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Sequential deposition enables high-performance
nonfullerene organic solar cells

Miaomiao Li, ab Qi Wang,ac Junwei Liu,a Yanhou Geng abc and Long Ye *abd

Bulk-heterojunction active layers prepared by a blend casting (BC) method have been predominantly used for

more than two decades in the construction of organic/polymer solar cells (OSCs) with high efficiencies and

stability. Sequential deposition (SD) with donor and acceptor layers coated sequentially is a facile but effective

strategy to fabricate efficient OSCs and holds great promise to address the drawbacks of bulk-

heterojunctions. Compared with OSCs prepared by the BC method, SD processed OSCs can separately engineer

different layers, realizing an ideal profile of vertical component distribution, which is favorable for charge

generation, transport and collection. SD processed OSCs based on nonfullerene acceptors have progressed

rapidly, with a striking power conversion efficiency (PCE) up to 418% achieved recently. In this review, we

summarize recent advances in the optimization of SD processed OSCs with particular emphasis on the role of

processing solvents and co-solvents, solvent additives and the third components. Moreover, we comprehensively

discuss the impact of the SD method on device stability and provide an overview of the potential of the SD

method in constructing large-area solar cell panels. Finally, we outline the existing challenges and prospects of

the SD method in industrial production. We hope that this review can provide some inspiration for the

performance improvement of SD processed OSCs and advance their commercial applications.

1. Introduction

In the past few decades, organic/polymer solar cells (OSCs) have
drawn considerable attention due to their unique features such
as low cost, light weight, and great potential in making large-
area and flexible devices via a low-cost solution processing
method.1–14 Since the concept of a bulk heterojunction (BHJ)
was proposed by Heeger et al. in 1995,15 BHJs have been the
dominant active layer structure for OSCs, due to the sufficient
donor/acceptor interfacial area for exciton dissociation. With
the development of photovoltaic materials, morphology control
and device engineering, the power conversion efficiencies
(PCEs) of BHJ OSCs have reached as high as 17–18% for
single-junction and tandem devices.16–35 In general, BHJ active
layers are prepared from solvents composed of donor and
acceptor materials by blend casting (BC), as schematically
shown in Fig. 1. However, the formation process of BC active
layers is exceedingly complicated, and the film morphology is
highly dependent on processing conditions (such as donor :
acceptor ratios, processing solvents, and post-treatments) and
intrinsic properties of the material (such as solubility, aggrega-
tion behavior, and miscibility between the donor and
acceptor).36–45 Thus, it is extremely difficult for the BC method
to precisely control and optimize the film microstructure,
especially the distribution of the donor and acceptor compo-
nents in the vertical direction of the film, thus leading to the
risk of bimolecular recombination and poor charge extraction.46–50
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Since charge carriers are transported and collected in the vertical
direction within OSC devices, forming a preferred vertical phase
distribution, e.g. donor-enrichment at the anode and acceptor-
enrichment at the cathode, is beneficial to reducing charge recom-
bination and promoting charge collection.51–54 It is still a tough
challenge for the BC method to form the preferred vertical phase
distribution.

To achieve favorable film morphology with a suitable dis-
tribution of donor and acceptor components in the vertical
direction, researchers have developed a sequential deposition
(SD) method in which the donor solution and acceptor solution
are coated sequentially to construct the active layer with a p–i–n
like structure, where BHJ is formed in the middle and the
donor and acceptor materials enrich at their desirable electrode
sides (Fig. 1).51,55–60 The p–i–n like morphology is beneficial for
efficient exciton dissociation, and charge transport and extrac-
tion. In addition to the advantage in control of vertical phase
distribution, the SD method is also superior to the BC method
in the following aspects: (i) the donor layer and acceptor layer
in the SD method are prepared separately, which allows precise
manipulation and optimization of the microstructure of the
donor and acceptor layers independently;42,51,55,61,62 (ii) the
SD method can help to overcome the limitations induced
by intrinsic properties (crystallinity, miscibility, etc.) of the
materials towards constructing more desired film morphology;63

(iii) the SD method presents greater potential in fabricating devices
with high thermal stability and photostability, which are key
requirements in the commercialization of OSCs;64–72 (iv) the SD
method appears more suitable for large-area device fabrication,
with high PCE retention when a small-area device is converted to
its large-area counterpart.65,73,74 Therefore, the SD method has
become a facile and effective strategy to construct ideal film
morphology, which is promising for the commercial application
of OSCs. With enormous efforts on subtle manipulation of film
morphology and device engineering, the SD processed OSCs have
made great progress and their PCEs have exceeded 18% for a
0.04 cm2 device75 and 15% for a 1 cm2 device.74 To further increase
the efficiency and advance the commercialization of OSCs, it is
profoundly important and highly desired to derive the rationales of
performance optimization and understand the effects of the SD
method on the device stability and the performance of large-area
devices.

In this review, we present an comprehensive overview of
recent advances of SD solution processed OSCs. The molecular
structures of the donors and acceptors in this review are shown

in Fig. 2 and the photovoltaic metrics of SD processed devices
are summarized in Tables 1–3. For clarity, we adopt ‘‘donor:-
acceptor’’ and ‘‘donor/acceptor’’ to represent the material
composition of BC and SD processed active layers, respectively.
We start by detailing the morphology optimization strategies
by evaluating the effects of processing solvents/co-solvents,
solvent additives and the third component, which will help to
provide valuable insights into the morphology control of SD
processed active layers. In the next section, we summarize the
influence of the SD method on the thermal stability and
photostability of film morphology and device performance,
followed by discussing the performance retention for SD
processed OSCs from small-area laboratory-scale devices to
large-area industrial-scale modules. Finally, we present the
remaining challenges and the prospects of SD processed OSCs.
We hope that this review can provide some enlightenment for
the optimization of SD processed OSCs and help to accelerate
their commercial applications.

2. Morphology optimization strategies
for SD processed OSCs

In organic or polymer semiconductors, the exciton diffusion
length is generally lower than 20 nm. Thereby, it is difficult for
SD active layers with a flattened interface between the donor
layer and the acceptor layer to gain efficient light absorp-
tion and exciton dissociation simultaneously, which leads to
inferior Jsc and PCEs.55,76–80 When the thicknesses of the donor
layer and the acceptor layer are low (e.g., B20 nm), the devices
present efficient exciton dissociation but poor light absorption.
In contrast, the thick donor and acceptor layers (e.g., 50–100 nm)
result in inefficient exciton dissociation, due to the constraints of
exciton diffusion length. Consequently, to achieve high efficiency,
it is necessary for SD processed OSCs to construct p–i–n like active
layers with suitable thickness of the donor and acceptor layers
and sufficient intermixing between the two layers. In other words,
the optimal SD processed films should possess sufficient film
thickness and donor/acceptor interface in the bulk for efficient
exciton generation and dissociation, as well as favorable vertical
composition distribution for efficient charge collection. In addi-
tion, the ordered molecular packing and bicontinuous network
structure are also of importance, which is constructive to charge
transport. In this section, we summarize the morphology optimi-
zation strategies of the p–i–n like active layers, including solvent

Fig. 1 Schematic diagrams of BC and SD processing methods and their corresponding film morphology.
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engineering to manipulate the lateral and vertical phase separa-
tion in the active layers, using high-boiling-point solvent additives
to tune the molecular ordering, and introducing the third com-
ponent to improve light absorption and modulate the film
microstructure.

2.1 Solvent and co-solvent engineering

Optimizing solvents and co-solvents is an effective and facile
way to modulate the interdiffusion between the donor layer and
the acceptor layer and achieve ideal p–i–n like film morphology.
For the SD method, the lower layer cannot be dissolved quickly
and washed off completely by the upper layer casting, in order
to achieve the desired morphology and good reproducibility. In
the meantime, the efficient interdiffusion between the donor
layer and the acceptor layer should be formed during the upper
layer deposition. Therefore, it is crucial to screen suitable semi-
orthogonal processing solvents and co-solvents, which can
not only enable the formation of sufficient donor/acceptor
interfaces but also avoid the dissolution and destruction of
the lower layer.

To fabricate proper morphology via the SD method, in 2015,
Schwartz et al. proposed to deposit the upper fullerene layer
using the mixed solvents comprising a main solvent with high
solubility for the fullerene acceptor and relatively low solubility
for most polymer donors, and a co-solvent that can swell or wet
the underlying polymer layer.81 To simplify the solvent screen-
ing, the main solvent was fixed to 2-chlorophenol (2-CP) which
can meet the solubility requirements. Aiming to achieve appro-
priate donor/acceptor interdiffusion, the Flory–Huggins inter-
action parameter (w) between the fullerene processing solvent
and the polymer donor should be manipulated into an optimal
range by choosing a suitable co-solvent and altering the addi-
tion amount of the co-solvent. The calculated w values between
the polymer donors and toluene or isopropyl alcohol (IPA) are
displayed in Fig. 3a. The lower w value represents the stronger
interaction between the solvent and the polymer donor, or the
higher solubility of the polymer in the solvent. As expected,
both PSDTTT and PTB7 exhibited much better solubility in
toluene than IPA. The solubility of PTB7 is generally higher
than that of PSDTTT, which is coincident with the lower w
values of PTB7 relative to those of PSDTTT for a given solvent.

Fig. 2 The molecular structures of (a) donor and (b) acceptor materials involved in this review.
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The w value between 1.4 and 2 was estimated as the optimal
range to make the acceptor solution sufficiently swell the
polymer layer without disrupting the ordered polymer regions.
For polymer PSDTTT that is completely insoluble in 2-CP with
high w above 2.5 at room temperature, a good solvent for
PSDTTT, i.e. toluene, was selected as the co-solvent to adjust
the w of the mixed solvent to the desired range. When the
volume ratio of 2-CP and toluene was 65 : 35, the w value of the
mixed solvent was decreased to about 1.5. With 2-CP : toluene
(65 : 35) as the processing solvent for PC61BM, the PSDTTT
based SD solar cells obtained a PCE of 3.8%, which was slightly
higher than that of the BC processed devices (3.6%). For polymer

PTB7 that is slightly soluble in 2-CP with a relatively low w value
below 1, a poor co-solvent for PTB7, such as IPA, was required
to increase the w value of the solvent for fullerene deposition.
As expected, the processing solvent of 2-CP : IPA (70 : 30) with w of
B1.4 for fullerene deposition enabled the formation of the BHJ
network and afforded a good device efficiency of 4.3%. To further
prevent the dissolution of PTB7 during fullerene casting, the
co-solvent IPA was replaced with 1-butanol (1-BuOH) that
possesses higher w with the polymer. The PCE of the PTB7
based SD device processed with 2-CP : 1-BuOH (50 : 50) was
further increased to 6.0%, comparable to that of the blend-
cast device (5.9%). Different from PSDTTT and PTB7 which are

Table 1 The photovoltaic parameters of OSC devices processed with different solvents

Active layer
Processing
method Solvent

Film thickness
(nm) Voc (V)

Jsc

(mA cm�2)
FF
(%)

PCE
(%) Ref.

