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ABSTRACT: Volatile solid additives (SADs) are considered as a

simple yet effective approach to tune the film morphology for high- )
performance organic solar cells (OSCs). However, the structural ~ & ~
effects of the SADs on the photovoltaic performance are still

elusive. Herein, two volatilizable SADs were designed and % % "
synthesized. One is SAD1 with twisted conformation, while the 0 AN =<,
other one is planar SAD2 with the S:---O noncovalent intra- | 7 e oo
molecular interactions (NIIs). The theoretical and experimental %

results revealed that the planar SAD2 with smaller space ‘ir%z/%@; W
occupation can more easily insert between the Y6 molecules, D AN ;;’A* o o PMGBTP-eCO| 46
which is beneficial to form a tighter intermolecular packing mode wo SAD ¢ PUeLSB0
of Y6 after thermal treatment. As a result, the SAD2-treated OSCs

exhibited less recombination loss, more balanced charge mobility, higher hole transfer rate, and more favorable morphology,
resulting in a record power conversion efficiency (PCE) of 18.85% (certified PCE: 18.7%) for single-junction binary OSCs. The
universality of this study shed light on understanding the conformation effects of SADs on photovoltaic performances of OSCs.

B INTRODUCTION absorption and electron mobility.””** The last type of SADs
with high crystallinity can form well-developed nanoscale
phase separation by restricting the over self-aggregation of
acceptors in the process of film formation and then facilitating
the donors to access the remaining space of SADs during the
TA process.”””" Although these new strategies of SADs have
shown many attractive features, the fundamental under-
standing of the relationship of SAD structures, active layer
morphology, and OSC performance is missing.

Conformation is a basic parameter of organic compounds,
which significantly influences their physicochemical properties.
Usually, the planar conformation is critical to achieve high
charge transport mobilities of organic/polymeric semiconduc-
tors. Thus, many efforts including covalent and noncovalent
methods have been made to tune the conformation to achieve
high performance organic/polymeric semiconductors for
optoelectronics, such as 0SCs,>'* thin-film transistors
(OTFTs),” " room temperature phosphorescence,’®*’
photodetectors (OPDs),™ and so on. Among them, non-

In the past few years, the power conversion efficiencies (PCEs)
of organic solar cells (OSCs) have stepped over 18%,'~’
mainly due to the innovation in active layer materials and the
engineering of charge-transfer interfaces.” ' In addition,
another important focus is tuning the morphology of the
bulk-heterojunction (BH]J) blend films, involving molecular
orientation, crystallinity, and domain size and purity, which can
greatly affect exciton diffusion and dissociation, charge
transport, and recombination.'' "> Therefore, several impor-
tant strategies have been used to tune phase separation and
film morphology, such as the solvent additive,'®™"® thermal
annealing (TA)," and solvent vapor annealing,20 resulting in
the enhancement of photovoltaic performances.

Recently, volatile solid additives (SADs) have emerged as
excellent candidates for optimizing the film morphology and
photovoltaic performances.n_‘?’0 In general, SADs can be
divided into three types according to their working
mechanisms. The first type of SADs can induce ordered and
condensed intermolecular packing to form favorable morphol-
ogy through the strong charge—quadrupole interaction or o—
hole interaction, thus leading to enhanced photovoltaic
performance.”* "> The second type of SADs can effectively
decrease the adsorption energy of acceptors to improve 7—x
stacking through the attractive interaction between the SADs
and acceptors, thereby resulting in an enhancement of light
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Figure 1. (a) Chemical structures, single-crystal structures, and molecular packing of SAD1 and SAD2. (b) Chemical structures of PM6 and Y6. (c)
TGA plots of SAD1 and SAD2 at a scan rate of § °C min~" (dash line). During the heating process, the temperature was held constant for 6 h at
100 °C for SAD1 and 140 °C for SAD2 (solid line). (d) UV—vis absorption spectra of Y6-0, Y6-1, and Y6-2 (dash line) and Y6-TO, Y6-T1, and Y6-
T2 (solid line) films. (e) In-plane and out-of-plane cuts of the corresponding GIWAXS patterns.

