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Organic solar cells spray-coated in air with
enhanced efficiency and stable morphology

Qin Wang,? Kang An,*@ Xin Cui,? Xinyu Jiang,*® Xingwang Kang,? Jingyan Qi,?
Xujie Hui,? Jialin Wu,® Xin Zhang,? Zhipeng Yin,2 Wei Meng,? Youyu Jiang,*©
Yinhua Zhou, © < Keyou Yan, @9 Lei Ying, © 2 Stephan V. Roth @ and Ning Li © **f

Spray coating is a promising technique for the scalable fabrication of organic solar cells (OSCs) owing to its
high compatibility with arbitrarily shaped substrates. However, the insights and analyses from the widely
used spin-coating technique cannot be directly transferred to spraying. In this work, we systematically
investigate the transformation from conventional spin-coating to spray coating for a representative OSC
system, PM6: DTY6: L8-BO. The conventionally used chloroform (CF) solvent in spray coating leads to
a significant drop in the power conversion efficiency (PCE) and stability, owing to an inferior
morphology, while optimized toluene (TL) films enable superior performance and enhanced long-term
stability. In situ spectroscopy and systematic morphology investigations reveal that the two solvents
exhibit distinct film formation kinetics, with TL promoting a more gradual and uniform assembly process,
leading to more favorable molecular packing and reduced amorphous clustering. The optimized TL-
sprayed device achieved a PCE comparable to the spin-coated one and maintained 97% of its initial
performance after 1000 h of thermal aging at 65 °C. These findings highlight the critical role of
morphology modification in performance and stability during processing technique transformation.

Scaling up the fabrication of organic solar cells (OSCs) is crucial for their commercial application, yet it remains constrained by the limitations of lab-oriented
processing methods. Spray-coating, as a scalable and substrate-versatile technique, is attracting increasing attention. However, knowledge derived from

conventional spin-coating approaches often proves inadequate when applied directly to spray-coated systems. Simultaneously, the widespread use of haloge-
nated solvents such as chloroform (CF) in high-performance OSCs raises concerns about environmental safety and industrial applicability. The transition from

spin-coating to spray-coating introduces markedly different film formation dynamics. The faster solvent evaporation and altered flow behavior during spray-
coating lead to different morphology evolution compared to that for spin-coating. In this work, we present a systematic study on process transition from

spin-to spray-coating for non-fullerene based OSCs using a non-halogenated solvent system. Our findings demonstrate that toluene enables a more gradual and
controlled assembly process during spray deposition, leading to improved morphological order, enhanced device efficiency, and superior morphology stability.

This study provides valuable insights into the rational tuning of solvent systems for spray-coated OSCs toward environmentally friendly and scalable

manufacturing.

1 Introduction
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Great progress has been made in the field of organic solar cells
(OSCs) in recent years, due to the continuous development of
novel photo-active materials'” and the development of device
engineering.®** In particular, the popular non-fullerene accep-
tors (NFAs) of Y6 and its derivatives have enhanced power
conversion efficiencies (PCEs).**** Meanwhile, various optimi-
zation strategies for active layers have been utilized to further
enable the generation of PCEs of over 20%,'?' including the
use of liquid/solid additives, multi-component concepts, and
active layer structure modification. High-efficiency OSCs are
commonly fabricated using spin-coating (SC) on small-area
substrates in a nitrogen-filled glove box, and upscaling
towards large-scale production is difficult. Developing
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compatible large-area coating technologies under an ambient
atmosphere is essential to produce high-throughput and low
carbon footprint organic photovoltaic. Spray coating (SP) is
a promising method, as it offers surface compatibility, efficient
material utilization, and suitability for continuous production
(Fig. 1a). There are reports on spray-coated OSCs fabricated with
the addition of four-electrode electrospray that have achieved
a PCE approaching 16% by compressing a circular profile into
a sheet-like one to eliminate coffee-ring effects.” Ultrasonic
spray assisted by an air knife can also promote the spread of wet
films across the entire surface, resulting in uniform photo-
active layers.”® The optimization of spray-coated photo-active
layers has been focused on material design, solvent screening,
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and post-treatments, leading to continuous improvement for
spray-coated OSCs.***”

