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Manipulating the active layer morphology to form ideal crystallinity and molecular orientation is a
successful way of improving the performance of organic solar cells (OSCs). In this work, we combined
the layer-by-layer (LBL) technique with dual additives introduction to precisely adjust the morphology
on a PM6(FPy = 0.2):BTP-eC9 system. Importantly, 1-chloronapthalene (CN), which has a strong dipole
moment, and poly(dimethylsiloxane-co-diphenylsiloxane), dihydroxy terminated (PDMDP), which has an
amorphous structure, were introduced as dual additives into the active layer. We observed that dual
additives of CN and PDMDP are the keys to controlling morphology and intermolecular interaction.
Consequently, the highest power conversion efficiency (PCE) of 16.51% was achieved due to the
increased short-circuit current density and fill factor when dual additives under mixing and heating are
introduced in a single donor layer. Furthermore, this strategy yielded high performance semi-transparent
OSCs with a PCE of 11.33% and an average visible transmittance of 19.28%. The proposed strategy also
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Introduction

Solar cells are an indispensable energy source for the 2050 Net-
Zero era and are the most infinite energy resource that has yet
to be fully utilized. Types of solar cells using the photoelectric
effect include Si-based solar cells, perovskite solar cells, dye-
sensitized solar cells, and organic solar cells (OSCs). Among
them, OSCs have attracted considerable attention due to their
unique advantages such as large-area, flexibility, and
transparency.' The photoactive materials composed of a p-
type organic semiconductor as donor and an n-type organic
semiconductor as acceptor are considered to have critical roles
in the performance of OSCs. Recently many research groups
have reported high efficiency OSCs by adopting non-fullerene
acceptor (NFA) Y6 derivatives as n-type acceptors.”” In general,
to fabricate efficient OSCs, the donor material needs to be
designed to minimize voltage loss or maximize charge carrier
mobility and absorption and thus is well matched with Y6
derivatives. From this perspective, PM6, is the most widely used

Department of Chemical Engineering, Konkuk University, Seoul 05029, Republic of
Korea. E-mail: dkmoon@konkuk.ac.kr

1 Electronic supplementary information (ESI) available: Experimental details
including materials, device fabrication and characterization. Images of AFM,
SEM, ToF-SIMS, and GIWAXS parameters are included. See DOI: https://doi.org/
10.1039/d3tc02932h

This journal is © The Royal Society of Chemistry 2024

demonstrated a reasonable universality with other active material systems.

as a donor material for high-performance OSCs based on Y6
derivatives. Its main chain is composed of benzodithiophene
(BDT), thiophene, and benzodithiophenedione (BDD).*° Note
that the BDT unit features a weak electron-donating, rigid and
large coplanar structure, which has become one of the most
successful building blocks in the synthesis of highly efficient
donor materials. Therefore, many studies have accelerated the
research on BDT-based polymer donors and demonstrated an
effective strategy on highly efficient devices.""'* Very recently,
our group has reported a terpolymeric PM6 (FPy = 0.2) with 20%
3-fluoropyridine instead of BDD in the PM6 building block,
which significantly improved its solubility in eco-friendly sol-
vents and demonstrated its great potential for efficient and
versatile 0SCs."® In addition, various techniques such as a
ternary strategy based on BDT-derived donors have been
applied to fabricate efficient devices. From these efforts, recent
power conversion efficiencies (PCEs) have reached over 19%."*"
7 However, it is still hard to produce a favorable morphology of
photoactive layer for fabricating efficient OSCs. In particular,
the miscibility between donor and acceptor is the most impor-
tant factor.>'® Other important parameters include phase
separation, domain size, and crystallinity. Post-treatment pro-
cesses such as thermal annealing and solvent vapor annealing
(SVA) can be commonly used to include a change in the
morphology of polymers, especially SVA demonstrating notable
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19.20 Next, the introduction of solvent

efficient improvement.
additives with a high boiling point compared to the solvent is
considered an important process for device optimization by
increasing miscibility and crystallinity. In the past decades,
various solvent additives have been developed to understand
the complex mechanisms in the active layer.>'>* Among them,
it is noteworthy that the performance can be improved to
uniform morphology features by introducing polymer addi-
tives, such as polydimethylsiloxane and styrene-butadiene-
styrene.”*” In addition, some studies reported that incorpor-
ating two different additives can reach high quality films with
high performance.?®*° These strategies are valuable for produ-
cing efficient and stable photoactive layers.