covalent intramolecular interactions (NIIs) has been used as
an important strategy to enhance the molecular rigidity and
planarity*'~* and thus the charge transport mobilities of the
organic/polymeric semiconductors, since it can efficiently
reduce the reorganization energy and suppress nonradiative
decay.**

Herein, two SADs, a twisted-type SAD (SAD1) and a
planar-type one (SAD2) with S--O NIIs (Figure la), were
designed and synthesized to investigate the influence of the
conformation of SADs on the photovoltaic performance of
OSCs. The existence of S--O NIIs in SAD2 was supported by
the single crystal X-ray structures and the optical spectroscopy,
while the excellent volatility of both SADs was proven by the
thermogravimetry analysis (TGA) and UV—vis absorption.
The theoretical and experimental studies revealed that the
planar SAD2 is beneficial to form a tighter 7—7 stacking of Y6
(see Figure 1b) film than the twisted SAD1 after the addition/
removal process. Thus, a mechanism was proposed that SAD2
with small space occupation can easily insert between Y6
molecules, which induced a tighter intermolecular packing
mode of Y6 after the TA process, beneficial to the charge
transport mobilities. As a result, SAD2-treated PM6:Y6-based
OSCs exhibited a notable PCE of 17.74%, much higher than
that of SAD1-treated ones (17.16%). The universal applica-
tions of these SADs in boosting photovoltaic performances
were exemplified by the superior performance of the SAD2-
treated PM6:L8-BO devices, which delivered an outstanding
PCE of 18.85% (a certified value of 18.7%), the record for
single-junction binary OSCs.

B RESULTS AND DISCUSSION

Synthesis and Characterization of SADs. The synthetic
route toward SADI and SAD2 is shown in Scheme S1. The
Suzuki cross-coupling reaction between thiophen-2-ylboronic
acid and 1,4-dibromo-2,5-dimethylbenzene (or 1,4-dibromo-
2,5-dimethoxybenzene) afforded the two SADs, which were
fully characterized by '"H and *C NMR. To understand the
role of NIIs on the molecular conformation, single-crystals of
SADs were raised for X-ray diffraction (Table S1). The results

showed that SAD1 (Figure 1a) bears a twisted geometry with a
dihedral angle (0) of 33.7(6)°, while SAD2 possesses an
essentially planar backbone (6 = 5.4(5)°) with shorter S---O
distances (d = 2.69(0) A) than the sum of the van der Waals
radius (r, 5.0 = 3.25 A), verifying the existence of S---O
NIIs.** Furthermore, SAD1 and SAD2 exhibited similar 7—7x
stacking distances [3.47(2) A for SAD1 and 3.45(1) and
3.46(2) A for SAD2] but different packing patterns. As
demonstrated in Figure SI, the electrostatic potential (ESP)
concentration in the conjugated backbone of SAD?2 is relatively
more negative than that of SAD1, which was ascribed to the
electron-donating of oxygen atoms and the planar conforma-
tion of SAD2.”” In addition, PM6 and Y6 exhibit identical and
opposite ESP distributions with the two SADs, respectively,
revealing that strong intermolecular interactions can be formed
between Y6 and the SADs.”

The absorption and emission spectra of SADs in dilute
chloroform solutions are shown in Figure S2a, and the
corresponding data are summarized in Table S2. The
absorption spectrum of the twisted SAD1 exhibited a
maximum absorption peak (4,,) at 294 nm, while SAD2
showed a more pronounced red-shift (4., = 358 nm) due to
its more planar conformation. In addition, the emission peaks
of SAD1 and SAD2 appeared at 368 and 397 nm, respectively.
Thus, the Stokes shift (Av) of SAD2 (2744 cm™) was found
to be much smaller than that of SAD1 (6840 cm™),
supporting that SAD2 possesses a more rigid backbone. In
addition, absorption and emission spectra in film exhibited
similar but redshifted spectral shapes compared with those in
solution (Figure S2b). As expected, a smaller Stokes shift value
was observed for SAD2 (3879 cm™) in film in comparison
with that for SAD1 (6440 cm™'). Furthermore, the
reorganization energies in the S, — S, transition were
calculated to be 9.66 and 4.26 kcal mol™' for SAD1 and
SAD2, respectively, suggesting that the introduction of S---O
NIIs can effectively limit the geometric relaxation. These above
findings proved that SAD2 possessed an enhanced molecular
planarity and rigidity due to the existence of S---O NIIs.
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Figure 2. 2D "H—'H NMR spectra of (a) Y6-0, (b) Y6-1, and (c) Y6-2 solutions. (d) Working mechanism diagram of the SAD treatment.