Ensuring long-term operational stability remains a major
obstacle for the commercial viability of OSCs. The gradual tran-
sition of the initially optimized bulk heterojunction (BH])
morphology into an intermediate metastable state, and finally to
thermodynamic equilibrium, along with the reorganization of
molecular aggregation. or NFA crystallization, and phase separa-
tion, leads to unexpected degradation in exciton dissociation,
charge carrier transportation and non-radiative recombination,
ultimately shortening the lifetime.?®* Various strategies have been
employed to mitigate morphological instability, including chem-
ical structure modifications to improve the glass transition
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Fig. 1 (a) Chemical structures of solvents employed in this study and schematics of the spin-coating (SC) and spray (SP) techniques; (b)

normalized UV-vis absorption spectra of neat PM6 and DTY6 fabricated with the SC or SP techniques in CF solvent. (c) and (d) J-V characteristics
for the OSCs with spin-coating with PM6 : DTY6 with CF solvent (SC_CF), spray coating with PM6 : DTY6 with CF solvent (SP_CF), spray coating
with PM6 : DTY6 with TL solvent (SP_TL), and spray coating with PM6 : DTY6:L8BO with TL solvent and further optimization with solvent vapor
annealing treatment (SP_TL_opt). (e) EQE curves, (f) Jon—Vers curves, (g) dependence of the open-circuit voltage on light intensity; and (h)

transient photocurrent for SP_CF and SP_TL_opt OSCs.
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temperature (T,), construction of alloy-like composites, reduction
of the enthalpy change (AH) of the BH]J, and dimer/polymerization
approaches.*® Extensive research has been conducted to identify
the underlying degradation mechanisms, but the insights and
analyses from the spin-coating technique cannot be directly
transferred to spray coating. Stability investigation of spray-coated
devices lags behind, largely because of the limited understanding
of film formation kinetics during printing and related morphology
stability Establishing the correlation between
morphology and efficiency/stability, along with a comprehensive
understanding of film formation kinetics in printed BH]Js, is
crucial for future advances in sprayed organic photovoltaics.

In this work, spray-coated OSCs were fabricated with an
active layer comprising the wide-bandgap polymer donor PM6
and NFA DTY6 under ambient conditions. The devices
demonstrate excellent large-area processability and morpho-
logical stability with chloroform (CF) and toluene (TL) solvents.
The transformation from spin-coating to spray coating results
in unexpected PCE and stability losses with processing in CF
solvent. TL was selected to tune the morphology of spray-coated
PM6: DTY6 blends, and the optimized TL-sprayed OSCs di-
splayed a PCE of 15.39% under ambient conditions, which is
one of the highest efficiencies reported for spray-coated OSCs
without an auxiliary method. In addition, the optimized spray-
coated OSCs demonstrated excellent long-term morphological
stability over 1000 h with negligible losses. The morphological
evolution of spray-coated films was systematically investigated
with  ultraviolet-visible  spectroscopy (UV-vis), photo-
luminescence spectroscopy (PL), atomic force microscopy
(AFM) and grazing-incidence wide-angle X-ray scattering
(GIWAXS). Combined with charge carrier dynamics analysis,
these results illustrate that the rearranged, and more crystalline
phase suppresses amorphous clustering and modifies phase
separation, thereby optimizing spray-coated films by reducing
charge recombination and enhancing charge transport. These
findings offer critical insights into overcoming processing-
induced limitations and guiding the rational design of high-
performance and stable spray-coated OSCs.

concerns.

