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Layer-by-layer (LBL) deposition using solution processing is a promising technique for fabricating organic
solar cells (OSCs) with high efficiency and stability. In comparison with bulk-heterojunction (BHJ) structures,
in the LBL method, the donor (D) and acceptor (A) materials are deposited sequentially, presenting many
distinct advantages including a p-i—n-like configuration (D/D:A/A) that may create well-defined and
controllable nanostructures to facilitate charge generation and extraction. This concept is an advisable
option to fabricate pseudo-bilayer configurations in the active layer of OSCs. At present, high power
conversion efficiencies (PCEs) of over 19% in ternary LBL processed OSCs and 11.97% in the processed
module (11.52 cm?) have been successfully realized, indicating that the selection of an appropriate ternary
system is an effective strategy to improve the morphology of the active layer towards efficient and stable
OSCs. Moreover, the unique merits of LBL configuration in individual layer processing enable it to be a
promising approach for large-scale printing and further commercialization of OSCs. In this article, we
summarize the recent advances in LBL OSCs, focusing on the selection of materials, solvents, processing
Received 24th September 2023, parameters, device architectures, and stability. We also discuss the key strategies used for further
Accepted 26th October 2023 improvement of LBL OSCs from the perspectives of structural design, performance, and scalability. Finally,
DOI: 10.1039/d3ma00754e we discuss the current limitations of BHJ devices and the prospect of LBL OSCs as a promising alternative
for high-performance and stable OSCs. We also highlight some key research directions that can help
rsc.li/materials-advances enhance the efficiency and stability of LBL OSCs for their potential applications in the future.
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1. Introduction

The field of organic solar cells (OSCs) has witnessed remarkable
advances in the last 20 years, thanks to the synthesis of novel
organic materials and the design of innovative device structures.
Currently, OSC technology is close to the performance of inorganic
and perovskite solar cells owing to their unique advantages, such
as light weight and potential in constructing large area and flexible
devices by adopting a low-cost solution processing technique.'™°
The initial phase of OSC research involved a simple device
structure with a single organic semiconductor as the active layer
between two electrodes with different work functions, realizing a
very low power conversion efficiency (PCE) due to low exciton
dissociation."” In OSCs, excitons (bound electron-hole pairs) are
formed after absorption of suitable photon energy because of the
low dielectric constant of organic materials, which hinder direct
electron-hole dissociation as opposed to high dielectric inorganic
materials. The excitons are localized on the conjugated back-
bone.">" In 1986, Tang reported the first donor (D)/acceptor (A)
vacuum-deposited planer heterojunction (PHJ) OSCs and attained
a PCE of around 1%."* The performance of PHJ devices was hin-
dered due to the short exciton diffusion length (Lp) of the organic
semiconducting materials, which ranged from 5 to 20 nm."” This
meant that only a small fraction of the excitons generated in the
active layer could reach the D:A interface and dissociate into free
charges. Hiramoto et al. fabricated three-layered OSCs with a
co-deposited interlayer of a D:A mixture between the respective
layers, serving as an efficient carrier generation layer.'®" In the
subsequent year, Sariciftci et al. demonstrated ultrafast photo-
induced electron transfer in a conjugated polymer and fullerene
(Ceo) mixture.'® In 1995, Heeger and co-workers introduced the
concept of bulk-heterojunction (BHJ) formed by a mixture of D
and A, which facilitated exciton dissociation and charge transport
by expanding the D:A interfacial area with a bi-continuous inter-
penetrating network leading to an increase of the PCE of OSCs
compared to bilayer counterparts (Fig. 1).'%2°
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In the early stage of development, the field of OSCs was
focused on a BH] active layer consisting of fullerene derivatives
due to their high electron affinity, ease of accepting electrons,
isotropic electron transport, and facilitation of electron delo-
calization at the donor/acceptor interface."*'”>*> Many innova-
tions and PCE improvements (ranging from 9 to 11%) were
attained using fullerene derivatives as acceptors when paired
with a polymer or small molecule as donors.>*® However,
despite the progress with fullerene based OSCs, it remains
challenging to extend the absorption profile to longer wave-
lengths, modify frontier energy levels, chemical modification of
fullerene acceptors, and morphological instability. Moreover,
fullerene based OSCs showed high energy losses exceeding
0.8 eV, which reduces the open circuit voltage (Voc)-

With the emergence of fullerene-free acceptors (FFAs),
such as ITIC*® and Y6 derivatives,®’* exhibiting extended
absorption towards a longer wavelength region which is com-

3,5,29

plementary of the wide/medium bandgap donor, optimization
of film morphology, interface engineering, benefit of low
energy loss, and device configurations, the PCEs of BH] OSCs
have been improved from ~ 3% to 19% in the past 20 years®>?
and to 20% for tandem solar cells.>*>** One of the key benefits
of these FFAs is that their energy levels (HOMO/LUMO) can
be adjusted by careful functionalization, allowing them to
absorb in the visible-to-near-IR spectrum, and making them
compatible with various donor materials. Also, some recent
reports have revealed longer L, for FFAs compared to full-
erenes, allowing an ideal domain size of 20-50 nm for opti-
mized active layers.”’™> These molecular developments for
solution-processed OSCs created new opportunities for their
commercialization.**™>"

A systematic mechanistic approach for photocurrent gen-
eration in BHJ OSCs is presented in Fig. 2. The photocurrent
generation efficiency (17.) of OSCs is expressed as 7je = Naps X
Naiss X Meol, Where n,ps is the fraction of absorbed photons,
Naiss 1S the fraction of dissociated excitons, and 7., is the
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Fig. 1 Schematic representation of the preparation of BHJ and LBL OSCs.
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Fig. 2 Fundamental mechanistic approach for photocurrent generation in D—-A heterojunction OSCs showing (a) excitation of the donor, and
(b) excitation of the acceptor; (1) absorption of photons to generate excitons (bound electron—hole pairs) in both D and A; (2) exciton diffusion to
the D/A interface within its lifetime and diffusion length; (3) exciton separation at the D/A interfaces where the e~ jumps to the acceptor and h* stays in
the donor; (4) transport and collection of e~ and h* at the cathode and anode, respectively. Charge separation and charge transport process at the D/A

interface in (c) bulk-heterojunction (BHJ) and (d) layer-by-layer (LBL) OSCs.

efficiency of charge collection by the electrode after the exciton
dissociation and is influenced by the internal electric field and
optimal morphology in the vertical direction. The optimization
of BH] morphology depends on various processing conditions,
such as the D:A weight ratio, the solvent used for processing,
co-solvent, additive treatment, interfacial modifications, thermal/
solvent annealing, aggregation in the blend, crystallinity, and

© 2023 The Author(s). Published by the Royal Society of Chemistry

miscibility of the D and A phase.”>® One of the challenges in
BHJs is to achieve a balanced and optimal D/A phase separation
along the vertical direction, which leads to increased bimole-
cular recombination and reduced charge extraction.’®"*> The
quality of the interpenetrating network in BHJ films strongly
depends on the mixing of the D:A components and the choice
of solvent for processing. Therefore, developing strategies to

Mater. Adv., 2023, 4, 6031-6063 | 6033
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optimize the vertical phase separation along with enriched D/A
domains near the respective electrodes is essential to improve
the #¢on of BHJ solar cells.®?

Compared to BHJs, the quasi-planar (also called the pseudo-
bilayer) heterojunction OSCs processed by a layer-by-layer (LBL)
deposition or sequential deposition technique have several
advantages and could be cost-effective (Fig. 1).°**” The LBL
method can avoid the complex nanometer-scale morphology
obtained in the BH]J structure and do not depend on the
material composition for processing. The approach of the
LBL technique using sequential deposition of D and A layers
is a viable option to achieve p-i-n type D/(D:A)/A pseudo-bilayer
configuration. FFAs with diverse molecular geometries can
overcome the drawbacks of fullerene-based acceptors, and
together with LBL-processing both the PCE and the stability
of the devices can be enhanced.®®®® The formation of vertical
phase separation through LBL-processing is not only beneficial
for exciton separation but also offers channels for charge
carrier transport and collection and thereby suppressing the
charge recombination in the device. Various processing tech-
niques, such as spin-coating, doctor blade coating and slot-die
coating, are used to prepare LBL thin films. Moreover, each
technique requires careful control of certain parameters that
affect the coating properties. These parameters include the
solution concentration, solvent, viscosity, temperature, sub-
strate speed, and drying time. One of the advantages of LBL
deposition over BHJs is that it allows each layer to be processed
independently, which can facilitate large-scale printing for
commercial applications. However, sequential processing faces
a challenge of balancing exciton dissociation and charge collec-
tion, which are affected by the layer distribution and vertical

View Article Online
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phase separation. To address this challenge, various methods
have been employed, such as the use of orthogonal solvents
and co-solvents, applying additives, and annealing of the active
layer to optimize the morphology and OSC performance. Friend
and Hou groups independently reported a significant break-
through in the progress of FFA-based LBL OSCs.”””" OSCs
based on LBL-processing were then investigated by many research
groups using a variety of D/A materials to optimize the vertical
phase separation, and device engineering. The rapid growth of
research on LBL OSCs is evidenced by the remarkable surge of
publications in the last 5 years reaching PCEs over 19%,>””
which is on par with the BH] OSCs with improved stability (Fig. 3).
Nevertheless, the emergence of new materials and fabrication
techniques has stimulated the development of LBL approaches
in recent years and opened possibilities for the fabrication of large
area devices.

The LBL blade coating technique also enabled the prepara-
tion of large area solar modules (3.3 cm? and 11.52 ¢cm?) with
high PCEs of 13.88% and 11.86%, respectively.”® These PCEs
are difficult to achieve using a BHJ structure. Therefore, the
solution-processed LBL deposition method may be more effec-
tive to fabricate stable and reproducible high performance
0SCs, specifically for printing roll-to-roll large-area devices.”

In this review, we aim to provide a comprehensive overview
of the recent advances and challenges in solution processed
LBL OSCs, covering new materials development to processing
conditions and device architecture aspects and emphasizing
their advantage over BH]J structures. We discuss the progress
made in LBL OSCs from laboratory scale to large area fabrica-
tions and highlight the future directions for this field. The
most recent citations are covered until August 2023. This review

| Fullerene Acceptor) [Polymer Acceptor> |Fullerene-Free Accepto>

1 -@=BHJ) =$=|BL
20 - LR

16 4

R = 2-ethylhexyl
PBDB-TF/PMé

PCE [%]

20° a0 a®

o
200> o0t

Fig. 3 The PCE development for BHJ and LBL OSCs over previous years.
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includes 198 citations, of which ~ 100 citations are from 2021
to 2023 showing the story of this dynamic development.
The donor materials used in these studies are presented in
Fig. 4 and 5.

2. Working principle of BHJ and
LBL-processed OSCs

It is established that the PCE of OSCs is directly associated with
the BH]J active layer morphology. The domain size of both the
donor and acceptor in the active layer must be balanced. For
larger domain sizes the excitons will be lost before reaching the
D/A interface and hamper the exciton dissociation efficiency.
For the efficient transport of charge carriers toward the electro-
des, a bi-continuous interpenetrating network is required,
otherwise, the charge carriers will be lost due to the excessive
charge recombination and thereby reducing the OSCs perfor-
mance.’>®" In BHJ OSCs it is very difficult to control the
nanoscale morphology as it is very sensitive to the material
structure and processing conditions such as the D to A weight
ratio and post-treatment conditions. Controlling and predict-
ing the BH]J morphology, which depends on the processing
conditions, is also a challenge as the solution process of
the mixture of D and A materials led to complicated dynamics
and kinetics during the morphological evolution. Since the
BH] morphology is not a thermodynamically stable state, there
is a decrease in the stability of OSCs owing to the change in
morphology during the device operation. Therefore, the con-
cept of LBL processing using a sequential deposition technique
was developed to overcome the above-mentioned limitations of
BH] based OSCs. In LBL-processed OSCs, the choice of solvents
and co-solvents is very crucial which regulate the interdiffusion
of D and A layers to realize suitable p-i-n structures. During
the deposition of the top layer, the bottom layer should not be
completely dissolved. Therefore, the D and A materials are
dissolved in orthogonal or even semi-orthogonal solvents to
avoid washing of the bottom layer. The lower and upper layers
are dispersed by swelling or wetting of the solvent forming an
intermixed-BH]J interlayer. The addition of solvent or solid
additives is another approach by which the interdiffusion of
D and A molecules can be enhanced and fine-tune the mor-
phology of the quasi-planar heterojunction. The morphology of
the LBL processed active layer has the advantage of both the
planar and BH] structures in which the BH]J layer is sandwiched
between the planar layers. The exciton dissociation and charge
transport are facilitated by the vertical structure formation.®>
Therefore, the exciton dissociation and charge collection effi-
ciencies are increased in LBL OSCs, which can improve the
device performance. The thickness and crystallinity of each
layer can be controlled separately in the LBL method, thereby
simplifying the optimization process for the device preparation
compared with BHJ counterparts, which is beneficial for roll-to
roll printing. By adjusting the thickness of the active layer, the
transmittance of semitransparent organic solar cells can be
enhanced. Moreover, the LBL processed active layers attained a

© 2023 The Author(s). Published by the Royal Society of Chemistry
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thermodynamically stable state, which is beneficial for improv-
ing the long-term stability of OSCs.

3. Development of LBL processed
OSCs

In this section, we discuss the OSCs prepared using a sequential/
LBL deposition technique and its advantage over the traditional
BH]J devices prepared from D:A blends. The LBL deposition has the
advantage of forming independent D/A layers close to the cathode/
anode, respectively, for better charge transport. At the same time, a
BHJ interlayer is formed by swelling during deposition of the
top layer which has the advantage of forming vertical morphology.
The structures of fullerene derivatives are shown in Fig. 6 and the
additives used are depicted in Fig. 7.

