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Inspired by the success of CH-series acceptors, a small-molecular acceptor, CH-Tz was reported by adopting a new conjugation-
extended electron-deficient unit ([1,2,5]thiadiazolo[3,4-b]pyrazine) on the central core. Owing to the enhanced inter-/intra-
molecular interactions, CH-Tz exhibited near-infrared absorption and an effective three-dimensional molecular packing network
in its single crystal. When blended with polymer donor PM6, the binary device achieved a high power conversion efficiency
(PCE) of 18.54%, with a notable short-circuit current density (J.) of 27.54 mA cm” and an excellent fill factor (FF) over 80%,
which can be partly ascribed to the balanced charge transport properties in the blend film. After employing D18-Cl as the third
component, an enhanced PCE of 18.85% was achieved due to a more obvious fiber network. Impressively, the CH-Tz-based
OSC devices show excellent thermal stability and thickness insensitivity. Record-breaking J. 0f 28.92 mA cm ” was reached for
PM6:D18-Cl:CH-Tz ternary device with a thickness of 560 nm. Besides, CH-Tz shows potential in fabricating multicomponent
high-performance organic solar cells, where over 19% efficiency could be realized in the quaternary device. Our work advances
the strong influence of electron-deficient central units on molecular photovoltaic properties and guides the design of acceptors

for stable and large-thickness organic solar cells.
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1 Introduction

Organic solar cells (OSCs) are regarded as one of the most
promising candidates for generating sustainable energy ow-
ing to their merits, including solution-processability, ultra-
flexibility, and semitransparency [1-5]. Recently, the emer-
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gence of acceptor-donor-acceptor (A-D-A)-type non-
fullerene acceptors (NFAs) has prompted the rapid
development of OSCs. In particular, Y-series acceptor-based
devices have achieved power conversion efficiencies (PCEs)
exceeding 19% and 20% in single-junction and tandem
OSCs, respectively [6—14]. Compared with traditional
A-D-A NFAs (for example, 3,9-bis(2-methylene-(3-(1,1-di-
cyanomethylene)-indanone))-5,5,11,11-tetrakris(4-hex-
ylphenyl)-dithieno[2,3-d:2',3'-d']-s-indaceno[ 1,2-b:5,6-b’]
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dithiophene (ITIC) analogs), the most significant character
of Y6 is that its central unit, benzo[c][1,2,5]thiadiazole (BT),
participates in molecular packing, leading to an effective
three-dimensional (3D) intermolecular packing network
[15—18]. Owing to such unique molecular packing behaviors,
efficient charge carrier transport and relatively low exciton
binding energy could be realized in Y-series-based devices.
These advantages make it possible to simultaneously obtain
a high short-circuit current density (J,.) with a low energy
loss (Ejs) [7,19-22]. This provides a pathway for resolving
the dilemma of the trade-off between the open-circuit voltage
(Vo) and J. in OSCs [23].

Inspired by the crucial role of the central unit in Y6, our
group developed CH-series acceptors with 2D conjugation
extended central units [24,25]. The 2D conjugation extension
of CH-series acceptors offers a more rigid molecular skele-
ton, which is beneficial for reducing the vibration of the
molecular skeleton and increasing the photoluminescence
quantum yield [26]. Single crystal X-ray diffraction (XRD)
has revealed that CH-series acceptors exhibit more effective
and compact 3D molecular packing compared with that of
Y6 [24,27]. Owing to the efficient charge dynamics and re-
duced nonradiative recombination losses of CH-based de-
vices, these types of acceptors have become very promising
for improved OSC devices. Presently, the PCE of devices
based on CH-series acceptors has exceeded 19% with a high
Vo of 0.909 V [28]. Recently, we employed the conjugate
expansion of central units to design and synthesize CH-BQ
(Figure S1, Supporting Information online), CH-iBQ, and
CH-BBQ to study the impact of electron-deficient units (e.g.,
benzothiadiazole) on photovoltaic performance [29].
PM6:CH-iBQ and PM6:CH-BBQ binary OSCs achieved
PCEs of 18%. However, PM6:CH-BQ-based devices ex-
hibited an inferior PCE of 12.85%. Considering that CH-BQ
still had a narrow optical bandgap and suitable energy level,
it was still possible to obtain efficient NFAs if the CH-BQ
molecular skeleton was properly adjusted. Comparing CH-
BQ with CH, (Figure S1) [25], it was observed that the
binary devices prepared using CH, without thiadiazole in the
central unit could achieve a satisfactory PCE of 16.49%. This
implies that the appropriate reduction of the central core is
conducive to improving the photovoltaic performance of
NFA devices.

