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Defining Solid Additive’s Pivotal Role on Morphology
Regulation in Organic Solar Cells Produced by Layer-by-layer
Deposition

Weiwei Wu, Yongmin Luo, Top Archie Dela Peña, Jia Yao, Menoona Qammar, Mingjie Li,
He Yan,* Jiaying Wu,* Ruijie Ma,* and Gang Li

Herein, two emerging device optimization methods, solid additive and
layer-by-layer (LBL) process, for organic solar cells (OSCs) are simultaneously
studied. Through traditional blend cast and recently proposed identical
solvent LBL cast, BDCB (2-monobromo-1,3-dichloro-bezene), a benzene
derivative, is used to improve the device performance based on celebrity
combination PM6:L8-BO. The results reveal that finely optimized BDCB
concentration in PM6 solution can push the efficiency of LBL to 19.03%
compared to blend cast with only 18.12% while the power conversion
efficiency (PCE) changing trend is determined by BDCB’s ratio in L8-BO’s
precursor. The morphology characterizations confirm there exists no
significant stratification for LBL-processed devices, supported by a previously
reported swelling-intercalation-phase separation (SIPS) model. Thereby, the
solid additive’s 2D optimization is considered a smart strategy for finely
tuning the SIPS process, which results in various final morphology states.
This work not only reports a cutting-edge efficiency for binary OSCs, but also
new insight and deep understanding for LBL method-based morphology
optimization strategy development.

1. Introduction

Single-junction organic solar cells (OSCs) started approach-
ing 20% power conversion efficiency (PCE) due to material
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innovation and device optimization ef-
forts, enabling this eco-friendly, solution-
processable, and aesthetically valuable
photovoltaic (PV) technology more
promising marketing prospect.[1–16] To
further brighten the future of OSCs,
efficiency enhancement based on pho-
toactive layer morphology study and
promotion is considered the key mo-
tivation, which includes many factors
that matter such as basic property and
fabrication methods of materials.[17–21]

Apart from continuous material syn-
thesis engineering, exploiting novel ac-
tive layer deposition methods is also
an important and effective way in re-
cent years. Among all, volatile solid ad-
ditive utilization and layer-by-layer (LBL)
deposition have become the two most
popular topics in pursuing ideal active
layer morphology.[22–45] Solid additives
are found powerful in realizing desired

crystallinity and phase separation, without enlarging the en-
ergy loss compared to liquid ones. Meanwhile, the LBL pro-
cessing method is widely agreed to be effective in tuning the
donor-acceptor vertical phase separation which is beneficial to

T. A. Dela Peña, M. Li
Department of Applied Physics
The Hong Kong Polytechnic University
Hong Kong 999077, China
M. Qammar
Department of Chemistry
The Hong Kong University of Science and Technology (HKUST)
Clear Water Bay Rd, Kowloon, Hong Kong 999077, China
R. Ma, G. Li
Department of Electrical and Electronic Engineering
Research Institute for Smart Energy (RISE)
Photonic Research Institute (PRI)
The Hong Kong Polytechnic University
Hong Kong 999077, China
E-mail: ruijie.ma@polyu.edu.hk

Adv. Energy Mater. 2024, 14, 2400354 2400354 (1 of 10) © 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

http://www.advenergymat.de
mailto:hyan@ust.hk
mailto:jiayingwu@ust.hk
https://doi.org/10.1002/aenm.202400354
http://creativecommons.org/licenses/by/4.0/
mailto:ruijie.ma@polyu.edu.hk
http://crossmark.crossref.org/dialog/?doi=10.1002%2Faenm.202400354&domain=pdf&date_stamp=2024-03-08


www.advancedsciencenews.com www.advenergymat.de

Figure 1. a) Chemical structure of photoactive materials and solid additive, and casting method scheme. b) Heat map summary for 2D optimization
results of the LBL structured solar cells. c) J–V characteristics of optimized BHJ and LBL devices.

suppressing bimolecular recombination thereby imparts better
performance. Separately, these two methods already shine attrac-
tively; however, together are they believed to demonstrate syner-
gistic effects for a more productive outcome.