PSDTTT/PC71BM SD CB/2-CP : toluene (35 : 65) — 0.73 9.5 54 3.8 81
PSDTTT:PC71BM BC CB — 0.78 6.8 66 3.6 81
PTB7/PC71BM SD CB/2-CP : 1-BuOH (50 : 50) — 0.76 13.7 57 6.0 81
PTB7:PC71BM BC CB : DIO (97 : 3) — 0.74 13.3 57 5.9 81
P3HT/PC61BM SD CB/2-CP : toluene (65 : 35) — 0.50 6.4 45 1.4 81

DCM — 0.47 3.7 56 1.0 81
DCM — 0.63 7.7 64 3.1 81

PBDB-TFS1/IT-4F SD CB/THF B50/B50 0.86 18.5 51 8.11 82
CB/THF : o-DCB (95 : 5) B50/B50 0.90 20.3 71 13.0 82

PBDB-TFS1:IT-4F BC CB B100 0.87 19.9 68 11.8 82
PDPP5T/PC71BM SD CF/toluene — 0.58 0.53 31 0.1 83

CF/m-xylene — 0.58 2.04 43 0.5 83
CF/o-xylene — 0.57 10.0 56 3.2 83
CF/TMB — 0.57 15.1 61 5.3 83

PTFB-O/ITIC-Th SD CB/THF B50/B50 0.910 17.5 74 11.8 85
CB/CF B50/B50 0.904 17.2 75 11.6 85
CB/toluene B50/B50 0.922 16.8 76 11.7 85

PTFB-O:ITIC-Th BC CB B100 0.926 14.9 75 10.4 85
P3TEA/IT-4F SD TMB/CF — 0.83 16.00 71 9.48 85

TMB/THF — 0.82 17.32 69 9.80 85
TMB/toluene — 0.83 16.15 70 9.38 85
TMB/CB — 0.84 15.42 74 9.55 85
TMB/o-xylene — 0.83 15.40 75 9.58 85

P3TEA:IT-4F BC TMB — 0.82 15.41 69 8.76 85
PT2/Y6 SD CB/CF 50/60 0.87 24.7 57.6 12.4 86

CB/CF:DIO 50/60 0.83 26.7 74.4 16.5 86
PT2:Y6 BC CB 110 0.83 26.3 68.9 15.0 86
FTAZ/IT-M SD TMB/2-MeTHF — 0.959 15.7 55.5 8.9 87

CB/2-MeTHF — 0.940 17.4 59.3 10.7 87
XY/2-MeTHF — 0.958 17.3 61.7 10.7 87
DMA/2-MeTHF — 0.948 16.0 64.9 10.2 87
LM/2-MeTHF 67/41 0.958 18.3 70.0 12.5 87

FTAZ:IT-M BC Toluene — 0.968 17.8 68.1 12.0 87
D18/N3 SD CF/CF — 0.832 26.71 74.62 16.58 88

CF/n-octane/CF — 0.834 27.79 75.61 17.52 88
D18:N3 BC CF — 0.834 25.53 71.98 15.32 88
PM6/IT-4F SD CB/CB — 0.90 19.18 70.24 12.13 89

CB/CB : DIO (99 : 1) — 0.86 20.98 75.90 13.70 89
CB : DIO (99 : 1)/CB — 0.90 19.15 70.27 12.11 89

PM6:IT-4F BC CB — 0.90 19.16 69.79 12.04 89
CB : DIO (99 : 1) — 0.86 20.34 74.92 13.11 89

PM6/BO-4Cl SD CF/CF 50/50 0.836 26.1 74.2 16.2 90
CF/CF : CN (99.75 : 0.25) 50/50 0.847 26.2 77.5 17.2 90

PM6:BO-4Cl BC CF : CN (99.75 : 0.25) 110 0.841 25.8 75.6 16.4 90
PM6/Y6 SD CB/CF 61/48 0.85 26.6 65.5 14.8 91

CB/CF : DIO (99.5 : 0.5) — 0.82 26.3 76.3 16.5 91
PM6:Y6 BC CF : CN (99.5 : 0.5) — 0.85 25.3 73.5 15.8 91
P2F-EHp/M4-4F SD CF — 0.86 21.44 64.45 11.85 92

CF/CF : DBE (98 : 2) — 0.83 25.56 67.14 14.21 92
P2F-EHp:M4-4F BC CF — 0.88 23.86 55.47 11.72 92

CF : DBE (99.9 : 0.1) — 0.84 23.66 64.05 12.77 92
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fairly amorphous, P3HT is a semi-crystalline polymer. As shown
in Fig. 3a, the w value between IPA and the P3HT film was
dependent on the P3HT casting solvents and post-treatments.
The P3HT films processed with high-boiling-point solvent
o-dichlorobenzene (o-DCB) or thermally annealed showed
much higher w values with IPA in comparison to the film
prepared from chloroform without any post-treatment, prob-
ably because the highly ordered polymer film is more imper-
vious for the infiltration of the solvent. Like PSDTTT, P3HT

cannot dissolve in 2-CP, and hence toluene was chosen as the
co-solvent to pair with 2-CP. The PCE of the P3HT:PC61BM
based SD device with 2-CP : toluene (35 : 65) as the processing
solvent for PC61BM deposition (1.4%) was superior to that of
the SD device made by the commonly-used dichloromethane
(DCM) (1.0%), and it increased to 3.1% upon thermal annealing,
which was conducted to further drive fullerene into the ordered
polymer layer. This study offers selection rules of the fullerene
solvents for various underlying polymers by elevating the w

Table 3 The photovoltaic parameters of OSC devices under a stability test

Active layer
Processing
method Stability test

Film thickness
(nm)

Voc
d

(V)
Jsc

d

(mA cm�2)
FFd

(%)
PCEd

(%)
PCEe/
PCEd (%) Ref.

PCDTBT/PC71BM SD Heating at 80 1C for 10 days — 0.82 9.87 62 5.03 97 69
PCDTBT:PC71BM BC — 0.53 9.00 31 4.00 38 69
PTB7-TH/PC71BM SD Heating at 130 1C for 120 min 80/50 0.81 16.6 62.7 8.5 60 64
PTB7-TH:PC71BMa SD 80/50 0.81 16.5 61.9 8.3 B100 64
PTB7-TH/PC71BM BC 100 0.76 15.8 68.8 8.3 43 64
PTB7-TH:PC71BMa BC 100 0.76 13.8 59.2 6.2 76 64
PTB7/PC71BM SD Heating at 140 1C for 10 days — 0.768 14.8 65.4 7.43 96 68
PTB7:PC71BM BC 80/10 0.760 14.7 64.3 7.17 78 68
PCPDTBT/PC71BMb SD Heating at 80 1C for 12 days — 0.63 10.16 48 3.06 B70 67
PCPDTBT/PC71BMc SD — 0.63 10.66 49.9 3.36 B70 67
PCPDTBT:PC71BM BC — 0.62 11.88 52.5 3.87 B40 67
PffBT4T-2OD/PC71BM SD Illumination (100 mW cm�2)

for 500 h
90/30 0.76 16.5 75 9.12 83 65

PffBT4T-2OD: PC71BM BC 120 0.76 16.8 73 9.04 72 65
J71/ITC6-IC SD Illumination (100 mW cm�2)

for 500 h
— 0.968 16.85 70.1 11.47 B85 71

J71:ITC6-IC BC — 0.950 16.15 67.8 10.41 B68 71

a The films were pre-annealed at 100 1C for 20 min. b The polymer layer was processed with CN additive. c The polymer layer was processed with
DIO additive. d Photovoltaic parameters of the devices before long-term thermal annealing or illumination. e PCE values of the devices after long-
term thermal annealing or illumination.

Table 2 The photovoltaic parameters of binary and ternary OSC devices

Active layer Processing method Film thickness (nm) Voc (V) Jsc (mA cm�2) FF (%) PCE (%) Ref.

PBDB-T:IT-M BC 100 0.918 15.24 69.30 10.04 93
PBDB-T:FOIC BC 100 0.721 22.64 63.46 10.45 93
PBDB-T:IT-M/PBDB-T:FOIC SD 15/100 0.751 24.66 63.57 11.91 93
PDPP3T:PC71BM BC 80 0.64 14.40 67.05 6.39 63
FTAZ:PC71BM BC 75 0.75 10.39 73.82 5.86 63
PDPP3T:FTAZ:PC71BM BC 90 0.63 12.01 65.29 5.09 63
PDPP3T:PC71BM/FTAZ:PC71BM SD — 0.69 15.67 61.86 6.73 63
PM6:BO-4Cl BC 115 0.842 26.36 74.92 16.64 75
PM6/BO-4Cl SD — 0.846 26.81 75.40 17.11 75
PM6:BTP-S2 BC 115 0.941 21.84 72.68 14.95 75
PM6/BTP-S2 SD — 0.942 21.98 72.57 15.04 75
PM6:BO-4Cl:BTP-S2 BC 115 0.856 27.11 77.98 18.03 75
PM6/BO-4Cl:BTP-S2 SD — 0.861 27.14 78.04 18.16 75
PM6:IT-4F BC — 0.85 20.76 74.04 13.04 94
PM6/IT-4F SD — 0.85 20.81 74.13 13.19 94
PM6:ICBA BC — 1.12 7.08 49.74 3.94 94
PM6/ICBA SD — 1.11 7.19 49.74 3.98 94
PM6:IT-4F:ICBA BC — 0.87 20.96 75.45 13.73 94
PM6/IT-4F:ICBA SD — 0.88 21.25 76.55 14.25 94
PM6:IT-4F BC 100 0.86 20.4 74.0 13.0 95
PM6:IT-4F:F8IC BC 115 0.80 24.4 70.7 13.8 95
PM6/IT-4F:F8IC SD 100/25 0.79 25.6 69.8 14.2 95
PM6:N3:PC71BM BC — 0.840 25.69 76.2 16.44 96
PM6/N3:PC71BM SD 50/49 0.841 26.49 78.2 17.42 96
PffBT4T-2OD:IEICO-4F BC 110 0.72 20.8 69.3 10.4 97
PffBT4T-2OD/IEICO-4F SD 60/50 0.71 20.9 71.4 10.6 97
PffBT4T-2OD:FBR BC 110 1.08 11.8 63.3 8.1 97
PffBT4T-2OD/FBR SD 60/50 1.08 12.7 66.1 9.1 97
PffBT4T-2OD:IEICO-4F:FBR BC 110 0.75 21.5 65.4 10.5 97
PffBT4T-2OD/IEICO-4F:FBR SD 60/50 0.74 22.4 68.3 11.3 97
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parameter of the solvent–polymer layer pairs, which enables
rational morphology control towards the desirable p–i–n like
morphology via the SD method.

