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Over 20% Efficient Water-Based Layer-by-Layer Organic
Solar Cells with High Thickness Tolerance Enabled by
Surfactant Promoted Electrostatic Interaction

Chen Xie,* Xuanlin Wen, Hongjie Chen, Ting Xu,* Hansheng Chen, Yong Zhang, Lin Hu,*
Lanxiang Yu, Siyue Zhou, Qing Yan, Haoxuan Zeng, Jinyang Dai, Jiale Li, Baoshen Deng,
Hui Liu,* Zeguo Tang, Bin He, Peigang Han, Peng You, Guangye Zhang, Shunpu Li,

and Yiwang Chen*

Aqueous processing represents a promising eco-friendly fabrication route for
organic solar cells (OSCs), aligning with growing industrial sustainability
requirements. While water-dispersed semiconducting nanoparticles (NPs)
offer an attractive solution, the essential surfactants required for NP
stabilization typically compromise device performance. In this study,
surfactant-engineered donor NPs are systematically evaluated for constructing
optimized active layers through a sequential layer-by-layer (LBL) deposition
approach. The surfactant named sodium dodecyl phosphate (SDP), featuring
dual anionic charges, generates exceptional electrostatic potential (ESP)
differences that promote strong donor-acceptor interactions. This electrostatic
engineering enables the formation of a pseudo-planar heterojunction
structure (PPH)) with ideal vertically graded morphologies in thick active
layers. Therefore, the PM6:L8-BO binary OSC processed by mesostructured
NP (mn)-LBL (SDP) strategy shows excellent thickness tolerance and achieved
a PCE of 18.9% (certified as 18.3%) with a 300 nm active layer. Furthermore,
the mn-LBL OSCs with the ternary PM6:L8-BO:BTP-eC9 deliver a champion
PCE of 20.3% (certified as 19.9%) processed by a non-halogenated
water/toluene solvent system. This work establishes a general surfactant
selection paradigm that simultaneously addresses the conflicting demands of
nanoparticle stabilization, morphological control, and device performance,
paving the way for sustainable manufacturing of high-efficiency OSCs.

1. Introduction

conversion efficiencies (PCEs) of single-
junction organic solar cells (OSCs) beyond
the 20% threshold.'"*! his remarkable
advancement has redirected research focus
toward scalable manufacturing paradigms.
However, the transition from laboratory-
scale demonstrations to industrial produc-
tion faces substantial technological barriers,
particularly concerning the narrow optimal
thickness window (100-120 nm) of the
photoactive layer.”-!l Although increased
layer thickness theoretically improves pho-
ton harvesting, it concurrently introduces
three critical challenges: i) compromised
morphological stability, ii) insufficient
exciton dissociation efficiency due to lim-
ited diffusion lengths, and iii) enhanced
charge recombination losses from pro-
longed transport pathways.['>"* Resolving
this  thickness-performance dichotomy
represents a fundamental prerequisite for
commercially viable OSC technologies.

Conventional bulk-heterojunction (BHJ)
systems, fabricated through single-step
donor:acceptor (D/A) blend casting (BC),
inherently generate extensive interfa-
cial domains for exciton separation.!*>1¢]
Yet this approach fails to establish the

The recent evolution of donor materials, non-fullerene accep-
tors (NFAs), and device architectures has elevated the power

graded vertical phase segregation essential for efficient charge
extraction in thicker films.['!8] The layer-by-layer (LBL) depo-
sition methodology presents an alternative paradigm, enabling
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controlled vertical component stratification that aligns donor-rich
and acceptor-rich regions with respective electrodes, enabling
a so-called pseudo-planar heterojunction (PPH]) structure./1*2"]
Nevertheless, conventional LBL processing suffers from inade-
quate D/A interpenetration—a limitation that scales adversely
with film thickness. Recent breakthroughs by Lai et al. es-
tablished that amplified electrostatic potential (ESP) differen-
tials between D/A components can overcome this interdiffu-
sion barrier.?*?!l Our group previously addressed this challenge
through the introduction of a mesostructured nanoparticle (mn)
interlayer, which mediates molecular-scale mixing between se-
quentially deposited layers while maintaining advantageous ver-
tical phase separation.[?23] The resultant mn-LBL devices exhib-
ited unprecedented thickness tolerance, preserving PCEs even at
clinically relevant film dimensions.

