consistent
with surface segregation phenomena widely reported in fluorinated conjugated poly-
mers [39,40]. Fluorine side groups are known to migrate to the air/film interface to lower
the surface energy, making the surface more hydrophobic and oxygen resistant [41,42].

These observations suggest that surface reorganization is a major chemical change
occurring during ageing. The increased fluorine content likely forms a protective, hy-
drophobic top layer that retards further oxygen incorporation. Therefore, the observed “O”
reduction likely reflects a combination of surface segregation and loss of weakly bound
oxygen species rather than mass removal of oxygen from the bulk. However, this rear-
rangement simultaneously modifies the surface polarity and interfacial dipole, potentially
disrupting charge extraction at the electrode interface. This also explains why the VOC

remains stable, but JSC is significantly reduced after ageing.
The compositional trends in Table 2 correlate directly with spectral changes in Figure 5,

evidencing a transition from oxygen-rich to fluorine-rich surface chemistry.

Table 2. Relative surface atomic concentrations obtained from XPS survey spectra for PTQ10:IDIC
films in the fresh state and after 500 h of ambient ageing. Reported values correspond to the dominant
chemically relevant elements (C 1s, O 1s, and F 1s) used to assess relative surface compositional
evolution. Signals from minor elements or such as Si 2p, N 1s, and S 2p were detected in the survey
spectra but are not listed here for clarity, as they do not affect the observed trends discussed in
this work. The reported atomic percentages represent relative surface compositions within the
experimental uncertainty of XPS analysis.

Time (h) Atomic (%) Concentration of Elements in PTQ10:IDIC

C 1s O 1s F 1s

Fresh 82.99 5.18 3.23

500 82.07 3.18 7.23

(%) relative
Increase/decrease 1.12 38.61 124

Direction of arrows show increasing or decreasing trend in the elemental content.

Ultraviolet photoelectron spectroscopy (UPS) was employed to investigate ageing-
induced changes in the surface electronic structure of PTQ10:IDIC films, as shown in
Figure 6. The work function was extracted from the secondary electron cutoff (SECO),
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located at the high binding energy (low kinetic energy) region of the UPS spectra. The fresh
film exhibited a work function of 4.95 eV, which decreased to 4.47 eV after 500 h of ageing,
corresponding to a shift of −0.48 eV. Because UPS probes vacuum-level shifts at the exposed
surface of the active layer, the measured work-function change does not directly modify
the buried PEDOT:PSS/BHJ interface; rather, it serves as an indicator of surface chemical
evolution and dipole rearrangement induced by ageing. Nonetheless, such surface dipole
modifications are commonly reported to correlate with changes in near-surface energetics
and charge extraction behaviour in organic solar cells. Two complementary processes
likely contribute: (i) loss of oxygen-related dipoles, consistent with the O 1s reduction
observed in XPS [43,44], and (ii) surface segregation of fluorine-rich groups, which are
less polar and lower the effective dipole strength at the film surface [45,46]. This happens
because the fluorine-rich groups, while highly polar within the C-F bond [47,48], tend to
arrange their less polar alkyl tails toward the surface, creating an overall less-polarized
interfacial layer, or the C-F dipoles align in a way that reduces the net surface dipole, thereby
decreasing the work function [49]. Both mechanisms drive the surface towards a lower
WF. Overall, the observed work-function shift reflects surface dipole modification and
near-surface electronic reorganization induced by ageing, contributing to the observed loss
in JSC. Such surface electronic modifications have been widely reported to correlate with
changes in interfacial energetics and charge extraction behaviour in organic photovoltaic
devices [50–52]. Thus, UPS corroborates the XPS findings: surface dipole modifications
driven by fluorine enrichment and oxygen depletion are key degradation pathways, likely
impacting charge extraction efficiency while leaving the frontier orbital alignment intact.

Figure 6. Ultraviolet photoelectron spectroscopy (UPS) spectra of PTQ10:IDIC films deposited on
ITO/PEDOT:PSS before (black) and after 500 h of ambient ageing, showing the secondary electron
cut-off region used to determine the work function. A pronounced decrease in work function from
4.95 eV to 4.47 eV is observed upon ageing, indicating significant modification of surface dipoles.

The pronounced work-function reduction is consistent with interfacial electronic
reorganization and altered surface dipoles, which are commonly associated with less
favourable charge extraction conditions and may contribute to the observed photocurrent
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(JSC) loss. The experimentally observed stability of VOC suggests that the intrinsic donor–
acceptor energetics governing open-circuit voltage remain largely unaffected by ageing.

Most importantly, although the spectroscopic and microscopic measurements were
conducted on PTQ10:IDIC films without a metal electrode, the degradation trends observed
in these half-cell films, particularly the evolution of surface composition, work function,
and optical absorption are consistent with the performance losses observed in complete
devices, most notably the reduction in short-circuit current density. We acknowledge that
the presence of an Al cathode in the full device stack may introduce additional degradation
pathways, such as interfacial reactions or metal diffusion. However, the strong correlation
between active-layer surface evolution and device performance indicates that intrinsic and
interfacial degradation within the PTQ10:IDIC layer plays a dominant role under ambient
ageing conditions.

