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20.64% Efficient and Stable Binary Organic Solar Cells via
Thermodynamic-Engineered Interlayer Diffusion and

Exciton Generation

Kangbo Sun, Yufei Wang,* Guangye Zhang,* Chuanlin Gao, Xiwen Ling, Jianan Zheng,
Jiaxu Che, Chen Xie, Zhibo Wang, Huawei Hu, Peng You, Peigang Han, Shunpu Li,

and Yiwang Chen*

Despite thermodynamics playing a central role in active-layer optimization,
unresolved temperature-dependent mechanisms hinder further efficiency
improvements in organic solar cell. Herein, real-time thermal imaging is
employed to unravel the temperature-controlled assembly dynamics during
sequential processing (SqP) of active-layer films on a hot-substrate (HS). The
HS process provides higher temperature and prolonged heating time for the
active layer during SqP compared to the widely adopted hot-solution
technique, enabling accelerated liquid-phase reorganization and nucleation in
the bottom layer. The HS-induced interfacial energy difference promotes layer
interpenetration and achieves suitable donor content in the bottom region of
the active layer while boosting exciton generation. The highly crystalline
fibrous structure improves hole mobility and suppresses non-radiative
recombination (0.214 eV), yielding a high fill factor (81.00%) and open-circuit
voltage (0.868 V). The 100 nm-thick D18 HS/eC9 device achieves an efficiency
of 19.75% (vs 18.89% for the control) and retains 90% of its initial efficiency
after 270 h under =1 sun illumination (vs 84% for the control). With 2PACZ as
the hole transport layer, over 20% efficiency is demonstrated in three systems:
20.02% (D18/eC9-4F), 20.25 (D18/eC9), and 20.64% (D18/L8-BO, certified
20.10%). Notably, HS-processed 300 nm-thick binary devices achieve over
18.12% efficiency—among the highest reported.

Recent advances in non-fullerene ac-
ceptors, particularly those with strong
nea-infrared absorption and high ex-
tinction coefficients, have propelled the
power conversion efficiency (PCE) of
OSCs Dbeyond 21%.711  State-of-the-art
high-performance photovoltaic systems
predominantly utilize wide-bandgap donor
polymers PM6 and D18, both featuring a
rigid planar benzodithiophene core, which
facilitates efficient z—z stacking and high
hole mobility.[1220] The deeper highest oc-
cupied molecular orbital level of D18-based
polymer donors versus PM6 enables higher
open-circuit voltage (V) values with Y-
series non-fullerene small-molecule accep-
tors (NFSAs), thereby granting D18-based
devices a PCE advantage over PM6-based
systems under identical conditions.[?!%%]

However, the ultra-high crystallization
tendency of D18 that extended planar and
rigid conjugated backbone also results in
poor solubility and strong temperature-
dependent aggregation behavior in most
organic solvents.?*28) Thus, hot solution
spin-coating (e.g., #100 °C) has been widely
adopted for disrupting the interchain z—x

1. Introduction

Organic solar cells (OSCs), capable of direct light-to-electricity
conversion, have garnered significant research interest ow-
ing to their unique advantages, including lightweight, semi-
transparency, flexibility, and robust mechanical stability.'-!

stacking to inhibit pre-aggregation in D18 solution, thereby im-
proving film uniformity and enhancing workability.[?’! In NF-
SAs system, dissolution at elevated temperatures followed by
solution deposition conditions promotes excessive phase sep-
aration, leading to impaired exciton dissociation, intensified
non-radiative recombination, and consequently, substantial V.
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degradation.3%-33] Alternatively, the sequential deposition (SqP)
is often employed for independently fabricating D18 donor layer
(casted by hot solution) and Y-series NFSAs (prepared at room
temperature) to enhance the whole device reproducibility.!16-34-38]
When employing low-boiling-point chloroform (x61.3 °C) as
the processing solvent for active layer, the hot-solution method
causes progressive concentration of the D18 precursor solution
during successive spin-coating times, ultimately leading to sub-
stantial variations in thin-film thickness across different fabri-
cation batches. Second, the interfacial thermodynamics between
the substrate and hot D18 precursor solution remain poorly un-
derstood, particularly their potential influence on the surface
property of casted D18 film. This interfacial incompatibility im-
pedes the effective penetration of the upper acceptor layer into
the underlying donor phase through critical swelling-induced
diffusion,I®>3%! resulting in a significant exciton loss. Conse-
quently, additional post-treatment is typically required to heal
these kinetically trapped defects and enhance overall film crys-
tallinity, inevitably increasing manufacturing costs.