In this work, we systematically investigate the previously over-
looked role of residual nanoparticle surfactants in determin-
ing mn-LBL OSC performance—an inevitable consequence of
colloidal stabilization requirements.[?*?%] It is reported that the
optimal surfactant for organic electronics processing must sat-
isfy several critical criteria: 1) effective emulsion stabilization
to synthesize monodisperse polymer semiconductor nanopar-
ticles, 2) facilitating particle coalescence for the deposition
of high-quality, smooth thin films with low roughness and
high fill factors, 3) ensuring facile post-deposition removal of
residual surfactants, and 4) promoting intra-particle polymer
ordering.I?’] Through comparative analysis of surfactants bear-
ing diverse ionic functionalities, we identify that anionic head-
groups significantly enhance ESP-mediated D/A interactions.
Particularly, sodium dodecyl phosphate (SDP) demonstrates ex-
ceptional performance owing to its doubly charged molecular ar-
chitecture, which generates superior electrostatic driving forces
for interlayer diffusion. Detailed characterization reveals that
SDP-modified systems achieve near-ideal D/A interpenetration
while mitigating excessive vertical phase segregation—a criti-
cal advancement for thick-film processing. The optimized mn-
LBL (SDP) devices processed via environmentally benign wa-
ter/toluene solvents achieve remarkable efficiencies: ~20.0% in
binary PM6:L8-BO systems and 18.9% (certified 18.3%) at 300
nm active layer thickness—representing state-of-the-art perfor-
mance for thick-film OSCs. Furthermore, extension to ternary
PM6:L8-BO:BTP-eC9 systems yields a certified 20.3% (certified
as 19.9%) PCE, validating the universal applicability of this
approach. Therefore, we suggest the surfactant selection rule
for processing mn-LBL OSCs with high performance by en-
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hancement of electrostatic interaction. Beyond demonstrating
aqueous-processable high-efficiency OSCs, this work establishes
fundamental surfactant selection criteria based on electrostatic
potential modulation, providing a new materials engineering di-
mension for LBL photovoltaic devices.

2. Results and Discussion

The chemical structures of the active layer materials chosen for
this work are illustrated in Figure 1a. Building upon our prior
methodology, the mesostructured donor underlayer was fabri-
cated through emulsion-based deposition of aqueous nanopar-
ticle (NP) inks,[??] a technique successfully employed to water-
process multiple high-performance optoelectronic devices.!?:]
Subjecting donor solutions to high-shear blending with aque-
ous media yielded stable oil-in-water emulsions (see Support-
ing Information). Amphiphilic surfactants were incorporated to
prevent colloidal instability through dual suppression of floc-
culation and Ostwald ripening, resulting in monodisperse or-
ganic semiconductor NPs. As shown in Figure 1D, surfactants
with various pendant groups were used for PM6 nanoparticle
synthesis, including sodium dodecyl phosphate (SDP), sodium
dodecyl sulfate (SDSO4), sodium dodecyl sulfonate (SDSO3),
dodecyl trimethylammonium bromide (DTAB), dodecyl pyri-
dinium bromide (DPB) and 1-dodecyl-3-methylimidazolium bro-
mide (DMMB). As shown in Figure 1c, the NPs are homoge-
nously dispersed and the average diameters are ~60-150 nm for
those systems with different surfactants (Figure 1d). In compari-
son with other counterparts, a slight absorption redshifts with an
enhanced 0-0/0-1 peak ratio are observed in the NP dispersion
containing SDP as surfactant, which is also observed in those of
NP deposited films (Figure S1, Supporting Information), indicat-
ing a molecularly ordered structure in NPs.[2%30]

The density functional theory (DFT) calculation shows that
the ESPs of surfactants are orders of magnitude greater than
those of active layer materials (Table S1, Supporting Informa-
tion). The ionic head groups induce significant ESP values
and charge imbalances in surfactant molecules (Table S2, Sup-
porting Information). Particularly noteworthy are the anionic
surfactants (SDP, SDSO4, SDSO3), whose strong electroneg-
ativity creates substantial ESP differentials at D/A interfaces-
a critical factor governing intermolecular interactions during
LBL deposition.[*!] Further analysis of molecular dipole mo-
ments demonstrates that SDP’s unique doubly charged archi-
tecture generates a dipole moment much greater than single-
charge surfactants (Figure S2, Supporting Information). There-
fore, the PM6 NPs containing SDP are expected to formation
of comparatively strong intermolecular interactions with the
acceptor. Our modeling suggests these ESP characteristics di-
rectly influence vertical phase segregation in BH]J films, with
greater surfactant ESP values correlating with more favorable
D/A interpenetration profiles. As illustrated in Figure 1f, dur-
ing mn-LBL processing, aqueous donor NP deposition creates
a mesostructured template whose residual anionic surfactant
moieties establish an ESP gradient. Subsequent acceptor solu-
tion deposition then exploits this pre-patterned electrostatic land-
scape, driving the formation of optimized vertical D/A distri-
butions through controlled intermixing. This potential-driven
assembly represents a significant advance over conventional
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Figure 1. a) Chemical structure and ESP of PM6, L8-BO and different surfactants; b) SEM of dried PM6 NPs with SDP as surfactant; d) Particle size
distribution and e) UV-vis absorption spectra of PM6 NPs dispersion with various surfactants; f) Schematic diagram of mn-LBL processing of active

layer with donor NPs with different surfactant ESP values.

LBL methods, where insufficient D/A interaction often limits
morphological control.