To investigate the volatilities of these two SADs, the TGA
and UV—vis absorption were performed. As shown in Figure
Ic, SAD1 and SAD2 were fully volatized when they were
continuously heated to 220 and 270 °C, respectively, at a scan
rate of § °C min~". Specifically, SAD1 and SAD2 could be
volatilized completely when the temperature was held constant
for 6 h at 100 and 140 °C, respectively. To further prove the
complete removal of the SADs, the TGA of SAD-added
PM6:Y6 blend films were measured. As shown in Figure S3,
the TGA traces exhibited a ~4% weight loss at 100 and 140 °C
for SAD1- and SAD2-added PM6:Y6 films, which is well
consistent with the content of the SADs, suggesting that the
SADs could be completely removed from blend films. Due to
the strong absorption in the UV region for both SADs, the
absorption range from 300 to 400 nm is significantly enhanced
in the PM6:Y6 blend films after the addition of SADs.
Interestingly, the enhanced absorption gradually decreased
until it fully disappeared when the SAD1-added (or SAD2-
added) blend film was heated at 100 °C (or 140 °C) for 10
min, suggesting that the SADs were completely volatilized
(Figure S4).

Conformation Effect of SADs on Y6. To explore the
effects of conformations of SADs on Y6 film, the UV—vis
absorption spectra of various films were carefully investigated
(Figure 1d). To describe the process of adding and
subsequently removing SADs for brevity and clarity, we
named the various treatments as follows (by taking Y6 as an
example). Y6-0, Y6-1, and Y6-2 refer to the as-cast Y6 film,
SADI1-added Y6 film, and SAD2-added Y6 film, respectively.
Y6-TO, Y6-T1, and Y6-T2 refer to the above Y6 films after the
corresponding subsequent TA treatment (100 °C for 10 min,
100 °C for 10 min, 140 °C for 10 min, respectively). Similar to
the reported results,”” the absorption profile of the Y6-0 film
consists of two main bands. One is the high-lying absorption

14733

band in the 300—420 nm region, which is attributed to the
localized w—n* transition of the conjugated backbones. The
other is the low-energy region of 420—920 nm with a A,
value at 834 nm, ascribed to the intramolecular charge transfer
between the central conjugated core and the end-groups.
Compared with the A, value of the Y6-0 film, those values
obviously blue-shifted by 12 nm for Y6-1 and 21 nm for Y6-2,
implying that the original intermolecular packing of Y6 has
been disturbed by the addition of SADs (Table $3).** The
larger blue-shifted value of Y6-2 suggested SAD2 may disrupt
the 7—m stacking of Y6 more severely. We thus argued that
SAD2 may be able to insert between the Y6 molecules more
efficiently due to its much more planar conformation.
Furthermore, the absorption peak of Y6-TO film exhibited a
slight red-shift of 4 nm in comparison to that of Y6-0,
indicating that the TA process has a negligible effect on the
intermolecular packing of Y6. Impressively, after thermal
removal of the SADs, the A, values largely red-shifted by 21
nm for Y6-T1 and by 28 nm for Y6-T2. In addition, the relative
absorption intensity of 0—0 and 0—1 vibronic transition (I,_o/
I,_,) increased from 1.58 (Y6-T0) to 1.62 (Y6-T1) and then to
1.68 (Y6-T2), suggesting the gradually improved molecular
rigidity of Y6."” Based on absorption and emission spectra, the
calculated Av values for and Y6-T2 (1308 cm™) were found
to be much smaller than that for Y6-T0 (1462 cm™) and Y6-
T1 (1336 cm™") (Figure SS). These results implied that the
SAD2-treatment can reduce the reorganization energy and
enhance the rigidity of Y6 more efficiently than SADI-
treatment.