The bulk heterojunction (BHJ) process is typically used as a
processing technique for efficient OSCs due to the major
advantage of forming bicontinuous interpenetrating networks
of donor/acceptor composite layers. Unlike the BHJ approach,
the layer-by-layer (LBL) process, thanks to the exceptional
orientation and crystallinity based on Y6 derivatives, when
donor and acceptor are fabricated with a p-i-n morphology,
sufficient interdiffusion occurs at the interface, and a higher
efficiency can be reached compared to the BHJ 0SCs.**%?
Moreover, the LBL approach, by controlling the thickness or
introducing NIR absorbing materials, not only achieves high-
performance OSCs, but also semi-transparent OSCs (ST-OSCs)
can be easily produced.**® Cao et al. reported that LBL-type
devices based on a PTB7-Th/IEICO-4F system achieved high
PCEs of 12% in opaque OSCs, and a balanced PCE of 8.5% and
an average visible transmittance (AVT) of 21% by changing the
thickness of acceptor in ST-OSCs.** Tao et al reported an
effective vertical component distribution strategy based on
LBL-type active materials beneficial to the morphological reg-
ulation. In short, the best OSC device showed a higher PCE of
18.16% than the BHJ-type device of 16.66% by adding n-octane
additive in D18-Cl donor and 1-fluoronapthalene in Y6 accep-
tor, respectively.?’

In this study, we fabricated an efficient device using the LBL
method with dual additives such as 1-chloronapthalene (CN)
and poly(dimethylsiloxane-co-diphenylsiloxane), dihydroxy ter-
minated (PDMDP) that affect the morphology formation of
PM6(FPy = 0.2), which was reported in previous our work."
Both additives were introduced into the PM6(FPy = 0.2) layer
and the acceptor layer was then coated on the top to form the
LBL-processed p-i-n morphology. Specifically, we examined
the changes in the photoactive layer with and without heat
treatment after mixing two additives separately. This technique
of dual additives that benefited from heating and mixing
treatments could provide synergistic effects in short-circuit
current density (Jsc) and fill factor (FF) due to the fine-tuned
morphology. A comparison of the performance of active layers
with respect to the additive and coating method showed the
influence of electrostatic potential (ESP) results on intermole-
cular interactions, which demonstrated an efficient charge
transfer effect of devices formed by the LBL process and dual
additives. As a result, from the dual additives and LBL process
effects, the optimized device leads to the best performance with
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a PCE of 16.51%. The proposed strategy was further applied for
fabricating efficient ST-OSCs. Note that all LBL films enhanced
the AVT in the region of 320 to 780 nm compared to that of BHJ
films. The best performing ST-OSC device yielded a PCE of
11.33% with an AVT of 19.28%. Finally, the proposed strategy
showed a reasonable universality through different active
materials.

Results and discussion

Fig. 1(a) depicts the molecular structures of photoactive mate-
rials (donor and acceptor, PM6(FPy = 0.2) and BTP-eC9) and
additives (CN and PDMDP). To understand the interactions
between each additive and photoactive materials, we calculated
ESP distributions of each material via density functional theory
(DFT) using the B3LYP functional and 6-31G(d) basis sets. As
shown in Fig. 1(b), both CN and PDMDP additives as well as the
PM6(FPy = 0.2) donor show negative surfaces upon their main
conjugated backbones, while most of the surface of the BTP-
eC9 acceptor is positive. This indicates that both additives can
form strong intermolecular interactions with BTP-eC9. In par-
ticular, PDMDP exhibits a more negatively charged surface and
can be expected to have stronger intermolecular interaction
with the acceptor compared to the donor. These results imply
that the effects of charge generation and separation of the
active materials could be sensitively changed according to the
additive combination.?”~*°

Fig. 1 (c) depicts a schematic diagram of the conventional
structure (ITO/PEDOT:PSS/Active layer/PDINN/Ag). In detail,
the active layer can be processed by BHJ and LBL structures
with PM6(FPy = 0.2) and BTP-eC9, respectively. The four addi-
tive combinations of CN, PDMDP, CN + PDMDP, and (H) CN +
PDMDP were systematically introduced via BHJ and LBL meth-
ods and named as device 1, device 2, device 3, and device 4.