In 2018, Hou et al. utilized a mixed solvent strategy to
deposit the nonfullerene acceptor upper layer, using PBDB-
TFS1 as a donor and IT-4F as an acceptor due to their signi-
ficant difference in solubility.82 The polymer donor PBDB-TFS1
presents poor solubility in common organic solvents at room
temperature but is soluble in o-DCB at increased temperature.
Acceptor IT-4F dissolves well in common organic solvents, such
as tetrahydrofuran (THF), but in which PBDB-TFS1 presents a
very low solubility. To construct an ideal p–i–n like morphology,
the main solvent of the upper acceptor layer should have high
solubility for the acceptor material but low solubility for the
underlying polymer donor material, and the co-solvent should
have high boiling point and be able to swell and wet the
polymer layer. Based on the solvent selection rules, THF and
o-DCB were selected as the main solvent and co-solvent, respec-
tively. The main solvent THF will be evaporated rapidly, and
o-DCB with high boiling point will be concentrated and hence
drive IT-4F to penetrate into the PBDB-TFS1 film. As such, the
interdiffusion between PBDB-TFS1 and IT-4F and the device
performance can be effectively optimized by tuning the frac-
tions of o-DCB in the THF:o-DCB mixture. Additionally, the
surface energy was measured by the contact angle method to
evaluate the vertical distribution of IT-4F in the blend films
with different processing methods. All the blend films pre-
sented surface energy between that of neat PBDB-TFS1 film
(29.3 mJ m�2) and that of IT-4F film (30.5 mJ m�2), and the
surface energy values of the SD blend films without o-DCB
(30.2 mJ m�2) and with 5% o-DCB (29.8 mJ m�2) were

significantly higher than that of the BC blend film (19.5 mJ m�2),
suggesting the higher content of the acceptor component on
the film surface. The decreased energy surface upon addition of
5% o-DCB into the acceptor solution indicates the better
diffusion between IT-4F and PBDBTFS1. The X-ray photoelec-
tron spectroscopy (XPS) results also show that the acceptor in
the SD films was more enriched on the top surface compared to
the BC film, and the addition of o-DCB promoted the acceptor
to diffuse downward into the underlying polymer layer, as
schematically illustrated in Fig. 3b. Owing to the suitable film
morphology with sufficient donor/acceptor interface and favor-
able vertical component distribution, the SD processed device
with 5% o-DCB exhibited a PCE of 13.0%, which was higher
than those of the BC processed devices (11.8%) and the SD
processed devices without o-DCB (8.11%).

As mentioned above, the p–i–n like morphology of the SD
processed active layer is largely determined by the properties of
the upper layer solvent. In addition to the ability to swell the
underlying polymer, do other parameters of the upper-layer
solvent also influence the film morphology and device perfor-
mance? To answer this question, Janssen and co-workers varied
the processing solvents of the upper PC71BM layer to fabricate SD
solar cells with poly(diketopyrrolopyrrole-alt-quinquethiophene)
(PDPP5T) as the bottom donor layer.83 The tested non-
halogenated processing solvents like toluene, m-xylene, o-xylene
and 1,2,4-trimethylbenzene (TMB) can swell the PDPP5T film
similarly, but the corresponding devices displayed greatly different
performance with PCE of 0.1%, 0.5%, 3.2% and 5.3%, respectively.
From the film morphology characterized by optical microscopy
(OM) and scanning electron microscopy (SEM) and atomic force
microscopy (AFM) (see Fig. 3c), different from the o-xylene and

Fig. 3 (a) The w values versus the ratios of swelling solvent (toluene or IPA) pressure and its saturation pressure (P/Psat) for PTB7, PSDTTT films and P3HT
films exposed to the swelling solvent vapor. The pressures of toluene and IPA were measured by ellipsometry. The Psat values are 29 and 45 torr for
toluene and isopropanol, respectively. Reproduced with permission.81 Copyright 2015, Wiley. (b) Schematic illustration of the morphology of BC
processed PBDB-TFS1:IT-4F film and SD processed PBDB-TFS1/IT-4F films without and with o-DCB. Reproduced with permission.82 Copyright 2018,
Wiley. (c) OM, SEM and AFM height images (height scale 40 nm) of SD processed PDPP5T/PC71BM blend films, using toluene, m-xylene, o-xylene and
TMB as second-layer solvents. (d) Schematic illustration of the SD processing for PDPP5T/PC71BM blend films with different solvents for PC71BM.
Reproduced with permission.83 Copyright 2015, Wiley.
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TMB processed films with a relatively uniform surface, the films
with toluene and m-xylene as the processing solvent of PC71BM
showed micron-sized dendritic crystallites and droplet-like
domains on the surface, which can explain the poor device
performance. In addition, the OM images show that the film
between the droplets looks in the toluene and m-xylene processed
active layers greener relative to the o-xylene and TMB processed
active layers, suggesting a lower content of PC71BM in PDPP5T
film. For the o-xylene and TMB processed films with similar
uniform OM images, the difference in film microstructure was
observed by AFM. A homogeneous morphology was observed for
the TMB processed film, whereas the o-xylene processed film
presented an inhomogeneous surface and quasi-bilayer structure,
resulting from aggregation of PC71BM on top of the polymer-rich
film. After excluding the effects of the melting point of these
processing solvents, they ascribed the various film morphologies
to the different solubility of the PC71BM in these solvents. As
schematically illustrated in Fig. 3d, during casting of the upper
layer, PC71BM solution diffuses into the polymer layer, and reaches
the solubility limit at some moment as the solvent evaporates. At
this point in time, for the processing solvent with low solubility,
PC71BM is precipitated from the solution that is left on top of the
polymer layer, resulting in poor donor/acceptor intermixing mor-
phology with large dendritic crystallites or droplet-like domains on
the top. By contrast, the solvent with high solubility allows the
infiltration of PC71BM in the underlying polymer film more
sufficiently, yielding a better interdiffusion between PDPP5T
and PC71BM. The measured solubility of the four processing
solvents follows the order of toluene (50 mg mL�1) o m-xylene
(101 mg mL�1) o o-xylene (229 mg mL�1), TMB (224 mg mL�1).
Thus, better film morphology and higher PCEs were obtained by
the devices processed from o-xylene and TMB. Given that the
solubility of PC71BM in o-xylene and TMB is so high that it cannot
be measured accurately, the difference between the devices made
from o-xylene and TMB might be caused by the higher solubility of
PC71BM in TMB than that in o-xylene, as hinted from the report
that the solubility of C60 in TMB (17.9 mg mL�1) is more than twice
that in o-xylene (8.7 mg mL�1).84

For some crystalline or semi-crystalline underlying polymer
donors that are more impervious to the solvent infiltration, the
ideal film morphology can be obtained by depositing the over-
lying acceptor layer from some non-orthogonal solvents or the
same solvent with the polymer. For example, Yan et al. used the
conjugated polymer donors PTFB-O and P3TEA with high
crystallinity to construct a p–i–n like active layer via the SD
method.85 These polymer donors can be processed into solid
films by high-temperature solution, but the resulting films
cannot be dissolved at room temperature. This property allows
for the acceptor to be processed on the top of the polymer layer
from various non-orthogonal solvents. All the PTFB-O/ITIC-Th
based SD devices in which the donor was dissolved in TMB and
the acceptor upper layer was processed from THF, chloroform
(CF) and toluene, afforded high PCE exceeding 11%, compar-
able to their BC counterparts with a PCE of 10.4%. Similarly,
the P3TEA/IT-4F based SD devices with different processing
solvents (including CF, THF, toluene, chlorobenzene (CB) and

o-xylene with largely different boiling points) for the overlying
acceptor IT-4F also exhibited superior performance (PCE over
9%) in comparison to the BC devices with TMB as the proces-
sing solvent (PCE = 8.76%). Recently, Sun et al. developed a
polymer donor PT2 that can form well-defined fibril morphol-
ogy, and processed this polymer with CB as the solvent followed
by depositing acceptor Y6 with CF as the casting solvent.86 For
the SD processing, the CF solution of Y6 swelled the underlying
PT2 layer and diffused into the polymer fibril mesh to form a p–
i–n like film morphology as schematically illustrated in Fig. 4a,
and the morphology was further optimized by 1,8-diiodooctane
(DIO) solvent additive and thermal annealing (TA) treatment.
As a result, a high PCE of 16.5% was achieved for the SD
processed devices, outperforming the BC devices. In addition,
due to the robust film morphology, the performance of SD
devices was insensitive to the polymer batches with different
molecular weights (Mn = 45, 57 and 91 kg mol�1). Min et al.
used the donor polymers (PTQ10 and J71) and the non-
fullerene acceptors (IDIC, ITC6-IC, MeIC, ITCPTC and ITIC)
to fabricate solar cells via the SD method using a single
processing solvent (CF) for both donor and acceptor layers.73

Owing to the enhanced optical absorption and appropriate
morphology, the SD processed devices exhibited comparable
or even higher PCEs relative to the corresponding BC devices.