Two-dimensional grazing-incidence wide-angle X-ray scat-
tering (2D-GIWAXS) was conducted to further explore the
influence of SAD conformations on the Y6 intermolecular
packing modes (Figure S6 and Figure le). For Y6—0, a clear
n—r stacking (010) diffraction peak was observed at 1.74 A™!

https://doi.org/10.1021/jacs.2c05303
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Figure 3. (a—e) J—V curves, EQE responses, photocurrent-effective voltage plots, light intensity-dependent . curves, and light intensity-dependent
V. curves of PM6:Y6-based devices processed with or w/o SADs. Normalized EL and EQE spectra of OSC devices based on (f) PM6:Y6-T0, (g)

PM6:Y6-T1, and (h) PM6:Y6-T2.

Table 1. Photovoltaic Parameters of SAD-Treated OSCs Based on PM6:Y6 under AM1.5G Illumination, 100 mW cm ™2

cale J,.” Vi AV,
active layers V,.* [V] Jo [mA cm™] [mA cm 2] FF* [%] PCE“ [%] [v] V]
PM6:Y6-TO  0.846 (0.846 + 0.001) 26.09 (26.02 + 0.14) 25.18 72.62 (72.35 + 0.65) 16.03 (15.93 + 0.08)  0.540  0.212
PM6:Y6-T1  0.842 (0.842 + 0.001) 27.38 (27.29 + 0.17) 26.59 74.19 (74.13 + 0.4S) 17.10 (17.03 + 0.05) 0.538  0.206
PM6:Y6-T2  0.853 (0.852 + 0.001) 27.56 (27.49 + 0.16) 26.69 75.46 (75.57 + 0.49) 17.74 (17.69 + 0.04) 0.532  0.198

“The average parameters were from 15 devices. bjsc values calculated from EQE curves.

with a d-spacing of 3.61 A in the out-of-plane (OOP)
direction. After the addition of SADs, both films presented
slightly larger d-spacing values (3.62 A for Y6—1 and 3.63 A for
Y6—2, respectively), which is consistent with the blue-shifts of
UV—vis absorption. After thermal-removal of SADs, both Y6-
T1 and Y6-T2 films obviously exhibited a more condensed
intermolecular packing mode than Y6-T0 (3.60 A), which is
beneficial to efficient charge transport. Specifically, the 7—n
stacking distance of Y6 in Y6-T2 (3.57 A) is reduced to be
slightly shorter than that in Y6-T1 (3.59 A). These results
suggested that the removal of SADs may enhance the 7—7x
interactions in the Y6 film, while the removal of SAD2 is more
efficient than SADI.

To further understand the role of SADs, 2D 'H-'H NMR
and Fourier-transform infrared spectroscopy (FTIR) analysis
were performed to explore the intermolecular interaction
between SADs and Y6.°”°' Due to the nuclear Overhauser
effect, the NOESY spectra can provide information about
protons which are S A or less apart in space.”> Compared with
the '"H-'H NMR spectra of pure Y6 in CDCI; solution
(Figure 2a), an emerged cross-correlation resonance peak
between CH;— protons (2.42 ppm) of SAD1 and —CH,—
protons of Y6 (1.26 ppm, probably belonging to the protons
from H, to Hy) was clearly observed in the 2D '‘H—'H
NOESY spectra of Y6-1 solution (Figure 2b), while a similar
NOE cross-peak between —OCH, protons (3.94 ppm) of
SAD2 and —CH,— protons of Y6 was also observed in Y6-2
solution (Figure 2¢). In addition, FTIR results showed that the
symmetrical stretching vibration (v,) of —CH,— substituted on
Y6 exhibited a red shift from 2855.1 cm™ to 2854.6 and
2854.7 cm™! after blending with SAD1 and SAD2, respectively
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(Figure S7). All these results confirm the existence of
intermolecular interaction between Y6 and SADs in both
solution and solid states.

