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Thermal stress, particularly at elevated temperatures, leads to
spinodal demixing of the bulk-heterojunction (BHJ) photoactive
layer. However, component demixing can also occur at ambient
temperature, due to the non-equilibrium (frozen) morphology
of the BHJs *°. Recent studies of thermally induced degradation
and photo-degradation processes provided a deeper understand-
ing of the underlying mechanisms involved ****. Under contin-
uous illumination, OSCs typically exhibit a rapid decline in effi-
ciency over a relatively short time, commonly referred to as
"burn-in." Subsequently, a more gradual and steadier decrease in
efficiency occurs over an extended period of time .

The performance of OSCs is governed by the energetic land-
scape and nanoscale morphology of the BHJ materials * *.
These factors crucially influence device processes, including
charge transfer and separation, carrier transport within the de-
vice, and carrier collection from the photoactive layer. Optimized
blend morphologies, as observed in various studies, exhibit a
certain sensitivity to temperature-induced ageing, arising from
the tendency of the photoactive layer morphology to evolve to-
wards a thermodynamically stable state *. Consequently, this
evolution can result in significant component demixing, leading
to a reduction in the overall interfacial area between the donor
and acceptor components (commonly referred to as the D-A in-
terfacial area or heterojunction), adversely affecting device per-
formance ** .

For fullerene-based organic solar cells, extensive photo-ther-
mal studies have been performed in the past few decades *’. For
non-fullerene acceptor (NFA)-based devices, on the other hand,
stability research is currently in its nascent stage >*>*. Numerous
NFA-based OSCs exhibit remarkable efficiency; however, their
poor thermal stability is a key obstacle hampering practical ap-
plications ™.

In the realm of photovoltaic devices, suboptimal morphologies
and processes can significantly reduce overall device perfor-
mance *°, resulting in loss processes, such as increased charge re-
combination. Therefore, understanding the loss mechanisms and
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judicious control of the BHJ morphology is critical to overcoming
the existing limitations . Until today, there have been a few re-
ports on the impact of thermal annealing on component demix-
ing in the photoactive layer, as well as its effect on the transport
layers and electrode interfaces. Importantly, thermal annealing is
necessary to discharge water and oxygen after the transport layer
is deposited, but it also causes structural and morphological
changes that may adversely affect device performance.
Additionally, a detailed understanding of the energetics of D-A
mixtures after thermal annealing is also missing.

X-ray scattering techniques such as grazing incidence wide-an-
gle X-ray scattering (GIWAXS) have been widely used to exam-
ine bulk morphology quantitatively, providing insights into crys-
tallinity and crystal orientation. Additionally, resonant soft X-ray
scattering (RSoXS) measures interface roughness, domain size,
and purity ®. On the other hand, atomic force microscopy
(AFM) is commonly used to investigate the surface topography,
which can also provide insight into the bulk morphology " .
Regrettably, these approaches examine phase separation only at
a nanoscale level within very limited spatial regions. Steady-state
optical microscopy techniques, on the other hand, including ab-
sorbance and photoluminescence studies, enable a qualitative
understanding of polymer order and domain size over a larger
area. These methods allow for averaging across broad regions,
but do not provide high local resolution. Optical imaging can be
used to examine morphological variations or alterations across
extensive areas; however, comprehensive information on the ma-
terial characteristics is generally lacking. Given the direct correla-
tion between the electronic characteristics (charge transfer and
separation, recombination, and extraction) of the photoactive
layer and its morphology, spatially resolved optoelectronic mea-
suring techniques can be leveraged to discern film morphology
indirectly. Based on these spatially resolved optoelectronic mea-
surements, it is possible to derive localized electrical characteris-
tics, including the dark saturation current and series resistance of
the photoactive layer. To examine the macroscopic differences in
morphology across larger-area devices, it is possible to use imag-
ing techniques such as photoluminescence imaging (PLI), elec-
troluminescence imaging (ELI), and scanning techniques like
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light-beam induced current (LBIC) measurements **°. Previous
research studies have examined morphology and phase separa-
tion through these high-resolution imaging techniques, focusing
on the device's limited area of interest. However, a significant
amount of phase separation often exhibits vertical concentration
gradients between the original phases ***.