Based on CH-BQ and CH,, we wondered if better per-
formance might be achieved if benzene was removed from
the central unit. Thus, we designed and synthesized an NFA
of (2,2'-((2Z,2'Z)-((14,15-bis(2-hexyldecyl)-3,11-diundecyl-
14,15-dihydro-[1,2,5]thiadiazolo[3,4-b]thieno[2",3":4",5"]
thieno[2',3":4,5]pyrrolo[3,2]fthieno[2',3"":4",5"]thieno
[2',3":4,5]pyrrolo[2,3-h]quinoxaline-2,12diyl)bis(methaney-
lylidene))bis(5,6-dichloro-3-ox0-2,3-dihydro-1H-indene-
2,1-diylidene))dimalononitrile) (CH-Tz). The central posi-
tion of CH-Tz featured a conjugation extended electron-de-
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ficient core of [1,2,5]thiadiazolo[3,4-b]pyrazine. The narrow
optical band gap, suitable energy levels, and proper mis-
cibility of CH-Tz with PM6 enable broad absorption abilities
and optimal morphological characteristics in PM6:CH-Tz
blends. Consequently, a J, of 27.54 mA cm ” and an ex-
cellent fill factor (FF) above 80% can enable a high PCE of
18.54% for PM6:CH-Tz-based OSCs. To further improve the
photovoltaic performance, D18-Cl with a deep highest oc-
cupied molecular orbital (HOMO) polymer was added to
regulate the crystallinity of the blend film, thereby tuning the
morphology of the active layer. The blend films of
PM6:D18-Cl:CH-Tz formed a more evident fiber network
and a more ordered molecular aggregation. This led to more
efficient exciton dissociation, faster charge transportation,
less charge recombination, and reduced energy loss. Thus,
PM6:D18-Cl:CH-Tz ternary OSCs exhibited an enhanced
PCE of 18.85% with a V,, of 0842V, a J, of
28.15 mA cm_z, and an FF of 79.45%. CH-Tz-based devices
exhibited outstanding thermal stability, maintaining 85% of
their initial PCE after 630 h under continuous heating at 65 °©
C without encapsulation in a nitrogen-filled glove box.
Owing to the FF of the CH-Tz-based devices, a high PCE of
14.93% and an unprecedented J,, of 28.92 mA cm ~ were
achieved when the thickness of the active layers was 560 nm.
The excellent thermal stability and thick film tolerance of
CH-Tz rendered it ideal for industrialization. Finally, a PCE
exceeding 19% was realized by incorporating L8-BO into
PM6:D18-Cl:CH-Tz to fabricate quaternary devices, sug-
gesting the universality of CH-Tz in fabricating multi-
component OSCs.

2 Results and discussion

Figure la shows the molecular structure of CH-Tz, and
Scheme S1 (Supporting Information online) shows the cor-
responding synthesis route. Generally, the most challenging
task is the construction of a large-fused ring core with the
new 2D conjugation extended central unit (compound 2).
This could be successfully synthesized from 11,12-bis(2-
hexyldecyl)-3,8-diundecyl-11,12-dihydrothieno[2",3":4",5"]
thieno[2’,3":4,5]pyrrolo[3,2-g]thieno[2’,3":4,5]thieno[3,2-b]
indole-5,6-dione (compound 1) and 1,2,5-thiadiazole-3,4-
diamine. The diketone, compound 1, was prepared following
our developed methods [29]. The two subsequent steps en-
compass the Vilsmeier-Haack reaction, followed by Knoe-
venagel condensation, which afforded the targeted molecular
CH-Tz in high yields. The chemical structures of these in-
termediates and CH-Tz were verified by nuclear magnetic
resonance spectroscopy and high-resolution matrix-assisted
laser desorption/ionization-time of flight (MALDI-TOF)
mass spectrometry. Based on density functional theory cal-
culation results (Figure 1b), the molecular skeleton of CH-Tz
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Figure 1 (a) The molecular structures of PM6, D18-Cl and CH-Tz, respectively. (b) Theoretical density distribution for the frontier molecular orbits of
CH-Tz. (¢) The normalized absorption spectra of PM6, D18-Cl and CH-Tz in neat film. (d) The energy level diagrams of PM6, D18-Cl and CH-Tz (color

online).