Interestingly, solid additive strategy is usually applied in
donor-acceptor blend bulk-heterojunction (BHJ), yet the only
donor-additive or acceptor-additive interaction is considered as
the morphology regulator.[46–48] Meanwhile, the more compli-
cated donor-acceptor-additive has been rarely explored. On the
LBL processing side, the use of additives on both donor and ac-
ceptor precursors simultaneously (either liquid or solid state)
has been also inadequately discussed, not even taken as a
scientific issue but more as an engineering technique.[49,50]

Recently, some works focused on additive interaction with
donor and acceptor for both BHJ and LBL films,[51,52] yet
more systematic mechanism digging and in-depth understand-
ing is still in shortage. Hence, implementing a comprehen-
sive study on solid additive’s morphological and photophys-
ical tuning effect on the donor layer, acceptor layer, and
obtained active layer in an LBL fabrication scenario, would
be a scientifically inspiring effort and an efficiency-pushing
candidate.

Herein, PM6/L8-BO which is a well-studied binary donor-
acceptor system for LBL architecture,[53] and a halogenated solid
additive BDCB (2-monobromo-1,3-dichloro-bezene) have been
investigated. Specifically, a 2D optimization of additive’s con-
centration in donor/acceptor solution has been carried out for
LBL architecture in reference to BHJPM6:L8-BO. It is found that
BDCB induces the formation of nanofiber network in PM6:L8-
BO blend cast film, as well as tuned crystalline features and
phase separation toward improved PCE. On the other hand, over-

dosing would cause over-aggregated L8-BO agglomerates with-
out significant 𝜋–𝜋 stacking signals (i.e., known to imparts poor
charge transport and indecent device performance). For the LBL
architectural active layers, BDCB’s concentration in donor pre-
cursor is confirmed crucial to finely modulating the swelling-
intercalation-phase separation (SIPS) process of L8-BO in the
PM6 polymer matrix.[53] The concentration of BDCB in L8-BO
solution is mainly correlated to its molecular packing, especially
the 𝜋–𝜋 stacking feature. Increasing BDCB concentration in PM6
can change the domain size and interval of its crystallites (i.e.,
quasi porous structure),[54] which would determine the final mor-
phology of the active layer after the SIPS process. Consistent
with previous reports, the LBL processed films exhibit no clear
donor-acceptor vertical phase segregation. However, the in-plane
phase separation size can be largely affected and likewise for the
general crystallization behavior. Due to this more flexible mor-
phology modulation, the optimized LBL device displays a better
PCE than its BHJ counterpart does. This can be attributed to-
more suitable phase distribution and ordered molecular pack-
ing,facilitating improved charge generation and transport. As
a result, a 19.03% efficiency is obtained, lying at the cutting-
edge level for binary OSCs enabled by LBL fabrication.[23,55,56]

This work not only proposes a novel solid additive for

Table 1. Photovoltaic performance of optimized BHJ and LBL devices.

PM6:L8-BO VOC (V) JSC (mA cm−2) FF (%) PCE (%)

Optimal BHJ 0.888 25.92 78.9 18.12

Optimal LBL 0.891 26.80 79.7 19.03

Adv. Energy Mater. 2024, 14, 2400354 2400354 (2 of 10) © 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

 16146840, 2024, 22, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202400354 by H
ong K

ong Poly U
niversity, W

iley O
nline L

ibrary on [23/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

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


www.advancedsciencenews.com www.advenergymat.de

Figure 2. a) Normalized UV-vis absorption profiles and b) PL spectra of PM6 films, cast from precursors with different BDCB concentrations, with &
without CF washing post treatment. The AFM c) height images and d) phase images of all these PM6 films.

effective morphology promotion and successfully applies solid
additive into the 2D optimization for LBL type cells, but also re-
veals the underlying working mechanism of solid-additive par-
ticipated SIPS process, and extends this model’s understanding
depth and importance.