In this work, we present a comprehensive study of large-scale
phase separation across the entire active area of the sample,
leveraging a number of imaging and scanning techniques. As a
result, we determine the necessary conditions for achieving
highly efficient bulk heterojunction (BHJ) geometries. More
specifically, we aim to examine the impact of thermal degrada-
tion on state-of-the-art OSCs based on PM6:Y6 by subjecting
them to different annealing temperatures in a nitrogen atmos-
phere. The factors contributing to the corrosion of the device can
be attributed to morphological changes occurring within the
photoactive layer. The device, in its as-cast state, demonstrates a
short-circuit current density (Joc) of 23.26 mA.cm™, an open-cir-
cuit voltage (V) of 848 mV, and a fill factor (FF) of 59%, yield-
ing a PCE of 11.64%. While an initial performance improvement
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is seen upon thermal annealing at 80 °C, subsequently, a signifi-
cant decline of V., FF, and PCE is observed, whereas the Jq. re-
mained virtually constant.

RESULTS AND DISCUSSION

2.1. Photovoltaic properties

Figure 1a and 1b depict the chemical structures and the device
layer stack. Using an inverted device architecture, BHJ OSC de-
vices have been fabricated with PM6:Y6 as the photoactive layer.
The device structure consisted of glass/ITO/ZnO/PM6:Y6/
MoO,/Ag. Additional information regarding device preparation
can be found in the experimental section. After device fabrica-
tion, thermal annealing was performed on the devices for 10 min
at various temperatures using a hotplate in a nitrogen-filled
glovebox, with non-annealed devices serving as a reference. The
annealing experiments were deliberately conducted in a nitrogen
atmosphere to separate thermal effects on morphology and de-
vice performance from other degradation channels. While this
approach excludes oxygen- and moisture-induced degradation,
it enables a clear interpretation of the thermally driven
processes.
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Figure 1: (a) Schematic representation of the chemical structures of PM6 and Y6, (b) depiction of the inverted polymer solar cell architecture, (c) current
density-voltage (J-V) characteristics, (d) external quantum efficiency (EQE) measurements of the PM6:Y6 OSCs as-cast and upon annealing at different

temperatures.

Figures 1c and 1d show the J-V characteristics under simulated
one-sun illumination and the EQEs of devices after annealing at
different temperatures. The dark J-V characteristics are presented
in Supporting Information (SI). The reference device in its as-
cast state exhibited diode-like characteristics, with a rectification
ratio exceeding two orders of magnitude when comparing the
current density under reverse and forward bias. This is shown in
Figure S1 in the SI.

The photovoltaic parameters reveal that device performance is
highly sensitive to annealing temperature. The Jq. increased as
the post-processing annealing temperature increased up to 140
°C; thereafter, the Jo. was nearly constant (Table 1). The Jq. ob-
served from devices exposed to elevated annealing temperatures

© 2026 The authors - CC BY 4.0

indicates that the thermal treatment did not impact absorption
and exciton generation in PM6:Y6. In fact, the EQE spectra con-
firm that the absorption coefficient and spectral response are
preserved, suggesting that the morphological changes induced
by crystallization and phase separation primarily impact charge
extraction rather than charge generation. Moderate annealing
(80 °C — 110 °C) yields stable J¢- and V., while maintaining rel-
atively high FF, reflecting a balanced charge generation and ex-
traction process. Beyond 140 °C, V. begins to decline, and FF
drops significantly, particularly at temperatures between 170 °C
and 200 °C, indicating increased non-radiative recombination.
These trends confirm an optimum thermal window of around 80
°C to 140 °C, while excessive annealing accelerates morphologi-
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cal and electrical degradation, resulting in reduced efficiency.
These trends confirm an optimum thermal window of around 80
°C to 140 °C, while excessive annealing accelerates morphologi-
cal and electrical degradation, resulting in reduced efficiency.
The statistical analysis of several photovoltaic parameters for dif-