Based on the above results, the working mechanism of the
SAD treatment was proposed as shown in Figure 2d. In the
solution, the pre-aggregates of Y6 are formed through H—H
interactions with SADs. During the spin-coating process, the
intermolecular interaction between Y6 and SAD1 (or SAD2)
remains in the film state. Due to the planar conformation and
relatively small space occupation, SAD2 can easily insert
between Y6 molecules, while SAD1 with twisted conformation
can only be interspersed around the Y6. Thus, the “m—n
stacking distance” of Y6 molecules in Y6-T2 film became
longer than that in Y6-T1 film. After TA treatment, both SAD1
and SAD2 are completely removed, resulting in a much tighter
intermolecular packing mode of Y6. Specifically, the “z—x
stacking distance” of Y6 molecules in Y6-T2 film became
shorter than that in Y6-T1 film, beneficial to charge transport
properties.

Effects of SAD Treatment on Photovoltaic Properties.
To investigate the effect of the conformation of SADs on
photovoltaic performance, the PM6:Y6 system was chosen to
fabricate OSCs devices with a structure of ITO/PEDOT:PSS/
PM6:Y6 (with or w/o the SAD treatment) /PDIN/Ag. The
current density—voltage (J—V) curves and the summary of the
detailed parameters are shown in Figure 3a, Table 1, and
Tables S4 and SS5. The optimal device based on PM6:Y6-T0
yielded a PCE of 16.03%, with an open-circuit voltage (V,.) of
0.846 V, a short circuit current (J,.) of 26.07 mA cm™, and a
fill factor (FF) of 72.62%, similar to the previously reported
values.”” For the device based on PM6:Y6-T1, both the J.
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Figure 4. (a) 2D plots of TA spectra at an excitation wavelength of 800 nm. (b) TA kinetics of the hole transfer process for the corresponding

blend films.

(27.38 mA cm™®) and FF (74.19%) are simultaneously
improved, thus leading to a good PCE of 17.10%, suggesting
that SAD1 can boost the device efficiency. Furthermore, the
PM6:Y6-T2-based device demonstrated a remarkable PCE of
17.74%, with further enhancement of V. (0.853 V) and FF
(75.46%), which demonstrated that the planar SAD2 additive
improved the device performance more efficiently than the
twisted SAD1. Note that the 17.74% efficiency is the top result
of PM6:Y6-based binary OSCs.”*** Figure 3b displays the
external quantum efficiency (EQE) spectra of the three
devices. The integrated J,. values from the EQE response are
calculated to be 25.18, 26.59, and 26.69 mA cm™> for PM6:Y6-
TO-, PM6:Y6-T1-, and PM6:Y6-T2-based OSCs, respectively,
which are in accordance with the values obtained from the J—V'
measurements within 5% mismatch.

To reveal the mechanism of the ], and FF in the devices, the
charge generation and charge carrier transport and recombi-
nation were systematically studied. The charge separation
properties of the three blend films were measured by the
charge dissociation probability P(E, T) as displayed in Figure
3c. Under short-circuit conditions, the P(E, T) values are 96.6,
97.3, and 99.0% for PM6:Y6-T0, PM6:Y6-T1, and PM6:Y6-
T2, respectively, which is consistent with the highest ] in
PM6:Y6-T2-based devices. To investigate the charge transport
properties, the hole and electron mobilities were measured by
the space charge limited current method as shown in Figure
S8. The hole mobilities of the three blends were similar, while
the electron mobility increased from PM6:Y6-TO (5.06 X 107*
cm? V7! 571 to PM6:Y6-T1 (521 X 107 ecm? V™! s7!) and
then to PM6:Y6-T2 (5.54 X 107 cm® V™! s7'), which is
consistent with the order of 7— stacking distances of Y6-TO,
Y6-T1, and Y6-T2. The most balanced charge transport (u,/p,
= 0.99) in the PM6:Y6-T2 blend films may contribute to the
highest FF and ], among three OSCs. To further clarify the
obvious changes in the J,. and FF, the charge recombination
was determined by measuring the ] and V. under various
light intensities (P) from 100 to 20 mW cm ™ The relationship
between ], and P, can be expressed as a power-law equation
of J,. o« P”% which is used to analyze the bimolecular

recombination in OSC devices (Figure 3d). The a values are
determined to be 0.988, 0.993, and 0.995 for the PM6:Y6-T0-,
PM6:Y6-T1-, and PM6:Y6-T2-based devices, respectively,
implying that all the three devices present negligible
bimolecular recombination. Furthermore, the recombination
mechanism under open-circuit conditions can be described by
the semi-logarithmic plots of the light-intensity-dependent V.
experiments, giving the slope as fkT/q. Compared with that of
the PM6:Y6-TO device (1.370), the 8 values of PM6:Y6-T1
and PM6:Y6-T2 are 1.219 and 1.210, respectively, indicating
the least trap-assisted Shockley—Read—Hall (SRH) recombi-
nation involved in SAD2-treated devices (Figure 3e). These
results strongly support for the positive effects of SAD
treatment on the improvement of ], and FF, while the
SAD2 additive is more effective than SADI.