In addition to the solvents of the upper layer, the solvents of
the lower layer also influence the morphology of SD processed
blend films. To modulate phase separation and optimize the
photovoltaic performance of the SD blend films, Ye and co-
workers used different processing solvents like CB, o-xylene,
1,2,4-trimethylbenzene (TMB), 2,6-dimethylanisole (DMA)
and (R)-(+)-limonene (LM) to deposit bottom FTAZ layer.87

The acceptor IT-M layer was sequentially cast with 2-
methyltetrahydrofuran as processing solvent. The OSC devices
with various processing solvents for the FTAZ layer displayed
distinct photovoltaic performance. The TMB processed devices
obtained the lowest PCE of 8.9%; the CB, XY and DMA
processed devices showed moderate performance with the
maximum PCEs of 10.7%, 10.7% and 10.2%, respectively; the
highest PCE of 12.5% was achieved for the devices with LM as
the casting solvent for FTAZ, which was superior to the best-
performing device prepared by the BC method with a PCE of
11.9%. From the resonant soft X-ray scattering (RSoXS) results
(Fig. 4b and c), domain spacing (or long period) of these SD
blend films were strongly dependent on the processing solvents
for FTAZ. The LM processed film gave the largest domain
spacing of B35 nm, which was also larger than that of the
blend casting film (B20 nm). Besides, applying LM as the
processing solvent for FTAZ enabled the enhancement of the
molecular ordering for the weakly crystalline polymer. Owing to
the suitable morphology with relatively large phase separation
and high polymer crystallinity, the SD devices with LM as the
solvent for FTAZ afforded the best photovoltaic performance.
To obtain more insight into the difference in the morphology of
the SD processed blend films, the interaction between polymer
FTAZ and the various processing solvents was evaluated by
calculating the volume normalized w parameter between FTAZ
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and the solvent (Fig. 4d). They found that there was an almost
linear relationship between the polymer:solvent interaction
parameter w and the domain spacing of the SD blend film, as
shown in Fig. 4e. For the LM processed blend film with the
largest domain spacing, the w value between the polymer and
the solvent LM was the highest. This observation suggests that
the w parameter can serve as a useful tool to guide the selection
of processing solvent and the manipulation of phase separation
for SD devices.

Recently, Huang and co-workers reported a new strategy to
fabricate high-efficiency SD OSCs by casting non-aromatic and
non-halogenated solvents (like alcohol, alkane, ether, etc.)
before the upper acceptor layer deposition to protect the lower
polymer layer from destruction.88 The protective effect of these
solvents on the underlying layer was closely related to the two
properties of the solvents, i.e. spreading coefficient (S) and
saturated vapor pressure (P). The good protective solvents need
to have a high spreading coefficient to ensure good spreading
on the underlying polymer film, and relatively low saturated
vapor pressure (P) so that the solvent molecules do not volati-
lize completely before the deposition of the acceptor solution.
To evaluate the protective effect quantitatively, a new parameter
protective factor (d) was proposed by combining S and P with an
expression as d = S log P. It was observed that there was an
exponential relationship between d of the protective solvent
and PCE of the SD processed D18/N3 devices (Fig. 4f). Clearly,
when n-octane with d parameter close to 0 was used as the
protective solvent, the device delivered the highest PCE of 17.52%,
which was superior to those of the SD devices with other
protective solvents, as well as the SD devices without any protec-
tive solvent and the BC processed device. Other photovoltaic

donor:acceptor systems like PM6/N3, PM6/Y6, PM7/Y6, PM6/
IT-4F, PM6/IT-4Cl, PBDB-T/ITIC, PTB7-Th/PC71BM and P3HT/
PC71BM exhibited similar relationship between d parameter
and device efficiency, yielding a higher device efficiency when
the d parameter was closer to 0. This work provides a new
strategy to construct high-efficiency SD solar cells, which shows
great potential as a universal strategy.

Overall, the processing solvents for the top layer and the
bottom layer both significantly affect the film morphology. The
suitable processing solvent enables the upper layer molecules
to sufficiently permeate into the underlying layer and avoids
destroying the underlying polymer layer. The permeation of the
top layer solution into the bottom film largely depends on the
properties of the semi-orthogonal solvents, such as the solubi-
lity for top and bottom layer materials and the interactions
between the solvent and the photovoltaic materials. Besides,
the high-efficiency SD blend films can also be obtained by
introducing non-aromatic and nonhalogenated solvents as
protective agents, or using non-orthogonal solvents to coat
the upper layer for the underlying polymers that have high
crystallinity. In these SD deposited active layers, the individual
layer thicknesses of the donor and acceptor are critical to the
performance, given the small, around 10 or a few dozens of nm,
maximum, diffusion excitation lengths of donors and acceptors
used in most efficient OSC devices. It is thus necessary to be
cautious in fully exploring the thickness effect.

2.2 Incorporation of solvent additive

Due to their high boiling point and selective solubility, solvent
additives, such as 1,8-diiodooctane (DIO), chloronaphthalene
(CN), diphenyl ether (DPE) and N-methylpyrrolidone (NMP),

Fig. 4 (a) Schematic illustration of the SD deposition procedure of the PT2/Y6 blend. Reproduced with permission.86 Copyright 2020, Springer Nature.
(b) Lorentz-corrected RSoXS profiles of SD processed FTAZ/IT-M films with various solvents. The top axis of spatial frequency (s) can be transformed into
momentum transfer with q = 2ps. (c) Long period of SD processed FTAZ/IT-M films with different solvents for FTAZ. (d) Estimated w parameter between
FTAZ and the processing solvent. (e) Domain spacing of FTAZ/IT-M films as a function of w parameter between FTAZ and the processing solvent. The
dashed line is a linear fit to the data. Reproduced with permission.87 Copyright 2019, Wiley. (f) Relationship between d of the protective solvent and PCE of
SD processed D18/N3 devices. Reproduced with permission.88 Copyright 2021, The Royal Society of Chemistry.
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can be incorporated to improve molecular ordering, and adjust
the phase separation of both SD and BC processed blend films.
For the SD method, the high-boiling-point solvent additives can
also be added to a certain layer solution, which enables
selective optimization of donor or acceptor microstructure
and precise control of the film morphology.

To explore the effect of the high-boiling-point additive DIO
on the morphology and photovoltaic performance of the SD
processed blend, Chen et al. fabricate PM6/IT-4F based SD
OSCs without DIO (PM6/IT-4F), with DIO in PM6 solution
(PM6(DIO)/IT-4F) and with DIO in IT-4F solution (PM6/IT-
4F(DIO)), as well as the BC processed OSCs (PM6:IT-4F) without
and with DIO (PM6:IT-4F:DIO) for comparison.89 Among these
devices, the SD processed device with DIO in IT-4F solution
achieved the best performance with a PCE of 13.70%. The
efficiencies of the BC (12.04%) and SD (12.13%) processed
devices without DIO and the SD device with DIO in PM6
solution (12.11%) were similar, and all inferior to those of the
PM6:IT-4F:DIO based BC device (13.11%) and the PM6/
IT-4F(DIO) based SD device (13.70%). Obviously, for the SD

method, the incorporation of DIO in the IT-4F solution resulted
in much improved photovoltaic performance, whereas the
efficiency remained unchanged when DIO was added into the
PM6 solution. These results imply that solvent additive DIO
may have a great impact on the microstructure of IT-4F instead
of PM6. To further probe the effects of DIO, the morphology
and molecular packing for the SD and BC processed blend
films and the neat films of PM6 and IT-4F without and with
DIO were studied by AFM and GIWAXS (Fig. 5a and b). Both SD
and BC processed blend films without DIO showed small phase
separation and smooth surfaces with root mean square rough-
ness (Rq) of 2.20 and 1.95 nm. After the addition of DIO, the BC
processed blend film (PM6:IT-4F:DIO) exhibited more pro-
nounced phase separation with the Rq value increasing to
2.50 nm, which was responsible for the improved device
performance. The Rq of the IT-4F neat film with DIO (marked
by IT-4F:DIO) was sharply increased from 0.71 nm for the IT-4F
neat film without DIO (marked by IT-4F) to 6.87 nm, suggesting
that the aggregation of IT-4F molecules was enhanced after
DIO treatment. By contrast, the PM6 neat film (PM6:DIO) only

Fig. 5 (a) AFM height images of PM6 neat films, IT-4F neat films, and BC processed PM6:IT-4F blend films and SD processed PM6/IT-4F blend films with
and without DIO additive. (b) The out-of-plane and in-plane GIWAXS profiles for the BC and SD processed blend films with and without DIO.
(c) Schematic illustration of the morphology of the BC and SD processed blend films with and without DIO. Reproduced with permission.89 Copyright
2021, Wiley.
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displayed a slight increase of Rq from 1.68 nm to 2.66 nm.
Similar to the results of the IT-4F neat films, the SD processed
blend film with DIO in the IT-4F layer also exhibited a high Rq

of 7.04 nm, while the PM6(DIO)/IT-4F film delivered a slightly
increased Rq of 2.40 nm, compared to the PM6/IT-4F film
(1.95 nm). The AFM results suggest that DIO had a greater
impact on the aggregation of IT-4F than PM6. From the
GIWAXS results, the crystallinity of PM6 and IT-4F in both
PM6/IT-4F(DIO) based SD film and PM6:IT-4F:DIO based BC
film was much higher than those in the blend films without
DIO, and the crystallinity of IT-4F was improved to a higher
degree relative to that of PM6. This result indicates that DIO
has a greater influence on the crystallization of IT-4F than
polymer PM6, which is consistent with the AFM results. The
PM6(DIO)/IT-4F based SD film only showed slightly enhanced
crystallinity relative to the SD blend film without DIO, thus
affording a similar device performance. Besides, the PM6/IT-
4F(DIO) based SD film presented more balanced crystallization
of the donor and the acceptor with crystalline balanced factor
(the ratio of crystal coherence length (CCL) of the donor and
acceptor (100) diffraction of 0.89), which was closer to 1 in
comparison to the PM6:IT-4F:DIO based BC film with a lower
crystalline balanced factor of 0.61 due to the high crystallinity
of IT-4F in the blend. The balanced crystallization of the PM6/
IT-4F(DIO) based blend is beneficial for charge transport.