Note that device 4 is processed after a dual additives heating
process to improve the homogeneity of solutions.*

Fig. 2 and Table 1 show the -~V and EQE curves of the
optimized OSC devices. Table S1 (ESIt) shows all LBL-processed
devices with conditions of (H) CN + PDMDP with various ratios
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Fig. 1 Materials and devices characterization: (a) chemical molecular
structures of active materials (PM6(FPy = 0.2) and BTP-eC9) and additives
(CN and PDMDP). (b) ESP distribution with the dipole moment of CN and
PDMDP. (c) Device architecture of LBL-processed OSCs.
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Fig. 2 (a) and (b) J-V and (c) and (d) EQE curves of the optimized OSC
devices based on (a) and (c) BHJ and (b) and (d) LBL processes with respect
to the additive: CN (device 1), PDMDP (device 2), CN + PDMDP (device 3),
and (H) CN + PDMDP (device 4).

of CN and PDMDP. For single additive CN, compared with
device 1-BH]J, the PCE of device 1-LBL was enhanced from
15.26% to 16.41%. When introducing PDMDP, the device 2-
BH] showed a relatively low PCE of 11.48% whereas device 2-
LBL exhibited a reasonable PCE of 16.04%. This result of device
2-BH]J might be due to the relatively unfavorable morphology
derived from excessive intermolecular interactions between
BTP-eC9 and PDMDP, which is consistent with the results of
ESP analysis. After introducing dual additives with CN +
PDMDP, the PCEs of device 3-BHJ and device 3-LBL were
increased to 15.78% and 16.06%, respectively, compared to
those of device 2-BH]J and device 3-LBL. Surprisingly, this
improved performance of device 3-BH] might be due to the
preferential and stably formed dipole-dipole interaction
(Cl---OH) between the Cl atom of CN and OH terminated
groups of PDMDP.®”"® Lastly, device 4-BHJ and device 4-LBL
with dual additives which have an additional annealing process
((H) CN + PDMDP), achieved PCEs of 15.74% and 16.51%,
respectively. Notably, the highest performance was achieved in
device 4-LBL, which is attributed to the relatively improved FF
value compared to that of device 3-LBL. Fig. 2(c) and (d) present
the EQE spectra of BHJ and LBL devices with respect to the
additive, respectively. Compared with both graphs, the photo-
response of LBL devices is higher than that of BHJ devices in

Table 1 Photovoltaic parameters of the optimized OSC devices under AM 1.5 G illumination, 100 mW cm™
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the wavelength range of 700-900 nm. As shown in Fig. 2 and
Table 1, the main parameter contributing to the enhanced
PCEs is Jsc. The results show the dual additives strategy can
be controlled via the LBL technique based on an understanding
of molecular interactions.

Fig. 3 and Fig. S1 (ESI{) show the UV-Vis absorption spectra
of neat PM6(FPy = 0.2), BTP-eC9, and LBL films according to the
additives. For all neat PM6(FPy = 0.2) films, two absorption
peaks, Ay_o and Ay, at near 575 and 625 nm were observed,
which are closely related with the molecular aggregation.***?
Therefore, the proposed additives have no effect on the intra/
inter-molecular transitions of PM6(FPy = 0.2). Nevertheless,
with the introduction of dual additives, the absorption spectra
of film 3 and film 4 showed relative increments of Ay /491
intensity ratio and slightly red-shifted waveforms, which is
beneficial to enhance the molecular crystallinity and photon
absorption.*"** Notably, this trend was similarly exhibited in
the case of dual additives/acceptor films as shown in Fig. S1(a)
(ESIt). More importantly, the absorption spectra of LBL-
processed films with different additive conditions are consis-
tent with the photo-response properties for the corresponding
EQE curves as mentioned above. These results thus explain the
significant relationship between UV-Vis data and photovoltaic
performance. Specifically, the best performance of device 4-LBL
might be related to the unique morphology derived from dual
additives which were incorporated into donor/acceptor to form
aggregates appropriately. As shown in Fig. S1(b) (ESIt), we
further investigated the neat BTP-eC9 films containing the
additives, which also shows that dual additives can manipulate
the molecular aggregate behavior positively. This is likely to be
part of the reason why low PCEs are yielded in BHJ devices. In
other words, it might be caused by strong intermolecular
interactions between additives and acceptor that induce the
disordered or oversized aggregation in BHJ films.>****> Com-
prehensively, LBL films have better molecular orientation and
morphology modification, which can meet the requirements of
efficient devices.*®™*®