The interfacial characteristics of the mesostructured nanopar-
ticle (mn) layer critically govern both the subsequent acceptor de-
position and the resulting vertical phase morphology of the ac-
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tive layer. Before the film deposition, a centrifugal washing pro-
cess was used to minimize the content of surfactant in those NP
systems (see Supporting Information).”! As shown in Figure
S3 (Supporting Information), the retention of all those 6 sur-
factants was found to be less than 5% after repeated washing
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Figure 2. Contact angle of a) water and b) CH, 1, on top of toluene-processed neat PM6, L8-BO, and PM6 NP films. AFM images of c) neat PM6 and d)
PM6 NP films. ) EPR spectra as well as UPS spectra at the range of f) the secondary electron cutoff edge (Es) and g) the valence band energy (Ey;)
of neat PM6 and PM6 NP films. 2D GIWAXS patterns of h) neat PM6 and i) PM6 NP films, as well as j) their corresponding in-plane and out-of-plane

line-cuts.

steps. Spin-coating of these purified NP dispersions yielded
mesoporous architectures featuring well-defined spherical mo-
tifs and interconnected cavities, as verified by scanning electron
microscopy (SEM) and atomic force microscopy (AFM) charac-
terization (Figure 2d; Figure S4, Supporting Information). This
unique morphology promotes enhanced acceptor interdiffusion
during the layer-by-layer deposition process. Contact angle mea-
surements revealed significant surface energy (y) variations be-
tween mn-films and conventional bulk heterojunction (BH]) sys-
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tems, with SDP-modified PM6 films exhibiting y = 44.0 mN m™!
compared to 32.4 mN m~! for BC films (Figure 2a,b; Table S3,
Supporting Information). This 36% increase in surface energy is
attributed to residual hydrophilic surfactant moieties that survive
the purification process. Quantitative analysis of intermolecu-
lar interactions through Flory-Huggins parameters (¥pye.1s-50 =
(V/7pme — M)Z) demonstrated remarkable compatibility en-
hancement, with SDP-based mn-films achieving y = 0.053 ver-
sus 0.506 for neat PM6 - representing an order-of-magnitude
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improvement in donor-acceptor miscibility through nanoparticle
engineering.[*%]

Beyond facilitating donor-acceptor (D/A) intermolecular inter-
actions, ionic surfactants were found to concurrently induce p-
type doping in the donor semiconductor matrix.*¥! This doping
mechanism originates from redox reactions between surfactant
molecules and the organic semiconductor, wherein charge trans-
fer generates additional holes in the highest occupied molecular
orbital (HOMO).3*) Comprehensive characterization using elec-
tron paramagnetic resonance (EPR) spectroscopy revealed char-
acteristic split peaks at 348.8 and 349.6 mT (Figure 2e; Figure S6,
Supporting Information), unambiguously confirming the forma-
tion of radical species in PM6 nanoparticle (NP) films (Figure 2e;
Figure S6, Supporting Information).3>! Ultraviolet photoelectron
spectroscopy (UPS) analysis provided quantitative evidence of
doping effects through two key observations: a) The Fermi level
to HOMO energy gap (Ep-Ejomo) narrowed from —0.86 eV in
pristine PM6 to —0.77 eV in SDP-modified NPs (Figure 2f,g), cal-
culated using:

EHOMO = hv —(ESE — EVB) (1)
WF = hv — ESE 2)

where Eg; represents the secondary electron cutoff edge (16.54
eV vs 16.25 eV for neat and NP films, respectively), and E; de-
notes the valence band maximum (0.86 eV vs 0.77 eV); b) Con-
sistent p-doping behavior was observed across all anionic surfac-
tants (SDSO4, SDSO3), as evidenced by similar Fermi level shifts
(Figure S7 and Table S4, Supporting Information). These find-
ings collectively demonstrate that anionic surfactant incorpora-
tion during mn-LBL processing serves a dual purpose: i) enhanc-
ing interfacial D/A interactions through electrostatic effects, and
ii) improving charge transport properties via controlled p-doping
of the donor phase.

The molecular organization and crystalline structure of PM6
mn-films incorporating various surfactants were systematically
investigated using grazing-incidence wide-angle X-ray scattering
(GIWAXS). As depicted in Figure 2h—j, both neat PM6 and PM6
NP (SDP) films present a distinct (010) z—z stacking peak at qz
~1.65 A~" in the out-of-plane (OOP) direction and a well-defined
lamellar (100) diffraction peak at q,, ~0.275 A" in the in-plane
(IP) direction, indicative of its preferential face-on orientation
with respect to the substrate.[3*] Notably, surfactant-incorporated
NP films displayed substantial enhancement in structural order
parameters. The NP films with anionic SDP or cationic DMMB
both demonstrate significantly enlarged coherence lengths (CCL)
for the (010) (OOP) and (100) (IP) peaks, respectively, signifying
enhanced face-on orientation of PM6 molecules (Figure S8 and
Table S5, Supporting Information). This pronounced improve-
ment in crystalline ordering establishes a favorable charge trans-
port pathway orthogonal to the substrate plane - a critical factor
for enhancing device performance in OSCs.

