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Versatile Sequential Casting Processing for Highly Efficient

and Stable Binary Organic Photovoltaics

Chengliang He, Youwen Pan, Guanghao Lu, Baohua Wu, Xinxin Xia, Chang-Qi Ma,
Zeng Chen, Haiming Zhu, Xinhui Lu, Wei Ma, Lijian Zuo,* and Hongzheng Chen*

Forming an ideal bulk heterojunction (BHJ) morphology is a critical issue gov-
erning the photon to electron process in organic solar cells (OSCs). Comple-
mentary to the widely-used blend casting (BC) method for BHJ construction,
sequential casting (SC) can also enable similar or even better morphology and
device performance for OSCs. Here, BC and SC methods on three representa-
tive donor:acceptor (D:A) blends are utilized, that is, PM6:PC;,BM, PM6:IT-4F
and PM6:L8-BO. Higher power conversion efficiencies (PCEs) in all cases by
taking advantage of beneficial morphology from SC processing are achieved,
and a champion PCE of 18.86% (certified as 18.44%) based on the PM6:L8-BO
blend is reached, representing the record value among binary OSCs. The obser-
vations on phase separation and vertical distribution inspire the proposal of
the swelling—intercalation phase-separation model to interpret the morphology
evolution during SC processing. Further, the vertical phase segregation is found
to deliver an improvement of device performance via affecting the charge
transport and collection processes, as evidenced by the D:A-ratio-dependent
photovoltaic properties. Besides, OSCs based on SC processing show advan-
tages on device photostability and upscale fabrication. This work demonstrates
the versatility and efficacy of the SC method for BH)-based OSCs.

of OSCs consists of a layered structure
with an active layer sandwiched between
cathode and anode, as buffered by the
interfacial charge-transporting layers. The
active layer is the most important ingre-
dient to function as the light-absorbing,
charge generating and transporting layer.
The most popular and efficient active layer
structure consists of a donor:acceptor
(D:A) Dblend film with a very tricky
nanoscale phase-separated interpene-
trating network, or the so-called “bulk het-
erojunction (BHJ) structure”,”! in order to
conquer the high exciton binding energy
and bipolar charge-transporting limita-
tions and enable fast exciton dissociation
and smooth charge transport, respec-
tively.® The rapid progress in molecule
design, morphology control, device engi-
neering, etc., has greatly boosted the
device performance of OSCs to make
them more competitive with their inor-

1. Introduction

Organic solar cells (OSCs) have aroused the enthusiasm of
researchers and achieved rapid development in the past few
decades, due to their advantages of superior flexibility, good
selective absorption for transparency, lightweight, low-cost pro-
duction via solution processing, etc.’®! The device structure

ganic counterparts.>?% Currently, record

power conversion efficiencies (PCEs) of
19.6% and 20.2% have been achieved for single-junction ter-
nary device and tandem device, respectively.?¢%’]

Among all of the factors governing the photon to electron
process in OSCs, forming an ideal BH] morphology is the
trickiest one, which requires not only a proper D:A pair with
critical miscibility, but also delicate control on the phase-
separation kinetics.®l Constructing BHJ includes two main
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methods: bottom-to-top bulk phase separation and top-to-
bottom permeation. Usually, the active layer is processed by
blend casting (BC), where the donor and acceptor are well pre-
mixed in solution.?®! The thin solid film is formed by evapo-
rating solvent from the wet film, as accompanied with phase-
separation, which is mediated by the choice of solvent and
processing conditions. Complementary to the above-mentioned
BC method, the sequential casting (SC), also known as layer-by-
layer processing, in which the donor and acceptor are deposited
sequentially, provides an avenue for morphology control aiming
at ordered molecular packing through top-to-bottom permea-
tion.[22-32 The first layer undergoes solvent evaporation to form
a crystalline film, which could be adjusted by the solvent choice
and drying time. The second layer permeates into the first layer
to form a phase-separated structure, which is dictated by the
crystallinity and miscibility between the donor and acceptor.
It is interesting to observe that the devices processed with
SC exhibit similar or even better device performance.['”33-%]
Sun et al. combined the fibril network layer and the two-step
sequential deposition method to control morphology, which
is insensitive to the polymer batches with a higher PCE than
that of BC.1¥l Jen et al. reported that a pseudo-bilayer architec-
ture processed by SC possesses longer exciton diffusion length
which benefited from higher film crystallinity, thus achieving a
higher PCE.Y Our group combined the SC procedure and the
ternary strategy to fabricate the device and achieved the highest
efficiency at the time.l”] Besides, researchers found that SC
shows advantages in the blade-coating procedure and upscale
fabrication.[’>3¢ Nevertheless, the mechanism underlying how
the SC processing enables the ideal BH] morphology is still
unclear, as well as how the featured morphology processed
with SC will affect the optoelectronic properties of OSCs.
This further hinders the discovery of more delicate control
on the processing to fully explore the potential of SC for high
performance.