2 Results and discussion
2.1 Photovoltaic performances

Schematic diagrams of the spin-coating (SC) and spray-coating
(SP) techniques are shown in Fig. 1a. SP without an auxiliary
method relies on air pressure to atomize the diluted solution
into fine droplets, which are sprayed onto the substrate. These
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droplets on the substrate merge to form a continuous film, and
this differs from the SC method utilizing centrifugal force
through high-speed rotation to spread the final films. The
chemical structures of PM6 and DTY6 are shown in Fig. S1, SI,
and corresponding absorption spectra of neat films fabricated
with SC and SP are shown in Fig. 1b. The PM6 exhibits strong
absorption at 500-650 nm and DTY6 exhibits strong absorption
at 750-900 nm, showing excellent complementary light
absorption. Compared to the spin-coated films, the neat PM6
prepared by spray coating shows enhanced 4, transition peaks
at 575 nm. The spray-coated DTY6 film exhibits noticeable red-
shift compared to the spin-coated one, indicating that the film
morphology is greatly influenced by different coating tech-
niques. The BHJs fabricated with spin-coating and spray coating
are shown in Fig. S2, SI. The DTY6 peak exhibits increased
intensity and a redshifted peak location for spray coating, which
is consistent with the behavior in neat DT6Y films. To evaluate
the effect of solvent on the film formation, OSCs were fabricated
with the normal device architecture of ITO/PEDOT : PSS/PM6 :
DTY6/PFN-Br/Ag. The active layers of spray-coated OSCs were
fabricated in an ambient environment. The current density-
voltage (J-V) characteristics of the corresponding devices are
shown in Fig. 1c, and the photovoltaic parameters are
summarized in Table 1. The spin-coated OSC exhibited a PCE of
16.69%, with an open-circuit voltage (Vo) of 0.872 V, a short-
cireuit current (Jsc) of 25.64 mA cm™?, and a fill factor (FF) of
75.47%, which is consistent with the previous report. For the
spray-coated OSCs, the Voc and J,. showed unexpected drops to
0.851 V and 23.78 mA cm 2, respectively. Additionally, the FF
clearly dropped to 47.86%, finally giving a poor PCE of 9.62%
(denoted as SP_CF). The spin-coated PM6 : DTY6 processed with
toluene (TL) exhibits a comparable PCE to that with the CF
solvent. TL spray-coated OSCs were fabricated and presented
a better PCE of 13.19% than the CF-sprayed OSCs, attributed to
the largely increased FF. After systematically optimizing the TL-
based ink (Fig. S4-S6, SI), the optimized TL-sprayed OSC
exhibited a PCE of 15.39%, along with a V¢ of 0.880 V, a Jsc of
23.79 mA cm ™2 and an FF of 73.69% (denoted as SP_TL_opt).
The energy losses of the SP_TL and SP_TL_opt devices were
calculated as 0.579 and 0.562 eV, respectively. The combination
of the advantages of ternary and SVA optimization results in an
enhancement of the V¢ from 0.846 V to 0.880 V (Fig. S7, SI).
The current densities integrated from the EQE spectra are 21.40
and 23.17 mA cm 2 for the SP_CF and SP_TL_opt devices,
respectively (Fig. 1e), which agree well with the Jsc values
extracted from the J-V curves.

Table 1 Photovoltaic parameters of OSCs fabricated with the SC and SP techniques

Sample Voc [V] Jsc [mA ecm 2] Jsc, vqe” [MA em™?] FF [%] PCE” [%]

SC_CF 0.872 25.64 (25.48 + 0.12) 25.11 75.47 (74.87 + 0.38) 16.69 (16.59 + 0.10)
SP_CF 0.851 23.78 (23.10 + 0.44) 21.40 47.86 (46.87 + 1.35) 9.62 (9.13 + 0.50)
SP_TL 0.846 24.24 (23.77 £ 0.41) 22.92 65.20 (64.28 + 0.57) 13.19 (12.90 + 0.17)
SP_TL_opt 0.880 23.79 (23.65 + 0.18) 23.17 73.69 (73.11 + 0.61) 15.39 (15.20 + 0.14)

“ Values in parentheses are the current densities integrated from the EQE spectra. ° Average values were obtained from 10 separate devices.