We fabricated conventional architecture organic solar cells
(OSCs) employing the mn-LBL processing strategy. The device
fabrication process involved sequential deposition of aqueous
PM6 NP inks on 2PACz-modified substrates, followed by accep-
tor (L8-BO) solutions in various organic solvents. Three solvent
systems were evaluated for acceptor processing: chloroform (CF),

Adv. Mater. 2025, e08783

€08783 (5 of 12)

www.advmat.de

o-xylene (0-XY), and toluene (Tol). Active layers with thicknesses
of 100, 200, 300, and 400 nm were fabricated by varying the
concentration of the NP inks and acceptor solutions (see Sup-
porting Information). As depicted in Figure 3a and Table 1, cur-
rent density-voltage (J-V) characterization revealed outstanding
performance metrics. As shown in Figure S9 (Supporting In-
formation), the mn-LBL (SDP) OSCs processed by Tol produced
an optimized PCE of 19.97% at a 100 nm active layer thickness
(certified value of 19.46%, Figures S10-S14, Supporting Infor-
mation), with an open-circuit voltage (Vo) of 0.90 V, a short-
circuit current (Jsc) of 27.70 mA cm?, and a fill factor (FF) of
80.4%. Remarkably, these devices maintained outstanding per-
formance at increased active layer thicknesses, delivering a PCE
of 18.87% (certified 18.32%, Figures S15-S19, Supporting In-
formation) at 300 nm with a Vo of 0.89 V, Js- of 27.74 mA
cm?, and an FF of 76.20% (Figure 3a), representing among the
highest reported certified efficiencies for thick-film organic so-
lar cells (Table S6, Supporting Information). The BC device ex-
hibits a sharp PCE drop at high thickness. Compared to LBL
counterparts, random phase separation in thickened BC films
generates isolated D/A domains and interfacial defects, which
significantly enhance bimolecular recombination and severely
compromise charge extraction efficiency in OSCs. The universal-
ity of this approach was further demonstrated through success-
ful implementation with alternative processing solvents (CF and
0-XY), all of which showed comparable performance enhance-
ments (Figures S20, S21, Table S7 and S8, Supporting Infor-
mation). Furthermore, the mn-LBL OSCs with different surfac-
tants were also fabricated. As shown in Figure S22 and Table S9
(Supporting Information), comparative analysis of different sur-
factant systems revealed that anionic variants (SDSO4, SDSO3)
consistently outperformed their cationic counterparts, yielding
devices with PCEs exceeding 19% and demonstrating superior
thickness tolerance. This performance superiority is attributed
to the enhanced electrostatic potential difference between donor
and acceptor materials induced by anionic surfactants. In addi-
tion, LBL control devices processed using donor solutions con-
taining an anionic surfactant exhibit enhanced Voc values rather
than improvements in Jsc or FF (Figure S23 and Table S10, Sup-
porting Information). This suggests that while p-doping primar-
ily contributes to the Voc enhancement, electrostatic interactions
dominate the gains in Jsc and FF, ultimately leading to the su-
perior performance observed in mn-LBL devices. Furthermore,
external quantum efficiency (EQE) measurements showed excel-
lent consistency with J-V characteristics (<5% mismatch in Jq
values), while revealing reduced EQE responses between 400—
600 nm for conventional BC and LBL control devices at 300 nm
thickness, indicative of compromised photon harvesting in these
architectures (Figure 3b).

Charge transport dynamics and recombination behavior were
systematically investigated to understand the superior perfor-
mance of mn-LBL devices. The voltage-light intensity depen-
dence analysis revealed distinct charge trapping characteristics,
where the slope values of 1.37 kT q7! for ¢-LBL and 1.10 kT q*
for mn-LBL (SDP) devices (at 300 nm thickness) indicate signifi-
cantly suppressed trap-assisted recombination in the surfactant-
engineered system (Figure 3c), where k is the Boltzmann con-
stant, T is Kelvin temperature, and q is the elementary charge.l®”]
In addition, devices incorporating SDP surfactant demonstrated
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Figure 3. a) J-V characteristics, b) EQE spectra, c) light intensity as a function of Voc, d) photo-CELIV curves, e) TPV curves, f) bimolecular recombination

rate constant (K..)

layer thickness of 300 nm prepared by various processing strategies.

as a function of carrier density, g) Nyquist plots, h) Mott-Schottky plots, and i) EQEg, s of PM6:L8-BO-based solar cells with an active

Table 1. Summary of photovoltaic parameters of toluene processed PM6:L8-BO solar cells with different thicknesses and processing methods.

Thickness [nm] Processing method Voc V] Jsc [mA cm™2] Jsc® [mA cm™?] FF [%] PCE) [%]
100 BC 0.896 26.95 25.89 79.40 19.18 (18.95 + 0.23)
+ c-LBL 0.894 27.055 26.09 78.42 18.97 (18.59 + 0.38)
10 mn-LBLY 0.897 27.695 26.70 80.41 19.97 (19.58 + 0.38)
200 BC 0.883 27.47 26.47 76.49 18.56 (18.38 + 0.18)
+ c-LBL 0.881 27.35 26.58 76.16 18.35 (18.15 + 0.20)
20 mn-LBLY 0.882 27.78 26.81 77.85 19.07 (18.85 + 0.22)
300 + 20 BC 0.883 26.79 25.96 73.49 17.38 (17.09 + 0.29)
c-LBL 0.885 27.54 26.55 72.30 17.62 (17.38 + 0.24)
mn-LBLY 0.889 27.74 27.07 76.20 18.87 (18.54 = 0.31)
400 + 30 BC 0.867 27.03 25.95 63.707 14.93 (14.61 + 0.32)
c-LBL 0.876 27.40 26.79 66.60 15.99 (15.83 +0.27)
mn-LBL® 0.879 27.82 27.11 70.82 17.30 (17.00 + 0.30)