To probe the mechanism of the differences in V,, the
detailed voltage loss (Vi) analysis of the three devices was
performed. The total V) can be divided into three parts: the
voltage loss due to charge generation (AEcr/q) and the
radiative and nonradiative recombination voltage loss (AV,
and AV,,). AE stands for the difference between the energy
of the bandgap of the blend film (Eg) and the energy of the
charge transfer (CT) state (Ecr). The optical bandgap (Eg) of
OSC devices were determined by the intersection of
absorption and emission spectra of the Y6 film with or w/o
the SAD treatment. As shown in Figure S9, the E, values of Y6-
TO, Y6-T1, and Y6-T2 are 1.386, 1.380, and 1.385 eV,
respectively. Furthermore, the Ecp values of the three blend
films were measured by employing the highly sensitive EQE
and electroluminescence (EL) (Figure 3f—h). Accordingly, the
Ecr values are 1.338, 1.328, and 1.331 eV for PM6:Y6-TO,
PM6:Y6-T1, and PM6:Y6-T2, respectively, thus leading to
near-zero AEcr/q for all the three devices. In addition, there is
negligible difference in the second part AV, from the radiative
recombination loss for the three devices (Table 1 and Table
S6). Accordingly, the PM6:Y6-T2-based device possesses a
smaller AV,, (0.198 V) than PM6:Y6-TO (0.212 V) and
PM6:Y6-T1 (0.206 V), which is the main reason for the
highest V. of 0.853 V.
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T1, and PM6:Y6-T2 blend films.

Table 2. Photovoltaic Parameters of Different SAD-Treated OSCs under AM1.5G Illumination, 100 mW cm >

active layers

PM6:BTP-eC9-TO
PM6: BTP-eC9-T1
PM6:BTP-eC9-T2
PM6:L8-BO-TO
PM6:L8-BO-T1
PM6:L8-BO-T2

Voo [V]
0.840 (0.840 + 0.001)
0.838 (0.838 + 0.001)
0.842 (0.842 + 0.007)
0.883 (0.883 + 0.001)
0.880 (0.880 + 0.001)
0.889 (0.888 + 0.001)

Ji* [mA em™]
25.72 (25.73 + 0.16)
26.94 (26.84 + 0.23)
2722 (27.15 + 0.13)
24.36 (24.38 + 0.10)
26.40 (26.38 + 0.10)
26.73 (26.68 + 0.12)

cale J..7 [mA em™2]

FE* [%]

PCE“ [%]

25.58 75.77 (75.30 + 0.59) 16.37 (16.27 + 0.09)
25.74 7745 (77.36 + 0.50) 17.48 (17.40 + 0.07)
25.88 78.09 (77.78 + 0.26) 17.90 (17.79 + 0.08)
23.98 77.39 (77.00 + 0.38) 16.65 (16.57 + 0.07)
25.11 78.12 (77.82 + 0.30) 18.15 (18.07 + 0.08)
2543 79.32 (78.88 + 0.50) 18.85 (18.68 + 0.13)

“The average parameters were from 15 devices. b]sc values calculated from EQE curves.