© 2025 The Author(s). Published by the Royal Society of Chemistry

EES Sol, 2025, 1, 847-856 | 849


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5el00081e

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 21 August 2025. Downloaded on 11/24/2025 8:07:13 PM.

(cc)

EES Solar

The charge generation, extraction and recombination char-
acteristics were evaluated in the SP_CF and SP_TL_opt devices.
Fig. 1f presents the photocurrent density (J,,) versus the effec-
tive voltage (V) of the devices. Compared to the exciton
dissociation probability (Pgiss) of 83.6% for the SP_CF device,
the higher Py;ss of 90.4% for the SP_TL_opt device indicates the
higher exciton dissociation and charge collection efficiency.
Meanwhile, the semilogarithmic plot of Vo as a function of the
light intensity exhibits a linear relationship with a slope of kT/q.
A stronger dependence of V,,. on the light intensity with a larger
slope of kT/q will be observed if Shockley-Read-Hall (SRH)
recombination is involved. As depicted in Fig. 1g, the fitted
slopes are 1.34 and 1.14 kT/q, indicating the lower SRH
recombination of the SP_TL_opt device than that of SP_CF
device. Transient photocurrent measurements were conducted
to probe the competition between charge carrier extraction and
recombination (Fig. 1h). The SP_TL opt device exhibited
a shorter charge extraction time (tpc) of 0.48 ps than the SP_CF
(0.97 ps). These findings are consistent with the observed
enhanced FF of the optimized device.

Absorption (a. u.) (b)
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2.2 Drying kinetics

To gain deeper insight into the conformation and aggregation
kinetics of blends, in situ UV-vis measurements were performed
under ambient conditions (Fig. S8, SI). For spin-coated films, fast
film formation within 1s was observed (Fig. 2a), and the interac-
tion of the active components occurred. To understand the effect
of solvents and processing techniques on film morphology, the
temporal evolution of the absorption peaks and intensities for the
polymer and NFAs was determined (Fig. 2b and c). Four film
formation stages are defined as solvent evaporation, planarization
of the polymer, interaction with a solution of the acceptor, and
a final stable stage, corresponding to the different signal evolution
trends observed for the donor and acceptor materials (II and III)
in the spin-coating. Such stages in spin-coating processes suggest
a stepwise, favorable planarization of the H-aggregated phase. As
shown in Fig. 2d and g, spray-coated films exhibited totally
different film formation, and both SP_CF and SP_TL films showed
enhanced intensity along with formation time without a very
noticeable red/blue wavelength shift compared to the spin-coated
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(a—c) In situ UV-vis 2D mapping of the film formation kinetics for SC_CF, SP_CF and SP_TL, respectively. (d—f) Primary peak positions and