To address this issue, here we have studied the effect of
SC processing on three representative D:A blends, that is,
PM6:PC;BM, PM6:IT-4F and PM6:L8-BO, which cover the
record material systems within the past dozen years,[?3#! and
compared them with the conventional BC processing. Through
the multidimensional morphology observations from resonant
soft X-ray scattering (RSoXS), grazing-incidence wide-angle
X-ray scattering (GIWAXS), atomic force microscopy (AFM),
film-depth-dependent light absorption spectroscopy (FLAS)
and depth-profiling X-ray photoelectron spectroscopy (D-XPS),
etc., it is interesting to find that the SC processing yields a BH]
structure with similar phase domains, film crystallinity and
vertical phase-segregation, but a more delicate nanoscale phase-
separated interpenetrating network when compared to BC
processing, while countering to the intuitive understanding of
acceptor permeating from top to bottom, for example, the ver-
tical phase segregation of acceptor actually can be richer at the
bottom with SC processing.[*+*2l These observations inspire us
to propose the swelling—intercalation phase-separation (SIPS)
model to interpret the morphology evolution during the SC
processing. Further, we studied the effect of vertical phase sepa-
ration on the charge collection of OSCs, and find the compo-
sition-dependent electron and hole carrier mobility determines
the efficacy of vertical phase separation for charge transport and
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collection. By taking advantage of beneficial morphology from
SC processing, a champion PCE of 18.86% (certified as 18.44%)
for the PM6:L8-BO blend is reached, as is higher than that of
the BC processed one. Notably, this result also represents the
record value among binary OSCs, and demonstrates the poten-
tial of SC method for high-performance OSCs. We then applied
the SC processing in upscaled device, and reached a high effi-
ciency of 16.50%. In addition to the PCE increment, the device
photostability is also improved with SC processing.