To understand the morphological characteristics of single
donor and active layers, atomic force microscopy (AFM) and
scanning electron microscopy (SEM) were carried out. Fig. 4(a)
and Fig. S2(a) (ESIT) show the AFM images of neat polymer and
LBL-processed blend films, respectively. As shown in Fig. S2(a)
(ESIY), the root-mean-square (RMS) values of device 1, 2, 3, and
4 in neat polymer films were measured to be 0.836 nm,

2

Structure Jsc [mA ecm™?]
Device 1 CN BHJ 23.43 (23.30 £ 0.23)
LBL 25.91 (25.73 + 0.17)
Device 2 PDMDP BH]J 22.41 (22.10 £ 0.26)
LBL 26.01 (25.83 + 0.15)
Device 3 CN + PDMDP BHJ 24.53 (24.31 £ 0.20)
LBL 26.35 (26.01 £ 0.23)
Device 4 (H) CN + PDMDP BHJ 24.44 (24.20 £ 0.18)
LBL 26.07 (25.98 + 0.15)

Voo [V] FF [%)] PCE" [%]

0.853 (0.851 + 0.002 76.38 (76.35 + 0.03) 15.26 (15.13 + 0.12)
0.832 (0.831 + 0.001 76.08 (76.00 + 0.07) 16.41 (16.25 =+ 0.13)
0.839 (0.833 + 0.005 61.03 (60.80 + 0.20) 11.48 (11.23 + 0.24)
0.827 (0.822 + 0.004 74.56 (74.36 + 0.18) 16.04 (15.88 + 0.15)

0.827 (0.823 £ 0.003
0.845 (0.840 =+ 0.003

)
)
)
0.847 (0.845 + 0.002)
)
0.831 (0.829 + 0.002%

% Champion value and average values (in parenthesis) are obtained from 10 devices.

This journal is © The Royal Society of Chemistry 2024

75.94 (75.85 + 0.09)
73.74 (73.64 + 0.09)
76.19 (76.17 + 0.02)
76.24 (76.19 + 0.04)

16.06 (15.97 + 0.08)
15.74 (15.60 £ 0.13)

(
(
|
15.78 (15.66 + 0.11)
(
16.51 %16.30 +0.21)
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Fig. 3 UV-Vis absorption spectra of (a) neat PM6(FPy = 0.2) and (b) LBL-
processed blend films with respect to the additive. The inset in Fig. 3(a)
shows the zoomed and normalized UV-Vis absorption spectra.

(a) LBL-processed blend films with additives

Device 1 Device 2 Device 3 Device 4
Rq = 0.643 nm Rq=0.841 nm Rq =0.784 nm Rq=0.752 nm

(b) LBL-processed blend films with additives ]
Device 1 Device 2 [ Device 3 Device 4 ]

Fig. 4 (a) AFM height and (
with respect to the addltlve.