In this work, we reveal the thermal-regulation mechanisms
governing SqP film active layers casted by hot substrate (HS)
methodology. The HS method enables prolonged thermal driving
force during the whole SqP film formation, effectively shortening
the donor liquid-phase duration while accelerating D18 molec-
ular nucleation, ultimately yielding robust bulk heterojunction
film. Compared to pristine condition, the HS process substan-
tially reduces the surface energy disparity between donor and
acceptor films, leading to an easier penetration of upper accep-
tor molecules into the underlying polymeric donor matrix. As
a result, HS-processed SqP films achieve optimized donor con-
centration profiles in the bottom region, dramatically improving
exciton generation near the PEDOT:PSS interface and thereby
enhancing photocurrent. Furthermore, the highly crystalline fi-
brous structure not only provides excellent hole mobility but
also significantly suppresses non-radiative recombination losses
within devices. The 100 nm-thick D18 HS/eC9-4F devices fab-
ricated with conventional PEDOT:PSS hole transport layers ex-
hibit outstanding photovoltaic performance: a V- of 0.868 V,
short-circuit current density (Jsc) of 28.10 mA cm~2, fill factor
(FF) of 81.00%, and PCE of 19.75%. These devices also demon-
strate exceptional photostability, maintaining 90% of their ini-
tial PCE after 270 h of continuous 1-sun illumination. When
employing high-performance 2PACZ as the hole transport ma-
terial, we obtained >20% PCE in 3 different material combina-
tions: the champion devices based on D18/eC9, D18/eC9-4F and
D18/L8-BO achieve record PCEs of 20.25%, 20.02%, and 20.64%,
respectively (with the latter being certified at 20.10%). Notably,
the HS process shows unique advantages in thick-film device fab-
rication, with 300 nm-thick binary devices reaching an unprece-
dented efficiency of 18.12%, representing one of the highest val-
ues reported to date in this field.

2. Results and Discussion

In this study, we constructed the photoactive layer using the D18
donor and non-fullerene acceptor eC9, with their molecular in-
formation and final device structure illustrated in Figures 1a and
S1 (Supporting Information). Figure 1b schematically compares
the conventional SqP method with our HS approach, where HS
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was exclusively applied to the bottom D18 film deposition un-
less otherwise noted. To characterize the thermal dynamics, we
employed high-resolution thermal imaging to monitor surface
temperature evolution during film fabrication. To characterize
the temperature change, we employed high-resolution thermal
imaging to monitor the surface temperature evolution during
film fabrication. Herein, thermal imaging characterization was
performed using a mobile thermal imager (FLUKE, TC01A) with
a resolution of 256 x 192 pixels. Thermal imaging recording
was initiated immediately after placing the sample on the spin
coater’s vacuum chuck. For the hot-substrate method, substrates
were first heated on a hot plate at 70 °C for ~5 min and then
promptly transferred to the spin-coater’s vacuum chuck. All mea-
surements were performed on silicon wafers to eliminate tem-
perature artifacts from ITO glass heterogeneity. The represen-
tative thermal images at key spin-coating intervals during HS-
casted SqP process are presented in Figure 1c, the conventional
fabrication process is monitored in Figure S2 (Supporting Infor-
mation). The recorded detailed temperature change during SqP
process can be seen in the Movie Files 1-3. Later, we extracted
complete temperature-time profiles, as shown in Figure 1d. It
can be seen that all SqP samples exhibited three distinct thermal
regimes: substrate pre-rotation stage (blue region), D18 deposi-
tion process (yellow region) and upper eC9 spin-coating process.
In conventional preparation processes, the D18/eC9 film surface
maintained exceptional thermal stability, with temperature varia-
tions consistently constrained within a 3 °C range throughout the
entire fabrication procedure. During the pre-spin coating stage
(1-12s), frictional heating due to high-speed rotation between
the substrate and the surrounding air leads to a marginal tem-
perature rise, increasing the surface temperature from 29.7 °C
to 30.6 °C. The deposition process of D18 and eC9 solutions
leads to surface temperature reduction, occasionally causing the
temperature to dip below the ambient level. This transient cool-
ing effect lowered ambient temperature is attributed to the en-
dothermic evaporation of the D18 or eC9 solvent, which ex-
tracts thermal energy from the film surface during the deposition
process.