4. Discussion
The stability of PTQ10:IDIC-based OSCs under ambient ageing is governed by changes

that occur predominantly at the surface and interfaces rather than in the bulk absorber.
The photovoltaic data show a 19% loss in PCE after 500 h, mainly due to a decrease in JSC

(−13.2%), while VOC remains nearly constant. This selective degradation pattern can be
rationalized by correlating structural, optical, and spectroscopic evidence including AFM,
UV-Vis, XPS, UPS analyses and solar characterizations. It should be emphasized that the
present conclusions are derived from surface-sensitive and device-level measurements and
describe qualitative degradation trends rather than absolute compositional or energetic
changes. AFM measurements revealed a decrease in surface roughness from 4.29 nm
(fresh) to 3.45 nm (500 h aged). Such smoothing is often interpreted as increased phase
homogenization or surface chain reorganization [53]. In BHJ systems, excessive homog-
enization may reduce the effective donor–acceptor interfacial area available for exciton
dissociation and charge separation. Similar effects of surface smoothing and reduced JSC

have been reported in other OSC systems [26,27]. Further, the absorption spectra of aged
films exhibited no systematic degradation pattern, indicating that the bulk light-harvesting
capacity of the blend was preserved. This rules out photobleaching or bulk decomposition
as primary degradation pathways, focusing attention on morphological and interfacial
changes. Hence, the primary origin of performance loss is not bulk absorption but rather
interfacial or charge transport-related processes. Moreover, XPS results reveal pronounced
surface compositional evolution upon ageing: the relative oxygen signal decreases by ~39%
(5.18 to 3.18%), while the fluorine signal increases substantially (3.23 to 7.23%). These trends
indicate near-surface reorganization of fluorinated PTQ10 segments, accompanied by at-
tenuation of oxygen-related surface species. Such changes may arise from a combination
of weakly bound oxygen desorption, signal shielding by fluorine-rich surface segrega-
tion, or partial removal of superficial contamination layers. Fluorine-surface enrichment
is well-documented in fluorinated conjugated polymers and is known to lower surface
energy and increase hydrophobicity [53,54]. While this fluorine-rich surface may inhibit
further oxygen uptake, it also reduces surface polarity and modifies interfacial dipole
characteristics, which can adversely affect charge extraction [55]. A noticeable reduction
in the work function from 4.95 eV to 4.47 eV is well beyond experimental uncertainty and
reflects pronounced surface dipole modification and near-surface electronic reorganization.
This work-function decrease is consistent with attenuation of oxygen-related dipoles and
fluorine-rich surface termination inferred from XPS. Although the work-function change
does not directly modify the buried PEDOT:PSS/BHJ interface, such surface electronic
reorganization is commonly correlated with less favourable charge extraction conditions
and may contribute to the observed decrease in JSC [52,56]. Importantly, the experimentally
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observed stability of VOC indicates that the intrinsic donor–acceptor energetics governing
open-circuit voltage remain largely unaffected by ageing.

Taken together, the AFM, UV-Vis, XPS, UPS, and device data converge on a picture
in which the PTQ10:IDIC system is intrinsically stable in the bulk but susceptible to
interfacial and near-surface ageing under ambient conditions. The conjugated backbone
remains chemically intact, optical absorption is preserved, and device VOC and FF show
minimal variation. In contrast, surface reorganization involving fluorine-rich segregation,
attenuation of oxygen-related surface species, and morphological smoothing leads to
modification of surface dipoles and charge extraction pathways. These interfacial changes
selectively reduce JSC while leaving bulk optoelectronic properties largely unaffected. A
qualitative schematic illustration of this degradation mechanism is provided in Figure 7.

Figure 7. Schematic illustration of interfacial and near-surface evolution in PTQ10:IDIC solar cells
during ambient ageing. The fresh film exhibits a moderately rough surface and a mixed near-
surface chemical environment, associated with favourable interfacial energetics for charge extraction.
Upon ageing, PTQ10 segments containing fluorinated side chains preferentially reorient toward
the exposed surface, resulting in fluorine-rich surface termination. Concurrently, oxygen-related
surface species become attenuated. These surface reorganizations reduce the effective surface dipole
strength and lead to a decrease in the measured work function (~0.48 eV), while the bulk donor–
acceptor morphology and energetics remain largely preserved. The schematic depicts qualitative
trends inferred from surface-sensitive measurements and does not imply atomic diffusion or bulk
compositional changes.
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5. Conclusions
In this work, it has been concluded that interfacial and near-surface chemical reorga-

nization plays a dominant role in the observed performance degradation under ambient
ageing (ISOS-D-1) of PTQ10:IDIC based OSCs. Both the AFM and UV-Vis analysis reveal
that the bulk morphology and optical absorption remain largely intact. However, XPS
analysis indicates pronounced fluorine surface enrichment and oxygen signal attenuation,
while UPS detects a 0.48 eV reduction in work function. Such findings are collectively in-
dicative of altered surface dipoles that are commonly correlated with less favourable charge
extraction conditions in organic solar cells, whereas the intrinsic donor–acceptor alignment
and open-circuit voltage are preserved. Overall, PTQ10:IDIC systems exhibit good intrinsic
stability but suffer from interfacial ageing. Engineering interlayers that suppress surface
reorganization or using encapsulation strategies that block oxygen/moisture ingress could
further enhance long-term device reliability.
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