According to the AFM and GIWAXS results, the microstruc-
ture of these five films (PM6/IT-4F, PM6/IT-4F(DIO), PM6(DIO)/
IT-4F, PM6:IT-4F and PM6:IT-4F:DIO) can be schematically
illustrated in Fig. 5c. The greater influence of DIO on the
microstructure of IT-4F than that of PM6 could be derived from
the higher solubility of IT-4F in DIO. Addition of DIO with high
boiling point as the additive provides sufficient time for crystal-
lization of IT-4F, due to the prolonged drying process of the
film. Because microcrystalline PM6 can act as the nucleating
agent of IT-4F, the crystallinity of IT-4F in the BC processed
PM6:IT-4F:DIO film was much higher than that in the SD
processed PM6/IT-4F(DIO) film. For the SD processed
PM6(DIO)/IT-4F film, the residual DIO in the PM6 layer induced
a slight enhancement in the crystallinity of IT-4F at the donor/
acceptor interface. Moreover, all the SD processed blend films
delivered strong vertical separation with IT-4F enriched on the
top and PM6 gathered at the bottom, while the vertical dis-
tribution in the BC processed films was relatively uniform. The
ideal morphology of the SD processed PM6/IT-4F(DIO) film
delivered more balanced crystallization and suitable vertical
separation, thus benefiting charge transfer and collection.
These results indicate that adding DIO into IT-4F solution is
able to improve the crystallinity of the acceptor of the SD
processed blend film, and the superior device performance of
the PM6/IT-4F(DIO) blend is benefited from the balanced
crystallization and suitable vertical separation.

Jen et al. employed high-boiling-point CN as the solvent
additive to control the morphology of SD processed PM6/Y6-BO
film.90 Similar to the effect of DIO in the PM6/IT-4F blend
system discussed above, the incorporation of CN can also
extend the film-drying time and promote the crystallization of

the small molecule acceptor Y6-BO. Upon addition of CN, the
Y6-BO neat film presented significantly improved molecular
ordering as confirmed by the appearance of multiple sharp
diffraction peaks in the GIWAXS pattern. For the PM6/Y6-BO
based SD blend in which the Y6-BO layer was processed with
CN as an additive, the crystallinity of Y6-BO was enhanced and
the phase separation became more obvious, contributing to
efficient charge transport. As a result, the SD device processed
with CN exhibited a maximum PCE of 17.2%, which outper-
formed the device without CN (16.2%). By contrast, the BC
processed blend film with CN showed excessive phase separa-
tion, and hence achieved an inferior device efficiency of 16.4%.
This study suggests that the SD method combined with solvent
additive allows the precise control of the crystallinity of non-
fullerene acceptor and the phase separation of the blend film.

The high-boiling-point solvent additives can not only reg-
ulate the molecular packing and phase separation, but also
control the distribution of the donor and acceptor components
in the vertical direction. Huang and co-workers deposited the
Y6 acceptor layer from the chloroform solution with various
contents of DIO as an additive onto the PM6 donor layer.91

Different from the films with 1% and 2% DIO with rough
surface, the blend film without DIO and with 0.5% DIO
exhibited smooth surface, as confirmed by the clear Kessing
fringes in their neutron reflectivity (NR) profiles (Fig. 6a). This
means that a higher content of DIO induced the aggregation of
PM6 and Y6, and led to the formation of a coarsened interface
in the bulk and on the surface. Besides, with the increase of
DIO ratios from 0 to 2%, the SD blend films exhibited a thicker
donor/acceptor interdiffusion region, while the change in the
transition region from the pure Y6 layer to the interdiffu-
sion layer became more gradual and the donor-enriched and
acceptor-enriched layers become thinner (Fig. 6b). The
improved donor/acceptor interdiffusion with increased donor/
acceptor interface upon addition of DIO was favorable for
exciton dissociation. The CCL values of (010) diffraction in
the out-of-plane direction for the SD blend films processed with
0, 0.5% and 1% DIO were 19.22, 25.21 and 23.25 Å, respectively.
Obviously, the incorporation of DIO induced ordered molecular
packing, and the SD film with 0.5% DIO delivered the best
crystallinity, which was beneficial for charge transport. The
broadened donor/acceptor mixing region and enhanced mole-
cular ordering can be explained by the extended drying process
of the acceptor layer with the high-boiling-point additive, which
provided more time for the molecular packing and allowed
more Y6 molecules to diffuse into the underlying PM6 layer.
However, when the relatively high fraction of DIO was added,
the crystallization of Y6 molecules could be disturbed by the
underlying PM6 due to the serious diffusion between PM6 and
Y6, so the crystallinity of the SD blend film with 1% DIO was
slightly lower than that of the film with 0.5% DIO. Owing to
the coarse donor/acceptor interdiffusion region and ordered
molecular packing, the SD blend film with 0.5% DIO showed
a high PCE of 16.2%, outperforming the SD blends without
DIO or with higher ratios of DIO, as well as the BC
processed blend.
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High-boiling-point solvent additives can also be incorpo-
rated into the underlying polymer solution to tune the film
surface energy and donor/acceptor interdiffusion. Recently,
Ying and co-workers prepared an underlying polymer P2F-EHp
layer with chloroform as the main solvent and dibenzyl ether
(DBE) as the solvent additive, followed by depositing an acceptor
M4-4F layer with dichloromethane (DCM).92 Upon addition of 2%
DBE, the PCE of the SD processed OSC devices was significantly
increased from 11.85% to 14.21%. The BC processed devices
without DBE and with 0.1% DBE showed lower PCEs of 11.72%
and 12.77%, respectively. The inferior performance of the BC
processed devices can be explained by the excessive phase separa-
tion (Fig. 6c), which was related to the low miscibility between
P2F-EHp and M4-4F as confirmed by the greatly different surface
energy of P2F-EHp (54.41 mN m�1) and M4-4F (16.58 mN m�1)
neat films. The poor donor/acceptor miscibility was also detri-
mental for the permeation of M4-4F into the P2F-EHp layer and
the formation of a uniform morphology. Fortunately, when 2%
DBE was added into the P2F-EHp solution, the surface energy of
the P2F-EHp film was reduced to 27.16 mN m�1 and closer to that
of M4-4F, increasing the miscibility between the donor and the
acceptor. As shown in the AFM images (Fig. 6c), the SD film with
2% DBE showed a uniform surface with a similar roughness to
the M4-4 neat film; after washing off the top M4-4 layer of the SD
film with DCM, the resulting bottom film presented slightly

higher roughness relative to the P2F-EHp neat film. In addition,
there was a well-defined boundary between the donor layer and
the acceptor layer in the TEM image of the SD processed film with
DBE (Fig. 6d). These results indicate that the acceptor molecules
permeated to the underlying polymer film and both the donor
and acceptor layers maintained high purity in the SD film with
DBE. Although the incorporation of DBE improved the perfor-
mance of both BC and SD processed OSCs, the roles of this
additive in morphology manipulation were different. For BC
processed blend films, a small amount (i.e. 0.1%) of DBE
enhanced molecular ordering and domain purity, but a prolonged
film drying process also caused excessive aggregation of M4-4F.
For the SD processed film, addition of 2% DBE into P2F-EHp
solution altered the surface energy of the polymer film and helped
the acceptor solution to swell the polymer film, leading to the
proper morphology with donor/acceptor intermixing region and
pure donor and acceptor phases. Consequently, the SD processed
OSCs with 2% DBE afforded the champion efficiency.

As can be seen from the above studies, the solvent additives
can be incorporated into any one of the donor and acceptor
layers, enabling morphology control in a precise manner. With
the high boiling point and good solubility for small molecule
acceptors, the solvent additives like DIO and CN can be
incorporated into the acceptor solution to improve the mole-
cular crystallinity and donor/acceptor interdiffusion. On the

Fig. 6 (a) Neutron reflectivity profiles of SD processed PM6/Y6 films without and with DIO, and corresponding neutron scattering length density (SLD) as
a function of film thickness. (b) Volume ratio of Y6 against normalized thickness. Reproduced with permission.91 Copyright 2020, American Chemical
Society. (c) AFM height images (5 � 5 mm) of M4-4F and P2F-EHp neat films, the optimal BC blend film, the optimal SD blend film and the optimal SD
blend film washed by DCM. (d) Cross-sectional TEM image of the optimal SD OSC device with enlarged views of P2F-EHp and M4-4F layers. Reproduced
with permission.92 Copyright 2021, Elsevier.
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other hand, the addition of solvent additives like DBE to the
solution of underlying polymers is able to change the surface
energy of the polymer film and tune its miscibility with
acceptors, leading to more suitable film morphology.

2.3 Construction of the ternary active layer

As concluded from the above studies, the SD method can easily
prepare favorable distribution of donor and acceptor compo-
nents in the vertical direction of the film, leading to efficient
charge transport and collection with negligible charge recom-
bination loss. Applying the SD method to fabricate ternary
OSCs can offer an additional means to increase photovoltaic
performance. The ternary SD OSCs can be constructed by
incorporating another donor or acceptor component into the
donor or acceptor layer of SD film, or sequentially depositing
two binary blend layers.