3.1. LBL-processed binary OSCs with fullerene-based
acceptors

In 2009, Wang et al. for the first time constructed an LBL-
processed OSC using a P3HT/PCs;BM blend and the resulting
device displayed an enhanced photocurrent compared to those
in the corresponding BHJ counterpart.** Schwartz and co-
workers fabricated bilayer P3HT/PCqBM-based LBL OSCs
using o-dichlorobenzene (0-DCB) and dichloromethane (DCM)
as orthogonal solvents and achieved a PCE of 3.5% (Table 1).%*
The thickness of the P3HT layer was 140 nm, while the PC4,BM
layer was only 34 nm thick. They observed that the geometry of
the LBL OSC is much simpler than the BH]J devices, which has a
complex nanometer-scale morphology. The quality of the inter-
penetrating network in BH]J devices depends significantly on
how well the two components are mixed in the blend film,
which is affected by the processing conditions. The fluores-
cence quenching study showed efficient exciton splitting in the
bilayer independent of the film thickness of P3HT. Wong et al.
confirmed that the LBL method can attain a better PCE when
the P3HT layer is produced by rapid evaporation from a
processing solvent.®® The rapid evaporation process reduced
the packing of the P3HT layer, which is expected to promote the
diffusion of PC¢;BM into the P3HT layer to form the desired
BH]J interlayer. Lin et al. reported that the PCE of the P3HT/
PCs;BM-based LBL OSCs depends upon the thickness of the
PC¢;BM layer and morphology of the BHJ created in the LBL
film which is suitable for reducing the charge recombination.®®
Loiudice et al reported a PCE of 3.45% for LBL-processed
OSCs based on P3HT/PCs;BM which was higher than the
P3HT:PCs;BM BHJ counterpart (3.05%)%” and observed that
the vertical phase separation improved the charge percolation/
extraction pathways which was responsible for the enhanced
PCE. Zhang, et al. investigated the effect of crystallinity in LBL-
processed and BHJ cast P3HT/PCg;BM active layers and found
that the LBL-processed film showed better morphology and
attained a higher PCE of 2.97%.%% The influence of thermal
annealing on the crystallinity of P3HT and PCe;BM has been
investigated by grazing incidence wide-angle X-ray scattering.
In the LBL device the reduced regioregularity of P3HT films

Mater. Adv.,, 2023, 4, 6031-6063 | 6035
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possessed extra amorphous regions allowing the growth of
PC¢:BM crystallites which were helpful for enhanced perfor-
mance. However, in the BHJ device the best performance was
obtained when the regioregularity of P3HT increased.
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Wang et al. fabricated P3HT/ICs,BA-based LBL OSCs and
after careful optimization of the D/A layer thickness and thermal
annealing treatment, the resultant OSCs demonstrated a PCE
of 5.12% with a high V¢ of 0.89 V and FF of 0.70.%° They further

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Chemical structures of fullerene derivatives.

improved the PCE to 6.48% using an IC,,BA acceptor with a high-
lying LUMO energy level.”

The Heeger group fabricated LBL-processed OSCs using a
PCDTBT/PC,;BM blend, in which PCDTBT was dissolved in a
mixed solvent system (0-DCB/chlorobenzene, CB), and PC,;BM
was dissolved in DCM with a little of the above mixed solvent
and achieved a PCE of 5.3%.°" When PC,;BM was spin-coated
on the top of PCDTBT, it diffused into a PCDTBT film to form
the BH]J and exhibited similar domain sizes in the active layer
as observed in the conventional BHJ counterpart. Zhan and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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co-workers achieved a significantly higher PCE of 7.13% for the
PBDTTT-CT/PC¢;BM based LBL OSCs in contrast to 4.49% for
the BHJ counterpart. This improvement was mainly ascribed to the
formation of an ideal vertical structure, beneficial for charge
transport and collections.”* Lang et al. explored the fabrication of
inverted OSCs using LBL processing, where they have first spin-
coated the PCPDTFBT polymer from an o-xylene (0-XY) solution at
90 °C followed by deposition of the PC,;BM layer using a mixture
of 0-XY and 0-DCB (4:1) as a co-solvent. The LBL OSCs achieved a
PCE of 5.84%, slightly higher than the BH]J counterpart (5.35%).”*
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Schwartz and co-workers used the Flory-Huggins interaction
parameters () to identify the suitable solvent and co-solvents
for processing of PC¢;BM over the polymer donor film.** They
chose three polymers, PTB7, PSDTTT, and P3HT as the donors
along with PC¢;BM as the acceptor. The polymer layers were
spin-coated from CB. The PCq,BM was dissolved in 2-chloro-
phenol (2-CP) and a suitable co-solvent which can not disturb
the bottom polymer layer.The PTB7/PCs;BM device gave a PCE
of 6.0% when the top layer was processed from 2-CP:1-BuOH.
For the amorphous PSDTTT/PCe;BM device, 2-CP:isopropyl
alcohol (IPA) was chosen for PCg;BM deposition to maintain
the y value ~1.5 and gave a PCE of 3.8%. The PCE for the LBL
devices were slightly higher than the conventional BHJ devices.
For P3HT/PCs;BM, 2-CP:toluene was chosen for the top layer
solvent (1.4%).

Theoretically, the ideal LBL-processed OSCs can be fabri-
cated by controlling the extent of swelling and diffusion of one
material into another which further depends upon the type of
solvents used for the thin film preparation. The formation of
the p-i-n structure strongly depends on the solvent used to
deposit the top layer. At the same time the swelling of the
bottom layer is equally important to regulate the film morphol-
ogy. Liu et al. used four solvents with different boiling points (o-
XY, toluene, CB, 0-DCB) to dissolve PC,;BM and then applied it
over a DPP-based polymer donor (PDPPAT) layer to study how
the solvent affects the swelling of the underlying donor film.*®
The OSC displayed an enhanced Jsc and FF for the high boiling
solvent 0-DCB, attaining a PCE of 7.59%. The solvent swelling
method formed a trilayer morphology with a D:A interpene-
trated layer sandwiched between the lower donor and top
acceptor layers. The Janssen group investigated the influence
of solvent that dissolves PC,;BM on the swelling of the bottom
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donor polymer (PDPP5T) layer.”® They observed that while
swelling of the donor layer using a second layer solvent is
necessary for sequential processing, the solubility of the accep-
tor (PC,,BM) in that particular solvent is equally important for
the OSC performance. Using toluene, m-XY, 0-XY and 1,2,4-
trimethylbenzene (TMB) as the solvent of choice for the upper
layer coating, the devices attained PCEs of 0.1%, 0.5%, 3.2%
and 5.3%, respectively. The striking difference in the device
performance is mostly related to the morphology evolution as
studied by scanning electron microscopy (SEM) and atomic
force microscopy (AFM). The toluene and m-XY processed active
layer showed large crystallites on the surface, while 0-XY and
TMB-processed layers showed homogeneous distribution of the
D:A phase. These results clearly showed the importance of top
layer solvent for the formation of an appropriate BH]J interlayer.

It is well known that in LBL deposition, the crystallization in
the thin film is associated with the charge carrier transport,
and the precise control of the bottom layer crystallinity is
crucial for the performance improvement of OSCs. In this
respect, Bao et al. selected PII2T as the donor and PC,;BM as
the acceptor by dissolving PC,,BM in different solvents (o-DCB,
CB, DCM).”” The polymer was first deposited by spin-coating
and then the dropping of PC,,BM for interdiffusion followed by
spin-coating and drying to obtain the desired morphology. The
device was completed by evaporation of LiF/Al (Fig. 8). When
ODCB was used instead of CB for dissolving PC,;BM, the PCE
of LBL OSCs increased from 2.83% to 5.02%. The improved
PCE was attributed to the change in the alignment of donor
crystallite from edge-on to random state that enhanced the
charge transport in the vertical direction and reduced the
bimolecular recombination. The results suggested that tuning
of the processing solvents to deposit an electron acceptor in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Solar cell data for BHJ and LBL-processed OSCs with fullerene-based acceptors

Active layer Processing method Voc [V] Jsc [mA cm™?] FF PCE [%] Ref.
P3HT/PCg;BM LBL 0.63 8.20 0.66 3.50 84
P3HT/PCg;BM LBL 0.64 7.68 0.68 3.39 85
P3HT/PCg;BM LBL 0.62 8.92 0.63 3.54 86
P3HT:PCsBM BH]J 0.66 8.67 0.65 3.75

P3HT/PCg;BM LBL 0.60 8.11 0.71 3.45 87
P3HT:PCsBM BH]J 0.59 7.84 0.66 3.07

P3HT/PCg;BM LBL 0.64 8.21 0.57 2.97 88
P3HT:PCqBM BH]J 0.64 6.68 0.42 1.79

P3HT/IC4oBA LBL 0.89 8.21 0.70 5.12 89
P3HT/IC,(BA LBL 0.87 10.34 0.71 6.48 90
P3HT:IC,,BA BH]J 0.86 10.13 0.71 6.29

PCDTBT/PC,;BM LBL 0.90 10.74 0.66 6.34 91
PCDTBT:PC,;BM BH] 0.87 10.60 0.68 6.26
PBDTTT-C-T/PCs;BM LBL 0.83 15.00 0.55 7.13 92
PBDTTT-C-T:PCs,BM BH]J 0.84 9.53 0.54 4.49
PCPDTFBT/PC,;BM LBL 0.71 16.40 0.50 5.84 93
PCPDTFBT:PC,,BM BH]J 0.74 15.50 0.47 5.35

PTB7/PC¢;BM LBL 0.76 13.70 0.57 6.00 94
PSDTTT/PC¢,BM LBL 0.73 9.50 0.54 3.80

P3HT/PCg;BM LBL 0.50 6.40 0.45 1.40

PDPP/PC,BM LBL 0.61 17.95 0.69 7.59 95
PDPP5T/PC,,BM LBL 0.57 15.10 0.61 5.30 96
PII2T/PC,,BM LBL 0.84 —9.98 0.56 5.02 97
PTB7-Th/PC,,BM LBL 0.81 16.60 0.62 8.60 99
PTB7-Th:PC,,BM BH]J 0.76 15.80 0.68 8.50

PCDTBT/PC,;BM LBL 0.82 9.87 0.62 5.03 100
PCDTBT:PC,;BM BH]J 0.85 9.23 0.51 4.00

PTB7/PC,;BM LBL 0.76 14.80 0.65 7.43 101
PTB7:PC,1BM BH]J 0.76 14.70 0.64 7.17
PCPDTBT/PC,;BM LBL 0.63 10.66 0.49 3.36 102
PCPDTBT:PC,,BM BH]J 0.62 11.88 0.52 3.87

PffBT-3/PC,;BM LBL 0.66 20.07 0.66 8.70 103
PffBT-3:PC,,BM BH]J 0.67 17.75 0.61 7.26

LBL OSCs is a viable way to adjust the blend film morphology.
Shimata et al. studied the impact of polymer orientation on the
charge dynamics of PCPDTBT/PCs;BM LBL-OSCs.’® The charge
carrier dynamics at a face-on rich or edge-on interface were
controlled via side chain modifications. The charge separation
was more efficient for the face-on rich compared to edge-on
interface, whereas charge recombination was suppressed in the
latter.

Besides a high PCE, stability is also an important factor for
the commercialization of OSCs. Chang et al. systematically
compared the PCE and stability of the conventional BHJ and
sequentially-processed (LBL) OSCs using a PTB7-Th/PC,;BM
system, in terms of film morphology, molecular orientation,
domain size and purity, vertical phase separation and charge
transport. They observed that LBL OSCs without any additives
exhibited a slightly higher PCE of 8.6% and excellent stability
compared to that of the BHJ counterpart processed with
1.8-diiodooctane (DIO) as an additive (8.5%).°® The LBL OSCs
retained a PCE of 8.5% after heating at 130 °C for 120 min,
while the BHJ devices reduced to 3.8%.

To improve the nanoscale morphology of BHJ OSCs some
additional post-deposition treatments, such as thermal anneal-
ing and solvent vapor annealing are applied to the active layers.
However, the optimal morphology of the blend is hard to
achieve and control. These treatments can cause excessive or
insufficient phase separation, which can reduce the efficiency

© 2023 The Author(s). Published by the Royal Society of Chemistry

of exciton dissociation or charge transport, leading to a reduction
in the PCE of the OSCs. On the other hand, LBL OSCs prepared
using sequential deposition avoids the problems of morphology
control and phase separation. The polymer donor layer can crystal-
lize without being disturbed by the top layer, with a more stable
and reproducible morphology. This leads to higher PCEs for LBL
OSCs compared to BHJ OSCs. Kim et al. observed that after the
thermal annealing at 80 °C, the PCDTBT/PC¢;BM-based LBL OSCs
maintained 97.2% (from 5% to 4.89%) of its initial PCE for 10 days,
while the efficiency of BH]J OSCs reduced to 37.5% (4% to 1.5%) of
its initial value.'® The grazing angle X-ray diffraction (GIXRD) and
Flory-Huggins interaction parameter analysis indicated that the
domain size of PCDTBT in the LBL active layer was greater than
that of the BHJ counterpart and the ordered domains were still
maintained after thermal annealing. The improved ordering of
PCBTBT in the LBL film during thermal annealing prevents the
mixing of PCDTBT and PCg,BM domains. However, the domain
size of PCDTBT in BHJ was decreased due to the mixing of
PCDTBT and PCqBM domains during the thermal annealing,
thus deteriorated the morphology of the BH]J layer.

Jang et al. prepared the LBL OSCs with PTB7/PC,;BM in
which the PTB7 layer was prepared using a ternary solvent
composed of CB, DIO and 1-chloronaphthaline (1-CN).'** Addition
of DIO and 1-CN solvent additives enhanced the PTB7 ordering
in the thin film. GIXRD results demonstrated that the sequential
deposition of the PTB7 and PC,;BM layers form the BH] interlayer

Mater. Adv,, 2023, 4, 6031-6063 | 6039
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Fig. 8 Schematic representation of solution-processed sequential-processing of OSCs and the formation of a nanofibrillar structure induced by solvent
swelling and interdiffusion of D/A. 2D GIXD patterns of (a) neat PII2T film and PII2T/PC,,BM SHJ films cast by PC,,BM derived from CB (b) and (d) and
ODCB (c) and (e). Reprinted with permission from ref. 97. Copyright 2014, Royal Society of Chemistry.

with minor intermixing between PTB7 and PC,;BM domains
compared with the conventional BH]J counterpart. OSCs employing
an LBL-processed BHJ exhibited a PCE of 7.43% which was
comparable to that of the BHJ counterpart. However, the LBL
OSC maintained better stability compared to BHJ devices. Similar
morphological stability improvement was also reported for LBL-
processed OSCs using PCPDTBT/PC,;BM active layers which were
dissolved in 1,2-dichloroethane (DCE) with low vapor pressure to
reduce the swelling and minimize the intermixing of polymer with
PC,,BM.'?

The use of co-solvent for swelling of the bottom polymer
layer during deposition is found to be an important part in
forming the BH] interlayer in LBL OSCs. Depositing the top
PC,;BM layer from o-DCB formed an optimal morphology
resulting in a PCE of 8.7% without any post-treatment which
was higher than that of the BH]J device as well as the device
processed from chloroform (CF), CB, and 0-XY."® The swelling
of the polymer (PffBT-3) layer by o-DCB improved the interfacial

6040 | Mater. Adv, 2023, 4, 6031-6063

BHJ layer formation and thus charge transport in the device.
The results suggest that the solvent selection is very critical
during LBL deposition to form gradient distribution of the
phase in the vertical direction.