2. Results and Discussion

2.1. Device Performance

First, we studied the efficacy of SC processing on device per-
formance of OSCs. Three representative material systems, that
is, PM6 as donor to blend with acceptor of PC;BM, IT-4F and
L8-BO, respectively, are selected by considering their record
performance in the past dozen years.’®**% The chemical struc-
tures of these materials are depicted in Figure 1a. All of them
have been demonstrated to form good BHJ structure with BC
processing. The energy levels determined by cyclic voltam-
metry and absorption profiles of these materials are shown in
Figure 1b,c and Figure S1, Supporting Information. Herein,
the devices with a conventional structure of ITO/PEDOT:PSS/
active layer/PFN-Br/Ag were adopted to examine the effect
of different processing on device performance (Figure 1d).
The BC-type devices were fabricated via spin-coating from
a mixed D:A solution, while the SC-type devices were fabri-
cated via spin-coating from PM6 solution and acceptor solu-
tion in sequence. Detailed device fabrication conditions and
characterizations are summarized in Tables S1-S4, Supporting
Information. Figure le shows the current density—voltage (J-V)
curves of the PM6:PC;;BM, PM6:1T-4F, and PM6:1L8-BO blends
in BC-type device and SC-type device. Detailed photovoltaic
parameters are summarized in Table 1. For the best-performing
PM6:L8-BO system, the BC-type device exhibits an open-circuit
voltage (V,.) of 0.885 V, a short-circuit current density (/) of
26.25 mA cm™ and a fill factor (FF) of 78.47%, leading to a
PCE of 18.18%. When utilizing the SC processing way, the J
(26.61 mA cm™2) and the FF (80.39%) were improved with V.
(0.883 V) almost unchanged (we investigated the luminescence
abilities through electroluminescence quantum efficiency of
the devices processed by BC and SC methods [Figure S2, Sup-
porting Information], and the values are very close), yielding
a PCE of 18.86%. Notably, the PCE of 18.86% is the highest
among binary OSCs up to data (Figure 1f). Besides, the PCE
improvement obtained by SC processing is also found in the
PM6:PC;BM and PM6:IT4F systems (Figure le and Table 1).
It is interesting to observe that the SC processing can generally
enable better device performance for OSCs. And a general trend
can be derived that both of FF and J,. get enhanced, while the
V, slightly decreases with SC processing, compared to those of
BC processing. As a result, it is argued that the SC might be a
more superior processing method for high-performance OSCs.
Further, the best-performing device is sent to a third authority
for certification, and a certified efficiency of 18.44% from the
National Institute of Metrology (NIM), China was obtained for
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Figure 1. a) Chemical structures of PC;;BM, IT-4F, L8-BO and the polymer donor PM6. b) Energy level diagram determined by cyclic voltammetry.
c) UV-vis absorption spectra of the materials in films. d) A schematic illustration of the conventional device structure. e) J-V curves of the optimal
devices. f) Comparison of binary devices between this work and references (original data are summarized in Table S14, Supporting Information). g) PCE
statistics of 30 cells for each D:A system. h) EQE curves of the optimal devices. i) Jon—Ves curves of the optimal devices.

the SC-type encapsulated device (Table 1 and certification report
in Supporting Information). It is worthy to note that this result
is the highest among the certified binary OSCs. This further
confirms the superiority of SC processing for OSCs.

To confirm the PV performance variations with different pro-
cessing, we fabricated more devices to extract and compare the
average values and standard deviations of device parameters.
Figure 1g and Table 1 provide the PCE statistics from 30 devices
for each system. The statistical PCE distributions of all the
three systems indicate that the SC-type devices show better per-
formance than the BC-type devices and the variation trend of
averaged device parameter is the same as the champion ones,
confirming that the SC method exhibits advantages over the BC
method for high device performance.

To figure out the origin of improved J,. with SC processing,
the external quantum efficiency (EQE) test was performed
(Figure 1h and Table 1). The integrated values (J.j) from the
EQE curves are very close to those from the |-V curves, vali-
dating the device performance derived from -V measurement.
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While it is interesting to observe that the shape of EQE actually
gets changed from BC to SC processing for the PM6:PC,BM
and PMG6:IT-4F systems, but remains for the PM6:L8-BO
system. These results suggest that both optical interference
and internal carrier dynamics play a role for the improvement
in J.1* Further, to understand the mechanism underlying
the improved FF with SC processing, we studied the carried
dynamics in OSCs by investigating the relationship between
photocurrent density and effective voltage of the devices to
characterize the bias-dependent charge separation and collec-
tion behavior (Figure 1i and Table S5, Supporting Informa-
tion).3] The calculated exciton dissociation efficiencies (PggsS)
in BC-type devices are 9702%, 98.09% and 98.36% for the
PM6:PC;;BM, PMG6:IT-4F and PM6:L8-BO systems, respectively,
while being 97.84%, 98.29% and 98.90% for SC-type devices.
The calculated charge collection efficiencies (Ps) are 83.06%,
83.18% and 89.09% for the PM6:PC;BM, PM6:IT4F and
PM6:1L8-BO systems, respectively, while being 85.12%, 85.03%
and 90.56% in SC-type devices. It is found that SC-type devices