2. Results and Discussion

A novel solid additive named 1,3-dichloro-2-monobromo-bezene
(BDCB) is chosen as the research target of this work provided
that its analogs are widely reported effective in tuning active
layer morphology and improving PV performance.[24,29] The ref-
erence photoactive system is PM6:L8-BO, a well-known combina-
tion for both BHJ and LBL casted devices. Their chemical struc-
tures and device fabrication schematic diagram are illustrated
in Figure 1a. The devices based on BHJ and LBL architectures
of ITO/PEDOT:PSS/active layer /PNDIT-F3N/Ag are fabricated.
The current density versus voltage (J-V) characteristics are pre-
sented in Figure S1a (Supporting Information) (BHJ), and Figure
S2 (Supporting Information) (LBL). The results are all demon-
strated in Table S1 (Supporting Information) and Table 1, as well
as Figure 1b for visualizing the 2D LBL optimization details (com-
prehensive optimization of BDCB’s content in both donor and ac-
ceptor precursors). To further compare the device performance of
BHJ and LBL types of cells, the optimized J–V curves are plotted
in Figure 1c.

In a traditional BHJ scenario, the use of BDCB (10 mg mL−1)
can first increase the photovoltaic performance screened by the
improved short-circuit current density (JSC) and fill factor (FF),
though slightly lower open-circuit voltage (VOC). Meanwhile, the
overdosed BDCB (20 mg mL−1) causes loss for all parameters
leading to poorer PCE. The accuracy of device results is supported
by external quantum efficiency (EQE) spectra in Figure S1b (Sup-
porting Information), where the integrated current density values

are found 23.61, 25.12, and 23.25 mA cm−2, representing the er-
ror is within 5%. Turning to the LBL ones, no matter what con-
centrations are set for PM6 solutions, the performance chang-
ing rule follows that 10 mg mL−1 > 0 mg mL−1 > 20 mg mL−1

for BDCB’s concentration in L8-BO. This implies that the domi-
nant behavior is the crystallization of L8-BO. On the other hand,
the ratio of BDCB in PM6 also significantly affects the efficien-
cies (from 18.57% to 18.61%, 19.03% and 17.44%). These mea-
surements are also substantiated by the EQE spectra as plotted
in Figure S3 (Supporting Information). Overall, the LBL method
with a more flexible solid additive treatment range taps the per-
formance potential better than BHJ does, and its incorporation
for both PM6 and L8-BO is vital for pursuing the best PCE. Em-
pirically, the use of solid additives is supposed to tune the mor-
phology toward different photovoltaic performances according to
many studied BHJ cases, thus the understanding of LBL-enabled
2D optimization is also supposed to be gained by through mor-
phological investigation.

Different from blend cast, the LBL processing includes a stage
of solvent washing before the acceptor material is deposited onto
the donor layer. Hence, the PM6 eigen-propertyis studied here
through the simple-cast group and CF washed group, as demon-
strated in Figure 2: normalized UV–vis absorption (2a), photolu-
minescence (2b) spectra, and atomic force spectroscopy height
(2c) + phase (2d) images. Typically, PM6 is a pre-aggregated
polymer in solution, thus the simple cast films demonstrate no
significant differences. After CF washing, 10 and 20 mg mL−1

BDCB treated films contain better absorbance, indicating proper
solid additive incorporation leads to more crystalline PM6 in
the film state. Besides, the transition of a higher 0–1 vibra-
tional peak to a higher 0-0 peak supports that CF post-casting
can move top side non-crystalline PM6. The CF washing is
also found to result in different featured changes for the emis-
sion spectra of PM6, which indicates that BDCB-treated donor
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Figure 3. In-plane GISAXS intensity profiles and fitting lines of neat PM6 and L8-BO films, PM6:L8-BO blend cast films, LBL fabricated PM6:L8-BO films.