In contrast, the HS process exhibited significantly greater tem-
perature variation range (31 °C — 59.1 °C). During bare substrate
spinning, the temperature showed a rapid drop from 59.1 to
54.9 °C within the first 3 s (cooling rate: ~1.33 °C s71), transi-
tioning to a stable linear decay phase (1.00 °C s7') between 4 and
8 s. For the second stage, introduction of room-temperature D18
solution caused an immediate temperature plunge to 42.4 °C, re-
sulting from both ambient cooling and solution-substrate ther-
mal equilibration. Subsequently, the cooling rate progressively
decreased from 0.5 to 0.2 °C s7! as spin-coating continued (12—
29 5). In the last stage, spin-coating of the eC9 solution triggered
a characteristic temperature drop from 36.4 to 31 °C, followed
Dby stabilization at ambient temperature (32.8 °C). Indeed, for the
HS method, the critical parameter requiring precise control is
the substrate temperature at the moment of D18 solution con-
tact, rather than the initial substrate temperature when placed
on the spin-coater chuck (previously measured at 59.1 °C). Theo-
retically, the initial substrate temperature can be adjusted freely,
as long as the optimal contact temperature (=50 °C) for the D18
solution is achieved. This optimum temperature was identified
through systematic device performance optimization, as detailed
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Figure 1. a) Device schematic and chemical structures of the active layer materials employed in this study. b) Schematic illustration of the conventional
(control) and HS methods for preparing SqP D18/eC9 film. c) Temperature evolution images of the SqP film surface during the HS process with spin-
coating time. d) Time-dependent surface temperature profile of the substrate during the whole SqP film fabrication process.

in later sections. Herein, we conducted further comparative mea-
surements on conventional hot D18 solution (80 °C) fabricated
SqP films, and the subsequent processing steps for the eC9 so-
lution remained unchanged (Figures S3 and S4, Supporting In-
formation). However, the instrument’s thermal imaging rate (>1
s/frame) precluded detection of measurable temperature varia-
tions during the entire hot D18 solution casted SqP film process.
This observation indicates that the thermal variation period dur-
ing hot-solution processed D18/eC9 film formation under high-
speed spinning conditions may shorter than 1 s. Comparative
studies with hot-solution processed D18/eC9 films revealed that
the HS method extends thermal modulation timescales (>30 s
vs <1 s for conventional processing) at equivalent temperatures.
This prolonged thermal control likely suppresses premature D18
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aggregation more effectively during film formation.[*) For ac-
tual devices fabricated on ITO substrates, we also evaluated
SqP films prepared using the three methods including ambient-
temperature fabrication (D18/eC9), HS method (D18 HS/eC9),
and hot-solution technique (D18 hot-solution/eC9), as shown in
Figure S5 (Supporting Information). Although the differences in
thermal conductivity and heat capacity between silicon and ITO
glass led to a temperature discrepancy (=9 °C higher for ITO) be-
tween the two substrates under ambient conditions, the overall
temperature fluctuations during the preparation of SqP films—
whether by ambient or hot-solution processing—remained min-
imal (within 4 °C). Notably, for the HS process, the initial
surface temperatures and their subsequent evolution exhibited
nearly identical trends on both ITO and silicon substrates. This
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Figure 2. a) In situ 2D absorption spectroscopy monitoring the formation of D18 and D18/eC9 films during spin-coating. The horizontal scale bar
denotes absorption intensity. b) AFM height images and c) the corresponding phase images of the D18/eC9 films processed without and with the HS
method. d) TEM micrographs of D18/eC9 films before and after HS pre-treatment.

remarkable consistency strongly validates the reliability of our
conclusions.