Ma et al. used the ternary strategy to regulate the crystal-
lization of polymer donor and small molecule acceptors
through sequentially blade-coating PBDB-T:FOIC blend over
PBDB-T:IT-M film.93 From the GIWAXS data, the crystallization

coherence length (CCL) of (100) diffraction of PBDB-T in the
SD-bladed ternary films (21.26 nm) was higher than those in
both binary films of PBDB-T:IT-M (16.07 nm) and PBDB-T:FOIC
(16.65 nm), while the CCL value of (100) diffraction of FOIC was
decreased from 16.15 nm for the PBDB-T:FOIC binary film to
14.13 nm for the ternary film. These results suggest that the
molecular ordering of PBDB-T was significantly enhanced but
the crystallization of FOIC was largely depressed. The crystal-
linity of each component in the vertical direction was also
investigated by GIWAXS measurement with different incidence
angles. The diffraction peaks of PBDB-T in two binary blend
films decreased gradually from the surface to the bottom.
However, for the SD processed ternary film, PBDB-T stacking
peaks with similar intensity were observed along the vertical
direction, indicating that PBDB-T crystals are evenly distribu-
ted. In-situ GIWAXS was carried out to understand the mor-
phology development and evolution of crystallization. As shown
in Fig. 7a, the film-formation process can be divided into three
periods, including dissolved stage (I), nucleation and growth
stage (II) and dried film stage (III). All of the binary and ternary

Fig. 7 (a) Evolution of the thickness and the location, the peak full width at half maximum and intensity of the (100) diffraction peaks for BC processed
PBDB-T:IT-M and PBDB-T:FOIC films, and bottom and upper layers of SD processed PBDB-T:IT-M/PBDB-T:FOIC film. Reproduced with permission.93

Copyright 2020, Wiley. (b) Schematic illustration of the morphology of BC processed PDPP3T:FTAZ:PC71BM film and SD processed PDPP3T:PC71BM/
FTAZ:PC71BM film. Reproduced with permission.63 Copyright 2016, Wiley. (c) Donor/acceptor intensity ratio (determined by TOF-SIMS ion yields of F�

and CN�) as a function of sputtering time for PM6:BO-4Cl (or PM6/BO-4Cl) binary films and PM6:BO-4Cl:BTP-S2 (or PM6/BO-4Cl:BTP-S2) ternary films
processed with BC and SD methods. Reproduced with permission.75 Copyright 2021, Wiley.
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blends exhibited similar crystallization behavior during stage I,
but different beginning time of stage II, which was 14 s for the
bottom PBDB-T:IT-M layer of the SD film, 8 s for the top PBDB-
T:FOIC layer of the SD film, and B18 s for the binary films of
PBDB-T:IT-M and PBDB-T:FOIC. Clearly, PBDB-T in the top
PBDB-T:FOIC layer of the SD film crystallized much faster than
the other films, derived from a large number of polymer crystal
nuclei provided by the bottom layer. The accelerated and
improved crystallization of PBDB-T contributed to the for-
mation of evenly vertical phase separation. Meanwhile, the
improved crystallization of PBDB-T could compete with the
crystallization of FOIC, and thus suppress the formation of
large FOIC crystals and aggregates. As a result, relatively small
domains were observed in the ternary blend film. By contrast,
the binary PBDB-T:FOIC film exhibited extensive phase separa-
tion due to the strong aggregation characteristics of FOIC. The
more proper phase separation and the favorable vertical com-
position distribution enabled the superior photovoltaic perfor-
mance (PCE = 11.91%) of the SD processed ternary OSCs, while
the two binary devices based on PBDB-T:IT-M and PBDB-
T:FOIC showed PCEs of about 10%. This work emphasized
the importance of the balanced crystallization kinetics between
the polymer donor and small molecule acceptor on the ideal
film morphology, which can be realized by the combination of
the SD method and ternary strategy.

The miscibility of photoactive materials also plays an impor-
tant role in morphology control. Understanding the influence
of molecular miscibility on morphology has become more and
more important for achieving high-performance OSCs. As for
ternary blends, the miscibility between components has more
complex effects on the film morphology. In 2017, Ade and
co-workers studied the miscibility between the three compo-
nents (PDPP3T, FTAZ and PC71BM) in-depth, and fabricated
high-performance ternary OSCs.63 Flory–Higgins interaction
parameter (w), which was estimated using the melting-point
depression method, was used as a fundamental metric of
molecular miscibility. The w between PDPP3T and FTAZ was
calculated to be a negative value (�0.56), indicating that the two
polymers were highly miscible and there was no driving force
for the phase separation between them. Thus, the two donor
polymers formed mechanical alloys in the PDPP3T:FTAZ:PC71BM
based BC ternary film, as schematically illustrated in Fig. 7b.
Despite the complementary absorption shown by PDPP3T and
FTAZ, the ternary OSC device made by the BC method delivered
poor PCEs of 4–5%, which were even lower than those of the BC
processed PDPP3T:PC71BM (6.23%) and FTAZ:PC71BM (5.78%)
binary devices. Through separately casting the PDPP3T:PC71BM
layer (bottom) and FTAZ:PC71BM layer (top), the limitation from
material miscibility was overcome and the PCE of the SD pro-
cessed ternary OSC increased to 6.73%. The phase separation of
the PDPP3T:PC71BM layer was hardly affected by the deposition of
the FTAZ:PC71BM layer, and the preferred vertical morphology
with stacked double BHJ layers was obtained as revealed by
Dynamic secondary-ion mass spectroscopy (DSIMS) analysis.
This study suggests that the SD method can help to overcome
the material-induced limitations and form the desired film

morphology that is hardly achieved by processing with a mixed
ternary solution.

To tune material miscibility and promote the vertical dis-
tribution of the donor and acceptor components in the blend
film, Chen et al. introduced an asymmetric acceptor BTP-S2
with lower miscibility with polymer PM6 to the binary blend
of PM6/BO-4Cl.75 The SD processed ternary device with a
BO-4Cl:BTP-S2 blend layer over the PM6 layer exhibited a high
PCE up to 18.16%, which was not only higher than those of the
SD and BC processed binary devices but also higher than that of
the BC processed ternary device. The difference of the photo-
voltaic performance can be explained by the film morphology,
especially the vertical phase separation in active layers, as
confirmed by the time of flight secondary ion mass spectro-
metry (TOF-SIMS) results. The relative content of the polymer
donor and the small molecule acceptors in the vertical direc-
tion can be reflected by the intensity ratio of F�/CN� variations.
As shown in Fig. 7c, both SD and BC processed binary blend
films showed the BHJ-like morphology with similar vertical
composition distribution. For the SD processed ternary
blend film, the strong vertical distribution with PM6 mostly
enriched at the bottom and acceptor molecules gathered on the
surface were observed. However, the BC processed ternary film
presented an even distribution of PM6 and the acceptors.
The various vertical distributions of the donor and acceptor
components could be derived from the miscibility between the
three materials. The w parameter of PM6 and BTP-S2 estimated
by a contact angle method was 0.55, which was higher than
those of PM6 and BO-4Cl (0.26), indicative of the lower mis-
cibility between PM6 and BTP-S2. Hence, the incorporation of
BTP-S2 into the blend reduces the miscibility between PM6 and
the acceptors, as determined by the increased w value from 0.26
to 0.44. In the process of film preparation using the SD method,
the processing solvent (chloroform) for the acceptor will permeate
into the PM6 layer, and PM6 might go up and be mixed with the
acceptor molecules. Owing to the high miscibility between PM6
and BO-4Cl, a vertically uniform morphology was formed for the
SD processed binary film like that processed by the BC method.
After incorporating a third component of BTP-S2 with low mis-
cibility with PM6 into the acceptor solution, the floating up of the
underlying PM6 could be hindered, resulting in a more suitable
phase separation in the vertical direction. The formation of the
vertical phase separation in the SD processed ternary blend film
improved charge collection and reduced charge recombination,
thus affording a superior device performance. This study indicates
that tuning the miscibility between donor and acceptor materials
by a ternary strategy can regulate the vertical composition dis-
tribution in the SD processed blend films and promote the device
performance.

Chen’s group utilized fullerene acceptor ICBA as the third
component to regulate the vertical phase separation of the SD
processed PM6/IT-4F blend. Acceptor IT-4F was more miscible
with ICBA than that with PM6.94 Hence, upon addition of ICBA,
part of PM6 that was miscible with IT-4F, tended to separate
from IT-4F and accumulate at the bottom, and meanwhile the
IT-4F was enriched on the film surface, yielding a more obvious
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phase separation in the vertical direction. Furthermore, the
molecular ordering of PM6 was enhanced as PM6 was partially
separated from IT-4F. Consequently, the SD processed ternary
PM6/IT-4F:ICBA device possessed efficient charge generation,
transport and extraction, offering a PCE of 14.25% that was
higher than those of the BC processed binary and ternary
devices and the SD processed binary device. To manipulate
the morphology and extend the absorption range of the blend
of PM6/IT-4F, this group introduced a low-bandgap nonfullerene
acceptor F8IC as the third component into the acceptor layer.95

F8IC has complementary light absorption with the host blend
of PM6/IT-4F and good miscibility with IT-4F. Due to the high
miscibility, IT-4F and F8IC can form an alloy phase, which
facilitated the charge transfer at the donor/acceptor interface.
Attributed to the formation of acceptor alloy and the favorable
vertical phase separation for the SD processed PM6/IT-4F:F8IC
ternary blend, a higher PCE of 14.2% was achieved in compar-
ison to those of the BC processed binary device (13.0%) and
ternary device (13.8%). Recently, Alex and co-workers found
improved crystallinity of the ternary SD film with the N3:PC71BM
blend as the upper layer and PM6 as the lower layer was not only
beneficial for charge transport, but also led to increased exciton
diffusion length.96 As a result, the SD processed ternary device
showed a higher PCE of 17.42% in comparison to the BC
processed ternary device (16.44%).

Yip and co-workers also employed the ternary strategy to
regulate molecular ordering and intermixing between of the
donor and acceptor materials.97 They fabricated the SD ternary
devices using the three materials with complementary light
absorption by depositing IEICO-4F:FBR blend onto the polymer
PffBT4T-2OD layer, and also fabricated ternary devices via the
BC method and binary devices via SD and BC methods for
comparison. The PCEs of the ternary devices processed with
both SD and BC methods were superior to the corresponding
binary devices made by the same method, and the SD processed
ternary device obtained the best performance with a PCE of
11.3%. The high device performance of the SD and BC pro-
cessed ternary devices can be ascribed to the improved film
morphology, which was induced by the decreased donor/accep-
tor miscibility and more ordered molecular packing. The
PffBT4T-2OD/IEICO-4F blend exhibited poor miscibility with a
relatively high w value of 0.132, while acceptor FBR can be
mixed well with both PffBT4T-2OD and IEICO-4F, as confirmed
by the small w values of 0.032 and 0.033, respectively. The
introduction of FBR increased the miscibility between the
donor and the acceptors, and created more donor/acceptor
interfaces for exciton dissociation, resulting in improved photo-
voltaic performance of the SD and BC ternary devices. However,
for the ternary blend processed by the BC method, more
PffBT4T-2OD/FBR interface with less efficient exciton dissocia-
tion could be formed especially when the content of FBR was
high, so the device efficiency was inferior and more sensitive to
the content of FBR in comparison to that of the SD processed
ternary blend. By contrast, applying the SD method to prepare
ternary blend films displayed better control of the location of
the third component.