© 2022 Wiley-VCH GmbH
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Table 1. Photovoltaic parameters of the optimal devices.
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Active layer Ve [V] Jsc [MA cm™? Jeal [MA cm™22) FF [%] PCE [%]”
PM6:PC;,BM 0.942 14.32 13.90 73.33 9.89
(BC) (0.942 £ 0.005) (14.15 £ 0.14) (72.82 £0.54) (9.71+0.13)
PM6:PC,,BM 0.938 14.81 14.20 76.58 10.61
(SQ) (0.941+ 0.006) (14.48 £ 0.19) (75.46 £ 0.80) (10.26 £ 0.17)
PM6:IT-4F 0.858 21.28 20.87 75.47 13.78
(BC) (0.861+0.002) (21.00 £ 0.18) (75.34 £ 0.42) (13.6140.10)
PM6:IT-4F 0.853 2175 21.24 78.85 14.65
(SC) (0.852 £ 0.002) (21.44 £0.27) (78.44 £ 0.60) (14.33 £0.15)
PM6:L8-BO 0.885 26.25 25.72 78.47 18.18
(BQ) (0.884 £0.002) (26.20 £ 0.14) (78.24+0.33) (18.06 + 0.09)
PM6:L8-BO 0.883 26.61 26.10 80.39 18.86
(SQ) (0.881+0.003) (26.61+0.14) (79.74 £ 0.33) (18.65 +0.10)
PM6:L8-BO 0.881 26.52 79.0 18.449)
(SQ)

lntegrated current density from EQE curve; Y Average PCE from 30 devices; 9Certified by NIM, China.

show a subtle advantage in Py and a more obvious advantage
in Py compared with BC-type devices, affording the improved
FF. As a result, it is argued that the SC processing method is
practical and universal for PCE improvement with gain in J
and FF via changing both the light trapping properties and the
carrier dynamics.

2.2. Film Morphology

Considering that the different processing mostly affects the mor-
phology of the active layer, we put emphasis on resolving the
film morphology characteristics of these systems with different
processing. First, we conducted RSoXS tests to analyze the phase
separation (Figure 2a and Figure S3 and Table S6, Supporting
Information), which can give information on the phase separa-
tion size and phase purity.***] These parameters are essen-
tially important for charge generation and charge transport, as
unveiled in previous work.l For the PM6:PC;;BM system, the
difference in phase purity between the BC-type and SC-type films
is negligible, and the average phase domain size of the SC-type
film is 13.36 nm, which is smaller than that from BC processing
(14.70 nm). For nonfullerene systems (PM6:IT-4F and PM6:L8-
BO), it is interesting to observe that the phase purity of SC-type
film is lower than that of BC-type. The average domain sizes
decrease from 20.98 to 19.10 nm for the PM6:1L8-BO system, but
increased from 1796 to 21.93 nm for the IT-4F system with SC pro-
cessing. The phase domain size of all the above systems seems to
be within the range of exciton diffusion for efficient exciton sepa-
ration or charge generation. Intuitively, during the SC processing,
the acceptor will permeate into PM6 from top to bottom, and thus
is expected to form a purer grain due to the pre-formed pristine
PM6 film. As a result, it is counterintuitive to observe the reduced
phase purity during the SC processing, according to the infiltra-
tion process. Instead, the phase purity seems to be more closely
related to other parameters than the “permeation” process.
GIWAXS characterization was performed to investigate the
molecular packing and the crystalline properties.! As shown
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in Figure 2b,c, and Figure S4 and Table S7, Supporting Infor-
mation, there is no significant difference between BC-type
and SC-type films in the in-plane direction. In the out-of-plane
direction, for the PM6:PC;BM system, its diffraction peaks
in SC-type film are not as sharp as observed in BC-type film
(q: = 1.31 A" [d = 479 A] and q, = 1.68 A™' [d = 3.74 A]). For
the PM6-IT4F system, the 77 stacking becomes denser in
SC-type film, with the diffraction peaks located at g, = 1.74 A~
(d=3.61 A) in BC-type film and q, = 1.77 A™! (d = 3.55 A) in SC-
type films. Besides, SC-type film presents slightly larger crystal
correlation length (CCL) (35.8 A) than BC-type film (34.1 A). For
the PM6:L8-BO system, no obvious change in the stacking dis-
tance (d = 3.63 A) and a small increase in the crystal correlation
length (CCL) (28.3 A versus 26.3 A) were obtained from BC-type
film to SC-type film. In general, for fullerene and nonfullerene
systems, the overall difference between the films obtained by
the two processing methods in GIWAXS is not very obvious,
suggesting the film phase-separation might be similar with SC
and BC processing ways. The difference may exist in the inter-
action of solvent/acceptor with donor during SC process.
Atomic force microscopy (AFM) measurement was con-
ducted to study the surface morphology. Combining the height
and phase images shown in Figure 2d and Figures S6 and S7,
Supporting Information, we found that nanofiber-like mor-
phology could be observed in all the three blends, indicating the
well-formed interpenetrating networks. A similar fibrillar net-
work structure was also reported in a polymer donor D18 based
active layer.”*8l Particularly, it is found that a more delicate
nanoscale phase-separated interpenetrating network is formed
through SC method (Figure S8, Supporting Information). These
results can be attributed to the intercalation of acceptor to the
donor after solvent swelling during SC process. In addition, we
tested the pristine D/A film as shown in Figure S7, Supporting
Information. It is found the surface of the acceptor is relatively
rough, and the texture of the donor could be enhanced after
being swelled by chloroform due to that the amorphous regions
of lower density in a semicrystalline polymer film are more
susceptible to swelling than the crystalline regions,”?! which