was slightly twisted because of the alkyl groups attached to
the nitrogen atom. The HOMO is mainly located along
molecular backbones. The strong electron-withdrawing
central core causes the distribution of the lowest unoccupied
molecular orbital (LUMO) to be located in the central unit
and molecular backbone. The calculated HOMO and LUMO
energy levels of CH-Tz were —5.72 and —3.73 eV, respec-
tively. The calculated electrostatic surface potential (ESP)
maps of CH-Tz are displayed in Figure S2. Both the central
unit and end group possessed negative ESP values, further
echoing the strong electron-withdrawing property of the
central core.

Figure 1c and Figure S3a show the normalized ultraviolet-
visible (UV-vis absorption spectra of PM6, D18-Cl, and
CH-Tz in a diluted chloroform solution and neat film. The
maximum absorption peak of CH-Tz in the diluted chloro-
form solution and the neat film was observed at 755 and
828 nm, respectively. The near-infrared absorption char-
acteristic of CH-Tz at an absorption onset of 905 nm led to
its low optical bandgap of 1.37 eV. Encouragingly, CH-Tz
exhibited a large redshift (A1) of 73 nm when transforming
from solution into film, indicating an effective inter-
molecular n-n stacking for CH-Tz [30]. CH-Tz also showed
a large maximum coefficient of 6.2 x 10°M ' ¢cm ™' in solu-
tion and 1.1 x 10’ cm ' in film, indicating its strong light
harvesting capacity. Figure S3b shows the normalized UV-
vis absorption spectra of the blend films of PM6:CH-Tz,
D18-Cl:CH-Tz, and PM6:D18-Cl:CH-Tz. The main ab-
sorption peak of CH-Tz in the blend films of D18-Cl:CH-Tz
exhibited a redshift of 4 nm, compared with that of PM6:CH-

Tz. This indicated that CH-Tz formed a more ordered mo-
lecular aggregation in the blend film of D18-Cl:CH-Tz [31—
33]. Cyclic voltammetry was performed to evaluate the en-
ergy levels of PM6, D18-Cl, and CH-Tz (Figure S4). As
shown in Figure 1d, the frontier orbital energy levels of the
LUMO/HOMO were —3.58/=5.50 ¢V, —3.53/=5.61 €V, and
—3.85/-5.77 eV for PM6, D18-Cl, and CH-Tz, respectively.
Compared with PM6, D18-Cl possessed a deeper HOMO,
which was beneficial for the device to obtain a higher V..
The energy offset between polymer donors and CH-Tz
should be able to afford sufficient driving force for exciton
dissociation—a key factor for obtaining a high J [34].
Owing to the effective absorption properties and suitable
energy levels of CH-Tz, we investigated its photovoltaic
potentials as an electron acceptor. Thus, a series of OSCs was
fabricated by adopting a conventional structure of indium tin
oxides (ITO)/poly(3,4-ethyl-enedioxythiophene):poly(styr-
enesulfonate) (PEODT:PSS)/polymer donor:CH-Tz/poly
[(9,9-bis(3'-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-
5,5'-bis(2,2'-thiophene)-2,6-naphthalene-1,4,5,8-tetra-
caboxylic-N,N'-di(2-ethylhexyl)imide] (PNDIT-F3N)/Ag.
The current density-voltage (J-V) curves of the CH-Tz-based
devices were measured under AM 1.5G (100 mW cm ), and
Table 1 lists the corresponding photovoltaic data. As shown
in Figure 2a and Table 1, PM6- and D18-Cl-based devices
achieved satisfactory PCEs exceeding 18% with an excellent
Ji. above 27 mA cm . Compared with D18-Cl-based de-
vices, PM6-based devices exhibited a higher J, of
27.54 mA cm ° and an improved FF above 80%, contribut-
ing to its slightly enhanced PCE of 18.54%. The V. of the
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Summary of photovoltaic parameters of OSCs. The average parameters in parentheses were calculated from 15 independent devices

Active layer Ve (V)

J (A cm™)

JE (mA em™) FF (%)

sc

PCE (%)

PM6:CH-Tz
D18-Cl:CH-Tz
PM6:D18-Cl:CH-Tz

0.840 (0.839 + 0.002)
0.869 (0.867 + 0.002)
0.842 (0.844 + 0.002)
PM6:D18-CI:CH-Tz:L8-BO  0.859 (0.859 + 0.002)