layers contain varied surface morphology and thus different crys-
talline/energetic variation after being washed by CF. According
to the phase images, the use of BDCB can induce more nanofib-
rils for PM6, which becomes stronger and stronger with the in-
crease of BDCB content. CF washing makes the surface of PM6
more sophisticated, but with 30 mg mL−1 BDCB the nanofibers
in PM6 disappears. These results indicate that proper BDCB ad-
dition provides a porous structure in PM6 film, favorable for
post-cast L8-BO molecules locating, crystallizing, swelling, and
aggregating. Therefore, fine optimization of BDCB’s concentra-
tion in the donor layer is a rational modulation of the SIPS pro-
cess. Consistently, from Figure S4 (Supporting Information), it
is unsurprisingly that 10 mg mL−1 BDCB induces proper scale

molecule aggregates while 20 mg mL−1 BDCB leads to oversized
agglomerates. Thereafer, from Figures S5–S7 (Supporting Infor-
mation), the AFM images indicate that 0 mg mL−1 BDCB treated
PM6 bottom layer results in the most significant interpenetrat-
ing nanofibril networks when horizontally compared the sam-
ples, regardless of BDCB ratio in L8-BO solution. Furthermore,
the morphology tuning effect of BDCB in blend cast films is also
screened by AFM experiments as shown in Figure S8 (Support-
ing Information): insignificant phase separation (0 mg mL−1), re-
fined nanofibers (10 mg mL−1), and non-continuous aggregates
(20 mg mL−1).

Subsequently, quantitative and more bulk-included analy-
ses of phase separation are enabled by the grazing incidence

Adv. Energy Mater. 2024, 14, 2400354 2400354 (4 of 10) © 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Table 2. Fitted GISAXS parameters for all films.

Films 𝜑(%) 𝜂 (nm) D 2Rg (nm) 𝜉 (nm) L (nm) 2R (nm)