) SEM images of LBL-processed blend films

1.019 nm, 0.864 nm, and 0.857 nm, respectively,">**97>

Although the PDMDP-based films showed relatively high RMS
values compared to the CN-based film, device 4 with dual
additives and an additional annealing process presents a
smaller roughness and forms a smoother surface. This means
that well-mixed additives contributed a fine-tuned morphology
in the donor layer.>*** These results were also observed in AFM
images for LBL-processed blend films. The dual additives in
LBL films led to optimal phase formation and separation
between donor and acceptor, which can contribute to the
increment of Jsc and FF. Fig. 4(b) and Fig. S2(b) (ESIT) show
SEM images of neat polymer and LBL-processed blend films
with respect to the additive. For device 1 with CN additive, both
neat polymer and LBL films exhibit large grain boundaries with
dark dots, which might be derived from the strong aggregated
donor and/or acceptors. In contrast, all PDMDP-based films
have relatively smooth surfaces. Among them, when introdu-
cing dual additives with heat treatment, the surface with the
oversized aggregation could be reduced, which can be aided
with control of charge transport pathways.

For better understanding the additives effect on the mor-
phology of LBL-processed active layers, we further conducted
time-of-flight secondary spectrometry (ToF-SIMs) measure-
ments, which quantitatively monitor the vertical profiles of
each component across the whole thickness of active layers
(Fig. 5(a) and Fig. S3, ESIT).>>° All samples were prepared on
ITO substrate with the same conditions as the optimized
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Fig. 5 (a) ToF-SIMS depth profiles of LBL-processed blend films coated
on ITO glass with respect to the additive: Tracking the ion intensity of CN™
(BTP-eC9), Cl” (BTP-eC9), C~ (both PM6(FPy = 0.2) and BTP-eC9)), F~
(PM6(FPy = 0.2), Si~ (PDMDP), and InO~ (ITO) groups. (b) Schematic
illustration of the corresponding LBL-processed blend films obtained from
the ToF-SIMS results. (c) GIWAXS patterns of the corresponding LBL-
processed blend films.

devices. Note that CN~ (BTP-eC9), Cl~ (BTP-eC9), C~ (both
PM6(FPy = 0.2) and BTP-eC9), F~ (PM6(FPy = 0.2), Si~ (PDMDP),
and InO~ (ITO)) groups were detected. From the top to the
bottom of all samples in the active layer, all ion groups except
for the Si~ group were observed, implying BTP-eC9 and
PM6(FPy = 0.2) were both distributed throughout the entire
active layer enabling efficient charge transfer. When PDMDP
was introduced as a single additive into active layers, the device
2-BH] showed a poor PCE of 11.48% whereas the device 2-LBL
exhibited a reasonable PCE over 16%, indicating that PDMDP
can aid in controlling the morphology of the donor layer.
Interestingly, device 4-LBL with dual additives yielded the
highest performance of 16.51% despite PDMDP molecules
being distributed on the whole region of the active layer
according to the result of ToF-SIMs. This result might be due
to the fine-tuned morphology derived from preferentially
formed intermolecular hydrogen bonds between the OH term-
inal groups of PDMDP and F groups of the polymer donor.
Interdiffusion between donor and acceptor with respect to the
additive was formed over the entire range in LBL films.*>®’
Note the molecular orientation of the corresponding LBL films,
as shown in Fig. 5(b).

To explore the molecular packing behaviors in neat polymer
donor and LBL-processed blend films with respect to the
additive, grazing-incidence wide-angle X-ray scattering
(GIWAXS) measurements were employed (Fig. 5(c) and Fig.
S4(a), ESIt). The corresponding line-cut profiles in the out-of-
plane (OOP) and in-plane (IP) directions are presented in Fig.
S4(b) (ESIY). Detailed parameters from GIWAXS profiles of all
films in the OOP are summarized in Tables S2 and S3 (ESIT). All
neat polymer films exhibit bimodal structures mixed with both
face-on ((010)) and edge-on orientations ((100) and (300)).>%°%°°
It is noted that CN additive can contribute to the enhanced

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) Light intensity dependence of Jsc and (b) Voc of the optimized
OSC devices based on the LBL process. (c) Hole and electron-only
mobilities of the corresponding OSC devices.