© 2022 Wiley-VCH GmbH
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Figure 2. a) RSoXS profiles of the blend films based on different process conditions. b) 2D GIWAXS images of PM6:L8-BO blend films from the BC
and SC methods. ¢) GIWAXS intensity profiles of the three blend films along the in-plane (blue lines) and out-of-plane (red lines) directions. d) AFM
height (top) and phase (bottom) images of PM6:L8-BO blend films from BC and SC methods.

could lay the foundation for the formation of a delicate inter-
penetrating network in the SC blend films.

To further investigate the difference in the vertical phase
segregation, which has been demonstrated as the major differ-
ence for films processed from BC and SC, we performed the
FLAS and the detailed calculations could be found in Figure 3
and Figure S9-S12, Supporting Information).-% FLAS of BC-
type and SC-type films of the PM6:L8-BO blend are displayed
in Figures 3a and 3b. Figure 3c,d provide the components dis-
tribution profiles at different film-depths to give a re-aligned
sight of D:A content for clarity and we combined them in the
same figure for clearer comparison in Figure S12a, Supporting
Information. It can be found that PM6 and L8-BO show obvious
inhomogeneous distribution along the vertical direction for both
BC and SC processed films. For both cases, the PM6 enriches at

Adv. Mater. 2022, 34, 2203379
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both the top and bottom interface. However, it is observed that
the SC processed film has less PM6 enrichment at both inter-
faces. In addition, it is also found that PM6 enriches at both
top and bottom interfaces in the two processing cases for the
PM6:IT-4F system (Figure S10, Supporting Information). For the
PM6:PC;BM system (Figure S9, Supporting Information), in
the BC-type films the acceptor enriches at both top and bottom
interfaces, while in the SC-type film, PM6 at both ends tends
to converge toward the middle. Interestingly, vertical distribu-
tions in all the three systems are a contrast to conventional cog-
nition that the formation of vertical phase-separated structures
with D/A enrichment at both electrodes in sequential deposition
process for both fullerene- and nonfullerene-based systems.##!
We then performed the D-XPS to investigate the relative D:A
ratio along with depth throughout the whole film. Taking the