3.2. LBL-processed binary OSCs with fullerene-free acceptors

In fullerene-based OSCs, the poor absorption of fullerene
derivatives in the visible region limits the PCE of the OSCs.
On the other hand, A-D-A and A-DA'D-A-type fullerene-free
acceptors (FFA) have strong absorption in the visible to near-
infrared (NIR) region and have the advantage of tunable energy
levels, which is beneficial for commercial applications,?>%?1:1047109
The structures of fullerene-free acceptors (FFAs) are shown in Fig. 9
and 10. The first A-D-A-type acceptor reported was ITIC showing a
PCE of about 6.8% in BHJ OSC.*° But it was the A-DA’D-A-type
Y6 acceptor whose development significantly boosted the PCE to
over 15%." Since then, significant advances have been made in the
design and development of these materials leading to high PCEs

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Chemical structure of A-D-A-type fullerene-free acceptors.

above 19% achieved for BHJ devices prepared using binary or
ternary blends. However, the control of morphology has been found
to be very critical and more optimizations are required to achieve
the best performance. In this respect, LBL processing was found to
be a viable approach for performance enhancement in which the D
and A layers are deposited sequentially.**®®

3.2.1. A-D-A-type fullerene-free acceptors. Friend’s group
prepared PBDB-T/NCBDT-F-based LBL OSCs by dissolving PBDB-T
in CF and NCBDT-F in DCM and achieved a PCE of 10.04%
with a Voc of 0.82 V and Jsc of 19.45 mA cm ™2, respectively
(Table 2).”° They observed that the use of tetrahydrofurane
(THF) instead of DCM completely washed away the underneath
PBDB-T layer. Thus, the choice of solvent for the upper layer is
very crucial which solubilizes the top materials but still protects
the bottom layer. The charge generation efficiency in LBL OSCs
is still higher despite having a small driving force of around
30 meV for exciton dissociation in LBL OSCs compared to
BHJ OSCs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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A new polymer donor PBDB-TFS was synthesized by Cui
et al., by replacing the 2-ethylhexyl side chain of PBDB-TF with
an n-octyl chain. This modification reduced the solubility of the
polymer to protect it from top layer deposition and improved its
photovoltaic performance.”* They used CB and THF as solvents
to sequentially deposit the D (PBDB-TFS) and A (IT-4F) layers,
forming LBL OSCs. However, the device achieved a low PCE of
8.11% with high exciton recombination and low dissociation
rate, suggesting that the PBDB-TFS and IT-4F layers did not
intermix well to form a BHJ structure. When the IT-4F was
dissolved in a mixture of o-DCB and THF, the 0-DCB can
solubilize the PBDB-TFS layer at higher temperature to attain
an ideal morphology forming a p-i—n structure. The co-solvent
0-DCB helped to infuse the IT-4F into the underneath polymer
layer to form appropriate vertical phase distribution. Employing
the conventional device structure ITO/PEDOT:PSS/PBDB-TFS/
IT-AF/PFN-Br/Al, and optimizing the ratio of 0-DCB:THF, a high
PCE of 13.0% could be attained that was higher than that of the
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Fig. 10 Chemical structure of A-DA’D-A-type fullerene-free acceptors.

Table 2 Solar cell data for the BHJ and LBL-processed OSCs with A-D—
A-type fullerene-free acceptors

Processing Voc Jsc [mA PCE
Active layer method [V] cm?] FF [%] Ref.
PBDB-T/NCBDT LBL 0.82 19.45 0.62 10.04 70
PBDB-T:NCBDT BH]J 0.84 18.64 0.64 10.19
PBDB-TFS/IT-4F LBL 0.90 20.30 0.71 13.00 71
PBDB-TFS:IT-4F BH]J 0.87 19.90 0.68 11.80
PBDB-T/ITIC LBL 0.86 15.30 0.50 7.00 110
PBDB-T:ITIC BHJ 0.86 15.10 0.57 7.70
PBDB-T-2F/IT4F LBL 0.90 16.00 0.69 10.10 111
PBDB-T-2F/IDIC LBL 0.95 14.90 0.69 10.00 111
J71/ITC6-IC LBL 0.97 18.57 0.66 12.08 112
J71:ITC6-1C BH]J 0.93 18.35 0.65 11.32
PTQ10/IDIC LBL 0.94 18.75 0.69 12.32 112
PTQ10:IDIC BHJ 0.93 18.71 0.66 11.75
PTQ10/HO-IDIC-2F LBL 0.90 18.11 0.73 12.03 113
PTQ10:HO-IDIC-2F BH]J 0.91 18.95 0.70 12.20
PTFB-O/ITIC-Th LBL 091 17.50 0.74 11.80 114
PTFB-O:ITIC-Th BH]J 0.92 14.90 0.75 10.40
PM6/IT-4F LBL 0.86 20.98 0.75 13.70 115
PM6:1T-4F BHJ 0.86 20.34 0.74 13.11
FTAZ/IT-M LBL 0.95 18.30 0.70 12.50 116
FTAZ:IT-M BHJ 0.96 17.80 0.68 12.00
PBDB-T/ThPF-4F LBL 0.81 22.20 0.65 11.83 117
PBDB-T:ThPF-4F BH] 0.82 21.27 0.63 11.10
PBDB-T:PC,;BM/ LBL 0.80 24.18 0.61 11.97
ThPF-4F
PM7/ITACI LBL 0.88 20.06 0.70 12.38 118
PM7:1T4Cl BHJ 0.80 20.52 0.74 12.17
PBTz-TC/IT-4F LBL 0.86 20.54 0.68 11.96 119
PBTz-TC:IT-4F BH]J 0.86 20.56 0.66 11.69
PBTz-TTC/IT-4F LBL 0.84 20.91 0.72 12.81
PBTz-TTC:IT-4F BH] 0.84 20.61 0.71 12.42

6042 | Mater. Adv, 2023, 4, 6031-6063

L8-BO-F: R; = 2-ethylhexyl, R, = 2-butyloctyl

BTP-4F (Y6): X=F, Y = H, Ry = 2-ethylhexyl, Ry = -Cy1Hp3
BTP-4CI (Y7): X = Cl, Y = H, Ry = 2-ethylhexyl, Ry = -Cq1Hp3
BO-4CI (Y7-BO): X = Cl, Y = H, Ry = 2-butyloctyl, Ry = -Cq1Ha3
BO-4F: X =F, Y =H, Ry = 2-butyloctyl, Ry = -C11Ha3
N3: X =F, Y = H, Ry = 3-ethylheptyl, Ry = -C44Ho3
Y6-C12 (Y6-BO): X =F, Y =H, Ry = 2-butyloctyl, Ry =-CqqHp

BTP-eC9: X =Cl, Y =H, Ry = 2-butyloctyl, R, =-CgH1g
Y6-0: X =F Y =H, R, = 2-butyloctyl, Ry =-OCizHos
L8-BO: X =F, Y = H, Ry = 2-ethylhexyl, R, = 2-butyloctyl
BTP-S2: X =Cl, Y =Cl, R; = 2-butyloctyl, Ry = -C11Hp3

TB-4F

R = 2-butyloctyl, Ry = -OCq,H25

BH] counterpart (11.8%). Moreover, after the addition of 15%
0-DCB into THF solvent, the inverted LBL OSCs (ITO/ZnO/PBDB-
TFS1/IT-4F/MoOs/Al) achieved a PCE of 11.2%. The results demon-
strated that the approach of employing a partial orthogonal solvent
could create an intermixed morphology with favorable vertical D/A
distributions, which could be effective for both conventional and
inverted OSCs.

Huang et al. used PBDB-T as the donor and ITIC as the
acceptor to fabricate inverted LBL OSCs employing the device
structure ITO/ZnO/PBDB-T/ITIC/M00;/Ag and achieved a PCE
of 7%.""° Lee et al. selected a highly crystalline PBDB-TF donor
and IDIC or IT-4F as the acceptor to fabricate LBL OSCs and
achieved a PCE of about 10% which was comparable to the
corresponding BHJ OSCs, with the advantage of simplified
nanostructure formation.''" The absorption spectrum of the
IDIC acceptor overlapped significantly with the emission spec-
trum of the PBDB-TF donor, forming an effective exciton
harvesting bilayer heterojunction. The organic bilayer hetero-
junction achieved efficient exciton diffusion by enabling long
range energy transfer from the polymer donor (PBDB-TF) to the
acceptor (IDIC).

Since most of the efficient polymer donors, such as PBDB-T,
PBDB-TF, PTB7-Th, and FFAs ITIC, IT-4F, or Y6-series have
similar solubility in organic solvents, it is hard to obtain
orthogonal solvents to sequentially cast the D and A layers.
So, non-orthogonal solvents are sometimes preferred to dis-
solve the D and A materials, when the orthogonal solvents have
a limited option. It is also obvious that the semi-orthogonal

© 2023 The Author(s). Published by the Royal Society of Chemistry
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solvents could represent a preferable choice for deposition.
During spin-coating of the upper layer from non-orthogonal
solvent the bottom layer gets dissolved/swells and increases the
surface roughness, thus forming a BHJ interlayer by mutual
dispersion of D/A to promote exciton dissociation. Therefore,
the active layer morphology of LBL devices exhibited a superior
vertical structure compared with the conventional BH]J devices,
which enhanced the charge transport and collection efficiency.
Using different photoactive layers, Sun et al. constructed LBL
OSCs by sequential solution-processing without orthogonal
solvents and co-solvents.'*” The resulting OSCs with PTQ10/
IDIC and J71/ITC6-IC as D/A pairs processed from CF attained
PCE of 12.32% and 12.08%, respectively, which were higher
than those of the corresponding BHJ OSCs (11.75% and
11.32%, respectively). They concluded that the strong absorp-
tion, reduced energy loss, enhanced vertical phase segregation,
and partially increased charge transport and collection effi-
ciency contributed to the PCE enhancement. Moreover, with
the J71/ITC6-IC and PTQ10/IDIC combinations the large-area
LBL 0OSCs (1 cm?) prepared by doctor-blade coating under
ambient conditions achieved PCEs over 10%. Huang et al.
reported a simple and effective method to fabricate LBL OSCs
using PTQ10 as the donor and HO-IDIC-2F as the acceptor,
which were dissolved in THF. By spin-coating the acceptor layer
from a cold THF solution, they prevented the dissolution of the
underlying donor layer and achieved an appropriate D/A inter-
face. The device exhibited a PCE of 12.03% without any
additives or post-treatment.'"’

Yan and co-workers proposed an effective approach for the
deposition of polymers which can only be solubilized in organic
solvents at high temperature.’** The donor layer was processed
from TMB at high temperature forming a robust film which was
not affected by any other solvents at room temperature. This
will make the top acceptor layer deposit from nonorthogonal
solvent at room temperature forming a p-i-n structure. They
achieved PCEs of 11.8%, 11.6% and 11.7% for the LBL-
processed PTFB-O/ITIC-Th-based OSCs using THF, CF, and
toluene as solvents of different boiling points to process
the acceptor and the PCEs obtained were higher than the BH]
0SCs (10.4%).

The mixing of additive either with the donor layer or the
acceptor layer was found to be very crucial for device perfor-
mance improvement. Chen and co-workers fabricated PM6/
IT-4F based OSCs using DIO as the solvent additive.' When
DIO was treated with PM6, the device generated a PCE of
12.11%, while a higher PCE of 13.7% was achieved when DIO
was treated with IT-4F. The device without any additive also
generated a PCE of 12.13% suggesting that the DIO treated PM6
layer does not affect the polymer crystallinity and bulk mor-
phology. Whereas, the treatment of the IT-4F layer with DIO
enhanced the crystallinity and phase separation as studied
by GIWAXS and AFM studies and was beneficial for charge
transport and collection.

The solvent used to process the bottom layer is equally
important as for the top layer to improve the device performance.
Ye et al. improved the molecular ordering of FTAZ polymer by

© 2023 The Author(s). Published by the Royal Society of Chemistry
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regulating the solvent used for spin-coating and attained the best
PCE of 12.5% based on FTAZ/IT-M bilayer OSCs."'® The FTAZ
donor was dissolved in 0-XY, (R)-(+)limonene (LM), 2,6-dimethyl-
anisole (DMA), TMB, or CB and the IT-M acceptor was dissolved in
2-methyltetrahydrofuran (2-MeTHF). The results demonstrated the
highest domain spacing, when the donor film was prepared with
LM, as confirmed from resonant soft X-ray scattering (RSoXS)
experiment. The CB, DMA, and o-XY-processed device generated
PCEs between 10.2% to 10.7%. The BH]J device gave a PCE of
11.9%. The improved PCE for the LM-processed device was due to
suitable morphology with large phase separation (domain size of
~35 nm).

Lin et al. observed an improved vertical gradient distribution
of D and A in the LBL-processed PBDB-T/ThPF-4F OSCs to
facilitate charge transport with reduced recombination losses
compared to the BHJ counterpart.''” The LBL-OSCs realized a
PCE of 11.83% which was higher than the optimized BH]
counterpart (11.10%). When 10 wt% PC,;BM was added to
the PBDB-T layer, the PCE was further enhanced to 11.97%.

Kang et al. demonstrated that the use of the LBL deposition
method could suppress the nonradiative voltage losses in
OSCs along with enhancement of electroluminescent quantum
efficiency and thus increased the Voc by 80 mV as compared
to the BH]J device based on the PM7 donor and IT4Cl as the
acceptor."'® The suppression of aggregation in the film state
was found to increase the energy level of intermolecular charge-
transfer states and improve the interfacial charge transfer in
LBL OSCs.

Deng et al. developed two polymer donors, PBTz-TC and
PBTz-TTC, by introducing a BTz unit to enhance the film
crystallinity and ester groups to improve the solubility and to
lower the energy levels."'® The planar PBTz-TTC has a strong
film forming property in contrast to PBTz-TC. The orthogonal
solvents were used to make the LBL OSCs, which affected the
film properties of PBTz-TC and PBTz-TTC donors. PBTz-TC has
a better balance between crystallinity and miscibility with an IT-
4F acceptor compared with PBTz-TTC, leading to stronger D/A
interaction at the interface. CF was used for the bottom donor
layer and CB for the top acceptor layer deposition, which gave a
PCE of 11.96% for the PBTz-TC/IT-4F device which is higher
compared to the corresponding BHJ device. Furthermore, LBL
OSCs processed with halogen-free solvent TMB using PBTz-TC/
IT-4F achieved a PCE of 12.81% due to favorable morphology
and efficient charge transport dynamics. The TMB-processed
LBL device showed better stability maintaining about 82% of
the initial PCE after 1200 h.