PM6 (0 mg mL−1) 16.0 16.5 2.65 72.6 / / /

PM6 (10 mg mL−1) 18.0 17.7 2.78 81.1 / / /

PM6 (20 mg mL−1) 16.5 18.1 2.85 84.8 / / /

PM6 (30 mg mL−1) 28.9 21.4 2.80 98.7 / / /

L8-BO (0 mg mL−1) 10.1 21.2 2.85 99.3 / / /

L8-BO (10 mg mL−1) 15.3 33.8 2.95 163.2 / / /

L8-BO 20 mg mL−1) 20.0 32.7 2.96 158.3 / / /

PM6:L8-BO (0 mg mL−1) / 8.9 2.67 39.4 28.3 / /

PM6:L8-BO (10 mg mL−1) / 4.1 3.00 28.5 20.1 / /

PM6:L8-BO 20 mg mL−1) / 10.0 2.66 62.4 20.6 / /

PM6 (0 mg mL−1)/L8-BO (0 mg mL−1) / / / / 18.9 510 6.6

PM6 (10 mg mL−1)/L8-BO (0 mg mL−1) / / / / 18.4 551 6.8

PM6 (20 mg mL−1)/L8-BO (0 mg mL−1) / / / / 46.5 394 7.8

PM6 (30 mg mL−1)/L8-BO (0 mg mL−1) / / / / 24.2 516 6.6

PM6 (0 mg mL−1)/L8-BO (10 mg mL−1) / / / / 23.9 476 6.3

PM6 (10 mg mL−1)/L8-BO (10 mg mL−1) / / / / 19.8 488 6.7

PM6 (20 mg mL−1)/L8-BO (10 mg mL−1) / / / / 21.2 440 6.1

PM6 (30 mg mL−1)/L8-BO (10 mg mL−1) / / / / 20.9 446 6.7

PM6 (0 mg mL−1)/L8-BO (20 mg mL−1) / 15.0 2.92 71.7 38.2 / /

PM6 (10 mg mL−1)/L8-BO (20 mg mL−1) / 12.2 3.30 65.0 23.7 / /

PM6 (20 mg mL−1)/L8-BO (20 mg mL−1) / 14.3 3.00 70.0 36.4 / /

PM6 (30 mg mL−1)/L8-BO (20 mg mL−1) / 18.1 3.00 88.7 42.3 / /

small-angle X-Ray (GISAXS) measurement.[57] The IP directional
intensity profiles and corresponding fitting results are displayed
in Figure 3 and Table 2, respectively. Assisted by AFM phase
images, and suggested by the fitting accuracy, the neat donor
and acceptor films are analyzed through fractal model,[58] while
the blend cast and L8-BO-20 mg mL−1 LBL films are evaluated
by Debye-Anderson-Brumberger (DAB) + fractal model,[59] lastly
the LBL films of 0 and 10 mg mL−1 BDCB in L8-BO solutions are
studied by DAB & Flexible Cylinder model.[19] In different mod-
els, marks have their own interpretations. 𝜂, D, 𝜉, and 𝜑 refer to
correlation length, aggregation’s dimensionality, PM6-rich phase
size, and crystalline phase ratio. L and 2R are special parame-
ters for the cylinder model, representing the fiber length and di-
ameter for the acceptor L8-BO. The 2Rg for neat films stands
for crystalline aggregate scale and the size of L8-BO pure phase
length scale in DAB+fractal model. Accordingly, PM6 film can be
finely tuned by 10 and 20 mg mL−1 BDCB treatment to achieve
a desirable bottom layer for L8-BO’s deposition, but 30 mg mL−1

BDCB would result in dramatically increased crystalline phase
and corresponding phase scale, leaving insufficient space for L8-
BO molecules interpenetrate and aggregate, and thus incomplete
SIPS. On the other hand, the crystalline ratio of L8-BO can be
promoted from 10.1% to 20.0%, which is also consistent with
AFM phase images. Intrinsically formed high-ratio crystallite is
supposed to be the reason for aggregates replacing nanofibers
in L8-BO-20 mg mL−1 LBL films compared to those based on
L8-BO-0 and -10 mg mL−1. Observably, in LBL films with fibril-
lated structure, the lengths are several times longer than 100 nm
(film thickness) while the diameters of L8-BO fiber are similar
which supports efficient D/A interface charge separation and

charge transport in pure domains. On the contrary, LBL films
with 20 mg mL−1 BDCB in L8-BO exhibit very large L8-BO phase
scales (71.7, 65.0, 70.0, and 88.7 nm), as well as multiplied PM6-
rich domain sizes. Such over-separated phase distribution well
explains sacrificed JSC and FF. Meanwhile, for blend cast (BHJ)
films, the effect of using BDCB in phase separation modulation is
revealed where the optimal film has the most balanced and finest
PM6-rich and L8-BO crystalline phase scales, that are beneficial
to improve D/A interface area.

Aside from general phase separation, the molecular packing,
crystallization behavior, and donor-acceptor vertical segregation
are subsequently studied through grazing incidence wide an-
gle X-Ray scattering (GIWAXS) experiment.[60–62] Herein, 0.2°

X-ray incidence is used for neat PM6 and L8-BO films, as well
as BHJ and LBL films, while 0.05° X-ray incidence is applied
for LBL films to investigate the vertical phase segregation.[63]

The 2D GIWAXS patterns and corresponding line cuts along-
side in-plane (IP) and out-of-plane (OOP) orientations are dis-
played from Figures S9–S15 (Supporting Information). Focus-
ing on OOP directional 𝜋–𝜋 stacking, the calculated crystalline
parameters, d-spacing and coherence length (CL), are demon-
strated in Figure 4. According to these figures, the crystalline
characteristics of PM6 and L8-BO can be initially judged wherein
PM6 exhibits d-spacings between 3.75 and 3.8 Å, while L8-BO dis-
plays d-spacings less than 3.7 Å. The BDCB ratio in solution can-
not change the d-spacing and CL values of PM6 a lot. However,
the 10 mg mL−1 BDCB significantly increases the CL with re-
duced d-spacing for L8-BO. Moreover, 20 mg mL−1 BDCB leads to
the disappearance of 𝜋–𝜋 stacking peak for L8-BO, and lamellar
peaks show clear shifts. These results can explain the poor device

Adv. Energy Mater. 2024, 14, 2400354 2400354 (5 of 10) © 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. Fitted GIWAXS parameters for OOP directional 𝜋–𝜋 stacking peaks following varied BDCB concentrations: a) PM6 neat films, b) L8-BO neat
films, c) PM6:L8-BO blend cast films, and LBL processed PM6/L8-BO films of d) 0.2° X-ray detection [bulk] and e) 0.05° X-ray detection [top part].