(g—i) the corresponding normalized peak intensities of SC_CF, SP_CF and SP_TL during the in situ experiment.
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films (Fig. 2e, f, h and i). The film formation by spray coating can
also be divided into four stages. The initial stage I, corresponding
to the deposition of spray droplets onto the substrate, and the
stable stage IV exhibited clear stage characteristics. We define the
distinction between stage II and III as the rate of intensity
increases, which correlates with the film formation of the CF and
TL solvents. In stage I, the intensity for the CF spray-coated film
increased to 0.05, whereas that for TL increased to 0.03. The
absorption intensity gradually increases for both PM6 and NFAs.
This stage denotes sprayed droplets deposited on the substrate
and initial film formation. After entering stage II, a noticeable
platform and subsequent upward trend occur at certain time
periods (about 1 s for CF and 4 s for TL). The absorption intensity
increase for CF is calculated to be about 0.09 for one step, greater
than that for TL (0.01). The smoother curve of PM6 and NFAs
without significant plateaus or sudden jumps suggests that the
crystallization kinetics for SP_TL are relatively mild. As TL evap-
orates more slowly than CF, the photo-active materials likely
undergo a longer period of phase formation and reorganization,
which may affect the final film morphology and photovoltaic
performance.®*" In stage III, note that the peak wavelength of the
NFAs exhibited discretization in the TL solvent, whereas it is
stable in CF. Some discretization was also observed in stage II in
TL. The intensity for the CF spray-coated film jumped clearly from
0.32 to 0.52 and established new plateaus. A similar phenomenon
was also observed in the TL-processed film. The intensity growth
is lower than that with CF, but also exhibited an increase of 2.5
times compared to stage II for both PM6 and NFAs. Here, we
define stage III as the accumulation growth phase. Both stage I
and stage II exhibit plateau regions and intensity enhancement
regions. However, the spray process continuously deposits solvent
onto the substrate, preventing complete solvent evaporation and
film formation. Instead, the system remains in an intermediate
state between film formation and continued liquefaction. In stage
III, as the spray process is concluded, the incomplete film
formation from the earlier stages and the imminent termination
of spray coating lead to a significant intensity increase. This
corresponds to the crucial assembly and aggregation states of the
polymer donor and NFAs. The CF process results in film forma-
tion in a single step, whereas the TL process exhibits three distinct
stages. This can be attributed to the slower evaporation rate of
toluene, which provides donor and acceptor materials with
additional time to assemble within the solvent environment. This
extended assembly period likely promotes a more uniform phase
separation and an optimized blend network. In the final stage,
nearly all the solvent has fully evaporated. The absence of further
changes in peak positions and peak intensities indicates that no
additional transitions or aggregation occur among the materials.
The delayed film formation in SP_TL may prevent premature
phase separation, facilitating the formation of a more inter-
connected donor-acceptor network, which is consistent with the
enhanced FF in OSCs.

2.3 Film morphology

The surface morphology of the active layers was characterized
by atomic force microscopy (AFM) (Fig. 3a and Fig. S9, SI). The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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SC_CF film exhibited smooth surfaces with a roughness of
1.27 nm and relatively little phase separation. In contrast, the
SP_CF film shows significantly rougher surfaces (RMS = 14.7
nm) and granular aggregation. Comparable uniform surfaces
are observed in all SP_TL films, corresponding to enhanced FF.
Note that the SP_TL_opt film exhibited a clearly fibrous
network, reported to enable multi-scale structure that enhances
carrier extraction and transportation.*

To gain deeper insights into the molecular packing and
orientation of the crystallinity of the active layers, grazing-
incidence wide-angle X-ray scattering (GIWAXS) measure-
ments were conducted. Fig. 3b shows the 2D GIWAXS images of
the samples. Fig. 3c shows the OOP and IP cuts of the samples.
All the samples show a (010) peak ~1.7 A™* along the OOP
direction and a (100) peak ~0.3 A" in all directions, suggesting
a face-on crystalline structure in the active layer. All the peak
details are summarized in Tables S7 and S8, SI. The SC_CF
active layer exhibits a higher intensity than the sprayed active
layer at the (010) peak along the OOP direction. Moreover, the
SC_CF sample shows a higher intensity distribution in the
range of 45-90° for the tube cut of the (100) peak, suggesting
more face-on orientation crystallinity structure. It has been
found that the CF host solvent is not favorable for the active
layer to form a structure with face-on crystallinity with the spray
technique. For the spray-coated active layers with the toluene
solvent, we noted that the crystallinity intensity is lower for both
crystallinity peaks, and the (010) peak position (1.68 A™") is
higher than that for the sprayed CF active layer (1.65 A™%),
suggesting more compact -7 stacking crystallinity. With the
solvent vaper annealing (SVA) post-treatment, the -7 stacking
crystallinity of the toluene-sprayed active layer is further com-
pacted and enhanced, showing increased peak intensity and
a larger peak position (1.71 A™'). In addition, the slightly
increased distribution in the 45-90° range of the (100) peak in
the tube cut suggests an enhanced face-on orientation of the
crystallinity structure. We also noted that there are peaks
appearing at 0.48 A~ and 1.46 A™*, suggesting that with the SVA
post-treatment, the side chains are rearranged, and a higher
level of crystallinity is generated, favoring charge carrier trans-
portation. The appearance of side peaks indicates that more
crystalline phases are formed inside the film.