Using the two-liquid method and Owen’s equation,[**! we eval-
uated the surface energy (y) of D18/eC9 films fabricated via the
conventional SqP method and the HS approach (Figure S6 and
Table S1, Supporting Information). The total y of the solid films
comprises polar and dispersion components. For films prepared
by the conventional technology, the y values of D18 and eC9 were
25.12and 29.97 mN m™!, respectively. This significant surface en-
ergy difference between the donor (D18) and acceptor (eC9) lay-
ers in the SqP process likely hinders effective interlayer penetra-
tion during swelling process.[*!} In contrast, the HS-treated D18
film exhibited a y of 26.55 mN m™', closer to that of eC9 (29.97
mN m™'). Moreover, the final D18 HS/eC9 SqP film showed a re-
duced y 0f27.16 mN m~! compared to the pristine D18/eC9 film
(28.47 mN m™'), approaching the value of the underlying D18 HS
layer. This shift suggests a higher D18 content on the film sur-
face, consistent with enhanced interlayer mixing. These results
demonstrate that the HS process reduces the interfacial energy
mismatch between layers, promoting more thorough swelling of
the upper acceptor (eC9) into the underlying donor (D18) film.
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In situ absorption spectroscopy was utilized to investigate the
dynamic evolution of optical properties during the spin-coating
process of D18/eC9 films, with particular emphasis on compar-
ing the two processing methods for the bottom D18 layer fabri-
cation. Time-resolved 2D absorption spectra and selected charac-
teristic absorption profiles are displayed in Figures 2a and S7a,b
(Supporting Information), respectively. Herein, the film forma-
tion process of D18 hot-solution spin coating on room tempera-
ture ITO substrate was also tested as a comparison (Figure S7¢,d,
Supporting Information). Quantitative analysis of the film for-
mation kinetics, including liquid-phase duration and nucleation
time, is presented in Figure S8 (Supporting Information).[**#3]
The HS method casted D18 film obtained a smallest liquid-
phase duration of 490 ms, which is remarkably lowered than
pristine method (700 ms) and hot-solution technology (700 ms).
The result indicated that the HS process can inhibit D18 pre-
aggregation in the solution state, which is consistent with the ob-
served the slightly blue-shift absorption edge in final D18 film
(Figure S9, Supporting Information). Compared with conven-
tional method, HS and hot solution technique accelerated nu-
cleation kinetics of D18 molecule, decreasing the crystallization
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onset time by 40% (210 ms vs 350 ms). During the critical
swelling stage (measured as shown in Figure 2a; Figures S10
and S11, Supporting Information), where eC9 solution was spin-
coated onto bottom D18 films, both processing methods exhib-
ited consistent secondary donor nucleation (140 ms) and accep-
tor nucleation (280 ms) timescale independent of the under-
lying donor film.[* The HS-treated or hot solution fabricated
SqP films demonstrated a shortened D18 secondary liquid-—
phase duration (350 ms) and reduced acceptor liquid-phase time
(210 ms), which represents a fast swelling process between upper
eC9 and bottom D18 layer.

To elucidate the structure-property relationships, we system-
atically investigated the surface and bulk morphologies of both
conventional and HS-processed D18 or SqP films using atomic
force microscopy (AFM) and transmission electron microscopy
(TEM) (Figure 2b—d). Figure 2b,c displays representative AFM
height images of the SqP film surfaces and corresponding
phase images. Following HS treatment, the D18 films demon-
strated a measurable increase in root-mean-square roughness
(Rq) from 1.07 to 1.17 nm, accompanied by the development
of uniformly distributed and coarser fibrous structures (Figure
S12, Supporting Information). While HS-treated D18 films dis-
played increased surface roughness, subsequent eC9 deposition
yielded final SqP films with comparable Rq values to conven-
tional D18/eC9 films (0.877 nm vs 0.871 nm), with both main-
taining optimal interfacial contact with the electron transport
layer. TEM analysis confirmed the presence of these character-
istic coarse fibers in HS-treated D18 films (Figure S13, Support-
ing Information), which remained structurally intact in the cor-
responding D18 HS/eC9 SqP films. These observations indicate
that eC9 molecules likely infiltrate the underlying donor phase
by navigating around the coarse D18 fiber structures. Following
chloroform (CF) rinsing, AFM results revealed comparable sur-
face roughness values of 1.15 and 1.13 nm for pristine and HS-
treated D18 films (Figure S14, Supporting Information), respec-
tively, while D18/eC9 and HS-treated D18/eC9 blend films exhib-
ited slightly reduced Rq values of 1.03 and 1.04 nm (Figure 2b,c).
Moreover, the fibrous morphology was almost completely elimi-
nated in the these SqP films after CF treatment, whereas distinct
fibrous features persisted in the CF-washed D18 control film.
To gain further insight into these morphological changes, we
conducted UV-vis absorption spectroscopy to analyze the films
before and after CF treatment (Figure S15, Supporting Infor-
mation). Both pristine D18 and HS-treated D18 films showed
minimal spectral changes, with only slight intensity reductions
while maintaining their original spectral profiles. Among them,
the absorption spectral intensity of the HS-treated D18 film af-
ter CF washing decreases more significantly, suggesting that
the subsequently deposited upper eC9 acceptor would achieve
more thorough intermixing with the underlying D18 layer. In
striking contrast, SqP films demonstrated dramatic spectral al-
terations using CF treatment, including: 1) substantial intensity
reduction across all wavelengths, and 2) near-complete elimina-
tion of eC9’s characteristic absorption features (670-900 nm),
confirming the fact of acceptor composition disappearance. In-
terestingly, HS-processed films exhibited enhanced bulk hetero-
junction morphological stability against solvent washing, as evi-
denced by comparatively smaller absorption losses in D18/eC9
systems—a phenomenon we attribute to their coarser fibrous
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network providing strong support for the entire stable film
skeleton.