performance when BDCB concentration comes to 20 mg mL−1,
together with previously revealed oversized L8-BO clusters. The
fitted parameters for blend cast PM6:L8-BO films reveal their 𝜋–𝜋
stacking is mainly contributed by small molecule acceptor L8-BO,
since their d-spacings are at the range of 3.65–3.7 Å. Notably, for
20 mg mL−1 BDCB processed blend cast film, the d-spacing value
surpasses 3.7 Å, which is supposed to be attributed to BDCB over-
dosing undermining L8-BO’s 𝜋–𝜋 stacking, thus herein blend
film’s (010) peak signal is mainly generated from PM6 crystal-
lites. The bulk GIWAXS results of LBL films demonstrate that
changing the BDCB content in L8-BO solution can less effec-
tively tune the d-spacing than regulating the concentration in the
PM6 precursor. This means theaggregated and crystalline prop-

erty of PM6 is of high importance for the final blend film mor-
phology. This is consistent with the SIPS process prediction of
insignificant donor-acceptor stratification but well-gained global
interpenetration.[51] When the PM6 layer processing comes to
20 mg mL−1 BDCB content, the d-spacings are reduced to smaller
than 3.6 Å. The tightened stacking is considered beneficial to
charge transport, and facilitating exciton diffusion for more ef-
ficient charge generation. Compared to bulk LBL’s GIWAXS pat-
terns (Figure S12, Supporting Information), the 0.05° incidence
obtained patterns in Figure S13 (Supporting Information) dis-
plays less features of L8-BO: vice lamellar peaks at ≈0.4 Å−1 dis-
appear. Therefore, though L8-BO is cast after the deposition of
PM6, the final LBL blend films contain more PM6 at the top. The

Adv. Energy Mater. 2024, 14, 2400354 2400354 (6 of 10) © 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 5. Singlet excitons decay in a) neat PM6 films before and after CF washing, and b) neat L8-BO films. Polaron dynamics in c) blend cast films, (d)
L8-BO-0 mg mL−1 based LBL films, e) L8-BO-10 mg mL−1 based LBL films, and f) L8-BO-20 mg mL−1 based LBL films. Samples are pumped with either
800 nm (neat acceptor and blend films) or 400 nm (neat donor films) fs-laser under a fluence of 3 uJ cm−2 and the change in absorption is probed using
a white light continuum.

guess of SIPS mechanism and the reliability of IP GISAXS in-
tensity enabled phase separation analysis are well substantiated.

Following the crystalline characteristic investigation, the cor-
responding charge transport ability of the photovoltaic blend
is evaluated by the space charge limited current (SCLC)
method,[64–66] for which a bunch of hole-only and electron-only
devices are fabricated. The J–V curves and extracted mobility val-
ues are exhibited in Figures S16, S17, and Table S2 (Supporting
Information). The mobility variation trend is generally consistent
with 𝜋–𝜋 stacking parameter’s changing characteristics: proper
BDCB can induce better crystallization thus improving hole and
electron mobility (μh, μe). Too high BDCB content reduces PM6’s
aggregation (possibly due to poorer crystallinity) and sacrifices
L8-BO’s 𝜋–𝜋 stacking, so decreased mobility results are obtained.
Optimized LBL (PM6-20 mg mL−1, L8-BO-10 mg mL−1) has a
higher and more balanced (μh, μe) combination than optimized
BHJ film does, which is supportive to the device performances of
them.

With well-discussed morphology concerns, the device perfor-
mance is subsequently correlated to corresponding photophysi-
cal properties as well, with the help of transient absorption spec-
troscopy (TAS) experiment.[67–69] The obtained TAS results are
presented in both pseudo-2D contour maps and from representa-
tive spectral line cuts at various pump-probe delay times Figures
S18–S22 (Supporting Information). The corresponding singlet
excitons and polarons dynamics studies are extracted and shown
in Figure 5. The singlet exciton decay dynamics for PM6 pro-
cessed by different BDCB ratios are overall identical, while CF