3.2.2. A-DA'D-A-type fullerene-free acceptors. Liu et al
achieved a PCE of 17.94% for the D18/Y6-based pseudo-
bilayer device processed from CF as a single solvent
(Table 3)."*° That means the bottom D18 layer can tolerate
the CF processing of Y6. Meanwhile, the deposition of the D18
layer over the Y6 film led to a decrease in PCE to 7.8% due to
the washing of the Y6 layer by CF.

Ning et al. developed two polymer donors by introducing
linear or branched alkyl chains to the backbone."*" The lower
solubility of the linear alkyl chain containing polymer PNTB6-
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Table 3 Solar cell data for the BHJ and LBL-processed OSCs with A-DA’D-A-type fullerene-free acceptors

Active layer Processing method Voc [V] Jsc [mA cm™?] FF PCE [%] Ref.
D18/Y6 LBL 0.86 27.24 0.76 17.94 120
D18:Y6 BH]J 0.86 26.75 0.75 17.36

PNTB-CI/N3 LBL 0.85 24.46 0.72 15.24 121
PNTB6-CI/N3 LBL 0.85 26.58 0.77 17.59 121
PM6/N3 LBL 0.81 26.32 0.75 16.20 121
PBB-TSD/Y6 LBL 0.85 23.52 0.59 11.84 122
PBB-TSD:Y6 BHJ 0.87 21.19 0.58 10.77

PM6/BO-4F LBL 0.82 26.20 0.74 16.0 123
D18-Cl/Y6 LBL 0.86 26.86 0.76 17.73 124
D18/BS3TSe-4F LBL 0.82 29.40 0.75 18.48 125
D18/BS3TSe-4F:Y6-O LBL 0.84 29.41 0.76 19.03

PM6/L8-BO LBL 0.88 26.61 0.80 18.86 126
PM6:L8-BO BH]J 0.88 26.25 0.78 18.18

PM6/N3 LBL 0.86 26.75 0.79 18.10 127
PM6:N3 BH]J 0.85 26.93 0.76 17.10

D18/L8-BO LBL 0.91 26.86 0.77 19.05 128
D18:L8-BO BH] 0.91 26.31 0.75 18.14

D18/L8-BO LBL 0.93 26.43 0.74 18.02 129
D18:L8-BO BH]J 0.92 24.54 0.73 16.43

PT2/Y6 LBL 0.83 26.70 0.74 16.50 130
PT2:Y6 BHJ 0.83 26.30 0.68 15.00

PM6/Y6-BO LBL 0.84 26.20 0.77 17.20 131
PM6:Y6-BO BH]J 0.84 25.80 0.75 16.40

PM6/Y6 LBL 0.87 24.30 0.69 14.50 132
PM6:Y6 BH]J 0.85 25.00 0.72 15.40

PM6/Y6 LBL 0.82 26.30 0.76 16.50 133
PM6:Y6 BH]J 0.85 25.30 0.73 15.80

PNTB6-Cl/Y6-12 LBL 0.87 26.89 0.75 17.81 134
PNTB6-Cl:Y6-12 BH]J 0.87 26.45 0.74 17.33

D18-Cl/Y6 LBL 0.86 27.17 0.76 18.16 135
D18-Cl:Y6 BH]J 0.87 27.02 0.73 17.38

PNTB6-Cl/Y6 LBL 0.88 26.63 0.74 17.53 136
PNTB6-Cl:Y6 BH]J 0.85 23.78 0.73 14.81

PM6/BTP-eC9 LBL 0.84 26.68 0.76 17.36 73
PM6:BTP-eC9 BHJ 0.85 26.72 0.73 16.80
PM6:P-Cl/BTP-eC9:P-Cl* LBL 0.85 27.81 0.80 19.10 73
PM6:P-Cl:BTP-eC9:P-Cl BH]J 0.84 26.70 0.74 16.82

D18/N3 LBL 0.83 27.79 0.75 17.52 137
D18:N3 BH] 0.83 26.71 0.74 16.58

PM6/Y6 LBL 0.85 27.74 0.77 18.16 138
PM6:FA-C12%/1L8-BO LBL 0.88 26.68 0.81 19.02

D18/Y6 LBL 0.85 26.79 0.74 17.23 139
PM6/Y6 LBL 0.80 25.28 0.71 14.42 140
PM6/Y6-C12 LBL 0.80 23.80 0.56 10.60 141

@ p-Cl was used as a polymer additive. ” FA-C12 was used as a solid additive.

Cl in CF protected the polymer layer during the coating of the
top acceptor layer, generating a smooth LBL film. While the
film quality was not good for the CF soluble polymer PNTB-CI.
The PNTB6-CI/N3 based LBL OSCs attained a PCE of 17.59%,
which was superior to 15.24% obtained for PNTB-CI/N3 based
LBL OSCs and 16.2% for BH] OSCs based on PM6:N3. These
results demonstrated the significance of bottom layer solubility
and its impact on the top layer penetration and phase separa-
tion in sequential casting.

Kang et al. compared the OSCs fabricated from LBL proces-
sing and conventional BHJ using a PBB-TSD donor and Y6
acceptor.’*® In comparison to BHJ the LBL films exhibited
ordered molecular packing and appropriate D/A vertical phase
separation, thus improving the exciton dissociation and redu-
cing charge recombination. The resulting LBL OSC achieved a
PCE of 11.84% that was higher than that of the BH] device
(10.77%).

6044 | Mater. Adv, 2023, 4, 6031-6063

Because of the limitation in materials solubility for BHJ
deposition, Chen and co-workers used CB/THF as two ortho-
gonal solvents to fabricate PM6/BO-4F-based LBL OSCs."** The
PM6 polymer has good solubility in CB, while BO-4F is soluble
in THF. The LBL device achieved a PCE of 15.6%. Further
optimization of LBL films by using non-halogenated solvent
0-XY for PM6 and THF for BO-4F deposition, resulted in an
enhanced PCE of 16%. The BH]J device prepared using CF as the
chlorinated solvent achieved a PCE of 16.5%. The results
showed that the LBL method can be an effective strategy while
using green processing solvent (non-halogenated) for layer
deposition, while it is difficult to find a suitable green solvent
for preparation of the BHJ layer.

Li et al. processed the D18-Cl donor layer from dual-solvent
(CB + 5%THF) to balance the donor crystallization and mor-
phology optimization. The spin coating of the Y6 layer from CF
on top of the polymer donor allowed control of the morphology

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of the donor layer and helped uniform penetration of Y6
into the D-layer."** The dual solvent processed LBL OSC with
D18-Cl/Y6 attaining a PCE of 17.33% and 17.73%, when the
polymer layer was coated from CF + CB and THF + CB mixtures,
respectively. The devices were also reported to be stable after
2500 h retaining 90% of the PCE.

Gao et al. fabricated planar mixed heterojunction (PMH])
OSCs by implementing the asymmetric selenium-containing
acceptor, BS3TSe-4F with the D18 donor and compared the
performance with the symmetric counterpart SOTBO-F."** The
dielectric constant at the interface was enhanced by the more
polarizable selenium, which also reduced exciton binding
energy and helped exciton dissociation for free charge carrier
generation. The Se-atom enhanced D-A dihedral angles and
shortened the Se-O distance resulting in compact intra-
molecular n-n stacking. The PMH] OSCs using D18/BS3TSe-
4F achieved a PCE of 18.48% and a high Jsc of 29.4 mA cm ™2,
The D18/S9TBO-F device attained a PCE of 17.7%. The ternary
PMH] OSCs incorporating a medium bandgap Y6-O acceptor
into D18/BS3TSe-4F improved the V¢ realizing a remarkable
PCE of 19.03%. The PMH] active layers showed smooth and
even surfaces with low root-mean-square (RMS) roughness, as
revealed by AFM measurements (0.86, 0.85 and 0.78 nm for
D18/BS3TSe-4F and D18/S9TBO-F and the ternary layers)
(Fig. 11a—c). This is suitable for the formation of ohmic contact
with charge-transport layers. All active layers possess ‘‘face-on”
orientation in the out-of-plane (OOP) direction (Fig. 11d-f),
which facilitates the vertical transport of charge carriers.

He et al. compared the OSC performance of BH] versus
sequential deposition (LBL) using three D/A combinations
i.e., PM6/PC,,BM, PM6/L8-BO and PM6/IT-4F.*?® The LBL OSCs
displayed higher performance compared to the BHJ devices by
taking advantage of the appropriate vertical phase distribution
due to the swelling process, and the LBL OSC based on PM6/L8-BO
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achieved the best PCE of 18.86% (certified 18.44%). Also, the LBL
OSCs showed improved charge transport and collection compared
with the BHJ OSCs.

Zhao et al. observed faster charge extraction in the PM6/N3
active layer with effective suppression of bimolecular charge
recombination and lower energetic disorder due to the superior
crystallinity of the individual layers leading to improvement in
the Voc and FF.'®” The charge carrier lifetime measured from
transient photovoltage measurements under open circuit con-
ditions for the LBL OSCs is 2.62 ps, which is longer compared
to the BHJ device (1.85 us). Similarly, the transient photo-
current measurement revealed a shorter charge extraction time
for LBL OSCs (0.35 ps) compared with that of 0.46 ps for the
BH]J device. The LBL-processed OSC achieved a PCE of 18.1%
with enhanced stability compared with the conventional BH]J
device with a PCE of 17.1%.

The performance of LBL-processed OSCs is significantly
influenced by modification of the vertical component distribu-
tion as it impacts on the exciton dissociation, charge transport
and recombination. The single-junction LBL OSCs based on
D18/L8-BO exhibited a remarkable PCE of 19.05%, which was
achieved by optimizing the film thickness of the active layer.
This PCE was higher than that of the BHJ OSCs based on the
same materials (18.14%), demonstrating the superiority of the
LBL structure over the BH]J structure for OSCs."*® One of the key
factors that contribute to the high PCE of LBLOSCs is the
appropriate distribution of vertical components. This distribu-
tion enhances the crystallinity of the active layer, facilitates the
dissociation of excitons, reduces the energy loss, and ensures
the balanced transport of charges.

Liu and co-workers fabricated LBL OSCs using a D18/L8-BO
composition and found that by adjusting the temperature of
the solution, they could manipulate the pre-aggregation state of
the D18 donor material, which in turn affected the morphology
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(a)—(c) AFM height images (2 x 2 pm?) and (d)—(f) 2D-GIWAXS patterns for the binary and ternary PMHJ films. (g) Corresponding GIWAXS line-cut

profiles. Reprinted with permission from ref. 125. Copyright 2022, Wiley-VCH.
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and performance of the OSCs."*® The D18 layer can effectively
regulate the film formation of the L8-BO upper layer resulting
in a well-connected network for charge transport. Furthermore,
vertical phase separation with a p-i-n-type D/D:A/A structure
was achieved, which can enhance the light absorption and
reduce the recombination losses in the device. By combining
thermal annealing and solvent vapor annealing treatments,
the optimized LBL OSC resulted in a PCE of 18.02%, which is
higher than that for the BHJ counterpart (16.43%).

Solvent additive treatment is also an efficient approach to
improve the OSC performance. An efficient p-i-n structure
formation was achieved by Sun and co-workers, who adopted
CB to process PT2 donor polymer and CF for the Y6 acceptor
layer on top."*° The addition of DIO during Y6 deposition was
found to be very critical in performance improvement. The
bottom polymer layer formed a self-assembled fibril network
morphology. Then the Y6 diffused into the underneath polymer
fibrils forming an optimal BH] interlayer, which gave a PCE of
16.5% after DIO additive and thermal annealing treatment and
is much higher than the BHJ OSCs (15.0%). The PT2/Y6 layer
formed a stable morphology that is insensitive to batch varia-
tion of the polymer. Fu et al. constructed LBL OSCs using PM6/
Y6-C12, (Y6-C12 also known as Y6-BO) where the 1-CN was
introduced as the solvent additive to the acceptor Y6-C12
solution and achieved an excellent PCE of 17.2%, outperform-
ing the BH] counterpart (16.4%)."*" The high boiling solvent
additive enhanced the film drying time of the molecule and
assisted in the crystallization of the acceptor molecule. With
the help of time-of-flight ion mass spectroscopy analysis, they
observed that the Y6-C12 is present close to the hole transport
layer. The studies indicated that Y6-C12 completely enters the
PM6 layer, forming a channel that is beneficial for vertical
charge transport. The method was also found to be compatible
with other acceptors like Y6, IT-4F, IDIC-4F, and 6TIC-4F
showing the significance of the LBL device compared with their
BH] counterpart.

Laquai’s group constructed LBL OSCs by employing PM6/Y6
combination."®”> The bottom PM6 donor layer was coated from
CB solution, while the top Y6 acceptor layer was deposited from
low boiling CF solution containing 1-CN as a solvent additive.
The optimized LBL OSCs with 0.5 vol% 1-CN attained a PCE of
14.5%, which is comparable to the BH] counterparts.

Li et al. studied the control of vertical composition distribu-
tion in LBL-processed PM6/Y6 active layers using DIO as the
solvent additive."*® The addition of solvent additive enhances
the inter-diffusion and optimizes the morphology of the quasi-
planar heterojunction. The combination of vertical distribution
of the active layer and improved crystallinity caused by 0.5%
DIO aids in the exciton dissociation, charge transportation, and
thus limiting the charge recombination losses. The slow drying
of the Y6 layer allowed the improvement in molecular packing
and diffusion of the Y6 molecules into the donor layer forming
a BH]J with vertical phase distribution. The optimized PM6/
Y6-based LBL OSCs yielded a PCE of 16.5% that was higher
compared to the BHJ counterpart (15.8%). Moreover, the LBL
processed PM6/Y6:PC,;BM ternary OSCs demonstrated an
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excellent PCE of 17% with high stability up to 1500 h when
stored under a N, atmosphere.

Ma et al. prepared LBL OSCs based on the PNTB6-Cl/BTP-4F-
12 D/A layer (BTP-4F-12 named as Y6-C12)."** The optimized
LBL donor layer was deposited using diphenyl ether (DPE) in
CB, while the BTP-4F-12 layer was deposited from DIO in CF
solution. The solvent additives helped to improve the molecular
ordering of both D and A layers and facilitated the formation of
an efficient BHJ matrix between the D and A. The resultant LBL
OSCs attained a slightly improved PCE of 17.81%, which was
higher than the BHJ counterpart (17.33%).