To investigate the crystalline properties of the films, we con-
ducted grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurements. The two-dimensional (2D) scattering patterns
(Figure 3a) and corresponding out-of-plane (OOP) and in-plane
(IP) line profiles (Figure S16, Supporting Information) provide
comprehensive structural information. Quantitative analysis of
key crystallographic parameters was performed, including crys-
tal coherence length (CCL = 2zK/FWHM) and z—z stacking dis-
tance (d,_, = 2x/q). These parameters were systematically com-
pared across different processing conditions and summarized
in Figure 3b,c and Table S2 (Supporting Information). For SqP
films, the HS process led to reduced d,_, distances in both the IP
(20.2 A) and OOP (3.66 A) directions, as compared to the control
samples (20.4 and 3.69 A, respectively).'2! Simultaneously, HS-
treated D18/eC9 films exhibited increased CCL along both the
Q,, (106.7 A) and Q, (36.96 A) directions,!**} which aligns with
the “coarse fibrous” morphology revealed by AFM characteriza-
tion. The D18 HS/eC9 system demonstrated slightly tighter z7—x
stacking and long CCL values, confirming enhanced molecular
ordering that favors higher charge carrier mobility.[*/48]

Film-depth-dependent light absorption spectroscopy was em-
ployed to analyze vertical phase separation in SqP films through
soft plasma etching of electrode-free samples (Figure S17, Sup-
porting Information). By deconvoluting the absorption spec-
tra with reference to pristine D18 and eC9 films (Figures
S15 and S18, Supporting Information), we quantitatively recon-
structed the donor/acceptor distribution ratio along the film
depth (Figure 3d).[*>% In the 0-60 nm region, D18 HS/eC9 films
exhibited a high donor content compared to conventional films,
attributable to enhanced acceptor penetration facilitated by the
optimized surface energy matching (Ay = 3.42 mN m™!) between
HS-treated D18 and eC9. While conventional SqP processing led
to excessive D18 accumulation (79.46%) close to the PEDOT:PSS
interface that primarily benefited hole transport at the expense
of exciton generation, the HS-processed films achieved a suitable
donor ratio (64.23%) that balanced both exciton generation and
charge collection efficiency approaching PEDOT:PSS interface.
Optical transfer matrix simulations confirmed the enhancement
in exciton generation rates within the 60-100 nm region for HS-
processed SqP films, thereby contributing to higher photocurrent
generation (Figure 3e; Figure S19, Supporting Information).>%>!]
These findings demonstrate that precisely controlled donor—
acceptor interpenetration, achieved through surface energy op-
timization and moderate donor content reduction (near PE-
DOT:PSS), can simultaneously enhance exciton generation and
charge collection efficiency.