27.54 (27.25 + 0.22)
27.11 (26.87 + 0.28)
28.15 (27.78 + 0.24)
27.72 (27.60 + 0.14)

26.80 80.12 (79.78 + 0.44)
26.19 77.34 (77.30 £ 0.28)
26.93 79.45 (79.61 + 0.28)
26.55 80.12 (79.91 + 0.37)

18.54 (18.23 + 0.18)
18.23 (18.00 + 0.14)
18.85 (18.67 + 0.10)
19.09 (18.94 + 0.06)
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Figure 2 (a) J-V curves of CH-Tz-based OSCs. (b) EQE spectra of CH-Tz-based OSCs. (c) Thermal stability of CH-Tz-based OSCs without encapsulation
in the nitrogen-filled glove box at 65 °C. (d) J,-Vegr curves of OSCs. (e) Jyc vs. light intensity of OSCs. (f) V. vs. light intensity of the OSCs. (g) Hole and
electron mobilities of the OSCs. (h) EL quantum efficiencies of OSCs under different injected current densities. (i) )., and detailed three parts of AE,, AE,

and AE; values of OSCs (color online).

D18-Cl-based devices was ~0.03 V higher than that of the
PM6-based devices, ascribable to its deeper HOMO energy
level and reduced energy loss. Thus, D18-Cl was adopted as
the third component in the host PM6:CH-Tz binary blend to
further improve the device performance. Consequently, after
optimizing the ratio of PM6 to that of D18-Cl, the PCE of the
optimal ternary device using the PM6:D18-CI:CH-Tz blend
improved to 18.85% with a slightly higher V. 0f 0.842 V and
an enhanced J of 28.15mA cm . Compared with
PM6:CH-Tz binary devices, the improved V. and J,, of the
ternary device were caused by the improved morphology of
the active layer, as discussed below. The detailed optimal
device parameters, including the device conformation, are
summarized in Tables S1-S5 (Supporting Information on-
line).

To verify the reliability of the J,, values of the OSC de-
vices, the external quantum efficiency (EQE) of the CH-Tz-
based devices was measured, and Figure 2b shows the cor-
responding EQE curves. All the devices exhibited a broad
photo-response from 300 to ~950 nm. The EQE response of
the PM6:CH-Tz- and PM6:D18-Cl:CH-Tz-based devices
exceeded 80% within the wavelength range of 450-800 nm,
indicating a rather efficient photon-to-electron conversion in
the corresponding devices. In addition, the ternary device
exhibited a slightly higher EQE response practically across
the entire photoresponse range, which explained its highest
Ji- The integrated J, values calculated from the EQE spectra
were 26.80, 26.19, and 26.93 mA cm ~ for the PM6:CH-Tz-,
D18-Cl:CH-Tz-, and PM6:D18-Cl:CH-Tz-based devices,
respectively, following the same trend of the J,. values ob-
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tained from the J-V curves.

For high-performance OSCs, the evaluation of thermal
stability is a critical factor in advancing the development of
OSCs. Thus, the thermal stability of the CH-Tz-based de-
vices was tested under continuous heating at 65 °C without
encapsulation in a nitrogen-filled glove box. Figure 2¢ shows
that all the CH-Tz-based devices demonstrated superior
thermal stability, retaining ~85% of their initial PCE after
thermal aging for 630 h. The good thermal stability may have
been due to the effective and compact 3D molecular packing
and the strong intermolecular potential of CH-Tz, as evi-
denced by single crystal XRD results [26,35,36].