dev.solarcellinsights.com

Table 1: Photovoltaic parameters corresponding to the OSCs
as-cast annealed at varying temperatures (EQE corrected). Here,
the short-circuit current is Jo., the open-circuit voltage is V., the
fill factor is FF, the power conversion efficiency is ), the series re-
sistance is Rg, and the parallel resistance is R,. The samples were

dev.solarcellinsights.com/index.php/sci/article/view/6

ferent annealing temperatures can be found in Figure S2. annealed at different temperatures for 10 min.

Jse Jc (EQE) Voo FF n Rs Rp

Annealing temperature (mA/cm?) (mA/cm?) (mv) (%) (%) Q) Q)
As-cast 23.26 22.74 848 59 11.64 8 1237
80 °C 24.64 24.85 821 62 12.55 6 1370
110°C 23.77 22.72 832 59 11.72 7 1338
140 °C 25.76 25.83 795 57 11.63 7 1205
170 °C 25.39 26.45 777 55 10.86 7 1207
200°C 25.00 26.21 738 50 9.26 10 734

2.2. Photoluminescence imaging (PLI)

Photoluminescence imaging (PLI) is a non-destructive, all-opti-
cal technique that sheds light on OSCs’ opto-electronic proper-
ties and film quality. In PLI, the photoactive layer within the de-
vice stack can absorb light and subsequently emit photolumines-
cence, providing insight into charge carrier recombination, the
quality of the thin film, and device performance. This highly sen-
sitive imaging technique allowed us to visualize the spatial dis-

tribution of photogenerated charge carriers, defects, and non-
uniformities. It can be used to make improvements both in mate-
rial design and device fabrication.

Figure 2 shows the PLI of PM6:Y6 devices measured under
470 nm diode excitation after annealing. The as-cast device ex-
hibited the highest PL intensity, while the PL intensity gradually
decreased with increasing annealing temperature. Thermal an-
nealing can cause changes in the charge carrier recombination
occurring in the device, for example, by variation of the trap
state distribution.

c)110°C

Figure 2: Photoluminescence imaging (PLI) of PM6:Y6 devices. Each sub-image is a response to the actual cell size of 7 x 6 mm?2. (a) as-cast, (b) 80 °C, (c)
110 °C, (d) 140 °C, (e) 170 °C, and (f) 200 °C. All measurements were taken under the same excitation conditions, and the intensities are comparable.

However, in OSCs, photoluminescence effectively probes exciton
quenching, which is controlled by the magnitude of component
demixing (often called phase separation). The observed reduc-
tion in PL intensity over the whole device area thus indicates a
more intimate mixing, leaving fewer excitons unquenched as
they can more easily reach the donor-acceptor interface. These
results suggest that the reduction in PLI intensity arises from a

© 2026 The authors - CC BY 4.0

complex interplay between improved donor-acceptor mixing
and thermally induced loss channels, which evolve differently
across the annealing range.

2.3. Electroluminescence imaging (ELI)

Electroluminescence imaging (ELI) is a technique used to study
OSCs, and organic light-emitting diodes (OLEDs) based on the
detection of the device’s local electroluminescence. In the con-
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text of OSCs, ELI enables the spatial mapping of electrolumines-
cence across the surface of the OSC, providing valuable insights
into the spatial distribution of charge carriers, recombination
processes, and overall device efficiency. According to the reci-
procity theorem, a solar cell's external electroluminescence quan-
tum efficiency EL; observed under forward bias (carrier injec-
tion) corresponds to a higher EQE under illumination .
Furthermore, ELI can help to optimize device fabrication pro-
cesses by revealing areas of non-uniformity and defects.