To systematically evaluate the impact of HS method
on the SqP OSCs, we fabricated photovoltaic devices
(ITO/PEDOT:PSS/D18/eC9/PNDIT-F3N/Ag) and observed
significant performance enhancements. Current density—
voltage (J-V) measurements (Figure 4a and Table 1) revealed
that HS-treated D18/eC9 devices achieved superior performance
metrics compared to controls: V. improved from 0.857 to
0.868 V, Jsc increased from 27.75 to 28.10 mA cm~2, and FF
enhanced from 79.37% to 81.00%, collectively boosting the
PCE from 18.89% to 19.75%. The detailed optimal process can
be found in Figures S20 and S21 and Table S3 (Supporting
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Figure 3. a) 2D GIWAXS patterns of pristine D18 and D18/eC9 blend films. b) CCL derived from 2D GIWAXS line-cut profiles. c) Comparative analysis
of d,_, for D18 and SqP films in both IP and OOP orientations. d) Depth-dependent composition profiles across the vertical direction in active layer.
e) Simulated exciton density distributions visualized through optical transfer matrix modeling, with scale bars indicating the maximum exciton generation

rate.

Information). The <4% discrepancy between [y values from
J-V and external quantum efficiency (EQE) measurements
(Figure 4b) validated data reliability. For comparison, SqP de-
vices fabricated via the hot-solution process alone demonstrated
only a moderate PCE of 19.14% (Figure S22 and Table S4, Sup-
porting Information). When combining the hot-solution with
the HS method, the resulting devices exhibited further reduced
performance, with a PCE of merely 18.36%, which was signifi-
cantly lower than that of the control device (18.89%). To probe
the charge recombination dynamics, we analyzed the light in-
tensity (Ig,,) dependence of Jsc and Vi, (Figure 4c; Figure S23,
Supporting Information). The relationships follow Jscocljy,*and

Voc x %ln(Ihght), where a approaching 1 indicates suppressed

bimolecular recombination, and n closes 1 suggests minimal
trap-assisted recombination.l>?) Recombination analysis through
light intensity dependence yielded near-ideal parameters for
HS-casted SqP devices (¢ = 1.047, n = 0.990) versus controls
(@ = 0.986, n = 1.118), indicating suppressed bimolecular and
trap-assisted recombination.>***] Additionally, the influence of
the HS technique on charge carrier dynamics was evaluated by
performing transient photocurrent (TPC) and transient photo-
voltage (TPV) measurements on the operational OSC devices
(Figure 4d,e). The results showed HS-treated OSCs exhibited
31.6% faster charge extraction (0.143 us vs 0.209 ps) and 23.6%
longer carrier lifetimes (2.968 us vs 2.415 ps), confirming re-
duced bulk recombination. Dark current analysis (Figure S24,
Supporting Information) demonstrated HS technique increased
turn-on voltage (0.76 V vs 0.71 V) and reduced leakage current at
reverse and forward biases, evidencing enhanced film quality.
To explore the charge transport dynamics in SqP OSCs, the
impedance spectroscopy (IS) measurements are performed un-
der open-circuit conditions, scanning frequencies from 100 Hz
to 1 MHz (Figure 4f). Equivalent circuit fitting yielded key elec-
trical parameters (Figure S25 and Table S5, Supporting Informa-
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tion). The fitted data revealed that HS-treated devices exhibited
significantly reduced resistances, with active medium resistance
(R;) decreasing to 17.34 Q and interface resistance (R,) to 1694 Q.
This three-fold reduction in both bulk and interfacial resistances
suggests substantial improvements in charge transport through
the active layer and across electrode interfaces. Further in-
sight into charge dynamics was obtained through photo-induced
charge extraction by linearly increasing voltage (Photo-CELIV)
and current-based deep-level transient spectroscopy (DLT'S) mea-
surements (Figure 4g; Figure S26, Supporting Information). The
control devices showed ordinary carrier mobility (u,,, = 7.30 X
1075 cm? V~! s71) and high trap density (N, = 2.30 X 10" cm™3),
while HS treatment enhanced u,,, by 38% to 1.01 x 107*

V! 57! and reduced N, by 54% to 1.05 x 10 cm™3.15%°¢] These
improvements are advantageous for achieving a high FF and
minimizing energy loss.l’”} Space-charge-limited-current mea-
surements of hole-only and electron-only devices provided addi-
tional transport characterization through Mott-Gurney analysis