% Calculated from EQE; 2 Average values with standard deviation were obtained from 20 devices; 9 Processed from PM6 NPs with SDP as surfactant.
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superior performance to those with SDSO3 or DMMB (Figure
S23, Supporting Information), attributed to the dual anionic
groups in SDP more effectively passivating trap states under
open-circuit conditions. Moreover, photo-induced charge carrier
extraction by linearly increasing voltage (photo-CELIV) measure-
ments quantified the enhanced charge transport properties, re-
vealing a 30% improvement in average carrier mobility (1.12 x
10~* cm? V-1s7!) for mn-LBL (SDP) devices compared to conven-
tional LBL controls (8.55 X 10~ cm? V~!s71) (Figure 3d). Tran-
sient photovoltage (TPV) and transient photocurrent (TPC) mea-
surements further corroborate the enhanced charge extraction
efficiency and extended carrier lifetime in OSCs. The mn-LBL
(SDP) device exhibits a prolonged charge carrier lifetime (z =
8.91 ps), exceeding the control device value (6.67 ps) (Figure 3e;
Figure S25, Supporting Information). These synergistic improve-
ments in charge mobility, carrier lifetime, and extraction kinetics
collectively underpin the elevated Jsc and FF values observed in
surfactant-optimized devices.

Detailed recombination analysis through TPV & charge exac-
tion (CE) measurements provided additional insights into the
charge dynamics.>3] The bimolecular recombination coeffi-
cient Krec = 1/(4+1)nz, where 4 is the recombination order
and n is the carrier density, was calculated from the TPV & CE
results (Figure 3f).%®] The two control systems exhibit a much
higher order of Krec dependency (slope = 1.86 for BC and 1.84
for c-LBL, respectively) compared to that of mn-LBL (SDP) device
(slope = 1.43). Significantly suppressed charge carrier recombi-
nation in mn-LBL device with SDP indicates a superior charge
dynamic in comparison with 300 nm-thick devices with other sur-
factants (Figure S26, Supporting Information). Electrochemical
impedance spectroscopy (EIS) measurements exhibit a reduction
of series resistance (Rs) by applying mn-LBL strategy for device
fabrication, suggesting a promoted charge transport (Figure S27
and Table S11, Supporting Information).*” The comprehensive
charge dynamics characterization consistently demonstrates that
the SDP-modified mn-LBL approach effectively mitigates loss
mechanisms while enhancing charge transport throughout the
active layer.

Charge transport mechanisms in OSCs are governed by two
distinct processes: drift transport induced by internal electric
fields and diffusion driven by charge density gradients. As illus-
trated in Figure S28 (Supporting Information), these processes
operate in spatially distinct regions of the device architecture.*”]
The space-charge region, localized near the cathode interface
due to work function differences with PNDIT-F3N, primar-
ily facilitates drift-dominated transport. In contrast, diffusion
mechanisms prevail throughout the remaining flat-band region
of the active layer.*!l Quantitative analysis of space-charge re-
gion (Lg) characteristics was performed using Mott-Schottky
formalism:[®!

1 2
— -t (V.
C2 qeoe,AzNA( b

6067 26081'
L =—=‘/— V, =V 4
S C qAZNA( bi ) ()

where N, is the density of space-charge (or defects), Vy; is the
built-in voltage, A is the device area, q is the elementary charge,