ELI is performed on devices after annealing at different tem-
peratures to investigate the mechanisms of charge carrier injec-
tion and their recombination within the photoactive layer (see
Figure 3). According to the reciprocity theorem, the charge injec-
tion process is intimately linked to charge extraction via the hole

dev.solarcellinsights.com

and electron transport layers. It is important to note that temper-
ature changes can significantly influence the barrier for charge
injection when the transport layers undergo changes. Upon ther-
mal annealing up to 110 °C, no significant changes can be ob-
served in the EL intensity; however, the EL intensity is reduced
for the devices annealed at higher temperatures. An apparent
stripe-type pattern is visible in all EL images of the devices, simi-
lar to the PL images. In the case of the device annealed at ele-
vated temperature, the reduction in ELI intensity can be attrib-
uted to temperature-dependent modifications in charge-injection
barriers and the appearance of interfacial defects or partially de-
graded sealing layers, which reduce radiative recombination effi-
ciency under electrical excitation. This stripe pattern is a com-
mon side effect of spin coating, sometimes called the spin-coat-
ing star, mainly when chloroform is used as a solvent.

Figure 3: Electroluminescence imaging (ELI) of PM6:Y6 devices measured by applying the current. Each sub-image is a response to the actual cell size of 7

x 6 mm?2. (a) as-cast, (b) 80 °C, (c) 110 °C, (d) 140 °C, (e) 170 °C, and (f) 200 °C.

The evolution of both PLI and ELI intensities can be understood
in terms of the balance between exciton dissociation (charge gen-
eration) and non-radiative recombination. At moderate anneal-
ing temperatures (< 140 °C), the slight reduction in PLI intensity
reflects enhanced exciton quenching at the donor-acceptor inter-
face, consistent with more intimate nanoscale mixing, facilitating
charge separation. However, further temperature increase in-
duces PM6 crystallization and vertical phase separation, which
diminishes the interfacial area and introduces energetic disorder
and trap states. These structural changes increase non-radiative
recombination losses, manifested in a pronounced decrease in
PLI and ELI intensities. Thus, the evolution of luminescence with
temperature indicates a transition from morphology-driven en-
hanced exciton dissociation to thermally induced degradation,
resulting in non-radiative recombination pathways “”". The si-
multaneous reduction in PL and EL intensities (Figures S3-S6)
with increasing annealing temperature, accompanied by the de-
cline in Voc, indicates non-radiative recombination pathways.
These losses likely originate from trap states and increased ener-
getic disorder introduced by crystallization and demixing, as evi-

© 2026 The authors - CC BY 4.0

denced by AFM and GIWAXS analyses. Such structural re-
arrangements reduce the interfacial area and promote exciton
quenching via non-radiative decay.

2.4. Light Beam-Induced Current (LBIC)

To gain insight into the spatial distribution of photocurrent gen-
eration within the device, light-beam-induced current (LBIC)
measurements are performed. LBIC uses a focused light beam,
typically a laser light source, to selectively illuminate different
regions of a device's surface. As the focused light beam (typi-
cally between 5 and 20 um in diameter) is scanned across the de-
vice surface, the resulting local photocurrent is measured, pro-
viding a spatial map of the photocurrent distribution. This spa-
tial mapping allows for identifying variations in efficiency, de-
fects, and non-uniformities across the device.

Figure 4 shows the LBIC measurements of PM6:Y6-based so-
lar cells annealed at different temperatures. Although the current
flows uniformly through the as-cast device, the spatial current
distribution becomes less uniform for higher annealing tempera-
tures. This observation may indicate changes in the charge trans-
port layers, considering that the EQE data show the highest pho-
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tocurrents for even the highest annealing temperatures. It should
be noted that LBIC provides local photocurrent mapping, while
EQE represents an area-averaged response. The reduced unifor-
mity observed in the LBIC images at higher annealing tempera-
tures likely originates from local defects or partial delamination,

dev.solarcellinsights.com

D
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D

which do not significantly affect the overall EQE spectrum.
Hence, the apparent discrepancy between local and area-aver-
aged measurements arises from the difference in spatial resolu-
tion rather than any inconsistency in device performance.