U= % ) (Figure S27, Supporting Information; Figure 4h).
The HS-induced fibrous morphology increased hole moblhty in
pristine D18 films from 6.69 X 107 to 8.79 x 10~ cm? V!
s71. More importantly, in complete SqP devices, HS process-
ing indeed enhanced hole mobility from 3.89 x 10~* to 5.28
x 107 cm? V! 571, achieving better charge balance with elec-
tron mobility (5.6 X 107 cm? V-! s71). This optimized charge
transport directly correlates with the improved . (from 27.75
to 28.10 mA c¢cm™?) and FF (from 79.37% to 81.00%) in HS-
processed D18/eC9 SqP devices. To illustrate the origin of the
Voc enhancement, we performed comprehensive analyses us-
ing electroluminescence external quantum efficiency (EL-EQE)
and Fourier-transform photocurrent spectroscopy external quan-
tum efficiency (FTPS-EQE) measurements (Figure S28 and Table
S6, Supporting Information; Figure 4i). The total voltage loss
(AE,,) was commonly decomposed into three components: (i

© 2025 Wiley-VCH GmbH
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Figure 4. a) J-V characteristics under AM 1.5G illumination. b) EQE spectra with integrated current density values. c) Voc as a function of Ijp,.. d) TPC
decay profile. ) TPV relaxation dynamics. f) Nyquist plots from impedance spectroscopy measurements. g) Photo-CELIV results. h) Comparison of
mobility in D18 and D18/eC9 films processed with and without the HS method. i) E| ., analysis for pristine SqP devices and HS-treated D18/eC9 OSCs.

and ii) above-bandgap radiative losses of AE; (x0.262 eV) and
AE, (~0.05 eV) that showed minimal variation among devices,
and (iii) below-bandgap non-radiative losses (AE;). Remarkably,
the HS-treated devices demonstrated a significant reduction in
AE; (0.214 eV) compared to control devices (0.231 eV), which di-
rectly contributed to their lower overall voltage loss and conse-
quently higher V.

Subsequently, the fabricated device operational stability was as-
sessed by maximum power point tracking (MPPT) means under

continuous 1-sun equivalent LED illumination (270 h). Control
devices retained 85.76% of initial PCE, while substrate-preheated
devices exhibited exceptional photostability with only ~10% PCE
degradation (Figure 5a). This enhanced stability originates from
robust morphological frame in HS-processed SqP films, as veri-
fied by AFM and TEM analysis. Moreover, we demonstrate the
broad universality of HS method, we tested other two high-
performance systems and previous D18/eC9 device employing
2PACz as the hole transport layer alternative to conventional

Table 1. Photovoltaic parameters for the control or HS-casted D18/eC9 devices using PEDOT:PSS.

Condition VocV] Jsc [MAcm™ FF [%] PCE [%]
Control? 0.857 27.75 (26.94)") 79.37 18.899 (18.729 +0.13)
HS method? 0.868 28.10 (27.20)® 81.00 19.759 (19.639) + 0.10)

) These SqP devices are fabricated based on PEDOT:PSS; ® Extracted Integrated current densities from EQE spectra; 9 The highest PCE; D The average PCE based on at

least 5 independent devices.
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Figure 5. a) Photostability evaluation of D18/eC9 and D18 HS/eC9 devices under continuous MPPT over 270 h (LED illumination intensity: 100 mW
cm™2. b—e) J-V characteristics of four OSCs systems fabricated through the synergistic combination of 2PACz HTL and HS methodology.

PEDOT:PSS (Figure 5b-e; Figures S29-S33, Supporting Infor-
mation; Table 2). The HS-processed D18/eC9 devices based on
2PACZ exhibited outstanding performance, achieving a cham-
pion PCE of 20.25% coupled with a remarkable FF of 81.94%
compared with control device (PCE: 19.21%; FF: 79.2%). Further-
more, when applied to the D18/L8-BO system, our HS approach
enabled SqP devices to attain an impressive PCE of 20.64%
(Figure 5d; Figure S32, Supporting Information), which was in-
dependently certified at 20.10% by the South China National
Metrology Center (Figure S34, Supporting Information), con-
firming the reliability and reproducibility of our methodology. Fi-
nally, we further explored the HS method’s applicability to thick-
film devices using the D18/eC9-4F system. For 100-nm active lay-
ers, HS-processed devices achieved a PCE of 20.02% (vs 19.30%
for controls). When the thickness was increased to 300 nm, con-
ventional SqP device yielded a poor PCE of 17.12% due to infe-
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rior FF (72.36%) and low Jc (28.14 mA cm~2). Remarkably, HS-
processed devices maintained a high PCE of 18.12% at this thick-
ness through simultaneous improvements in both FF (74.66%)
and Js- (28.55 mA cm™?2), representing one of the highest re-
ported efficiencies for binary thick-film (=300 nm) OSCs to date.