-V ©)
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€, is the permittivity of vacuum, and ¢, is the relative permittivity.
The flat band region width (Ly) was determined from the active
layer thickness (d) as Ly = d—Lg. Comparative analysis (Figure 3h)
shows the Ly decreased significantly from 52 nm in control de-
vices to 45 nm in mn-LBL (SDP) systems for 300 nm-thick ac-
tive layers. Consequently, Ly increased from 249 to 255 nm. This
expanded flat band region now accounts for > 80% of the ac-
tive layer thickness — a regime where relatively rapid bimolecular
recombination typically occurs, as charge carriers primarily exit
via diffusion.l*?] Within the space-charge region, balanced charge
transport prevents screening of the internal electric field by accu-
mulated (trapped) charges. The SDP-induced p-doping is thus ex-
pected to modify critical charge transport lengths: the diffusion
length (Ly) and drift length (L;,). These were calculated using:
Ly = (D)% and L, = Euz, with the diffusion coefficient (D)
derived from the Einstein relation D/u = k;T/q. Here, 7 repre-
sents carrier lifetime (from TPV), 4 denotes mobility (from photo-
CELLV), kg is Boltzmann constant, T is room temperature, q is
the elementary charge, and E is electric field intensity. Calcula-
tions reveal Ly increases from increased from 38.39 nm (c-LBL)
t0 50.79 nm (mn-LBL). The enhancement in L, is more substan-
tial, rising from 456 to 798 nm. These enhanced transport lengths
directly originate from the p-doping effect in the mn-LBL (SDP)
architecture, which effectively mitigates the increased bimolecu-
lar recombination risk associated with the elongated Ly.
Furthermore, the energy loss mechanisms in mn-LBL pro-
cessed OSCs were quantitatively analyzed through complemen-
tary FTPS and EL spectroscopy measurements (Figure S30, Sup-
porting Information).*3] Generally, the total energy loss (E,)
can be systematically deconvoluted into three distinct compo-
nents: first, the inherent radiative recombination loss (AE,)
arises from the thermodynamic limit defined by the difference
between the material bandgap (E,) and the maximum theoreti-
cally achievable voltage according to Shockley-Queisser formal-
ism. This fundamental loss component represents an unavoid-
able consequence of blackbody radiation in photovoltaic devices.
Second, additional radiative losses (AE,) occur due to deviations
from ideal absorption characteristics, including band tail states
and sub-bandgap charge transfer absorption, which stem from
structural disorder in the active layer; third, the magnitude of
non-radiative recombination loss (AE,) is quantitatively deter-
mined through the relationship -k;Tln (EQEy, ), where k; is the
Boltzmann constant and T is temperature. As shown in Table
S12 (Supporting Information), the E, of active layers with var-
ious processing strategies are measured the same as 1.446 eV.
Meanwhile, the incorporation of surfactant did not cause any ad-
ditional absorption of sub-gap states in FTPS-EQE measurement
(Figure S30, Supporting Information), which indicates the ra-
diative recombination loss (AE;) of optimized mn-LBL devices
very close to the control device (x0.07 eV). However, the non-
radiative energy loss (AE;) decreases significantly from 0.228 to
0.215 eV after applying mn-LBL (SDP) strategy, corresponding
to EQEy; values of 1.38 x 10™* and 2.37 x 107, respectively
(Figure 3i). As a result, the E; . of devices from BC, ¢-LBL, and
mn-LBL (SDP) processing strategies are calculated to be 0.570,
0.566, and 0.546 eV, respectively. Therefore, the reduced E,  orig-
inates from two synergistic effects: i) the p-doping behavior in-
duced by anionic surfactants that improves charge collection, and
ii) the optimized vertical morphology that reduces trap-assisted

© 2025 Wiley-VCH GmbH

85UR0| 7 SUOWILLIOD BAIERID 3|edldde 3y Aq paueAob ake SSoNe O ‘98N JO S3|nI 10} A%eiq1T 3UIIUO /B]IM UO (SUORIPUOD-PUR-SLLBI L0 A8 [IMAReiq1 U [UO//SHHY) SUORIPUOD PUe SWIB | 8U3 88S *[5202/60/72] Uo Ariqi]auliuo A8|im ‘enbeyiolqig Ariqi 1jd3 Aq £8/805202 BWPR/Z00T OT/I0p/LI0 B 1M AReiq1jpu U0 paoueApey/sdiy wol papeojumoq ‘0 ‘G60rTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

0
07476
06212
04950
0600
02426
0.1%)

01000

www.advmat.de

062
04950
0 3608
02426 02428
01963

01163

201000

Time (ms) Time (ms) Time (ms)
d 650 e g0 f ST <LBLTIY mn-LBL (OMMP) [ mn-LBL (SDP)
Peak location Peak intensity Lo14 | Peak location Peak intensity Lo14
—a—cLBL —0—¢-LBL 820 A| ~@—c-LBL ~m—c-LBL ;;e'
6454 @ mn-LBL (DMMP) —o— mn-LBL (DMMP) 012 '\ ~@—mn-LBL (DMMP) —&—mn-LBL (DMMP) Lo 12 "’h 42 % 4
_ & mn-LBL (SDP) & mn-LBL (SDP) > 800 || = MA-LBL (SDP)  —4—mn-LBL (SOP) > g 28 26 5, 27
Em' SO Lo.10 -otog 24 09 12 12
% -oos§ -ooa§ 0
635 8
e 0,08 Loos L8-80
= 630 004 004 @ 44 49 49
44
28 28
625 H0.02 002 Ez_ 23
08 12 12
0.00 0.00 0 r - r
2000 4000 6000 8000 10000 2000 4000 6000 8000 10000 t ty t
Time (ms) Time (ms)
g BC h c-LBL |
074 « 18-BO 074 + 18-BO ’ 07 mn-LBL (SDP)
- PM6 = PM6 1680
z 3 e 5 « PM6
$oe ELLE . . — . . 5064
. . .
g .--.........o o. g ‘. . g ....'....o ...
05 £05 06
@ aQ @ -
"""..-"---' .--.- FERY g ..-.""---'.
04 04 =iy, ¥ 04
—
034 ETL interface HTL interface 0.3 ETL interface HTL interface, 0.3 ETL interface HTL interface
[-— - - —) -— -
0 s 100 150 200 250 300 0 50 100 150 200 250 300 0 5 100 150 200 280 300
Depth (nm) Depth (nm) Depth(nm)

G(m?nm's"') k

52008028

- 4 50625

19308426

- 12768426
- 2 6208428
1966€426
13108428
- 6 660€ 424

0.000

3
3
&

Wavelength (nm)

12766428

2620602

1946E426
|

12108428

4508024

400 500 600 700 800 900 1000
Wavelength (nm)