Li et al adopted a spin-coating method using solvent
additives to prepare LBL films with precise control over the
active layer morphology in D18-Cl/Y6 combination.’*® When
the D18-Cl layer was prepared using n-octane as an additive the
device reached a PCE of 17.70%. Similarly, the treatment of the
Y6 layer with 1-fluoronaphthalene (FN) as an additive resulted
in a PCE of 17.39%, which was higher compared to the BH]J
OSCs (16.66%). Morphological studies indicated that n-octane
in the donor layer reduced the surface roughness, and FN in
the Y6 layer promoted the acceptor crystallization to facilitate
charge transport. Furthermore, the LBL OSCs prepared by
additive treatment of both the D18-Cl/Y6 layers reached an
excellent PCE of 18.16% with a high Jsc of 17.17 mA cm ™2 and
FF of 0.77 due to the appropriate vertical morphology, favorable
for exciton dissociation and charge collection. This indicates
that the dual additive treatment slightly increased the degree of
aggregation and reduced the D18-Cl/Y6 miscibility.

Xu et al. prepared LBL OSCs by sequentially spin-coating
PNTB6-Cl polymer donor from CB and Y6 acceptor from CF
solutions using DPE and 1,2-difluorobenzene (DFB) as solvent
additive for the D and A, respectively."*® The resultant OSCs
exhibited a PCE of 17.53% with a FF of 0.75, higher than the
PCE achieved for LBL-OSCs (16.38%) without solvent additives.
The exciton dissociation at PNTB6-Cl/Y6 interfaces was further
supported by improved exciton utilization efficiency through
energy transfer from PNTB6-CI to Y6. Under similar conditions
the performance of LBL OSCs was higher compared to the BH]
counterparts indicating the significance of LBL-processed OSCs
for further applications.

Recently, Zhou et al. used conjugated polymers (P-H, P-S,
P-F and P-Cl with different side chains) as additives to opti-
mize the active layer morphology of PM6/BTP-eC9-based LBL
0SCs.”> The polymer additive improved the PM6 fibril for-
mation and facilitated the BTP-eC9 D/A network to form vertical
separation with a better interconnecting structure. The mor-
phology was fine-tuned by optimization of the alkyl side chain
in the additives. The optimized device with P-Cl as the additive
in the PM6 layer resulted in an impressive PCE of 19.1% with a
FF of 0.80 that is slightly higher than the device without
additive (17.36%). However, the addition of additive to the
BH]J device did not show any PCE improvement (16.82%).

Huang and co-workers deposited a nonaromatic antisolvent
(alkane, ether, and alcohol) layer after deposition of the bottom
layer."*” The antisolvent layer protects the damage of the bottom
layer while coating of the top layer. The D18/N3-based device with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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n-octane as the protecting solvent generated the best PCE of
17.52%. The best solvent was found to have a low saturated vapor
pressure and high spreading coefficient.

Chen et al. added fatty acid (FA) molecules with variable
carbon chain lengths (FA-C9, FA-C12 and FA-C16) as solid
additives to the PM6 polymer donor solutions.'*® The solid
additive approach enables the D and A to mix more easily and
improve the interlayer morphology. This approach improved
the charge transport and collection efficiency of OSCs and
lowered the E) at the interface. The best results were obtained
with FA-C12 and two acceptors, Y6 and L8-BO, reaching PCEs
of 18.16% and 19.02%, respectively. The FA-treated devices
showed enhanced performance compared to the BHJ and the
LBL devices without FA.

Ma and coworkers, evaluated the influence of processing
solvents on the film morphology and device performance of
D18/Y6-based LBL OSCs processed by blade coating under
ambient conditions."*® The device performance mostly relied
on the choice of solvent to deposit the donor layer. When the
D18 donor layer was processed from CF solution the device
yielded an excellent PCE of 17.23%. The top Y6 layer coated
either from CF or CB favored BH] interlayer formation and
improved the acceptor crystallinity to facilitate efficient exciton
dissociation with reduced charge recombination.

Yang and coworkers used slot-die coating to fabricate LBL
OSCs under ambient conditions using PM6 as the donor and Y6
as the acceptor with CB and CF solvents of different boiling
points without any additive and attained a PCE of 14.42%."*°
The device achieved high efficiency due to optimal vertical
phase separation and enhanced charge transport and extrac-
tion derived from good quality film formation.

Welch and co-workers sequentially deposited the hole trans-
porting PEDOT:PSS, photoactive D (PM6) and A (BTP-4F-12,
also known as Y6-C12), and electron transporting PFN-Br layers
using slot-die coating with non-halogenated solvents under ambi-
ent conditions."*" Both the photoactive layers were deposited from
0-XY forming an intermixing BHJ layer at the interface resulting
in a PCE of 10.6%. When the Y6-C12 layer was deposited from
2-MeTHF the PCE reduced to 7.2% due to the formation of a more
bilayer like structure.

The development of efficient OSCs for the Internet of Things
(IoT) has received considerable interest in recent years. However,
most studies have focused on the performance of OSCs under
artificial light sources, neglecting the influence of natural sunlight
in indoor environments. The artificial light only accounts for
<35% of the total power density when combined with outdoor
irradiation during the daytime. Therefore, together with artificial
light, it is essential to consider the effect of sunlight on the indoor
applications. Xie et al. synthesized an asymmetric FFA TB-4F and
combined it with the PM6 donor to prepare LBL OSCs.'** The LBL
OSC under AM1.5 conditions achieved a PCE of 15.24% which is
about 5% improvement as opposed to the BH]J device. However,
under a 1000-lux LED (3000k) light source the TB-4F/PM6 LBL
device showed a PCE of 21.05%, which is significantly higher in
comparison to the BHJ device (16.82%). The improved perfor-
mance of the LBL OSCs compared to the BH] device under

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Review

artificial light was due to reduced trap-assisted recombination,
which increased the Jsc and FF and decreased leakage current,
resulting in a higher V¢ under low charge carrier density.

To summarize, the LBL OSCs exhibit lower PCEs by using a
fullerene acceptor, because the spherical structure of fullerene
derivatives causes excessive aggregation forming grain bound-
aries which disturb the D/A interfaces’ stability. This prevents
the acceptor layer from effectively penetrating the donor layer
and impeding appropriate phase separation for charge trans-
port. On the other hand, FFAs with variable molecular shapes
can effectively influence the n-m stacking, molecular orienta-
tion, absorption, and exciton dissociation. Furthermore, the
LBL method offers the advantages of separately optimizing the
morphology of the D and A layers, which is beneficial to
improve the efficiency and stability of OSCs. The LBL method
also improves the morphology and charge transport properties
of the OSCs, resulting in enhanced performance compared to
its BHJ counterpart. Another key parameter in the LBL method
is the processing solvent which is extremely important along
with the choice of the D/A materials. Mostly, the use of non-
orthogonal solvent strongly affects the film formation, where
the bottom layer can be washed away during the deposition of
the top layer leading to poor device performance. The choice of
orthogonal solvent for the deposition of D/A layers in LBL
processing is an effective approach. The difference in solubility
of D and A materials in orthogonal solvent has a significant role
in individual film formation and avoids the loss of the bottom
layer during washing. Using orthogonal solvent the bottom
layer only swells due to the solvent, enhancing the interfacial
quality. The processing of the crystalline donors from hot
solvent leads to stable film formation, which enables the
subsequent deposition of the top acceptor layer from a non-
orthogonal solvent under ambient conditions. The use of high
boiling solvent additives often showed metastable morphology
of the films leading to poor device stability, thus solid additives
have been introduced to obtain stable film morphology.

3.3. LBL-processed ternary OSCs

OSCs prepared using a ternary approach utilizing one (or two)
electron donor(s) and two (or one) electron acceptor(s) was
found to be very effective for performance improvement.
However, it is very difficult to control and optimize the ternary
BH]J morphology prepared in a single step. The bulk morpho-
logy was better controlled by the LBL deposition method in
which the D and A layers are deposited sequentially. The
morphology of LBL deposition films can be better controlled
through the diffusion process using solvent additive and ther-
mal annealing. The diffusion process clearly depends on the
choice of solvent for the deposition of the upper layer."*?

Cho et al. fabricated a ternary OSC via sequential deposition
of one polymer donor and PC,,BM + ITIC dual acceptor.'** The
fullerene derivative helped to form a bi-continuous charge
transport pathway with the polymer and ITIC and improved
the light absorption. The LBL processed ternary OSC achieved a
PCE of 6.22% with enhanced stability compared to the BH]J
devices (4.54%) (Table 4).
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Table 4 Solar cell data for the BHJ and LBL-processed ternary OSCs
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Active layer Processing method Voc [V] Jsc [mA cm™?] FF PCE [%] Ref.
PDCBT/PC,;BM:ITIC LBL 0.87 10.12 0.71 6.22 144
PffBT4T-20D/Y6:FBR LBL 0.83 26.30 0.75 16.40 145
PffBT4T-20D:Y6:FBR BHJ 0.83 25.80 0.74 15.70

PM6/N3:MF1 LBL 0.85 25.61 0.76 16.75 146
PM6:N3:MF1 BHJ 0.85 25.43 0.77 16.76
PM6:IT-M/BTP-eC9 LBL 0.85 26.34 0.76 17.16 147
PM6:IT-M:BTP-eC9 BHJ 0.86 24.22 0.74 15.66
PM6/BO-4CL:BTP-S2 LBL 0.86 27.14 0.78 18.16 75
PM6:BO-4Cl:BTP-S2 BHJ 0.85 27.11 0.77 18.03
PM6/Y6:TIT-2Cl LBL 0.87 26.63 0.77 18.18 77
PM6:Y6:TIT-2Cl BHJ 0.87 26.49 0.73 17.00
D18-Cl:BTR-Cl/Y6 LBL 0.88 26.97 0.75 17.92 148
D18-Cl:BTR-CL:Y6 BHJ 0.88 26.63 0.73 17.18
PM6/Y7:BTA-UD-4F LBL 0.85 27.40 0.75 17.55 149
PM6:Y7:BTA-UD-4F BHJ 0.83 26.76 0.72 16.18
PM6/BTP-eC9:L8BO-F LBL 0.83 28.36 0.73 17.31 150
PM6:BTP-eC9:L8BO-F BHJ 0.83 28.27 0.71 16.92

PM6/Y6/PAEN LBL 0.85 26.90 0.76 17.30 151
PM6:Y6:PAEN BH]J 0.84 25.90 0.72 15.70
PM6/N3:PC;;BM LBL 0.84 26.49 0.78 17.42 152
PM6:N3:PC,,BM BHJ 0.84 25.69 0.76 16.44
PM6/Y6-O:PC,,BM LBL 0.90 24.30 0.79 17.27 152
PM6:Y6-0O:PC5;BM BHJ 0.90 23.30 0.77 16.14
PBB-TSD/PM6:Y6 LBL 0.85 26.83 0.76 17.71 154
PBB-TSD:PM6:Y6 BH]J 0.85 26.62 0.76 17.40

Y6 (DSL)/D18-Cl/Y6 LBL 0.87 27.52 0.75 18.15 155
Y6 (DSL):D18-Cl:Y6 BHJ 0.86 25.35 0.72 15.81
PM6/BO-4CL:L8-BO LBL 0.84 27.14 0.78 17.89 156
D18-Cl/BTP-eC9:BTR-Cl LBL 0.86 27.31 0.78 18.21 157
PM6/BTR-CL:Y7-BO LBL 0.85 26.71 0.76 17.15 157
ZnP-TSEH/ATIC:6TIC LBL 0.84 26.33 0.77 17.18 158
ZnP-TSEH:4TIC:6TIC BHJ 0.81 25.95 0.75 15.88
D18/3-BTP-ThCL:BTP-Th (2-CN)* LBL 0.86 28.16 0.79 19.15 159
D18/3-BTP-ThCL:BTP-Th (DBB)* LBL 0.86 27.98 0.78 18.73 159

% 2-CN and DBB were used as solid additives.

Using one polymer donor PffBTAT-20D and two different
FFAs (Y6 and FBR), Ren et al. created a series of ternary OSCs
with the LBL deposition method. The maximum PCE achieved
was 16.4%, which was higher than the 15.7% of the corres-
ponding BHJ device with the same acceptor ratios.'*> For the
LBL device the donor polymer was first deposited, then the
acceptor’s mixture with varying weight ratios was spin-coated on
the top. The high efficiency for the LBL device was due to the
controlled morphology forming a bicontinuous interpenetrating
network of D and A for efficient charge transport and collection.

Xu et al. prepared LBL and BH]J-processed ternary OSCs
employing a PM6 donor and two FFAs N3 and MF1."*® Both
LBL and BH]J ternary OSCs attained similar PCEs of 16.75% and
16.76%, respectively, which is ~5% PCE improvement com-
pared with the PM6:N3-based binary LBL or BHJ OSCs. The
results demonstrated that the LBL approach is very effective in
controlling the thickness of each layer while still maintaining a
high device performance.

Li et al. constructed ternary OSCs using the PM6:IT-M/BTP-
eC9 active layer processed from TMB by LBL blade-coating
without any additives and post treatment.'*” The mixing of
20 wt% of IT-M to the PM6 donor protects the PM6 crystal-
lization from the upper acceptor BTP-eC9, forming a dense
nanofibril morphology, and resides within PM6 and BTP-eC9 to

6048 | Mater. Adv, 2023, 4, 6031-6063

form a cascade energy level alignment for efficient charge
transfer leading to lowered recombination and improved Voc.
The LBL blade-coated OSCs attained a PCE of 17.16%. Zhan
et al. reported PCEs of 18.16% for the ternary OSCs (PM6 donor
and BO-4Cl:BTP-S2 FFAs) (BO-4Cl also named as Y7-BO) based
on LBL processing in which 25 wt% of BTP-S2 was added in the
acceptor mixture.””