These studies mentioned above suggest that combination of
SD deposition method and ternary strategy is a feasible way to
optimize the performance of OSCs. The intrinsic properties of
the photovoltaic materials, such as crystallinity and miscibility,
are the key factors that influence the morphology and the
device performance of the SD processed ternary blends. For
both SD and BC methods, the introduction of the third photo-
voltaic material can not only improve light absorption and
charge transfer through cascade energy levels, but also tune
molecular ordering and phase separation. Nevertheless, the
separated coating processes of the donor layer and acceptor
layer in the SD method make the morphology control of the
ternary blend films simpler and more effective, highlighting the
great potential of the SD based ternary strategy in fabricating
high-performance OSCs.

3. Stability of SD processed OSCs

In addition to device efficiency, another critical factor for the
practical applications of OSCs is performance stability, which is
significantly influenced by the morphology of the active layers.
In general, there is a large difference in vertical and lateral film
morphology between the SD and BC methods. Hence, the OSC
devices made by the two methods always exhibit different
stability. In this section, we outline the influence of the SD
method on the thermal stability and photostability of the film
morphology and device performance, and compare the stability
of SD processed devices with that of BC processed devices.

To probe the effects of the SD method on thermal stability
of OSC devices, Kim et al. thoroughly studied the changes in
morphology and photovoltaic parameters of SD processed
PCPDTBT/PC71BM film under constant thermal stress in com-
parison to the BC blend film.69 As shown in Fig. 8a, under
continuous heating at 80 1C for 10 days, the PCE of the SD
processed devices degraded from 5.03% to 4.89%, which repre-
sents 2.8% loss in efficiency. By contrast, the PCE of the blend
casting devices significantly dropped from 4.00% to 1.50%,
corresponding to a 62.5% efficiency loss. It was observed that
the film morphology was not altered significantly in macro-
scopic scale for both SD and BC blend films upon thermal
annealing at 80 1C for 10 days, and the morphological change
in the nanoscale could be the reason for the different device
stabilities between the two processing methods. As shown in
the in-plane GIWAXS profiles (Fig. 8b), the peak full width at
half maximum (FWHM) of the (100) and (200) diffraction peaks
arising from lamellar packing of PCDTBT in the SD processed
blend film was smaller than that in the blend casting film. This
suggests that the crystallinity of the polymer is higher in the SD
film, probably because PC71BM inclines to diffuse into the
amorphous region of PCDTBT when the PC71BM is sequentially
deposited onto the polymer layer that already possesses an
ordered microstructure. As the heating time extended to 10 days,
the FWHM values of the lamellar packing peaks for the SD
processed films were barely altered, indicative of no change in
the size of the polymer crystals after the constant thermal stress.
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In contrast, for the blend casting films, the size of ordered
domains of the polymer was decreased upon heating for 10 days
as revealed by the greatly increased FWHM of the lamellar
packing peaks. The result signifies that the PC71BM penetrates
the domains of PCDTBT in the blend casting film during the
continuous heating process, and renders the polymer phase
amorphous. For the SD processed blend film, it becomes more
difficult for the PC71BM to diffuse into the PCDTBT domains
under constant thermal stress owing to the higher crystallinity of
the polymer phase, resulting in improved thermal stability. This
study shows the potential of the SD method in achieving
thermally stable OSCs.

To improve the thermal stability of SD processed OSCs,
Zhan et al. carried out pre-annealing treatment (at 100 1C for
20 min before the deposition of electron transport layer and
cathode) on the SD processed PTB7-TH/PC71BM blend film,
and also fabricated the blend via the BC method for
comparison.64 Compared to the BC processed films without
and with pre-annealing, superior thermal stability was observed
for the SD processed blend films especially for the pre-annealed
SD film. After continuous heating at 130 1C for 120 min, the
devices based on the BC blends without and with pre-annealing
and the SD blend without pre-annealing exhibited B43%,
B76% and B60% decrease in PCE, respectively, whereas the
efficiency of the device based on the pre-annealed SD blend
remained almost unchanged (Fig. 8a). From the TEM images
(Fig. 8c), upon the thermal stress, no obvious change in the
morphology was observed for the pre-annealed SD film that
maintained the dense and continuous polymer networks,
which was different from the other three blend films that
varied greatly in phase separation scale. As shown in the
GIWAXS patterns (Fig. 8d), the pre-annealed SD blend film
showed an almost unchanged PC71BM aggregation peak, while

the PC71BM aggregation peak was enhanced after the thermal
stress for the BC processed blend films and the SD processed
blend film without pre-annealing. Fullerene aggregation should
be the key reason for the degradation of the OSC devices upon
thermal annealing. We infer that the pre-annealing could
improve the molecular ordering of PTB7-TH and promote
formation of the robust polymer networks which confine the
motivation of PC71BM. Thus, the fullerene aggregation was
suppressed in the pre-annealed SD blend film and the phase-
separated film morphology was kept stable under the constant
thermal stress.

The SD method also endows the blend systems of PTB7/
PC71BM68 and PCPDTBT/PC71BM67 with enhanced thermal
stability. To increase the crystallinity of the bottom polymer
layer, Kim et al. fabricated a polymer PTB7 layer by using
a ternary processing solvent comprising CB, DIO and CN,
followed by the deposition of a PC71BM layer.68 For the SD
blend film with the ternary solvent, owing to the underlying
PTB7 polymer layer with ordered molecular packing, the per-
meation of PC71BM into the PTB7 layer was suppressed. Thus,
the sequential deposition of PC71BM has little impact on the
crystallinity of PTB7, and the blend film contained less donor/
acceptor intermixed domains, which was beneficial for enhan-
cing morphological stability. By contrast, the blend casting film
with higher donor/acceptor intermixing tended to evolve to a
thermodynamically stable state with the occurrence of demixing,
leading to the poor thermal stability of the morphology.98–101 After
thermal annealing at 140 1C for 10 days, the PCE of the BC device
degraded to 78% of its initial value, while the SD device processed
with ternary solvent retained 96% of its initial PCE (Fig. 8a).
To improve the thermal stability of OSCs with PCPDTBT as a
donor and PC71BM as an acceptor, this group fabricated the
devices via the SD method, and improved the molecular ordering

Fig. 8 (a) Variation of PCEs of the SD and BC processed OSCs based on PCDTBT/PC71BM, PTB7-TH/PC71BM, PTB7/PC71BM and PCPDTBT/PC71BM pairs
upon constant thermal stress.64,67–69 (b) The in-plane GIWAXS profiles for the SD processed PCDTBT/PC71BM film and BC processed PCDTBT:PC71BM
film without thermal annealing and with long-term thermal annealing. Reproduced with permission.69 (c) TEM images of BC processed PTB7-TH/PC71BM
film and SD processed PTB7-TH:PC71BM film without treatment and with pre-annealing treatment. The scale bars in all TEM images are 100 nm. (d) The
out-of-plane and in-plane GIWAXS profiles for SD processed PTB7-TH/PC71BM film and BC processed PTB7-TH:PC71BM film. Reproduced with
permission.64 Copyright 2016, The Royal Society of Chemistry. (e) Variation of the normalized average PCEs of the SD and BC processed OSCs based on
PffBT4T-2OD/PC71BM and J71/ITC6-IC pairs upon continuous illumination (100 mW cm�2). Reproduced with permission.65,71 Copyright 2019, Wiley.
Copyright 2016, The Royal Society of Chemistry.
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of the PCPDTBT bottom layer by adding high-boiling-point addi-
tive DIO or CN to CB processing solvent.67 Upon thermal anneal-
ing at 80 1C for more than 12 days, both SD devices with DIO and
CN as additive exhibited higher stability with B70% of its initial
efficiency, while the BC device only maintained B40% of its
initial efficiency (Fig. 8a).

As concluded from the aforementioned studies, it is easier
for the SD processed active layer to obtain the morphology with
ordered molecular packing and pure domains, which is bene-
ficial for the formation of the robust polymer network, and thus
the achievement of improved thermal stability. However, if the
SD method has little impact on the film crystallinity and
domain purity, the SD method will fail in enhancing the
thermal stability of the devices, such as the PffBT4T-2OD/
PC71BM blend with similar thermal stability for the SD and
blend casting devices,65 and PBDB-T/NCBDT blend that even
presented inferior thermal stability in the SD device likely due
to the unstable interfacial morphology or trap states at the
interface.72 We speculate that the highly ordered polymer phase
can be formed via the BC method, since the two polymers
(PffBT4T-2OD102 and PBDB-T103,104) have temperature-dependent-
aggregation behavior in solution.

In practical applications, the solar panels are usually
exposed to sunlight for a long period of time, and hence good
photostability is necessary for OSCs to be a truly competitive
photovoltaic technology. Huang and co-workers investigated
the photostability of the OSCs with PffBT4T-2OD as a donor
and PC71BM as an acceptor.65 Although the SD processed
devices and the BC devices presented similar thermal stability
(as discussed above), improved photostability was observed for
the SD processed devices. Under continuous illumination
(100 mW cm�2) for 500 h, the PCE of the BC device dropped
to 72% of the initial value, while the SD device maintained 83%
of its initial PCE (Fig. 8e). The superior photostability of SD
processed OSCs is attributed to the vertical film morphology,
which allows the fullerene acceptor to hide behind the polymer
donor, and reduces the possibility of dimerization of the full-
erene under illumination.66,70 Similarly, the SD processed
devices based on the J71/ITC6-IC blend also exhibited higher
photostability than their blend casting counterparts, owing to
suitable vertical component distribution with more acceptor
in the upper part of the active layer.71 After illumination for
500 h, the PCE of the blend casting device degraded to
B68%, while the PCE of the SD processed device retained
B85% of its initial value (Fig. 8e). These results indicate that
the vertical phase separation with the component with lower
photostability behind helps the achievement of the photostable
SD devices.

As discussed above, the SD method has great potential in
constructing thermally stable and photostable OSCs, attribu-
ted to the ordered polymer phase and the favorable vertical
composition distribution. However, the stability of SD pro-
cessed OSCs still suffers from a lack of in-depth studies.
To advance the commercial application of OSCs, more efforts
should be devoted to systematically studying the effects of SD
processing on the stability of the OSC devices under various

conditions (like heating, illumination and air) and the degra-
dation mechanism.

4. Potential of the SD method in
large-area OSCs

With great advantages in finely tuning film microstructure,
especially the phase separation in the vertical direction, the SD
solution processing method has been proven to be able to
fabricate high-performance laboratory-scale OSCs. Currently,
the OSC field is in transition, moving away from a focus on
laboratory studies towards commercial and cost-effective pro-
ducts. In addition to promoting device efficiency and stability,
developing up-scaling techniques for transitioning from
small-area laboratory-scale devices to large-area industrial-scale
modules is also essential for the commercialization of OSCs.