The enhanced photovoltaic performance in 2PACZ-based de-
vices primarily originates from its deeper work function and
the formation of longer crystalline coherence lengths in the
active layer film induced by it.’®>°] These factors collectively
improve charge transport while suppressing recombination,
thereby achieving higher J;. and FF values. Furthermore, we con-
ducted systematic AFM measurements of the D18/eC9 films pre-
pared on both PEDOT:PSS and 2PACZ-based substrates (Figure
S35, Supporting Information). The active layer prepared on top
of 2PACZ exhibited significantly higher RMS roughness com-
pared to its PEDOT:PSS counterpart. This roughness difference

© 2025 Wiley-VCH GmbH
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Table 2. Photovoltaic parameters of pristine and HS-treated SqP OSCs based on 2PACZ hole transport layer.

Active layer Condition Voc V] Jsc [MAcm™? FF [%] PCE [%]

D18/eC9 Control? 0.862 28.14 (27.00)9) 79.20 19.219 (18.94" + 0.15)
HS method? 0.871 28.37 (27.21)9 81.94 20.25¢) (20.020 + 0.26)

D18/L8-BO Control? 0.897 27.78 (26.32)9) 79.77 19.88%) (19.57 +0.21)
HS method? 0.904 28.08 (26.60)% 81.31 20.64%) (20.339 +0.31)
HS method®® 0.887 28.08 80.67 20.10°)

D18/eC9-4F Control? 0.862 27.71 (26.70)9) 80.37 19.209 (18.90" + 0.32)
HS method? 0.871 28.23 (27.01)9) 81.41 20.02¢) (19.887 +0.17)

Control9 0.841 28.14 (27.36)9) 72.36 17.129 (16.910 + 0.24)

HS method®) 0.850 28.55 (27.61)% 74.66 18.12¢) (18.000 +0.19)

¥ The thickness of active layer is 100 nm; ®) Certified bg the South China National Center of Metrology, China; 9 The thickness of active layer is 300 nm; 9 Integrated Jsc

values from EQE spectra; © The highest value of PCE;

persisted throughout sequential deposition of D18 and eC9. The
enhanced surface roughness of 2PACZ/D18 films facilitates bet-
ter penetration of the eC9 acceptor into the underlying layer,
consequently improving exciton dissociation. Additionally, the
higher roughness of 2PACZ/D18/eC9 films provides greater in-
terfacial contact area, which may accelerate charge collection at
the cathode.

3. Conclusion

In this work, we elucidate the fundamental thermal-regulation
mechanisms governing the formation of high-performance SqP
films via the HS methodology. Through precise thermal manage-
ment, the HS process provides sustained thermal driving forces
throughout film deposition, which simultaneously i) reduces the
liquid-phase duration of D18 donors, ii) accelerates molecular
nucleation kinetics, and iii) minimizes interfacial energy dispar-
ities between donor/acceptor components. These synergistic ef-
fects enable a more robust SqP film and achieve more sufficient
interlayer permeation, which significantly enhances the gener-
ation of excitons at the bottom of the active layer. Meanwhile,
the HS-induced coarser D18 fibrous structure provide tighter
#—r stacking and long CCL values, significantly enhancing the
mobility and suppressing non-radiative recombination. The HS
method universally enables >20% PCE across all three D18-
based systems, achieving a champion efficiency of 20.64% (certi-
fied 20.10%) in the D18/L8-BO systems. Notably, the HS method-
ology exhibits unprecedented thickness insensitivity, with 300-
nm-thick binary devices attaining 18.12% efficiency, outperform-
ing conventional processed devices (17.12%). The above perfor-
mance ranks among the top reported values for 100 nm-film and
thick-film (>250 nm) binary OSCs to date. This work highlights
the pivotal role of thermodynamic control in active-layer opti-
mization, where mechanistic understanding of thermal regula-
tion provides a critical pathway for advancing OSCs performance
beyond current limitation.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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The average values of PCE are based on at least five independent devices.
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