-

Figure 4: Full-size LBIC scans of the PM6:Y6-based solar cells. The light-beam induced current (LBIC) was measured using a Keithley 2400 and an
excitation laser at 658 nm. Each sub-image is a response to the actual cell size of 7 x 6 mm?Z. (a) as-cast, (b) 80 °C, (c) 110 °C, (d) 140 °C, (e) 170 °C, and (f)

200 °C.

All PLI, ELI, and LBIC images in this study were processed us-
ing a consistent, normalized color scale applied identically to ev-
ery sample. This approach enables reliable comparison of spatial
variations in recombination and photocurrent distribution,
which are the primary quantities of interest for these techniques.
Because the analysis focuses on relative spatial contrast rather
than absolute signal magnitude, the normalized representation
does not influence the interpretation of the thermally induced
trends. Importantly, all imaging observations are contextualized
with complementary GIWAXS, AFM, and device-level measure-
ments, ensuring that the spatial maps support a coherent and
well-correlated picture of morphology-dependent optoelectronic
behavior.

2.5. Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is utilized to examine the to-
pography of the film surface and to investigate the impact of
thermal annealing at different temperatures on the morphology
of the film’s photoactive layer. The topographical images of
PM6:Y6 blends subjected to thermal annealing at various tem-
peratures are shown in Figure 5. No significant changes in to-
pography are observed in the thermally annealed films up to 140

© 2026 The authors - CC BY 4.0

°C. However, thermal annealing at temperatures higher than 170
°C caused the film’s surface morphology to change, and crystal-
lization, leading to finer structures, was observed.

The AFM images reveal the emergence of fine fibrillar-like
feathers at high annealing temperatures, indicating that the poly-
mer PM6 is getting enriched at the film’s surface, which would
not be an issue in the case of devices, since the hole extraction
takes place at the top of the film, facilitated by the MoO, charge
extraction layer. However, such vertical stratification is not war-
ranted within devices, since the interaction with MoO, may
cause the enrichment of that phase, which shows a similar inter-
facial energy as MoO,. A non-favorable enrichment of Y6 near
the hole extracting the MoOj layer could be a reason for the re-
duction in open-circuit voltage and fill factor, as observed in the
IV data. While AFM alone cannot reveal the material composi-
tion of these structures, similar fibrillar morphologies have been
reported for both donor and acceptor phases in non-fullerene
systems’. Thus, the observed surface texture likely reflects a
combined reorganization of both PM6 and Y6 components, con-
sistent with the enhanced crystallinity observed by GIWAXS
(Figure S7 and Table S1 in SI) and the associated changes in
charge extraction and device performance. Such a crystallization
process may cause a rearrangement of the vertical phase distri-
bution, leading to potentially unfavorable material gradients.
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Figure 5: Atomic force microscopy (AFM) of PM6:Y6 layers subjected to different annealing temperatures: (a) as-cast, (b) 80 °C, (c) 110 °C, (d) 140 °C, (e)
170 °C, and (f) 200 °C. The images show the evolution of the surface morphology and increased phase aggregation with higher annealing temperatures. All
the images are presented with the same height scale (0-13 nm) for direct comparison.

AFM analysis further reveals a progressive increase in surface
roughness and domain size with rising annealing temperature,
indicating gradual morphological reorganization within the
PM6:Y6 blend. RMS roughness increased from approximately 1.3
nm (as-cast) to 3.2 nm (200 °C), while the characteristic domain
spacing expanded from ~30 nm to ~70 nm (Table S2). These
trends reflect enhanced polymer crystallization and coarsening
of the donor-acceptor network at elevated temperatures. The
emergence of fibrillar features above 170 °C suggests excessive
molecular ordering and vertical phase segregation, consistent
with the structural evolution observed in GIWAXS and the ac-
companying decline in device performance. GIWAXS analysis re-
vealed that PM6:Y6 films maintained a face-on orientation with
constant -7t stacking, while moderate annealing at 110 °C en-
hanced isotropic crystallinity and molecular ordering. In con-
trast, higher temperatures (>140 °C) increased face-on crys-
tallinity but led to excessive phase separation, resulting in re-
duced device performance. The addition of 1D line-cut (Figure
S8) profiles and extracted coherence length and 7t-7t stacking
distances provides a clearer understanding of how thermal an-
nealing modulates lamellar packing and crystalline coherence,
and how these changes relate to the trends observed in PLI, ELI,
and AFM measurements.