washing can uniformly lead to a longer donor exciton lifetime
based on Figure 5a. A prolonged lifetime is beneficial to charge
separation by suppressing the geminate recombination. Mean-
while, from Figure 5b, 10 mg mL−1 BDCB can slightly improve
the exciton lifetime, as well, which is possibly due to improved
crystalline order of 𝜋–𝜋 stacking. On the contrary, though 𝜋–𝜋
stacking is nearly undermined by 20 mg mL−1 BDCB, its neat
film’s exciton lifetime is significantly longer than those of the
other two. This can be taken as the result of a much higher
crystalline phase ratio. Then attention is paid to active layers
processed from blend casting (BHJ) (Figure 5c) and LBL meth-
ods (Figure 5d–f; Figure S23, Supporting Information). In the
BHJ scenario, increasing additive content is positive in pursuing
slower polaron sub-ns recombination dynamics, which is benefi-
cial to 10 mg mL−1 BDCB treated devices though 20 mg mL−1

BDCB-based solar cell performance is poorer, because the lat-
ter one doesn’t share similar morphology architecture as 0 and
10 mg mL−1 BDCB treated blend film do thereby indicative of in-
creasing in charge losses beyond sub-ns regime typically due to
traps. Further, the slower exciton generation process by solid ad-
ditive content’s increase also follows the same pattern. As for LBL
devices, as suggested by Figure S23 (Supporting Information),
increasing the acceptor additive concentration leads to slower
polarons generation dynamics and slower sub-ns polarons re-
combination, similar with BHJ’s trend, therefore the understand-
ing and underlying mechanism shall be similar, too. Meanwhile,
from the side of the donor PM6’s BDCB concentration varia-
tion, some differences take place. 10 mg mL−1 donor additive

Adv. Energy Mater. 2024, 14, 2400354 2400354 (7 of 10) © 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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concentration always leads to faster sub-ns recombination mak-
ing 20 mg mL−1 the most ideal case wherein the polarons re-
combination is not harmed for most of the cases while without
oversaturating the BDCB concentration Overall, TAS results in-
dicate that the increasing excitonic lifetimes in combination with
unharmed sub-ns polarons recombination dynamics at appropri-
ate additive concentrations for the donor and acceptor can lead
to enhanced photocurrent generation, as observed from JSC. On
the other hand, suppression of free charge recombination be-
yond the sub-ns regime which highly influences the FF can be
understood from nanomorphology and device physics which in-
dicate better transport properties through the proper content of
BDCB.

At last, as a supplement for TAS characterizations, some de-
vice physics experiments are carried out: photo-current versus
effective voltage (Jph vs Veff), light intensity dependent JSC and
VOC. The results are displayed in Figures S24–S27 (Supporting
Information) for BHJ and LBL devices. The calculated parame-
ters including saturated current density (Jsat), charge dissociation
efficiency (𝜂diss), charge collection efficiency (𝜂coll), bimolecular
recombination index (S), and ideal diode factor (n) are summa-
rized in Table S3 (Supporting Information). The analysis meth-
ods for them are given in Supporting Information with details.
The charge dissociation rates are uniformly similar for all kinds
of PM6:L8-BO devices, thereby the JSC improvement is mainly
contributed by promoted Jsat, in other words, increased D/A inter-
face area. On the other hand, very similar recombination param-
eters cannot present more information than a polaron dynamics
study can.

3. Conclusion

In summary, driven by the curiosity of exploring emerging solid
additives with halogen-phenyl type for morphological tuning ef-
fect on both donor and acceptor, a 2D optimization of additive
concentration (i.e., BDCB herein) in PM6 and L8-BO precursors
for LBL devices is carried out. The solar cell performance indi-
cates that BDCB content in L8-BO plays a critical role in realiz-
ing high PCE, while its ratio in PM6 can tune the morphology
and device efficiency in a more sophisticated way which further
advances the PCE from 18.12% (blend cast) to 19.03%. The syn-
ergistic modulation (donor and acceptor precursors) is found in
a refined tuning engineering of the previously confirmed SIPS
process. This work presents a systematic studying case upon mor-
phology evolution of OSCs, and demonstrates a new possibility
of pursuing PCEs, thus boosting the future of achieving carbon
neutrality.[70,71]

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