crystallinity in (300) whereas PDMDP additive can increase the
crystalline structures in both (100) and (010). With synergistic
effects of CN and PDMDP, the neat polymer film with (H) CN +
PDMDP showed the balanced crystalline structures in (100),
(300), and (010), resulting in the shortest d-spacings in all the
corresponding planes. After introducing BTP-eC9, all LBL
blend films exhibited an improved n-n stacking effect at near
g = 1.75 A™! in the OOP and new lamellar peak at near g =
0.37 A™" in the IP. These results indicate that all LBL films
achieved the balanced miscibility and crystallinity. In short, the
LBL film with CN showed the highest crystal coherence length
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(CCL) value in (100) whereas the LBL film with CN + PDMDP
has the smallest CCLo0) value, which can be correlated to the
FF values of the corresponding OSC devices. Although LBL
films with dual additives have relatively low CCL(140), as the
CCLyg10) values are gradually increased, the device 4 achieved
the highest CCL(g¢) of 24.44 A and the shortest n-n stacking
distance of 3.56 A, which resulted in the highest PCE. This
result means the dual additives and LBL strategy increased the
crystallinity along their intermolecular interaction and assisted
molecular orientation and specified their aggregation.®®®!

Fig. 6 and Table S4 (ESIT) show the measurement results of
the charge mechanism and carrier dynamics of the optimized
OSC devices based on the LBL process with respect to the
additive. Fig. 6(a) and (b) show the dependence of Jsc and Voc
on the light intensity (Pyign¢) from 0.3 to 1 sun. Fig. 6(a) presents
the Jsc vs. Pyight curve using the power-law exponent between Jsc
and Prigny, Jsc € (Prignd”, showing that the o values of all
devices converge to 1.034 closely. If the o value is close to 1, it
could be suggested that bimolecular recombination is sup-
pressed efficiently.®*®* Meanwhile, Fig. 6(b) shows the Voc-
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Fig. 7 (a) and (b) J-V and (c) and (d) EQE curves of the optimized ST-OSC devices based on (a), (c), and (e) BHJ and (b), (d), and (f) LBL processes with
respect to the additive. (e) and (f) The transmission and reflection spectra of the corresponding ST-OSC devices.
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Table 2 Photovoltaic parameters of the optimized ST-OSC devices under AM 1.5 G illumination, 100 mW cm™
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Structure  Jsc [mA cm ] Voc [V] FF [%)] PCE® [%)] AVT [%)]
Device 1 CN BH]J 18.10 (17.90 £ 0.18)  0.780 (0.778 + 0.002)  66.68 (66.62 & 0.06)  9.41 (9.30 £ 0.11) 13.77
LBL 19.55 (19.40 £+ 0.13)  0.783 (0.781 & 0.002)  70.90 (70.80 + 0.10)  10.85 (10.55 & 0.30)  18.93
Device 2 PDMDP BH]J 16.11 (15.85 + 0.25)  0.814 (0.810 £ 0.004)  59.61 (59.40 + 0.20)  7.81 (7.40 £ 0.38) 13.43
LBL 19.58 (19.35 £ 0.22)  0.759 (0.753 + 0.006)  72.06 (71.91 £ 0.15)  10.71 (10.50 + 0.21) 17.82
Device 3 CN + PDMDP BH]J 18.31 (18.19 £ 0.12)  0.801 (0.798 + 0.003)  70.25 (70.16 & 0.09)  10.30 (10.15 + 0.15)  13.56
LBL 20.42 (20.25 £ 0.26)  0.769 (0.767 + 0.002)  70.91 (70.80 £+ 0.10)  11.14 (11.02 + 0.12) 18.83
Device 4 (H) CN + PDMDP  BH]J 18.13 (17.98 & 0.11)  0.811 (0.809 + 0.002)  70.72 (70.65 & 0.07)  10.40 (10.25 + 0.13)  14.00
LBL 20.57 (20.30 & 0.26)  0.773 (0.770 £ 0.003)  71.27 (71.22 £ 0.05)  11.33 (11.23 + 0.08)  19.28

“ Champion value and average values (in parenthesis) are obtained from 10 devices.