G(nm‘nrn‘s‘)l G(nm~ nm' s")

62408426 § 2008425

A5ueen asamas
19306425 Y 030E28
yarEas
26208028

1966E 426

13108028

0000

400 500 600 700 800 00 1000
Wavelength (nm)

Figure 4. Time-dependent contour maps of UV-vis absorption spectra for a) conventional LBL film, b) mn-LBL film with surfactant DMMB, and c) mn-
LBL film with surfactant SDP processed by toluene. Time evolution of peak location and intensity of d) PM6 and e) BTP-eC9. f) Histogram of washing
time (t,,), drying time (t4), and nucleation time (t,,) for those films during LBL process. g—i) Composition ratio in the vertical direction and j-I) exciton
generation contours of the (g,j) BC, (h,k) conventional LBL, and (1,I) mn-LBL (SDP) active layer films.

recombination pathways.[**°] These modifications collectively
contribute to the superior device performance while maintaining
the fundamental thermodynamic limits of the material system.
To elucidate the structure-property relationships governing de-
vice performance in mn-LBL OSCs, we conducted in situ UV-vis
absorption monitoring of the film formation dynamics. Real-time
UV-vis absorption spectroscopy revealed distinct morphological
evolution pathways during layer deposition, as evidenced by tem-
poral changes in spectral features for conventional LBL (c-LBL),
DMMB-modified, and SDP-optimized systems (Figure 4a—c).
Significant shifts in donor and acceptor peak positions and
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intensities, observed during spin-coating-based LBL assembly,
indicated altered molecular aggregation in all samples. The
spectral evolution exhibited three characteristic kinetic phases:
i) an initial solvent washing stage marked by rapid spectral shifts,
ii) an intermediate drying period showing gradual peak intensity
changes, and iii) a final nucleation phase demonstrating stabi-
lization of absorption characteristics.[??! As depicted in Figure 4f,
Comparative analysis of these temporal profiles revealed that
mesoporous donor layers extended the washing phase duration
(ty) from 6.3 s (c-LBL) to 7.6 s (SDP-modified mn-LBL), indicat-
ing enhanced acceptor penetration through the nanostructured
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Figure 5. 2D fs-TA contour at different time delays of PM6:L8-BO films processed by a) BC, b) conventional LBL and c) mn-LBL (SDP) techniques as

well as their corresponding Fs-TA decay dynamics probed at 625 nm.

underlayer. Additionally, SDP-containing films displayed a pro-
longation of the drying phase (t;) relative to control samples,
consistent with surfactant-mediated modulation of intermolec-
ular interactions at the donor-acceptor interface. The subsequent
nucleation stage (t,) in optimized systems manifested both ex-
tended transition times and pronounced bathochromic shifts,
spectroscopic signatures indicative of improved molecular order-
ing and crystallinity. These observations collectively demonstrate
how surfactant engineering influences the hierarchical assembly
process, ultimately yielding morphologies with enhanced charge
transport characteristics.

To investigate the vertical phase distribution resulting from
surfactant-enhanced electrostatic interactions in the mn-LBL pro-
cess, we employed film-depth-dependent light absorption spec-
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troscopy (FLAS) to characterize the 300 nm-thick active layers.
As shown in Figure 4g, BC films showed homogeneous verti-
cal distribution of PM6 and L8-BO, both LBL approaches exhib-
ited donor enrichment near the substrate interface - a configura-
tion known to promote efficient hole extraction at the anode.!'”]
However, a massive accumulation of PM6 at the bottom was
observed in c-LBL film, indicating limited donor-acceptor inter-
diffusion. In contrast, a gentle rise of PM6 ratio with a pro-
nounced region of excitons near the bottom was observed in the
mn-LBL films (Figure 4i; Figure S31, Supporting Information).
These findings indicate that the mn-LBL strategy with strong in-
termolecular interaction provides sufficient D/A interpenetration
to maintain efficient charge generation throughout the thick (300
nm) active layer. In addition, appropriate donor enrichment at the
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Figure 6. 2D GIWAXS patterns of PM6:L8-BO films processed by a) BC, b) conventional LBL, c) mn-LBL (DMMB), and d) mn-LBL (SDP) techniques,

as well as e) their corresponding in-plane and out-of-plane line-cuts.

anode interface to facilitate charge collection while minimizing
recombination losses. These morphological improvements cor-
relate directly with enhanced device performance metrics, includ-
ing reduced bimolecular recombination coefficients (Krec) and
improved charge extraction kinetics.