For fabricating large-area OSC devices, the blade coating
technique seems more suitable than the spin-coating method,
and has gained considerable attention. By combining the SD
method and blade coating technique, Min and co-workers
fabricated efficient large-area OSC modules based on PM6:Y6
binary.74 Different from the BC-bladed film in which Y6 homo-
geneously distributed throughout the film in the vertical direc-
tion, vertical phase separation existed in the SD-bladed blend
with Y6 assembled at the top of the film close to the surface air
and PM6 enriched in the bottom of the film. In addition,
compared to the BC-bladed film, the SD-bladed blend exhibited
stronger molecular aggregation and increased phase separa-
tion. Owing to the proper film morphology, the SD-bladed OSCs
achieved better performance with a small-area (0.04 cm2) device
efficiency of 16.35%, which was higher than that of the small-
area BC-bladed OSC device (15.37%). When the area of the
SD-bladed device was increased from 0.04 cm2 to 1 cm2, the
PCE of the SD-bladed device slightly decreased to 15.23%, while
the BC-bladed device showed a lower PCE of 14.01%. To probe
the compatibility of the SD-bladed method with large-area
printing techniques, they also fabricated PM6:Y6 based large-
area solar modules with a large area of 11.52 cm2 (comprising
four 35 � 36 mm modules connected in series) in air.
Compared to the BC-bladed modules with a PCE of 10.15%
and an FF of 50.12%, the SD-bladed modules showed superior
performance with a PCE of 11.86% and a FF of 57.85%, which is
the record efficiency for large-area OSC modules reported so
far. These results indicated that the SD-bladed OSCs presented
low sensitivity to the device area, which was partially caused by
the suitable film morphology as well as the high photo-
absorption rate. Besides, the much higher FF of the large-area
SD devices could be related to the decreased series resistance,
as shown in Fig. 9b. The lower series resistance for the large-
area SD devices could result from the more suitable film
morphology, which offered the SD-bladed blend film with more
efficient charge transport and extraction with weaker charge
recombination. In contrast, for the BC-bladed blend, the donor
and acceptor ‘‘islands’’ were ineluctable inside the film, and
the donor’s seeds existed on the cathode side of the film and
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the acceptor’s seeds existed on the anode side of the film,
leading to more serious charge recombination in the bulk and
at the interfaces between the active layer and electrodes, as
schematically illustrated in Fig. 9c.74 This study suggests the
SD-bladed technique has great potential applied in the high-
performance large-area solar modules.

Min et al. also adopted the SD-bladed technique to fabricate
OSCs based on J71/ITC6-IC and PTQ10/IDIC systems with a
device area of 0.04, 0.20, and 1.00 cm2.73 Both J71/ITC6-IC and
PTQ10/IDIC based devices with an active area of 1.00 cm2

exhibited PCEs over 10%, showing a slight decrease in compar-
ison with their corresponding small-area (0.04 cm2) devices
(B11%). Huang and co-workers demonstrated the potential of
the SD-bladed technique in constructing large-area OSCs, using
PffBT4T-2OD/PC71BM and PM6/IT-4F blend systems.65 When
the device area changed from 0.04 cm2 to 1.00 cm2, the PCE
value decreased from 8.5% to 8.0% for the PffBT4T-2OD/
PC71BM SD-bladed device, and from 12.3% to 11.4% for the
PM6/IT-4F SD-bladed device. For the BC-bladed devices, both
PffBT4T-2OD:PC71BM and PM6:IT-4F blends showed inferior
photovoltaic performance with PCEs of 3.8% and 11.2% for the
0.04 cm2 and 3.0% and 10.6% for the 1.00 cm2 devices. The film
processed using the SD-bladed method showed the desired
morphology with favorable vertical composition distribution,
resulting in the weakened ‘‘islands’’ of donor and acceptor
aggregations and thus less non-geminated recombination,
compared to the BC counterparts. As can be seen from these
encouraging results, the SD-bladed method is a promising
candidate in transitioning up laboratory-scale devices to

industrial-scale printed solar modules with minor scaling effi-
ciency gap and good universality (Table 4).

5. Summary and outlook

In this critical review, we overview the recent achievements of
SD processed OSCs by analyzing the optimization strategies of
film morphology and device performance, and discussing the
effects of the SD method on device stability and the perfor-
mance of large-area devices. The optimization of SD processed
OSCs focuses on solvent and solvent additive engineering, and
the construction of ternary active layers. The stability and the
performance of large-area devices for SD processed OSCs are
outlined and compared with the BC processed counterparts.

To simultaneously obtain sufficient donor/acceptor interface
and good transport path for electrons and holes for efficient
exciton dissociation and charge extraction, the SD method
must construct ideal p–i–n like film morphology with suitable
lateral and vertical phase separation and high molecular order-
ing. The ideal film morphology can be achieved by screening
suitable processing solvents and introducing solvent additives
and the third components. Compared to BC ternary OSCs with
complex morphology that is affected by multiple material
interactions, the SD method renders morphology control sim-
pler and more precise, enabling increased device performance.
Moreover, attributed to the suitable film morphology with pure
domains and high crystallinity, the SD method has great
potential to make OSC devices with higher thermal and optical

Fig. 9 (a) Process flow diagram of the SD processing for large-area OSC modules. (b) Series resistance values versus the device areas for the BC and SD
processed OSCs with PM6 as a donor and Y6 as an acceptor. (c) Schematic illustration of the morphology and possible physical dynamics of the BC and
SD processed OSCs based on the PM6/Y6 system. Reproduced with permission.74 Copyright 2020, Elsevier.
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stability, and helps to improve the PCE retention from lab-scale
to large-scale devices, making it a significantly promising
candidate for OSC commercialization.

Although SD processed OSCs have progressed significantly,
the application of the SD processing method remains limited,
and record efficiencies are rarely achieved from this processing
method, in comparison to the BC method. To further promote
the development of SD processed OSCs, there are still some
challenging tasks, which are briefly discussed as follows:

(1) Development of solvent selection rules. Compared to the
BC method, the SD method is applicable to fewer photovoltaic
systems. Due to the similarity in the molecular structure of
donor and acceptor materials, it is a rather arduous assignment
to select a pair of processing solvents that are suitable for
various donors and acceptors. Although considerable efforts
have been devoted to solvent engineering, there is still a lack of
systematic studies on the general rules for screening processing
solvents of both upper and lower layers, which are profoundly
desired to make most photovoltaic donor/acceptor blend sys-
tems to be prepared via the SD method. Hence, it is highly
demanded to acquire an in-depth understanding of the effects
of the properties (such as solubility, boiling point, ability to
swell the polymer, interactions between the solvent and photo-
active materials, etc.) of the processing solvents on SD film
morphology.

(2) Optimization rules for SD processed OSCs. The ideal film
morphology especially the favorable vertical phase distribution
renders greater potential in achieving high device efficiency via
the SD method. Currently, the PCEs of the SD processed OSCs
have approached or even exceeded those of the BC processed
OSCs, but still largely lag behind traditional inorganic solar
cells. Various optimization strategies deserve further investiga-
tion to increase the performance of SD OSCs. For example, solid
additives can be incorporated to control the microstructure
of the donor layer or acceptor layer, and a tandem device

architecture can be applied to extend the absorption range of
SD processed OSCs. Besides, a majority of donor and acceptor
materials adopted in SD OSCs are derived from the high-
performance BC OSCs; nevertheless, the material matching
rules in the two processing methods could be different due to
the large difference in the film-forming process. Thus, it is of
importance to carry out thorough studies on the donor/accep-
tor matching rules for SD OSCs.

(3) Comprehensive effects of the SD method on device
stability. Although the SD method has shown better potential
in multiple donor/acceptor systems, the mechanism of the
improved stability still suffers from a lack of comprehensive
understanding. Detailed analysis of the morphological features
such as lateral and vertical component distribution, crystal-
linity, and molecular orientation at the donor/acceptor inter-
face, can help us to get more insights into the difference in the
stability between SD and BC devices. In addition, the phase
diagram can serve as an effective tool to understand the thermo-
dynamic properties of the blends, which significantly affect the
morphological stability. Through in-depth studies, the guiding
strategies for improving device stability are hoped to be acquired
to advance the commercial application of SD OSCs.

(4) Optimizing the performance and stability of low cost OSC
systems via the SD method. The high cost and poor scalability
of synthesis for the current prevailing polymer donors (like
PM6, PBDB-T and PTB7-Th) significantly limit the commercia-
lization of OSCs. Therefore, optimization of the polymers with
advantages of low cost and ease of syntheses, such as poly-
thiophene and its derivatives,44,105–119 requires systematic
exploration. Limited by the inappropriate donor/acceptor inter-
actions,106,119,120 the BC processed polythiophene:acceptor
blends present unfavorable film morphology and inferior
device performance. To overcome the material limitations,
the SD method can be introduced to construct the polythio-
phene/acceptor active layers. By separately manipulating the
microstructure of the polythiophene layer and acceptor layers,
it can be expected to yield more ideal film morphology. Besides,
the stability of the polythiophene-based active layers will also
be improved by the SD method, attributed to the formation of
enhanced polymer crystallinity and favorable vertical compo-
nent distribution. Thus, it is possible for the potential low-cost
OSC systems to simultaneously achieve high efficiency and good
stability, which will enormously advance OSC commercialization.

As a promising alternative to the BC method, the SD method
has opened up new opportunities to construct high-performance
OSC devices. Through thorough studies on morphology control,
device engineering and stability, SD processed OSCs with over
20% efficienciecies will be achieved soon. It is hoped that SD
processed OSCs will make a great breakthrough in commercial
applications (for instance, solar powered greenhouses, smart
buildings).
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Processing
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PM6/Y6 SD 0.04 0.834 25.90 75.68 16.35 74
PM6/Y6 SD 1.00 0.831 25.64 71.42 15.23 74
PM6/Y6 SD 11.52 3.20 6.41 57.85 11.86 74
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J71/ITC6-IC SD 0.04 0.960 17.61 67.54 11.42 73
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PM6/IT-4F SD 1.00 0.84 20.0 68 11.0 65
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