To understand the exciton dynamics in CH-Tz-based blend
films, steady-state photoluminescence (PL) measurement
was conducted. As illustrated in Figure S5, all blend films
exhibited much higher PL quenching efficiency, suggesting
the efficient exciton dissociation process in OSCs devices.
The outstanding J, values of the CH-Tz-based devices were
associated with their charge dynamic properties, which can
be investigated by measuring the dependence of the photo-
current density (J,;,) on the effective voltage (Vq) (Figure 2d)
[37]. Following the reported methods, the exciton dissocia-
tion efficiency (#4;,) Was determined by 74 = Jo/ s, Where
Jea 18 the saturated photocurrent density The charge collec-
tion efficiency (4.,;) can be assessed from the ratio of 7.y, =
Jon/Jsar» Where Jyp 1s the photocurrent density at the maximum
power output point. Thus, the PMG6:CH-Tz-,
D18-Cl:CH-Tz-, and PM6:D18-Cl:CH-Tz-based OSC de-
vices afforded #gi/#con Values of 99.0%/92.1%, 98.2%/
90.3%, and 99.3%/93.7%, respectively. The highest #4is/#con
of the PM6:D18-Cl:CH-Tz-based devices partly accounted
for its J, exceeding 28 mA cm >, The dependence of the J,,
and V,. on the light intensity (Pjg) of the CH-Tz-based
devices was measured to investigate the charge recombina-
tion. After fitting the J,, and Py, data all the devices were
observed to exhibit the same a value of the unit (Figure 2¢)
[38], indicating the negligible bimolecular recombination of
the CH-Tz-based devices. Figure 2f shows the relationship
between the V, and Py, Where the slope values (7) of PM6:
CH-Tz, D18-CI:CH-Tz, and PM6:D18-Cl:CH-Tz was esti-
mated at 1.22, 1.13, and 1.20, respectively. This suggested
that the incorporation of D18-Cl in the PM6:CH-Tz-based
binary device alleviated trap-assisted charge recombination.

The carrier transport properties of the CH-Tz-based OSC
devices were measured through the space-charge-limited-
current method (Figure S6), and Figure 2g shows the cor-
responding carrier mobilities of the devices. The electron
mobility (x) of CH-Tz was also measured to be
3.49 x 10 *em’ Vs, which could be attributed to its ef-
fective and compact 3D molecular packing and strong in-
termolecular potential as revealed by single crystal result.
The electron mobility (1.) and hole mobility (u,) of the
PM6:CH-Tz blend film were estimated at 2.80 x 10 * and

Sci China Chem May (2024) Vol.67 No.5

3.06 x 10 *cm® Vs, respectively. This balance charge

transport behavior was beneficial for realizing a high FF
above 80% for the PM6:CH-Tz-based devices. After repla-
cing PM6 with D18-Cl, the hole mobility improved to 4.26 x
10* cm”> V™' s”', which may have been related to the high
crystallinity of D18-Cl. The addition of D18-Cl to the host
PM6:CH-Tz blend promoted the x, and g, to 4.33 x 10 * and
487 x 10 cm’V's ', respectively. The best charge
transport properties of the PM6:D18-Cl:CH-Tz ternary blend
are considered the reason for its photovoltaic performance
[39].

As previously mentioned, the DI18-Cl-based device
achieved a higher V,, than the PM6-based device. Thus, a
detailed energy loss analysis was conducted according to the
reported balance theory [40]. First, their EQE values of
electroluminescence (EQEg; ) were measured to evaluate the
nonradiative energy loss (AE;). As shown in Figure 2h, the
D18-Cl:CH-Tz-based device exhibited an EQEg of
3.2 x 10, which was higher than the PM6:CH-Tz-based
device (1.4 x 10_4). Thus, a smaller AE; of 0.193 eV was
obtained for the D18-Cl-based device compared with that of
the PM6-based device (0.230 eV). This played a vital role in
their total energy losses and, in turn, V. values. Table S6 and
Figure 2i summarize the detailed energy losses. The band-
gaps (E,) of the blend films were determined from Fourier-
transform photocurrent spectroscopy (FTPS)-EQE spectra
(Figure S7) [40,41]. The total energy losses for PM6-, D18-
Cl-, and PM6:D18-Cl-based devices were 0.568, 0.527, and
0.567 eV,  respectively. The  PM6:CH-Tz- and
PM6:D18-C1:D18-Cl-based devices exhibited similar energy
losses, whereas the D18-Cl-based devices exhibited the
lowest energy losses.