High-resolution scanning electron microscopy (SEM) mea-
surements are conducted to examine the cross-sections of the
thin films, as seen in Figure S9. The cast films appear thicker
than other annealed samples, possibly due to residual solvent
impeding the formation of an ideal film. Thermal annealing at el-
evated temperatures (140 °C and above) induces morphological
alterations, evidenced by a somewhat increased contrast. At
higher temperatures and upon closer inspection, a brighter layer
appears to be at the top of the films, indicating and confirming
the enrichment of the polymer PM6 near the surface of the films.
However, as stated before, the vertical stratification can differ for
complete solar cell layer stacks. Raman spectra (Figure S10) re-
veal the onset of structural disorders above 170 °C, consistent

© 2026 The authors - CC BY 4.0

with the irreversible morphological and electronic degradation
deduced from the optical measurements. Although detailed
peak fitting was not performed, the irreversible broadening and
intensity decrease of the C=C stretching vibration (~1510 cm™)
after high-temperature treatment are consistent with structural
disorder in conjugated polymers, confirming irreversible mor-
phological changes within the PM6:Y6 films.

While all devices share identical ETL/HTL processing, and the
temperature-dependent trends correlate directly with GIWAXS,
AFM, PLI, and ELI signatures of bulk morphological evolution,
some degree of interfacial degradation cannot be entirely ruled
out. In our previous work on thermally induced degradation in
PM6:Y6 devices, we demonstrated that high-temperature treat-
ment can modify interfacial energetics and enhance non-radia-
tive recombination pathways®’. Nevertheless, the gradual and
morphology-correlated changes observed here indicate that bulk
active-layer reorganization is the dominant factor governing de-
vice behavior as a function of annealing temperature.

CONCLUSION

This study, which leverages multiple optical and optoelectronic
imaging techniques, provides insight into the impact of thermal
degradation on state-of-the-art PM6:Y6 devices. However, aside
from the pattern caused by the use of chloroform for coating the
photoactive layer and a few defects within the charge transport
or electrode layers, the devices remain homogeneous across the
photoactive area. While only minor variations in device effi-
ciency are observed up to 140 °C, more substantial reductions in
Voc and FF values occur at higher annealing temperatures.
Although a quantitative analysis of phase-region purity and do-
main size (e.g., by RS0XS) could further substantiate the mor-
phological evolution, in conjunction with the tendency of PM6 to
crystallize, as observed in the AFM and SEM images, vertical
phase separation / stratification different from that of pristine
films can occur in complete device stacks. This finding indicates
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that charge transport and extraction are affected by structural
and nanoscale morphological alterations. A reduced radiative
exciton recombination, as observed in photoluminescence and
electroluminescence imaging results, appears to indicate re-
duced component demixing, which may hinder charge percola-
tion. Additional degradation mechanisms can arise due to
changes within the charge transport layer itself, specifically
within the MoO, layer. Furthermore, photoluminescence and
electroluminescence studies reveal that moderate annealing im-
proves exciton dissociation, while excessive heating enhances
non-radiative recombination. Complementary Raman spec-
troscopy experiments further confirmed these observations by
demonstrating that high-temperature treatment induces irre-
versible structural disorder, which correlates with the increased
non-radiative recombination observed in the optical measure-
ments. Taken together, the structural evolution revealed by
GIWAXS and AFM, alongside the simultaneous decrease in PL/
EL emission and V., consistently indicates that thermal anneal-
ing induces crystallization-driven phase separation, which en-
hances non-radiative recombination and energy losses, ulti-
mately leading to performance degradation in state-of-the-art
PM6:Y6 solar cells.