In PMé6:Y6-based BH]J OSCs over aggregation of the Y6
acceptor mainly restricts the device performance improvement.
To suppress the aggregation of Y6, Chen et al. developed an
unsymmetrical chlorinated FFA TIT-2Cl based on thieno-
[3,2-b]indole and introduced it into the PM6:Y6 active layer.
The insertion of Cl atom enhances the intramolecular charge
transfer effect due to the higher dipole moment of the C-Cl
bond. Furthermore the empty 3d orbital of Cl can act as a
strong electron acceptor compared to the F atom. The PCE was
enhanced from 15.78% to 17% through the use of TIT-2ClI as
the third component due to improved light absorption, low-
ering of the energy level and charge transport.”” The LBL-
processed OSC prepared by spin-coating formed vertical phase
distribution and enhanced the charge transport leading to a
higher PCE of 18.18% with enhanced stability. The LBL OSC
was prepared by first spin-coating the PM6 donor layer followed
by deposition of mixed acceptors Y6:TIT-2Cl.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Zhu et al. reported LBL OSCs based on a D18-Cl/Y6 system
which exhibited a higher PCE of 17.16% than the D18-Cl:Y6
BHJ OSCs (16.54%) due to adequate vertical distribution and
reduced bimolecular recombination.'*® When a small molecule
BTR-Cl was introduced to the D18-Cl/Y6 layer the crystallinity of
the ternary blend was improved and the device attained the
best PCE of 17.92% with a FF of 0.75. Recently, Gokulnath et al.
prepared a ternary OSC by LBL processing from o-XY using a
PM6/Y7:BTA-UD-4F active layer and attained a PCE of 17.55%
which was higher than the BHJ-based ternary OSCs (16.18%).'*°
Moreover, an impressive PCE exceeding 15% with an active
layer thickness >300 nm was achieved. Cai et al. fabricated
300 nm thick film ternary LBL OSCs using a PM6 donor and two
acceptors BTP-eC9:L8-BO-F achieving a PCE of 17.31% that was
higher than that for the BHJ counterpart (16.92%)."*°

Bao’s group applied a sequential deposition approach using
orthogonal solvents to synergistically integrate ternary compo-
sitions by manipulating the addition process of a heat-resistant
poly(aryl ether) (PAEN) insulator as the third component
(Fig. 12).">' PAEN was added in three different strategies;
(1) the mixture of Y6 + PAEN was deposited on top of the
PM6 donor to get t-PPH]J, (2) sequential deposition of PM6,
PAEN and Y6 to get m-PPH]J and (3) deposition of the Y6 layer
on top of the PM6 + PAEN layer. The binary PM6/Y6 device
without PAEN gave a PCE of 16.2% which was superior to the
binary (PM6:Y6) (15.6%) or ternary (PM6:Y6:PAEN) (15.7%) BH]J
devices. When PAEN was mixed with Y6 in the t-PPH]J device the
PCE remain unchanged (16.2%). Meanwhile, the b-PPH]J device
with PAEN at the bottom layer enhanced the PCE to 17%.
Surprising, the OSCs with m-PPHJ configuration containing
an intermediate PAEN layer generated the highest PCE of
17.3%. The enhancement of photocurrent was also seen

View Article Online
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from AEQE. The higher jsc and FF for the m-PPH]J device
was ascribed to the longer charge carrier lifetime and lower
bimolecular and trap-assisted recombination processes. The
concept was further validated using other acceptors like ITIC,
IT-4F, and BTP-eC9 and the m-PPH] OSC with PM6/PAEN/
BTP-eC9 gave the best PCE of about 17.4%. The PAEN
additive was also found to enhance the photo/thermal stabi-
lity of the devices.

Jiang et al. reported a high efficiency OSC with an LBL
method that outperformed conventional ternary BHJ devices
using a PM6 donor and N3 and PC,,BM dual acceptors."”* The
LBL film was prepared by deposition of the PM6 donor over the
PEDOT:PSS layer followed by deposition of the N3:PC,;BM
mixture with 0.5% 1-CN from CF solution. The active layer
was thermally annealed at 90 °C to form a pseudo-bilayer
structure. Benefitting from the higher crystallinity, the LBL
film exhibited a longer exciton diffusion length as studied by
time-resolved photoluminescence (TRPL) measurements.'*"*?
The exciton diffusion length estimated for the N3-phase
(17.07 nm) in the LBL device is high compared with the BHJ
layer (7.53 nm). Thus, despite having a larger average domain
size (38 nm for the LBL film related to 26.5 nm for the BH]J
film), the longer exciton diffusion length in the LBL film
promoted efficient exciton dissociation. The photolumines-
cence decay lifetimes measured at 680 and 840 nm were also
longer for the LBL film compared to BH], indicating the longer
exciton lifetime in PM6 and N3 domains. Furthermore, the
transient photocurrent (TPC) measurement revealed a shorter
carrier extraction time of 0.94 s for the LBL OSC compared with
1.12 ps in the BHJ OSC. Consequently, the PCE of the LBL OSCs
was enhanced to 17.42% compared with 16.44% achieved for the
BH]J device due to the high Jsc and FF values. Moreover, another
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(a) Layer-by-layer deposition strategies to influence the position of the poly(aryl ether) third component in PPHJ devices. (b) Box plots of PCEs

development and EQE response for the PPHJ-type OSCs, where dgqe = EQEq_ppry — EQEppy. () Dependences of Voc and Jsc on Pygne. Reprinted with

permission from ref. 151. Copyright 2022, American Chemical Society.
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LBL OSC consisting of PM6:Y6-O/PC,,BM attained a PCE of 17.27%
suggesting the importance of the LBL technique.

In order to control the morphology without interfacial
damage, Yan and coworkers used a ternary strategy with a
PBB-TSD/PM6:Y6 composition.>* The bottom polymer donor
PBB-TSD was spin-coated from CF solution with DIO as the
solvent additive and a blend of PM6:Y6 with 1-CN additive in CF
was used as the top layer. The use of different solvent additives
separately controlled the morphology of both the layers facil-
itating the formation of interfacial BHJ with vertical morphology
and improved the charge collection efficiency. The optimized
ternary BHJ OSCs processed with a sequential deposition method
exhibited a PCE of 17.71% which is higher than that for the
conventional BH]J ternary counterparts (17.40%).

Ma et al. fabricated D18-Cl/Y6 based LBL OSCs which
yielded a PCE of 18.15% through the introduction of a dis-
sociation strengthening layer (DSL) between the PEDOT:PSS
and the D18-Cl donor compared to 17.62% for the device
without the DSL layer.’®> The DSL layer helped to decrease
the interfacial energy between the D and A, facilitating the
molecular interdiffusion for efficient dissociation of charge
carriers.

Tao and coworkers fabricated LBL OSCs using ternary com-
ponents PM6/B0O-4Cl:L8-BO exhibiting a PCE of 17.89%."°® The
two acceptors BO-4Cl and L8-BO formed an alloy model and
enhanced the photon utilization efficiency and charge trans-
port. The LBL processed binary OSC with PM6/BO-4Cl achieved
a slightly lower PCE of 17.03% when processed from o0-XY.
Moreover, the device retained 89% of its original efficiency after
2000 h. The results demonstrated the viability of non-
halogenated solvent for the development of high performance
OSCs towards green energy technologies.

Li et al. proposed regulating the film morphology in LBL
OSCs by diffusing a liquid crystalline BTR-CI as the molecular
donor into the fullerene-free host using non-halogenenated
solvent 0-XY."” The inclusion of BTR-CI enhanced the crystal-
lization leading to homogeneous D-A phase separation along
the vertical direction, thus improving the charge transfer and
lowering the voltage loss, thus achieving an impressive PCE of
18.21% for D18-Cl/BTP-eC9:BTR-Cl ternary OSCs. The device
based on PM6/Y7-BO:BTR-Cl achieved a PCE of 17.15%.

Li and coworkers reported a high performance all-small
molecule LBL OSC by using methoxy-substituted graphdiyne
(GOMe) as solid additives."® The addition of GoMe helped to
control the morphological growth and vertical component
distribution, forming an optimal BHJ sandwich between the
D (ZnP-TSEH) and A (4TIC:6TIC) enriched bottom and top
layers. The addition of GoMe to the donor layer enhanced the
surface roughness, thereby facilitating the diffusion of acceptor
and formation of vertical phase distribution. In addition,
the GoMe containing acceptor layer formed compact molecular
packing with efficient pathways for exciton dissociation and
charge transport. The best device reached a PCE of 17.18% with
an FF of 0.77, compared to 15.88% for the BHJ device.

Recently, Jen and co-workers incorporated solid additives
with different electrostatic potential (ESP) distributions and
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steric hindrance into the active layer components in LBL-OSCs
to examine how evaporation dynamics and selective interaction
affected vertical component distribution."®® A comparative
study of different solid additives reveals that p-dibromobenzene
(DBB) enhances the interaction with the donor, while 2-chloro-
naphthalene (2-CN) favors interaction with the acceptor. Ternary
OSCs employing D18/3-BTP-ThCl: BTP-Th (1:0.8:0.2) as the
active layer with DBB and 2-CN as solid additives, attained PCEs
of 18.73% and 19.15%, respectively.

In this study, the ternary OSCs prepared using LBL-
strategies were found to show high efficiency. The use of non-
halogenated solvent, sequence of addition, and solid additive
processing were also found to be important for performance
improvement. They helped to adjust the interfacial morphology
and create the optimal BH]J structure. The LBL device achieved
high efficiency because the morphology was controlled to form
a network of interpenetrating D and A domains that enabled
effective charge transport and collection.

3.4. LBL-processed multicomponent OSCs

Like the ternary blend, preparation of the quaternary blend
could be another choice, which can broaden the absorption
band for light absorption. However, the major problem in the
processing of the quaternary blend is the control of miscibility
of materials and optimization of blend morphology. In this
respect, coating two BHJ layers over one another found to be
practically more feasible. In this method two binary blends are
coated sequentially without any need for morphology optimiza-
tion. The layers can be of D1:A/D2:A, D:A1/D:A2, D1:D2/A1:A2,
and D1:A1/D2:A2 configurations. One must take care of the
stability of the bottom layer while processing the top layer by
choosing appropriate solvent. The bottom layer materials
should be stable during top layer deposition. The film for-
mation for double-BH]J coating is quite different in contrast to
the individual binary films. Ade and co-workers used a less
soluble polymer donor PDPP3T and deposited the PDPP3T/
PC,,BM layer on the ITO/ZnO substrate, and then deposited the
FTAZ/PC,,BM layer at room temperature from the same solvent
forming a pseudo-bilayer structure. The double-BH]J ternary
device gave a PCE of 6.73% higher than the conventional
ternary and binary devices (4.4-6.4%) (Table 5).'°° Huang
et al. reported a PCE of 12.25% for PDPP3T:PC,,BM/PTB7-
Th:PC,;BM-based OSCs in which [5,6]-open azafulleroid, a
fullerene derivative was coated over the ZnO layer to promote
electron transport from BHJ to the ZnO layer.’®" Similarly,
Janssen’s group achieved a PCE of 5.9% with PDCB-
2T:PC,,BM/PDPP2T-TT:PC,,BM bilayer ternary OSCs prepared
by spontaneous spreading on water.'®

Wang et al demonstrated the formation of controlled
crystallization using a PBDB-T:IT-M/PBDB-T:FOIC double BHJ
structure, which favors reduced recombination and better
charge transport.'®® However, the binary PBDB-T:FOIC blend
showed large phase separation, resulting in lower photocur-
rent. A double-BH]J OSC was prepared by sequential deposition
of two binary blends with PM6 as the donor with Y6 and Y6-Se-
4Cl as two acceptors.'®* The PM6:Y6 was deposited by printing

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Solar cell data for the BHJ and LBL-processed multicomponent OSCs

Active layer Processing method Voc [V] Jsc [mA cm™?] FF PCE [%] Ref.
PDPP3T:PC,,BM/FTAZ:PC,,BM LBL 0.69 15.67 0.61 6.73 160
PDPP3T:FTAZ:PC,,BM BH]J 0.63 12.01 0.65 5.09
PDPP3T:PC,,BM/PTB7-Th:PC,,BM LBL 0.77 23.75 0.67 12.25 161
PDCB-2T:PC,,BM/PDPP2T-TT:PC,,BM LBL 0.68 14.9 0.58 5.90 162
PBDB-T:IT-M/PBDB-T:FOIC LBL 0.75 24.66 0.63 11.91 163
PM6:Y6-Se-4Cl/PM6:Y6 LBL 0.84 26.3 0.73 16.40 164
PM6:PM7/Y6:01-2F LBL 0.86 26.97 0.78 18.23 165
PM6/Y6 LBL 0.84 26.52 0.75 17.00 165
D18-Cl:BTP-eC9/PM6:L8-BO LBL 0.89 27.02 0.80 19.61 72
D18-Cl:PM6:L8-BO:BTP-eC9 BH]J 0.88 26.29 0.68 15.83
PM6:Y6/PM6:Y6 LBL 0.84 26.63 0.79 17.73 166
PTQ10:Y6/PTQ10:Y6 LBL 0.85 26.70 0.78 17.81 166

onto the PM6:Y6-Se-4Cl film using polydimethylsiloxane stamps
to avoid any damage to the bottom layer. The PM6:Y6-Se-4Cl/
PM6:Y6 inverted OSC gave a PCE of 16.4% compared to 15.0%
(PM6:Y6-Se-4Cl) and 15.4% (PM6:Y6) for the individual BHJ
devices. The bilayer structure provides a favorable vertical gradient
facilitating charge transport.

Li and coworkers used the combination of a quaternary
concept with LBL deposition in which the active layer was
prepared by deposition of a two acceptor blend (Y6:01-2F) on
top of the two donor (PM6:PM7) film."®® The donor combi-
nation facilitated efficient charge transfer due to cascade
energy level alignment, while the poor miscibility of the accep-
tor O1-2F with the donors favored vertical phase separation
with the formation of a charge transport channel. The alloy
acceptor Y6:01-2F can optimize the vertical and horizontal
morphology of the active layer for efficient charge separation
and transport. Consequently, the PM6:PM7/Y6:01-2F system
delivered a reduced non-radiative loss (0.231 eV) compared to
a PM6/Y6 binary OSC, attaining a high PCE of 18.23%.