Optical spectroscopy was used to analyze the film
morphology according to a previous report.**>** Based on the
deconvolution data (Fig. S10, and Tables S4, S5, SI), the relative
energy transfer quantum yields of all films were calculated from
the amorphous to the ordered phase and plotted in Fig. 3e.
Orer/Op1, was calculated to be 0.35 in the CF_SP film, higher
than 0.28 in the TL_SP film. Combined with much phase
separation and crystallinity in the CF_SP film, this indicated
that the CF_SP film has a dispersive amorphous phase, and FF
loss mainly comes from exciton recombination, in contrast to
the TL counterparts. The Qger/Op;, of the optimized TL devices
reached 0.45, exhibiting a more efficient relative energy transfer
quantum yield.** To better understand the film formation
changes in detail, time-resolved photoluminescence (TRPL)
spectra for the SP_CF and SP_TL_opt blends at various wave-
lengths from 950-1500 nm were recorded using an 810 nm laser

EES Sol, 2025, 1, 847-856 | 851


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5el00081e

Open Access Article. Published on 21 August 2025. Downloaded on 11/24/2025 8:07:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

EES Solar

View Article Online

Paper

1.80m 251 nm

-10.7 nm

q,(a")

q (A"

Fig. 3

—SC:CF *
—SP_CF
- 2040+
3 Q *
8 &
. o ‘
£ $035¢ - ;
030 & i
-
60  -40  -20 0 p s N ¢ \
¢ d < e of
- G- \' L - <N\~ .-
() e Y B Mgl

(a) AFM height images and (b) 2D GIWAXS images of the representative active layers. (c) 1D scattering profiles of out-of-plane (OOP, solid

line) and in-plane (IP, dashed line) cuts and (d) tube cuts for the azimuthal (100) peak corresponding to the active layers. (e) Relative energy
transfer quantum yield from the amorphous to the ordered phase for all films.

to excite the films (Fig. S11, SI). The extracted lifetimes (t4, 15, 73)
are summarized in Table S6 (SI). Compared to the SP_CF film,
the SP_TL_opt film exhibits shorter PL lifetimes, indicating
more efficient exciton dissociation and charge transportation in
the SP_TL_opt films. The enhancement may benefit from fiber-
like charge transport pathways with suppressed likelihood of
charge recombination.

2.4 Thermal stability

To investigate the long-term stability of the SP_CF and
SP_TL_opt films, thermal stability measurements were per-
formed on inverted OSCs with the structure ITO/ZnO/active
layer/MoOy/Ag, which has been proved to be valid to evaluate
the stability of active layers as stable buffers. The thermal
stability was evaluated at a temperature of 65 °C (Fig. 4a) in
a nitrogen-filled glovebox on a hot plate. The normalized
photovoltaic parameters are plotted with respect to the thermal
ageing time. The V¢ dropped to 36%, Jsc to 66%, and FF to 65%
in the SP_CF device. However, there was almost no significant
fluctuation for the SP_TL_opt devices after thermal annealing,
indicating robust stability for this blend. The SP_TL_opt device
retained the highest 97% of its original PCE after being ther-
mally annealed for about 1000 h, indicating excellent thermal

852 | £ES Sol, 2025, 1, 847-856

stability. Due to the low diffusion coefficient, the NFA-based
OSCs exhibited a predominant loss of FF compared to
fullerene-based systems. Hence, to further verify the Voc and Jsc
losses in the SP_CF devices, we conducted long-term stability
tests with a PEDOT-F interface, where PEDOT-F was utilized to
modify charge extraction for superior stability. A similar trend
was also observed in the PEDOT-F hole-transporting layer. The
light stability of these OSCs was also investigated under one-sun
illumination. As demonstrated in Fig. 4c and d, the SP_TL_opt
exhibited better photostability, retaining 93% and 94% of the
original PCE after 180 h of illumination in MoO, and PEDOT-F
as buffer layers, respectively.