Ultrafast charge transfer dynamics in mn-LBL processed films
were elucidated through femtosecond transient absorption spec-
troscopy (fs-TA) with careful control of experimental parameters.
Using a low pump fluence (2 puJ cm=2) at 750 nm excitation wave-
length, we selectively probed the hole transfer dynamics from
photoexcited L8-BO to the PM6 donor while minimizing exciton-
exciton annihilation effects.*’] As shown in Figure 5a—c, spec-
tral analysis revealed characteristic excited-state features, includ-
ing ground-state bleaching (GSB) at 820 nm and excited-state ab-
sorption (ESA) at 925 nm, with the hole transfer kinetics moni-
tored through the evolution of PM6’s GSB signal at 625 nm. As
shown in Figure 5d, The ~15 ps rise dynamics of the PM6 GSB
signal signify hole transfer from acceptor to donor. For the mn-
LBL (SDP) film, biexponential analysis of this signal revealed a
fast component (z; = 112 fs) corresponding to ultrafast interfa-
cial exciton dissociation, and a slower component (z, = 2.20 ps)
associated with exciton diffusion in the acceptor prior to reaching
the interface.l*8] Comparative studies demonstrated significant
kinetic advantages in SDP-modified films, with interfacial charge
transfer rates 50% faster than BC (r; = 248 fs) and C-LBL (r,
= 284 fs) counterparts. Furthermore, the surfactant-dependent
dynamics were further evidenced by DMMB-containing films
showing slightly faster 7, (105 fs) but slower 7, (2.61 ps) com-
ponents (Figure S32, Supporting Information), highlighting the
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critical role of specific surfactant chemistry in governing exci-
ton behavior. These findings directly link the electrostatic inter-
actions inherent to the mn-LBL approach with improved donor-
acceptor contact and accelerated hole transfer from L8-BO to
PMB6, further verifying the contribution that can make to improv-
ing the J4. and FF in OSCs.

Building upon the established correlation between electro-
static interactions and morphological control, we conducted
quantitative crystallographic analysis to further understand
the performance enhancement in mn-LBL devices. Grazing-
incidence wide-angle X-ray scattering (GIWAXS) measurements
revealed that all LBL-processed films maintained preferential
face-on molecular orientation, as evidenced by a pronounced z—=
stacking peak (010) at g, = 1.69 + 0.01 A~" in the OOP direction
and distinct lamellar stacking (100) at q,, = 0.28 A-1in the IP di-
rection (Figure 6). As detailed in Table S5 (Supporting Informa-
tion), SDP-modified films exhibited an increase in CCL for both
crystallographic directions compared to conventional LBL films,
demonstrating that surfactant-induced electrostatic interactions
promote long-range molecular ordering while preserving the de-
sired orientation for vertical charge transport.[*”) These structural
advantages directly correlate with the enhanced charge carrier
mobility observed in photo-CELIV measurements.

The versatility of the SDP-based mn-LBL approach was fur-
ther demonstrated through successful implementation with mul-
tiple acceptor systems. When applied to binary (PM6:BTP-eC9)
and ternary (PM6:L8-BO:BTP-eC9) blends processed with en-
vironmentally benign solvents (water for donor and toluene
for acceptor), the strategy consistently delivered performance
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improvements across all systems (Table S13 and Figure S33,
Supporting Information). Most remarkably, the mn-LBL (SDP)
PM6:L8-BO:BTP-eC9 devices demonstrated an impressive cham-
pion PCE of 20.30% (certified value of 19.86%, Figures S34—S39,
Supporting Information), with a Vo 0f 0.90 V, J4. of 27.98 mA
cm~2, and FF of 80.86%, which outperformed the c-LBL solar
cells with a PCE of 18.94%. This achievement is particularly
significant as it establishes new performance benchmarks for
halogen-free processed OSCs, while simultaneously demonstrat-
ing the feasibility of aqueous processing for the donor layer depo-
sition. The universal applicability of this SDP-modified mn-LBL
approach across different material systems highlights its poten-
tial as a general strategy for high-performance OSCs.

3. Conclusion

This work demonstrates a groundbreaking aqueous processing
strategy that successfully overcomes the thickness limitations of
high-efficiency organic solar cells through innovative layer-by-
layer (LBL) fabrication. By engineering water-based nanoparti-
cle donor inks incorporating strategically designed surfactants,
we achieved exceptional control over donor-acceptor interdiffu-
sion and vertical phase distribution. DFT calculations revealed
that anionic surfactants, particularly the doubly charged SDP
molecule, create optimal electrostatic potential gradients for en-
hanced donor-acceptor interactions. EPR and UPS results con-
firmed that anionic surfactants simultaneously enable p-doping
of the donor matrix and improved interfacial energetics. Mor-
phology investigation techniques, including in situ UV-vis ab-
sorption, FLAS, and GIWAXS, revealed the alleviation of verti-
cal phase separation and formation of high crystalline when mn-
LBL processing active layer with high thickness. The optimized
morphology led to efficient carrier separation and transport in
thickened OSCs, being detected by TA and photo-CELIV. A bi-
nary system processed by water-borne PM6 with surfactant SDP
and a non-halogenated toluene solution of L8-BO delivered a PCE
close to 20%. The mn-LBL (SDP) OSCs showed one of the best
thickness tolerances and achieved PCEs of 18.9% and 17.3% with
thicknesses of 300 and 400 nm, respectively. Moreover, employ-
ing mn-LBL (SDP) into the ternary PM6:L8-BO:BTP-eC9 system
gave an outstanding PCE of 20.3% (19.9% certified). The demon-
strated performance metrics, achieved through fundamental un-
derstanding of electrostatic and doping effects, set new bench-
marks for environmentally friendly OSC fabrication while pro-
viding a versatile platform for future device optimization.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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