Xu et al. applied sequential processing and fabricated a
pseudo-bilayer heterojunction (PBH]J) structure using D18-
Cl:BTP-eC9/PM6:L8-BO pairs.”” The bilayer was prepared by
depositing the PM6:L8-BO mixture in CF over the D18-Cl:BTP-
eC9 film prepared from hot CF, which cannot deliberately
damage the underneath layer (Fig. 13). In contrast, deposition
of the D18-Cl:BTP-eC9 layer over PM6:L8-BO film from hot CF
could easily remove the bottom layer. The double-BHJ (multi-
component) OSCs displayed improved light absorption with
balanced morphology compared to the conventional quatern-
ary blend. Contrary to the devices with a quaternary blend, the
double BHJ bilayer OSC showed lower non-radiative energy loss
(AE3), thus, achieving an exceptional PCE of 19.61% (the high-
est value to date) that is higher than the binary BHJ counter-
parts (18.25% for D18-Cl:BTP-eC9 and 18.69% for PM6:L8-BO)
and the quaternary BHJ device (15.83%). Morphological issues
could be the reason behind the low performance of the qua-
ternary blend. The individually deposited optimized BH]J layers
exhibited a higher molecular ordering than the quaternary
blend. The improved crystallinity of the multijunction layers
could facilitate the charge transport in OSCs. Li et al. used a PBH]
strategy to deposit two layers of the same D:A blends using a low
donor concentration (4 mg mL~" for donor). The PBHJ-based on

© 2023 The Author(s). Published by the Royal Society of Chemistry

PM6:Y6 and PTQ10:Y6 exhibited high PCEs of 17.73% and
17.81%, respectively, because of the efficient exciton dissociation
and balanced charge transport in the pseudo-bilayer.'*®

3.5. LBL-processed all-polymer OSCs

Phase separation at the nanoscale is a prerequisite to balance
exciton dissociation and charge transport in BHJ OSCs.>*"%7:168
This requires appropriate mixing of D:A in the blend solution
and deposition of the film to form the desired crystallites at the
nanoscale. The control of active layer morphology in all-
polymer OSCs is even critical for its performance improvement.
The unusual phase separation and oversize growth of crystal-
lites is the major issue ensuing from the thermodynamically
unfavorable mixing of both D and A polymers. Usually, the
polymer chains are highly anisotropic and hinder appropriate
molecular interactions and packing/orientation, affecting the
charge generation and collection in the device."®>"”° Important
issues that could be raised in all-polymer OSCs are their
miscibility in orthogonal solvents to prevent dissolution by
the top layer coating and ordering of the bottom layer. In this
context, two-step LBL processing could be an efficient approach
to precisely control the phase separation and packing. The
structures of polymeric fullerene-free acceptors (FFAs) are
shown in Fig. 14.

To avoid the solubility issues of the D and A polymers, Ma
and co-workers used an LBL method in which the polymer
donor PBDB-T in CF solution was deposited over a naphthalene-
diimide-based D-A-type polymer acceptor N2200. The poor
solubility of N2200 in CF facilitated the ordering of a PBDB-T
layer forming a p-i-n structure. The LBL device gave a PCE of
9.52%, which is significantly higher than the BHJ OSC (6.58%)
(Table 6)."”" The better efficiency was further supported
by transient absorption studies which showed about 62% hole
transfer efficiency for the LBL device compared to only 49% for
the BH]J device.'”?

Zhong and coworkers used a perylene-based polymer accep-
tor FPDI-BT1 and demonstrated the formation of preferred bi-
continuous interpenetrating BHJ configurations in all-polymer
OSCs using PBDB-T/FPDI-BT1 prepared by sequential proces-
sing with the same solvents without any post treatments."”* The
morphology can be effectively tuned by the solvent used for
processing of the top layer. The bottom layer was processed

Mater. Adv., 2023, 4, 6031-6063 | 6051
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Fig. 14
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Table 6 Solar cell data for the BHJ and LBL-processed all-polymer OSCs

Active layer Processing method Voc [V] Jsc [mA cm™?] FF PCE [%] Ref.

PBDB-T/N2200 LBL 0.90 15.33 0.69 9.52 171
BH] 0.87 11.89 0.64 6.58

PBDB-T/FPDI-BT1 LBL 0.96 11.63 0.61 7.15 173

PBDB-T:FPDI-BT1 BH] 1.00 7.40 0.46 3.57

D18/PY-FT LBL 0.92 24.20 0.76 17.00 174

D18:PY-FT BH] 0.92 23.10 0.72 15.40

PM6/PY-IT LBL 0.95 22.61 0.73 15.81 175

PM6:PY-IT BH]J 0.95 21.29 0.72 15.29

PBDB-T/PYT LBL 0.91 23.07 0.77 16.05 176

PBDB-T/PYT LBL 0.89 23.03 0.73 15.17 177

PBDB-T:PYT BH] 0.88 22.64 0.70 14.06

PBDB-T:PYT LBL 0.89 22.95 0.74 15.10 177

PBDB-T/Y6 LBL 0.71 25.94 0.61 11.44 177

PBDB-T:Y6 BH]J 0.71 25.50 0.59 10.68

PM6/PYDT-2F LBL 0.93 24.11 0.72 16.25 178

PM6/PYDT-3F LBL 0.92 24.49 0.77 17.41

PM6/PYDT-4F LBL 0.91 24.37 0.75 16.77

PM6/PYSSe-V LBL 0.90 25.20 0.75 17.03 179

PM6/PY-Cl LBL 0.90 24.85 0.73 16.37 179

PM6/PYSSe-V:PY-Cl LBL 0.91 25.88 0.77 18.14 179

PM6/PYF-T-0 LBL 0.90 25.16 0.69 15.82 180

PM6:PYF-T-0 BH]J 0.89 23.51 0.67 14.21

PM6/PY-IT LBL 0.93 22.54 0.70 14.86 180

PM6:PY-IT BH]J 0.93 23.70 0.66 14.80

PBQX-H-TF/PYSe LBL 0.91 23.49 0.73 15.77 181

PBQX-H-TF:PYSe BH] 0.91 23.17 0.65 13.91

PM6/L15 LBL 0.94 23.58 0.73 16.15 182

PM6:1L15 BH]J 0.95 22.51 0.71 15.19

PM6/PY-V-y LBL 0.90 24.50 0.76 17.00 183

PM6:PY-V-y BH] 0.91 24.30 0.73 16.30

from DCB. The use of CB for the top layer led to the formation
of a bilayer structure with a PCE of 3.33%, which was improved
to 7.15% with DCB as the top layer processing solvent due to
the formation of an ideal morphology with a highly crystalline
and ordered network of D/A polymers. The corresponding BHJ
device gave a lower PCE of 3.57%.

Fu et al. adopted a top-down method to manipulate the
morphology of all-polymer OSCs prepared via LBL deposition."”*
The top polymer acceptor was deposited from CF or toluene
solution over the polymer D18 layer. The D18 polymer donor
was partially soluble in CF but is insoluble in toluene, thus
controlling the swelling of the bottom layer and formed an
intermixed layer with polymer acceptor PY-FT. Thus, optimization
of the top layer deposition with toluene formed a favorable vertical
distribution at the nanoscale realizing a high PCE of 17% with a
FF of 0.76. When the top layer was deposited from CF the device
generated a PCE of 16.2% showing the influence of bottom layer
orientation and top layer ordering on the performance improve-
ment due to efficient charge generation and transport. The BHJ
device processed from CF resulted in a slightly lower PCE of
15.4%. The LBL devices showed high stability retaining >90% of
their initial PCEs when kept at 65 °C for 1300 h.

Xu et al. constructed all-polymer LBL OSCs with PM6 as the
donor and low bandgap polymer PYT as the acceptor and
compared them with BH]J active layers.'”> The optimized OSCs
based on LBL and BHJ active layers using 1 vol% 1-CN in PYT
solution, attained PCEs of 15.81% and 15.29%, respectively.
Zhang et al. demonstrated the application of 1-CN as the

© 2023 The Author(s). Published by the Royal Society of Chemistry

solvent additive for the top polymer acceptor (PYT) deposition
followed by thermal annealing to improve the lamellar ordering
of the bottom PBDB-T polymer and vertical phase distribution
in the active layer."’® The LBL processed all-polymer PBDB-T/
PYT OSCs attained a PCE of 16.05% with a FF of 0.77 due to
favorable morphology, efficient exciton dissociation and sup-
pression of charge recombination losses. Wu et al. fabricated
all-polymer OSCs based on LBL processed PBDB-T/PYT by both
spin-coating and blade coating and achieved PCEs of 15.17%
and 15.10%, respectively, which were higher than the BH]J
counterparts (~14.1%)."”” The active layer morphology was
regulated by varying the additive dosages. The solvent additive
was optimized with both polymer donor and acceptor and the
best PCE and high FF was achieved by mixing 2.5 vol% of 1-CN
with only a PYT acceptor during the deposition (Fig. 15). At the
same time LBL processed PBDB-T/Y6 based OSCs achieved a
PCE of 11.44% by mixing 0.2% 1-CN with PBDB-T donor and
0.5% with Y6 acceptor for optimizing the D/A mixing.
Recently, three narrow bandgap polymer acceptors named
PYDT-2F, PYDT-3F and PYDT-4F were developed and all-
polymer OSCs using PM6 as the donor polymer, processed via
the LBL method, achieved a PCE of 17.41% with a FF of 0.77 for
PM6/PYDT-3F which was higher than that for PM6/PYDT-2F
(16.25%) and PM6/PYDT-4F (16.77%)."”® The polymer misci-
bility was enhanced by increasing the F contents in the acceptor
which facilitated the formation of fibrillar nanostructure. The
PM6 donor layer was deposited from CB and the upper acceptor
was spin-coated using low boiling solvent CF + 2 vol% 1-CN,

Mater. Adv., 2023, 4, 6031-6063 | 6053
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Fig. 15

(a) Representation of BHJ and LBL OSC processing. (b) PCE and (c) FF of the PBDB-T/PYT LbL all-polymer OSCs as a function of 1-CN content

for each layer. (d) J-V characteristics and (e) the equivalent EQE spectra for the optimized devices. Reprinted with permission from ref. 177. Copyright

2021, Wiley-VCH.

which is very advantageous to form vertical phase separation.
This strategy was found to be very effective for morphology
optimization in all-polymer OSCs.

Min and coworkers synthesized two polymerized Y6 acceptors,
named PYSSe-V and PY-Cl and introduced them as the top layers
to fabricate the LBL binary all-polymer OSCs with PM6 as the
bottom donor layer."”® Replacing sulfur with selenium atom in
PYSSe-V resulted in a greater ground state quinoidal character due
to its loose m-electron delocalization, leading to lowering of the
bandgap, thus helping to improve the photocurrent (Jsc). Aided
by the broad absorption coverage and controlled vertical phase
separation of the LBL processed active layers, PCEs of 17.03% and
16.37% were achieved for PM6/PYSSe-V and PM6/PYCl OSCs,
respectively. The LBL ternary OSC with PYSse-V: Py-Cl acceptors
(1:1) as the top layer showed a balanced vertical phase dissemi-
nation with a rich donor bottom layer. This impedes the charge
recombination and enhanced the charge transport and collection,
resulting in a PCE of 18.14% for all-PSCs.

Zhao et al. fabricated sequential LBL-deposited all-polymer
OSCs with improved performance over BH] counterparts
using a PM6 donor and different polymer acceptors, namely
PYF-T-0 and PYT."® The active layers were prepared with
different solvents, such as tolune, aromatic hydrocarbons

6054 | Mater. Adv., 2023, 4, 6031-6063

without the aid of CF. The inadequate swelling issue of toluene
was controlled by the addition of some solvent additive during
the bottom and top layers deposition. The toluene-processed
sequential processing improved the electron mobility to 3.3
times that of CF-processed LBL OSC and 2.4 times than that of
the BHJ device, maintaining a balance between the e /h"
mobility. Thus, the toluene-processed LBL OSC achieved a
PCE of 15.8%, while the BH] OSC achieved a PCE of 14.2%.
The morphological investigations suggested higher exciton
generation in the bottom layer and increased electron mobility
that improved the difficulty of long-distance electron transport
to the cathode leading to enhancement in Jsc and FF.

Cao et al. synthesized a polymer donor PBQx-H-TF and
polymer acceptor PYSe, which were implemented in bilayer
0SCs using orthogonal solvents.'®' The corresponding quasi-
planar heterojunction (Q-PH]J) all-polymer OSCs achieved a PCE
of 15.77% that was higher than the BHJ counterpart (13.91%).
The enhancement was attributed to the improved charge
carrier transport and suppressed recombination. Benefiting
from the Q-PHJ] morphology, the device stability increased
significantly compared to the BHJ counterpart. An all-polymer
OSC prepared by LBL deposition improved the swelling of
polymer films and promoted exciton dissociation and charge

© 2023 The Author(s). Published by the Royal Society of Chemistry
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transport with the reduction of trap-assisted recombination.®?
The polymer donor (PM6) was processed from CB and the
acceptor (L15) was treated from CF with a trace of 1-CN as
the additive to control the film microstructure and vertical
distribution. The LBL OSC reached a high PCE of 16.15% that
was higher than that for the BHJ counterpart (15.2%).

Zhao, et al. fabricated LBL all-polymer OSCs using PM6 as
the donor and PY-V-y polymer as the acceptor using toluene as
the processing solvent and achieved a PCE of about 17% that
was higher than the BH]J counterpart (16.3%), attributing to the
improved vertical phase segregation, reduced charge carrier
recombination and balanced charge transport.®?

In summary, for all-polymer OSCs the polymer morphology in
the active layer could be efficiently controlled by LBL processing
leading to efficient and stable devices. This led to the optimized
vertical phase separation as well as polymer microstructures for-
mation in LBL-processed OSCs compared with that in BHJ films.

4. LBL-processed semitransparent
OSCs

Because of the tunable absorption and high molar absorptivity
of organic photoactive materials it is possible to fabricate
semitransparent OSCs for various applications, like building-
integrated photovoltaic (BIPV) windows, power windows, and
green house applications.'®* Thus, the glass windows in build-
ings can be simultaneously used for electricity production and
show an aesthetic appearance due to variable color transparency.
In BH]J, lowering the composition of donor materials that absorb
in the visible region to improve the average visible transparency
(AVT) can impair the exciton dissociation and charge transport
and thus decrease the device PCE. While, in LBL processing a thin
layer of wide- or medium-bandgap donor material along with a

View Article Online

Review

thick layer of low bandgap acceptor can reduce the light absorp-
tion in the visible region still maintaining high exciton dissocia-
tion and charge transport properties to achieve enhancement in
the AVT and PCE of the device along with its stability.

Song et al. prepared semitransparent OSCs using a sequen-
tially deposited bilayer with PTB7-Th/IEICO-4F and attained a
PCE of 8.5% with an AVT of around 21.5% which was higher
compared to the BH]J counterpart (8.1%, AVT = 21.1%) (Fig. 16,
Table 7)."® Xue et al. reported a semitransparent OSC prepared
by sequential deposition of PM6 and Y6 layers achieving a PCE
of 12.6% at an AVT of 25.4%, while the ST-OSCs prepared with
BHJ attained a PCE of 11.8% and an AVT of 22.9%.'8°

Wang et al. fabricated a PBDB-TF/Y6 based LBL ST-OSC in
which the diffusion of the Y6 molecule occurred at the interface
forming a p-i-n structure providing the best PCE of 12.9% and
AVT of 14.5%.'®” A thickness dependent study further revealed
the superiority of the LBL method over BHJ structures. Yang
et al. developed ST-OSCs by sequential depositing of the PM6
donor and FFA BTP-eC9 and attained a PCE of 13.3% with an
AVT of 18.5% and light utilization efficiency (LUE) of 2.46%.%®
The optimized opaque device achieved a PCE of 18.5%. Moreover,
by instituting an efficient anti-reflective coating (ARC) layer, the
AVT of ST-OSCs was significantly improved to 27.8% while still
maintaining a PCE of 13.1%, along with the impressive LUE of
3.64% and color-rendering index (CRI) of 94.6%.