To investigate the degeneration of active layers, the surface
morphology of the aged active layers is evaluated with AFM
(Fig. S12, SI). The SP_CF film shows rougher (RMS = 14.7 nm)
and enlarged granular aggregation. A comparable uniform film
was observed in the SP_TL_opt film (4.33 nm), which corre-
sponds to stable performance. From the GIWAXS data (Fig. S13,
SI), the SP_CF film exhibits an intensity increase and constant
positions both for (100) and (010) peaks after the degradation.
In addition, the (100) peak intensity among the whole angle
range increased, especially for —90° to —45°, suggesting growth
of crystallinity, especially for the face-on orientation. For the
SP_TL_opt film, although the peaks at 0.48 A" and 1.46 A* are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 The thermaland photostability of SP_CF and SP_TL_opt devices fabricated with two different device architectures: ITO/ZnO/active layer/
MoO,/Ag and ITO/ZnO/active layer/PEDOT-F/Ag. (a and b) Thermal stability was evaluated under continuous thermal aging at 65 °C under a dry
nitrogen atmosphere without encapsulation. (c and d) Photostability was assessed under continuous one-sun illumination at 23 °C under a dry

nitrogen atmosphere without encapsulation.

associated with the loss of side chain crystallinity, the (100) and
(010) peaks show no significant changes after the degradation
study. This suggests that the main crystallinity framework
remains almost constant, which could explain the outstanding
stability for the corresponding OSCs. The drying dynamics of
SP_CF are very fast, but this leads to unstable crystallization,

© 2025 The Author(s). Published by the Royal Society of Chemistry

making the structure easily degraded during ageing. In
contrast, the SP_TL_opt film allows more time for crystal
formation and stabilization, so even after 500 h, the main
crystalline framework remains intact, corresponding to stable
performance. Optical spectroscopy was also used to analyze the
film morphology. The SP_CF film shows @grgr/Op;, decreased to
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Fig. 5
DTY6, PM6 : IT4F and PM6 : Y6 with CF and TL solvent.

0.33, indicating the formation of amorphous clusters in the
NFAs, whereas Qggr/0Op;, remained stable in SP_TL_opt.

As the morphology of the sprayed OSCs can be finely
adjusted, the universality of the spray-coating technique was
confirmed with devices based on another polymer donor, PM7
and two acceptors, ITAF and Y6 (Fig. 5 and Table S13, SI).
Compared with the SP_CF based devices, using the TL solvent
showed improvements in all three key parameters. These
results are consistent with those for PM6 : DTY6-based devices
and reinforce the universality of the spray-coating technique.

3 Conclusion

In summary, we finely tuned the morphology of spray-coated
OSCs during the transformation from a spin-coating to spray-
coating technique, using a non-halogenated solvent, ternary
component and solvent vapor annealing treatment. The opti-
mized spray-coated devices achieved a record PCE of 15.39%,
driven by simultaneous improvements in modified FF and Vpc.
In situ UV-vis measurements provided insights into the film
formation kinetics related to the conformation and aggregation
in the BHJ. AFM, GIWAXS and optical analyses revealed that the
SP_TL_opt film developed a fibrous structure, improved the
molecular arrangement, and exhibited a less amorphous
morphology compared to SP_CF. Moreover, the morphology

854 | EES Sol, 2025, 1, 847-856

Voltage(V) Voltage (V)

(a) Chemical structures of PM7, ITAF and Y6 employed in this study. (b—d) J-V characteristics for the OSCs with spray coating with PM7 :

investigation of the aged films also illustrated that more crys-
talline phases are formed inside the SP_TL_opt films, resulting
in a more robust morphology. Carrier characteristics showed
that the PCE improvement was primarily due to the reduced
charge recombination and modified extraction. These findings
provide valuable guidance for controlling thin-film morphology
to simultaneously optimize the performance and stability of
spray-coated organic photovoltaic devices.
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