In(Prighe) plot, in which device 4 has the lowest value of
1.107 kT q ', which is close to 1. Therefore, dual additives
with an additional annealing process could decrease trap-
assisted recombination and achieve a high FF.** Fig. 6(c) and
Table S2 (ESIT) show the calculated carrier mobilities of hole
and electron-only devices of the corresponding OSC devices mea-
sured using the space charge limited current (SCLC) method. The
hole mobility (u,) of device 1, 2, 3, and 4 is 3.89 x 10™%, 3.34 x
107% 4.99 x 107 and 6.09 x 10~* em® V' 52, respectively. The
electron mobility (i) of device 1, 2, 3, and 4 is 7.28 x 10™% 4.81 x
107 6.59 x 107 % and 6.74 x 10~ * em® V' s~ respectively. In
particular, the . and py, ratio of device 4 was the most balanced.
These results indicate that the dual additives and LBL strategy
provides better charge transport and the low recombination led to
the high Jsc and FE.>7?%3°

Based on the above-mentioned results of high-performance
OSCs with dual additives and the LBL technique, it is highly
desirable to explore the photovoltaic properties of the ST-OSC
devices to obtain further meaningful achievements. Fig. 7(a-d)
show J-V curves of the optimized ST-OSC devices. Fig. 7(e) and
(f) show the transmittance and reflection characteristics of the
corresponding ST-OSC devices. The photovoltaic parameters
with AVT values are summarized in Table 2. Overall, AVT and
PCE in LBL-ST-OSCs showed substantial improvements com-
pared to that of BHJ-ST-OSCs. Briefly, with the synergistic
effects of dual additives and the LBL technique, the LBL-ST-
OSC device 4 showed the best PCE of 11.33%, which is higher
by approximately 1% than that of BHJ ST-OSC (10.40%). This is
attributed to the enhanced EQE response in the range of 700-
900 nm, which is the same as the result of the corresponding
opaque device. This result can also be observed in the trans-
mittance and reflection response in the same range. Remark-
ably, LBL-ST-OSC device 4 exhibited the highest AVT of 19.28%
due to the enhanced transmittance in the range of 400-700 nm
which is the absorption region of the polymer donor. In
contrast, the BHJ-ST-OSC device 4 has the relatively low AVT
of 14.0%. The EQE + T + R curves of all ST-OSC devices are
shown in Fig. S5 (ESIT). All ST-OSC devices exhibited reliability
between efficiency and transmittance.

Lastly, to demonstrate the universality of the dual additives
and LBL strategy, the photovoltaic properties of BHJ and LBL-
OSC devices based on various active materials (PM6 and L8-BO;
D18 and BTP-eC9) were investigated with CN, CN + PDMDP.
Noted for all OSC devices. The photovoltaic parameters are

J. Mater. Chem. C

summarized in Table S5 (ESIt). The photovoltaic results can be
compared with each other as shown in Fig. S6 (ESIT). For all
active material systems, devices with dual additives show better
or more reasonable performance than devices with CN. Briefly,
for both PM6 and D18-based active materials, the best PCEs of
16.65% and 16.59% were achieved in BHJ and LBL-OSC devices
with CN + PDMDP, respectively. Recent studies showed that
the LBL strategy and dual additives strategy both have great
potential for fabricating efficient and transparent ST-OSC
devices.>*3%%%%¢ In this work, our results indicate that combin-
ing these two strategies can exert a synergistic effect and
provide even more improved device performance by manipulat-
ing the active layer morphology.

Conclusions

Dual additives and the LBL technique were introduced as a
strategy for fabricating efficient high-performance devices. In
summary, LBL-processed active layers showed a remarkable
performance compared with BH]J-processed active layers, which
provides further insight into the role of the dual additive based
on the molecular interaction between donor and acceptor. The
dual additives of CN and PDMDP with thermal annealing
provided synergistic effects on both the Jsc and FF of the
LBL-processed device due to the fine-tuned morphology. As a
result, the highest PCE of 16.51% was achieved among the
opaque OSC devices. Note that all LBL films enhanced AVT
values with an amount of approximately 5% in the region of
320 to 780 nm compared to that of BH]J films. Therefore, ST-
OSC devices were further fabricated, and the best device yielded
the balanced PCE of 11.33% and AVT of 19.28%. This strategy
demonstrated a good universality for fabricating devices, and
can be applied to the other active material systems such as
PM6:L8-BO and D18/BTP-eC9.
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