Huang et al. investigated the effect of molecular weight on
the LBL OSCs that enabled ST-OSCs with a LUE of over 5%
without complex optical engineering.'®® The device with differ-
ent molecular weights of the PCE10-2F donor along with Y6 as
the acceptor achieved PCEs ranging from 11.11-10.01% with
a high AVT of 39.93-50.05%. The opaque device based on
PCE10-2F/Y6 achieved an overall PCE of 14.53%. Thus, it is
possible to develop efficient ST-OSCs with a high AVT using an
LBL deposition technique with high morphological control.
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(a) Transmittance spectra of BHJ and bilayer LBL OSC. (b) Normalized thin film absorption spectra of PTB7-Th and IEICO-4F. (c) Photographs of

the reference and bilayer ST-OSCs. Reprinted with permission from ref. 185. Copyright 2020, American Chemical Society.
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An LBL-processed ST-OSC using the D18/N3 layer demonstrated
a visible transparency of about 52% from the 400-740 nm region.
By varying the thickness of the Ag layer from 10 to 20 nm and
optimizing the donor layer the devices generated PCEs from
12.58% to 14.85% with an AVT of 22.81% to 9.48%.'° Lunt and
co-workers used an LBL approach and demonstrated ST-OSCs
with a PCE of 8.8%, AVT of 40.9%, and a LUE of 3.6%."! The
device exhibited exciton diffusion lengths >100 nm for both the
polymer donor and IEICO-4F acceptor.

Here we have shown that the LBL deposition of D and A
materials is a viable approach to enhance the efficiency and
stability of ST-OSCs along with its AVT. This technique also
allows us to adjust the film thickness and transparency because
of the independent deposition of D and A layers, and the
desired optical properties of both the photoactive materials.

5. Stability of LBL-processed OSCs

The major barrier for commercialization of OSCs is their poor
stability. The stability of the OSCs mainly depends on factors like
processing conditions, treatments during active layer deposition,

Table 7 Solar cell data for the BHJ and LBL-processed semitransparent
OSCs

Processing Voc Jsc PCE
Active layer method [V] [mAcm ™ FF [%] Ref.
PTB7-Th/IEICO-4F LBL 0.67 19.60 0.65 8.50 185
PTB7-Th:IEICO-4F BH] 0.69 18.90 0.61 8.10
PM6/Y6 LBL 0.83 21.40 0.70 12.60 186
PM6:Y6 BH]J 0.83 21.10 0.67 11.80
PBDB-T-2F/Y6 LBL 0.84 22.51 0.68 12.91 187
PBDB-T-2F:Y6 BH]J 0.84 22.62 0.67 12.77
PM6/BTP-eC9 LBL 0.82 22.50 0.72 13.30 188
PCE10-2F/Y6 LBL 0.78 20.37 0.69 11.11 189
D18/N3 LBL 0.85 23.14 0.76 14.85 190
PTB7-Th/IEICO-4F LBL 0.70 19.80 0.63 8.80 191
a)
BHJ
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contact with oxygen, water, and irradiation. The morphology
control of the BHJ devices is extremely difficult leading to poor
long-term stability under light/thermal soaking conditions.****%*
A delicate balance between domain size, purity, and miscibility is
required to attain a stable morphology. In PCBM-based devices,
the oxidation of PCBM derivatives led to lowering of the LUMO
energy level and thus acting as traps for electrons in the PCBM
domain.”* In BHJ devices the lateral phase separation led to
aggregation with time and penetration of the A to the D phase and
reduced the device morphology and stability. In contrast, the new
technology based on LBL-processed p-i-n type OSCs shows
excellent stability due to vertical phase separation.'® This is
mostly applicable to crystalline polymers which form robust
ordered film at the nanoscale, so the acceptor can only penetrate
to the amorphous region of the polymer film without affecting the
crystallinity. It has been shown that in comparison to non-
annealed devices, pre-annealing of the active layer significantly
enhanced the stability. LBL OSCs showed almost no change in
PCE, whereas 76% reduction was reported for the BHJ devices.”®
Therefore, LBL-processed OSCs have better control over the
crystallinity and morphology forming order packing with high
domain purity.

The PM6/IT-4F based LBL OSCs (0.04 cm?) prepared by
either spin-coating or doctor-blade coating using halogen-free
solvent attained PCEs of 12.9 and 12.3%, respectively. For large
area LBL OSCs device with 1 cm? cell size prepared by blade-
coating a PCE of 11.4% was reported, which maintained high
stability as the acceptor layer was protected from light by lying
behind the donor layer.'®® The protection of the acceptor layer
along with vertical component distribution was found to be a
major advantage for the stability of LBL OSCs. This was also
shown using a blade-coated J71/ITC6-IC device which retained
85% of the initial PCE (11.47%) compared to 68% retention for
the BH] device (10.41%)."°® The LBL OSCs showed greater
stability than the BHJ device under illumination, thermal stress
and bending cycle (Fig. 17).
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(a) Schematic presentation of the BHJ and LBL film of the J71 donor and ITC6-IC acceptor preparation by blade coating. Variation of normalized

average PCE losses over illumination time (b) under illumination, (c) thermal stress, and (d) bending stability for the BHJ and LbL OSCs. Reprinted with

permission from ref. 196. Copyright 2019, Royal Society of Chemistry.
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Recently, Kim and co-workers addressed the improved sta-
bility of LBL OSCs prepared using PTB7-Th as the donor and
IEICO-4F as the acceptor along with 1,8-dibromooctane (DBO)
as a cross-linking additive.'” The irradiation of PTB7-Th + DBO
film under UV light formed a photo-crosslinked polymer layer
which improved the polymer crystallinity and glass transition
temperature. The residual additive and non-crosslinked poly-
mer were washed with CB. The device with the crosslinked
polymer layer seems to improve both the thermal and light-
soaking stability test. The same group demonstrated enhanced
thermal stability of LBL OSCs by using 1-CN + DCM as a quasi-
orthogonal solvent for the deposition of the Y6 acceptor
layer.'®® This solvent mixture had a lower vapor pressure, which
facilitated the dissolution and diffusion of the Y6 into the PM6
donor layer without compromising its film quality. The crystal-
linity of the BHJ interlayer increased in the donor domain
resulting in a PCE of 14.1% with high thermal stability. The
change in the film morphology was also investigated by absorp-
tion studies, which showed significant change in absorption for
the BHJ blend compared to the LBL film, further suggesting its
stability during thermal stress.

Fu et al demonstrated excellent stability of all-polymer
D18/PY-FY-based LBL devices retaining over 90% of their initial
PCEs after annealing at 65 °C for 1300 h validating the
advantage of LBL processing.’”* All polymer OSCs employing
PBQx-H-TF/PBTIC-y-TSe formed Q-PHJ demonstrating enhanced
light and long-term stability retaining 80% (870 h) of its initial
PCE compared to 70% (260 h) retention for the BH]J devices which
is related to the better morphology of the LBL processed active
layer."”®" Min and co-workers revealed enhanced mechanical
stability of the LBL layers compared to the BHJ blend that was
related to better molecular ordering and optimal vertical phase
morphology."””

Thus, these studies demonstrated that the LBL approach is
an excellent strategy to construct stable OSCs due to control of
molecular crystallinity, ordering, domain control by choice of
orthogonal solvents and finally vertical component distributions
along with good surface homogeneity. Therefore they show
potential over the BHJ counterpart for future applications.
However, more efforts and studies are required to understand
the morphology control to take the device from the laboratory
scale to large area fabrications.

6. Summary and future prospects

In this review, we have described the recent progress in OSCs
using polymer donors and fullerene/FFAs processed using
the LBL technique. LBL deposition aims to achieve an optimal
p-i—n structure for the active layer, which offers adequate D/A
interfaces for exciton splitting and uniform channels for charge
transport (electrons in the acceptor phase and holes in the
donor phase) and extraction to reduce the charge recombina-
tion, which is helpful to realize high efficiency devices. One of
the challenges in BH]J OSCs is to control the film morphology,
which affects the performance and stability of the devices.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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While the LBL processing solves the miscibility problem when
depositing individual layers, broadening of the absorption
spectrum, cascading the energy levels, and improving the
charge carrier mobility. Unlike the BH]J active layer, the LBL
method can produce separate D and A layers on the top and
bottom of the BHJ layer. These layers have specific molecular
orientation and arrangement in their pure phases. This
enhances the morphological stability by increasing the crystal-
linity and reducing the rapid change in polymers’ conforma-
tion. This also allows for precise control over the thickness and
composition of each layer with preferred vertical components
distribution, enabling better control over the active layer’s
morphology resulting in improved charge transport and collec-
tion. These morphological advantages lead to lower energy loss
and improved thermal and mechanical stability in LBL devices.
With the excellent advances in polymer donors and fullerene-
free acceptors, the PCEs of the LBL-processed OSCs have
reached over 19% which is comparable or even higher than
BH]J counterparts. Table 8 compiles a summary of the selected
best-performing D/A materials that reached PCEs over 18% by
using LBL-processing.

Conjugated polymers with a pre-aggregation tendency have
significant impact on the thin film morphology and is advanta-
geous in LBL OSCs. The aggregated polymer film can regulate
the film formation of the upper acceptor layer resulting in a
quasi-planar heterojunction network structure with vertical
phase separation for charge transport. One of the possible ways
to enhance the efficiency of LBL OSCs is to explore new
materials for the sequential deposition. By designing and
synthesizing small molecules/polymers with desirable properties,
such as strong absorption, good charge transport, and stable
morphology, the performance of LBL OSCs could be significantly
improved. Another key factor for improving the performance of
LBL OSCs is the control of vertical phase separation within the
active layer. This can be achieved by using appropriate solvents
that have different degrees of compatibility with the D and A
materials (orthogonal or even semi-orthogonal solvents), adding
processing additives that can modify the interfacial properties,
applying post treatments such as thermal annealing or solvent
vapor annealing that can enhance the packing and morphology,
and using a protecting solvent to prevent the dissolution of the
bottom layers.

The field of LBL OSCs has advanced rapidly and achieved
remarkable PCEs in both small-scale devices and large-scale
modules. The p-i-n configuration formed by the LBL method
has enabled the fabrication of large-area OSCs using a blade
coating technique achieving a PCE over 11%, which is advanta-
geous for roll-to-roll (R2R) processing. Despite the advances in
LBL based OSCs, there are still some challenges that need to be
addressed in future research to enhance their performance and
stability.

(i) Recent research has suggested that one possible way to
achieve p-i-n film morphology in LBL is the careful selection of
solvents, co-solvents, and additives. However, most of these
methods rely on practices and optimizations. Therefore, a
standardized theoretical model based on machine learning
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Table 8 Solar cell data of selected “champion” D/A materials prepared by LBL processing showing PCEs above 18%

Processing  Dsolvent/ Jsc PCE
Type Device structure method Asowvent  Voc [V] [mA cm™?] FF [%] Ref.
Binary ITO/PEDOT:PSS/PM6:P—CI/BTP—eC9:P—Cl/PNDIT—FBN/Ag LBL SC* CB/CF 0.85 27.81 0.80 19.10 73
ITO/PEDOT:PSS/D18/L8-BO/PDIN/Ag LBL SC CF/CF 0.91 26.86 0.77 19.05 128
ITO/PEDOT:PSS/PM6:FA-C1/L8-BO/PDINN/Ag LBL SC CF/CF 0.88 26.68 0.81 19.02 138
Ternary ITO/PEDOT:PSS/D18/3-BTP-ThCl:BTP-Th (Z—CN)/PDINOH/Ag LBL SC CB/CF 0.86 28.16 0.79 19.15 159
Multicomponent ITO/PEDOT:PSS/Dl8-C1:BTP-eC9/PM6:L8-BO/PNDIT-F3N/Ag LBL SC CF/CF 0.89 27.02 0.80 19.61 72
All—polymer ITO/PEDOT:PSS/PM6/PYSSe—V:PY—Cl/PFN—Br/Ag LBL SC CF/CF 0.91 25.88 0.77 18.14 179

% SC: spin coating.

must be developed to study the dependence of film morphology
on processing conditions.

(if) The LBL processed OSCs exhibit better vertical phase
distribution and morphological features than the BHJ devices.
However, the current understanding of these characteristics,
such as molecular crystallinity, component distribution, and
orientation of molecules requires further investigations. More
experimental and theoretical studies are needed to elucidate the
relationship between morphology and molecular functionality.

(iii) A major challenge for LBL OSCs is the use of haloge-
nated solvents, which are harmful to the environment. To make
LBL OSCs suitable for mass production, new D and A materials
with high solubility in eco-friendly solvents need to be devel-
oped. At the same time, the choice of solvents and additives are
also important for optimization of the morphology.

(iv) Most of the LBL devices are based on the conventional
structure where the A layer is deposited over the D layer.
However, there are hardly any reports on LBL OSCs with an
inverted structure in which the D layer is coated over the A
layer. This is mainly due to the dissolution of NFAs during the
sequential deposition of the polymer donor above the NFAs.
Therefore, it is important to find appropriate molecular systems
and new processing methods to fabricate inverted devices.

(v) To commercialize LBL technology, various roll-to-roll
(R2R) techniques, such as slot-die coating, blade coating, and
ink-jet printing methods need to be explored. These techniques
have been successfully implemented in the lab but require
further investigation for industrial applications.

(vi) Although the LBL processed device attained better
performance as compared to the BHJ counterpart, more sys-
tematic investigations are required on the operational device
stability to ensure the practical viability of LBL OSCs in the
future.

(vii) In recent years, it has been reported that solid additives
can be used to improve the stability of BH]J-based OSCs. We also
recommend that these additives can be utilized in LBL concepts
to further improve the stability of the OSCs.

It has been reported that under low light conditions the dark
current is minimized in LBL OSCs with reduced trap-assisted
recombination, thus improving the FF. This could be advanta-
geous for the p-i-n-type LBL OSCs for use in indoor applica-
tions. In summary, LBL OSCs offer several advantages over
conventional BHJ devices, including tunable morphology,
enhanced efficiency, improved stability, and the potential for
low-cost manufacturing. While challenges still exist in their

6058 | Mater. Adv., 2023, 4, 6031-6063

development, LBL OSCs represent a promising alternative for
the future of efficient and stable solar cells, contributing to the
broader goal of clean and renewable energy.
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