© 2022 Wiley-VCH GmbH
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Figure 3. a,b) Film-depth-dependent light absorption spectra of BC-type and SC-type films in PM6:L8-BO system. c,d) Components distribution pro-
files at different film-depths. e,f) Calculated exciton generation contours in BC-type films (e) and SC-type films (f). g,h) Film-depth-dependent exciton
generation rates as obtained by integration of (e) and (f) along the wavelength direction.

best-performing PM6:L8-BO system for example, since both
PM6 and L8-BO contain fluorine (F), while only L8-BO contains
nitrogen (N), we attribute the F element to both PM6 and L8-BO,
N element to only L8-BO. Based on the F/N atom ratio, the
polymer weight content at different depths can be calculated as
shown in Figures S13 and S14 and Tables S8 and S9, Supporting
Information. Detailed calculation method could be found in the
note of Figure S13, Supporting Information. For PM6:L8-BO
films from BC and SC processing, the PM6 enriches at both top
and bottom interfaces. It can be inferred that the D-XPS results
are consistent with the FLAS results (Figure 3) to a certain extent.

Figure 3e,f show the distribution of charge generation inten-
sity (exciton generation rate) within the photovoltaic devices,
which is numerically simulated from the FLAS in combination
with a modified transfer-matrix optical model.”® The excitons

are mainly generated at the center and the bottom of the blend
films. Particularly, the density of exciton in the SC-type film is
much higher than that of the BC-type film in the region from
600 to 900 nm, which contributes to the improved EQE and
Jse According to Figure 3f, L8BO with an absorption peak
~800 nm contributes more to the exciton generation relative to
PM6 with an absorption edge =600 nm, which agrees well with
the composition distribution extracted from the FLAS.

The counterintuitive phenomena observed above, for
example, the phase purity and vertical phase segregation,
suggest a different process dominating the phase-separation
kinetics rather than the inter-filtration of acceptor from top
to bottom. Considering that the formed morphology with
SC processing is actually a perfect BHJ structure compared
to BC (Figure 4a), a phase-separation process resemblance

@ wix
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o~

C |

Blend b
Casting
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Casting @
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3 Swelling
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Intercalation

Phase-Separation

Figure 4. a) Diagram of fabrication procedures for BC-type devices. b) Diagram of fabrication procedures for SC-type devices and the proposed

swelling—intercalation phase-separation (SIPS) model.
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Figure 5. a) J-V curves of the optimal devices based on PM6:L8-BO system processed via BC method with different solvents. b) J-V curves of the
optimal devices based on PM6:L8-BO system processed via the SC method with different solvents. c) J-V curves of the optimal devices based on the
PM6:L8-BO system processed via the BC and SC methods. d) Charge-carrier mobility of the optimal devices based on the PM6:L8-BO system processed
via the BC and SC methods. e) Photostability comparison between BC-type and SC-type devices based on the PM6:L8-BO system. f) J-V curves of the
optimal 1 cm? devices based on the PM6:L8-BO system. g) EQE curves of the optimal 1 cm? devices based on the PM6:L8-BO system.