To understand the hole transfer (HT) dynamics of the three
devices, femtosecond transient absorption (fs-TA) measure-
ments were carried out on the blend films. The 2D plots of the
blend films at 800 nm laser excitation to selectively excite the
Y6 are shown in Figure 4a. The TA spectra exhibit negative
signals at 770—850 nm, which match the ground state
absorption spectra of Y6 well, thus being ascribable to the
ground state bleaching (GSB) decay. In addition, new bleach
signals in the region between 570 and 620 nm appear in the
TA spectra of the three blends, which is consistent with the
steady-state absorption features of PM6, suggesting an ultrafast
HT process from Y6 to PM6. The HT dynamics in the blend
films include not only the HT process from Y6 to PM6 but
also the intrinsic relaxation of Y6.°%°® The HT rate (kyr)
occurring at PM6:Y6 interfaces should be calculated by kyr =
k, — ko, where k, is the total HT rate extracted from the PM6
decay process in the blend films and k; is the intrinsic HT rate
extracted from the neat Y6 decay process. Thus, kyp values of
PM6:Y6-T0, PM6:Y6-T1, and PM6:Y6-T2 films are extracted
at 600 nm with the gradually increased rates of 1.70 X 10'%,
2.85 X 10", and 3.47 X 10" s7', respectively (Figure 4b and
Table S7). Moreover, the estimated quantum efficiency (QE =
kyr/k,) of photoinduced HT of PM6:Y6-T2 (96.7%) is
relatively higher than those of PM6:Y6-TO (91.4%) and
PM6:Y6-T1 (95.3%). These findings revealed that PM6:Y6-T2
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blend films possess the fastest and most effective HT process,
which is well in line with the highest J, most suppressed
recombination loss, and highest PCE of the SAD2-treated
OSC devices.

The influence of conformation of SAD on the blend film
morphologies were investigated by 2D-GIWAXS (Figure Sa,b).
A lamellar diffraction peak along the IP direction located at
0.29 A was observed in all three blend films, which could be
attributed to the overlap of the (100) stacking peak (PM6) and
the (110) peak (Y6). Remarkably, obvious z—x stacking (010)
diffraction peaks were observed at q, = 1.71 A™' (d = 3.67 A,
PM6:Y6-T0), 1.72 A~ (d = 3.65 A, PM6:Y6-T1), and 1.73
A™' (d = 3.64 A, PM6:Y6-T2). The corresponding crystallite
coherence length (CCLy,,) values, estimated from the Scherrer
equation, are 25.31, 28.29, and 29.21 A, respectively. This
observation suggested that the planar SAD2 is beneficial to
form a more ordered intermolecular packing mode than SAD1
in the PM6:Y6 blend films.

To explore the universal influence of the SAD conformation
on photovoltaic performance, two derivatives of Y6 (BTP-eC9
and L8-BO) were also chosen as the acceptors for this study.
The J—V curves, EQE responses, and the corresponding device
parameters of PM6:BTP-eC9 and PM6:L8-BO binary systems
are shown in Figure S10 and Table 2. Obviously, all SAD-
treated devices exhibited improved PCE with the increased ]

https://doi.org/10.1021/jacs.2c05303
J. Am. Chem. Soc. 2022, 144, 14731-14739


https://pubs.acs.org/doi/suppl/10.1021/jacs.2c05303/suppl_file/ja2c05303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c05303/suppl_file/ja2c05303_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05303?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05303?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05303?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05303?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c05303?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

and FF. Moreover, the SAD2-treated devices showed better
photovoltaic performance than those treated with SADI.
Impressively, PM6:L8-BO-T2-based devices presented an
outstanding PCE of 18.85% (a certified value of 18.7% in
the National Institute of Metrology, China; Figure S11), which
is the record value for single-junction binary OSCs, revealing
the superior performance of the planar-type SADs in
enhancing photovoltaic performances.

B CONCLUSIONS

In conclusion, two volatilizable SADs with different con-
formations were designed and synthesized to enhance the
photovoltaic performance of OSCs. The conformation effect of
SADs on the intermolecular packing modes of acceptors were
systematically investigated theoretically and experimentally,
which revealed that the planar SAD2 could more easily insert
between Y6 molecules than SADI1, further inducing a tighter
intermolecular packing mode of Y6 after the TA process,
beneficial to the charge transport mobilities, thereby resulting
in significantly enhanced PCE of OSCs. The universality of this
mechanism was exemplified in several systems with a record
efficiency (18.85%) of single-junction binary OSCs. The
present work investigated the conformation effects of SADs
on photovoltaic performances, which provides a new guideline
to design SADs for high-performance OSCs.
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