Associated Content

Supporting Information

Dark J-V characteristics of devices, statistical evaluation of de-
vice performance, steady-state photoluminescence spectra (over-
laid and individual), electroluminescence spectra (overlaid and
individual), 2D GIWAXS patterns, OOP/IP line cuts, and az-
imuthal orientation analysis, crystallite size and stacking dis-
tance evolution, AFM height images and morphological parame-
ters, SEM cross-sectional morphology, Raman spectroscopy dur-
ing heating/cooling cycles, light J-V characteristics comparing
pre- and post-electrode annealing.

EXPERIMENTAL SECTION
Sample preparation
All the thin films were prepared on quartz glass in order to per-
form the optical measurements. In contrast, thin films for electro-
chemical measurements were processed on ITO/ZnO substrates.
Thin films for structural and morphological characterization
were coated on either Si or glass substrates using the same pa-
rameters as those for the active layer of the solar cell devices.
Inverted BHJ solar cells were fabricated with a device configu-
ration of ITO/ZnO/PM6:Y6/MoO,/Ag. Glass substrates with
pre-patterned indium tin oxide (ITO, 16 Q sq ') were first
cleaned with the dilute detergent solution for 20 min in an ultra-
sonic bath. Samples were rinsed in flowing deionized water for 5
minutes, followed by a sequential bath of acetone and iso-
propanol for 15 minutes each. In the next step, these cleaned
samples were exposed to UV-ozone plasma cleaning for 15 min.
A thin layer of ZnO is spin-coated (4000 rpm) using the ZnO
precursor solution. The films were baked at 150 °C for 15 min in
the air to give the film a thickness of 30 to 35 nm. The ZnO films
were transferred into the glovebox for active layer deposition.
The photoactive layer solutions were prepared a day before de-
position using polymer PM6 (purchased from 1-material) as the
donor mix with Y6 as the acceptor (purchased from Organtec
Ltd-BETTERCHEM). The donor and acceptors were dissolved in
chloroform (CF) at a ratio of 1:1.2 (wt.%), with an overall con-
centration of 15.11 mg/mL, and stirred overnight at a tempera-

© 2026 The authors - CC BY 4.0
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ture of 40 °C. As a solvent additive, 0.5 vol.% chloro-naphthalene
(CN) was added to the host solution. The active layers were
spin-coated over the ZnO-coated substrates at 2500 rpm to pro-
vide a film thickness of ~90 nm. Afterward, the films were trans-
ferred to a thermal evaporator for the evaporation of a 10 nm
thick film of MoQ,, followed by a 100 nm thick Ag top electrode
with deposition rates of 0.25 and 0.5 A /s, respectively, through a
shadow mask, yielding active areas of 0.42 cm” in each device.

Sample Characterizations

Electrical characterization: J-V measurements of solar cells
were performed in the glovebox with a Keithley 2400 source me-
ter, and an Oriel Sol3A Class AAA solar simulator calibrated to
one sun, AM1.5 G, with a KG-5 silicon reference cell certified by
Newport. The EQE measurements were performed at zero bias
by illuminating the device with a monochromatic light supplied
by a Xenon arc lamp in combination with a dual-grating
monochromator.

Grazing Incidence Wide Angle X-ray Scattering (GIWAXS):
The GIWAXS measurements were carried out with a SAXSLAB
laboratory instrument using a CuKx X-ray source (8.05 keV, 1.54
A) and a Pilatus 300 K detector. The incident angle was 0.2°, and
the sample-to-detector distance (SDD) was set to 95 mm. The
transformation to g-space, radial cuts for the in-plane /out-of-
plane analysis, and azimuthal cuts for orientation analysis were
processed by the MATLAB-based package GIXSGUIL

Atomic Force Microscope (AFM): Film topography was char-
acterized using a Veeco/Bruker Dimension atomic force micro-
scope in tapping mode to gain further insight into possible mor-
phology changes with super sharp tips (TESP-SS). The images
were analyzed primarily by Nanoscope v720 software during the
measurements and by Gwyddion, a multiplatform, modular, free
software.