to BC should occur during the SC processing. Here, we pro-
pose the SIPS model to interpret the whole process, as shown
in Figure 4b. With depositing the acceptor solution onto the
PM6 film, the solvent, that is, chloroform, will first swell
PM6 polymer to form a gel-like structure. Following this, the
acceptor molecules will intercalate into the swollen polymer
matrix to form a well-mixed wet blend film. Finally, during
the solvent evaporation, the phase-separation will occur in the
well-mixed donor-acceptor blend film. As a result, the SC will
undergo similar phase-separation and yield similar morphology
to the BC processing. This model well explains the formation
of very good BHJ and the general observation on the efficacy
of SC for high-performance OSCs. Moreover, this model
explains the counterintuitive observation on phase purity and
vertical phase segregation, which are determined by the mis-
cibility between the donor and acceptor,”/l and the solvent per-
meation and evaporation kinetics.?®! According to the SIPS
model, the solvent will first “swell” the pristine polymer, and
this composes an exact solvent selection criterion for solvent:
the solubility and boiling point must be in a proper range. This
has been confirmed by using different processing solvents with
different boiling point (BP) and solubility for BC and SC pro-
cessing (Figure 5a,b, and Figures S15 and S16 and Tables S2
and S4, S10 and S12, Supporting Information). For example, by
selecting the tetrahydrofuran (THF), which shows comparable
BP but low solubility compared to chloroform (CF), an obvious
drop in PCE is observed, as attributed to the poor swelling pro-
cess (Figure 5b and Table S11, Supporting Information). By
using chlorobenzene (CB) showing similar solubility but higher
BP compared to CF, the long dwelling time of CB could over-
react with the PM6 layer to form a dense solution layer rather
than a swelling polymer matrix, and thus cause poor mor-
phology and low device performance (Figure 5b and Table S11,
Supporting Information). Compromising the BP and solubility,
the toluene (Tol) recovers most of the efficiency compared to
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THF and CB. Further, a poor efficiency is expected when using
an even higher BP solvent, that is, o-xylene (0-XY) (Figure 5b
and Table S11, Supporting Information). These observations
support the SIPS model well, and confirm the above solvent
selection rule derived from SIPS model (more detailed analysis
can be found in the Solvent Selection Rules Section, Supporting
Information).

2.3. Composition-Dependent Carrier Dynamics

We observe that the improved device performance is par-
tially attributed to the increased FF (statistics in Table 1 and
Figure S17a, Supporting Information), which is closely related to
the carrier dynamics and subsequently the morphology. Consid-
ering the difference of lateral phase-separated morphology for
films processed from SC and BC is actually within the optimal
ranges, we focus on the effect of vertical phase segregation on
the carrier dynamics, and pay particular attention on the ratio-
dependent photovoltaic properties. Hence, we chose the best-
performing PM6:L8-BO blend as the object and selected the
D:A ratios of four representative positions (1:0.4, 1:0.8, 1:1.2, and
1:1.6 by wt.) according to its vertical distribution characteristics
(Figure S12b, Supporting Information) to fabricate the device
for charge dynamic study. Figure 5c shows the J-V curves of
the BC-type devices based on different D:A ratios and the SC-
type device. Detailed photovoltaic parameters are summarized
in Table 2. The BC-type devices deliver PCEs of 6.51%, 18.04%,
18.18% and 1770% for the ratio of 1:0.4, 1:0.8, 1:1.2 and 1:1.6,
respectively. Figure S17b, Supporting Information, provides the
EQE curves of the corresponding devices. It can be inferred that
the ratio of 1:1.2 is the best for device operation and this ratio
occupies the largest proportion in the vertical distribution.

As shown in Figure S17c, Supporting Information, the SC-
type device possesses the highest Py, and Py values (98.90%
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Table 2. Photovoltaic parameters of the optimal devices based on different device types and different D:A ratios.

Active layer Ve [V] Jse [MAcm™? FF [%)] PCE [%] 12 [x 107 em? V7 57 12 [x 104 cm? V' s
PM6:L8-BO 0.890 16.78 43.76 6.51 0.0622 13.8
BC (1:0.4)

PM6:L8-BO 0.888 25.84 78.82 18.04 4.24 12.7
BC (1:0.8)

PM6:L8-BO 0.885 26.25 78.47 18.18 10.3 14.3
BC (111.2)

PM6:L8-BO 0.885 25.42 78.70 17.70 21.0 13.3
BC (1:1.6)

PM6:L8-BO 0.883 26.61 80.39 18.86 14.6 15.0
SC

2 Electron mobility from SCLC method; Y Hole mobility from SCLC method.

and 90.56%), while the BC-type device under 1:0.4 ratio exhibits
the worst Py and Py values (72.92% and 43.24%). Charge
separation and collection behaviors are less affected with the
D:A ratios ranging from 1:0.8 to 1:1.6. To investigate the charge
transport after charge separation, the space-charge-limited cur-
rent method was utilized to examine the charge-carrier mobility
in the blends (Figure 5d and Table 2). In BC-type devices, with
the increase of the acceptor ratio, the electron mobility increases
gradually, while the hole mobility remains basically unchanged.
Among them, the value of ./, for the device based on the
1:1.2 ratio is the closest to 1, indicating that the charge transport
is the most balanced. This suggests that vertical phase-segre-
gation affects the carrier dynamics by influencing the electron
collection properties. Compared with the BC-type device under
1:1.2 ratio, the SC-type device exhibits a slightly higher mobility,
and its value of y./u, is 1.03. It can be seen from Figure 3h that
the SC-type film has the highest exciton density in the middle,
with the extremely balanced mobility, it is favorable to improve
the device performance.

Further, the charge recombination behavior was then inves-
tigated by light intensity (Pjigy,)-dependent Ji. and V,.% As
shown in Figure S17d, Supporting Information, from the n
values derived from the Py -dependent V., it is suggested that
monomolecular recombination is the dominant recombination
type and the BC-type device under 1:0.4 ratio suffers monomo-
lecular recombination severely. The o values of current density
versus Py indicate that the SC-type device can suppress the
trap-mediated monomolecular charge recombination and facili-
tate the charge extraction, and this contributes to the high J,.
and FF. The suppressed recombination is also consistent with
the balanced charge transport mentioned above.

Stability is an important indicator to quantify the device
and previous work demonstrated that SC processed devices
show improved thermal stability, which benefited from the for-
mation of the robust polymer network during SC process.[>>->+>]
In order to get closer to the application scenario, we tested the
photostability under maximum power point (MPP) conditions
and found that SC-type devices showed advantages (Figure Se
and Figures S18-S22, Supporting Information). Since the
storage stability in the nitrogen atmosphere of the two types
of the encapsulated devices differs slightly (Figure S19, Sup-
porting Information), it is argued that the influence of light

[53]
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may be the main cause and we carried out photoaging experi-
ments (Figures S20-S22, Supporting Information). It is found
that the intrinsic stability of PM6 film and the pristine IT-4F
are the poorest among all the pristine and blend films. For
the blend films, the donor and acceptor of the PM6:IT-4F
system is greatly affected simultaneously, while the donors in
the PM6:PC;BM and PM6:L8-BO systems experience more
severe decay compared with acceptors. It is also found that the
SC-type films show a subtle advantage in the photoaging pro-
cess (Figure S22, Supporting Information). Based on the SIPS
model, the amorphous and semicrystalline regions in polymer
film are more susceptible to swelling, and a more delicate inter-
penetrating network is finally formed in SC processing. There-
fore, we correlate the better photostability of SC-processed
films with the swollen donor region and the more delicate D:A
interpenetrating network. To further demonstrate the supe-
riority of the SC processing method, we fabricated the 1 cm?
devices (Figure 5f). The results show that the SC-type device
exhibits higher J;. and FF (Table S13, Supporting Information),
leading to a higher PCE (16.50%) than that of a BC-type device
(15.66%). In addition, the response ranges that achieve EQE
gain (Figure 5g) are very similar to that in Figure 2g. This indi-
cates that the SC processing has certain prospects for upscaled
device fabrication.

3. Conclusion

We have demonstrated the versatility and efficacy of the SC
method for fabricating BHJ-based OSCs with diverse D:A pairs,
that is, PM6:PC;;BM, PMG:IT-4F and PM6:1L8-BO. Improve-
ment in device performance has been generally observed in
all cases. Particularly, the SC method enables a record effi-
ciency of 18.86% for the PM6:L8-BO solar cells (certified as
18.44%), and this represents the best-performing D:A binary
OSC, demonstrating the effectiveness of sequential deposition
for device optimization. Further, we propose the SIPS model
to describe the film formation process during the sequential
deposition, and this model explains some counterintuitive
phase separation observations well. Based on the PM6:L8-BO
system, we observe that the vertical phase segregation affects
the device performance via affecting the charge transport and
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recombination processes. These results are helpful in under-
standing the film morphology evolution and further developing
high-performance OSCs.

Supporting Information

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