ELI: The Keithley 2400 Source Measurement Unit (SMU) sup-
ports a constant current of 20 mA for the device under measure-
ment. A S5i CCD camera, specifically the ANDOR iKon-M, is po-
sitioned above the device and used to capture the optical signal
produced by the device under the applied current. The camera is
cooled to -50 °C prior to the measurement. The captured signals
are then processed and visualized using software. All measure-
ments are conducted in a dark environment at room
temperature.

PLI: In the dark environment and room temperature, LED
components powered by EA-PS 2042-06 B serve as the radiation
devices. Above these devices, a Si CCD camera (ANDOR iKon-
M) cooled to -50 °C captures the light signals generated when
the devices are irradiated by a laser (470 nm), forming visual im-
ages in the software.

LBIC: The Laser Beam Induced Current (LBIC) technique re-
lies on the use of a Keithley 2400 instrument to measure the local
current generated by a solar cell under the illumination of a 658
nm laser (Insaneware, Germany). The laser is moved point by
point (15 um) across the entire cell in a dark environment at
room temperature, and the resulting current distribution is
recorded and displayed as a scanned map on the computer.

Vapor phase infiltration: The VPI process was conducted in a
Veeco Savannah S200 system. The Samples were exposed to 50
alternating cycles of DEZ and H20O at 100°C. During each cycle,
the samples were exposed to a DEZ pulse for 300 s, followed by a
purge process of 150 s. After the DEZ pulses, the samples were

Page 7 of 10

dev.solarcellinsights.com/index.php/sci/article/view/6


https://dev.solarcellinsights.com/index.php/sci
https://dev.solarcellinsights.com/index.php/sci
https://dev.solarcellinsights.com/index.php/sci/article/view/6

Solar Cell Insights (Dev)

exposed to a single H20 pulse, followed by a purge process of
300 s. The VPI process conditions were carefully adjusted to re-
duce any morphology changes during the process.

High-resolution scanning electron microscopy: Cross sections
of the thin films were obtained by immersing the samples in lig-
uid nitrogen and then cleaving them, resulting in sharp cross-
section samples. HRSEM micrographs were taken using a Zeiss
Ultra- Plus FEG-SEM operated at 1.5 kV accelerating voltage
with a working distance of ~2.7 mm. Backscattered electrons sig-
nal (ESB detector) and secondary electrons signal (Inlens detec-
tor) were collected simultaneously.

Photoluminescence (PL) spectroscopy: A fiber spectrometer
manufactured by Avantes called the AvaSpec ULS-204864 was
utilized in order to record PL intensities. For optical excitation, a
straightforward laser diode equipped with a wavelength of 405
nm was used.

Electroluminescence (EL) spectroscopy: Solar cells were addi-
tionally analyzed using EL spectroscopy across a spectrum of
330-1170 nm. The electroluminescence spectrum of the solar
cells was measured in a dark chamber by applying a continuous
forward current of 50 mA using a Keithley 2400 SMU, resulting
in a current density of 120 mA cm? The emitted light was gath-
ered and conveyed through a fiber optic to a silicon spectrome-
ter. The Avantes spectrometer, AvaSpec ULS2048-64, and the
OEM software were used to capture the signal over an integra-
tion period of 10 seconds with double averaging.
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Raman Spectroscopy: Using a backscattering objective, the
Raman spectra were obtained at 532 and 633 nm excitation using
a WITec alpha300 apryon confocal Raman microscope. The mea-
sured Raman spectra were analyzed, and the background sub-
traction was carried out using the WITec Project FIVE software.
The laser's power was adjusted to 0.04 mW for excitation at 532
and 633 nm. The acquisition duration was 25 s, and the average
was 10 times for the single spectra.
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