Film morphology is another important factor that affects
the PCE of OSC devices. To probe molecular packing be-
haviors in neat and blend films, grazing-incidence wide-an-
gle X-ray scattering (GIWAXS) analysis was conducted
[42]. Figures S8 and S9 show the 2D pattern of the films and
the corresponding 1D line-cut profiles of the neat films, re-
spectively. All the neat films exhibited a pronounced (010)
diffraction peak in the out-of-plane (OOP) direction and
sharp (100) diffraction peaks in the in-plane (IP) direction,
suggesting their preferred face-on molecular orientations.
All the neat films had similar coherence lengths (CLs) of
(010) orientation of approximately 20 A (Table S7). The
GIWAXS patterns of the blend films (Figure 3a—c) showed
that the films maintained a clear face-on orientation. This
was evidenced by the (010) diffraction peak in the OOP
direction and the (100) diffraction peak in the IP direction.
The d-spacings and CLs of the (010) peaks in the OOP di-
rection were 3.70 and 18.08 A, 3.76 and 18.66 A, and 3.75
and 1847 A for PM6:CH-Tz, DI18-Cl:CH-Tz, and
PM6:D18-Cl:CH-Tz, respectively (Figure 3d—f and Table
S8). Owing to the addition of D18-Cl, the PM6:D18-CI:CH-
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Figure 3 (a—c) AFM phase images of PM6:CH-Tz, D18-Cl:CH-Tz and PM6:D18-Cl:CH-Tz. (d-f) 2D GIWAXS patterns of the optimized blend films of
PM6:CH-Tz, D18-Cl:CH-Tz and PM6:D18-CLl:CH-Tz. (g) Line cuts of GIWAXS images of the blend films in the in-plane (IP) direction. (f) Line cuts of
GIWAXS images of the blend films in the out-of-plane (OOP) direction. (i) Coherence length of (100) and (010) in OOP direction for CH-Tz-based blend

films (color online).

Tz blend films had larger CLs of (100) and (010) peaks than
PM6:CH-Tz, which facilitated charge transport and reduced
charge recombination.

Atomic force microscopy (AFM) was conducted to ob-
serve the phase separation of the blend films. The AFM
phase images (Figure 3h—j) showed that the blend films ex-
hibited distinct bi-continuous networks with bundle-like
nanofibers, facilitating charge separation and transport. The
appropriate phase separation size was conducive to exciton
dissociation and charge transport, leading to better photo-
voltaic performance. Thus, a statistical size analysis of the
nanofiber size was conducted. As shown in Figures S11 and
S12, the diameter of the nanofibers was 23.7 £ 4.9 and
28.6 £ 7.7 nm for PM6:CH-Tz and D18-Cl:CH-Tz, respec-
tively. The introduction of D18-Cl adjusted the phase se-
paration size of PM6:CH-Tz such that PM6:D18-CI:CH-Tz
had a suitable phase separation size of 24.6 £ 5.2 nm, re-
sulting in an improved photovoltaic parameter for OSCs. To
account for the difference in the phase separation size of the
active layer, the contact angle of the materials was measured
to determine the surface tension (y) and estimate the mis-
cibility between polymer donors and CH-Tz (Figure S13).
The Flory-Huggins interaction parameter, y, is one of the
parameters that assess the miscibility between the donor and
acceptor [43]. A low y implied better miscibility between the

donor and acceptor, resulting in a small phase separation
size. The y values calculated by y,, = K ( NZENVA )2, where

K is a proportionality constant, were 0.161, 0.251, and
0.179 K for the PM6:CH-Tz, DI18-Cl:CH-Tz, and
PM6:D18-Cl:CH-Tz blend films, respectively (Table S9).
The medium miscibility for the PM6:D18-Cl:CH-Tz blend
film may have accounted for the most suitable phase size
separation.

Generally, OSCs with a good tolerance of active layer
thickness are ideal for large-scale roll-to-roll printing
[44,45]. Owing to the high crystallinity and mobility of
CH-Tz [46], PM6:D18-Cl:CH-Tz-based OSC devices with
different active layer thicknesses (~450 and ~560 nm) were
fabricated. Figure 4a, b show their corresponding J-V curves
and EQE profiles. As summarized in Table S10, when the
thickness reached up to 560 nm, a decent PCE of 14.93%
was still achieved for the CH-Tz-based OSC devices with a
remarkable J, 0f 28.92 mA cm . This was the highest J,, for
OSCs with a film thickness above 500 nm (Figure 4c and
Table S11). Under this circumstance, the integrated J,, of the
CH-Tz-based thick film devices was 28.20 mA cmfz, with a
margin of less than 3%, supporting the aforementioned re-
sult. To further demonstrate the excellent photovoltaic per-
formance of CH-Tz, a quaternary OSC device based on
CH-Tz was prepared, and Figure S14 shows its optimal J-V
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curve. The PM6:D18-Cl:CH-Tz:L8-BO quaternary device
obtained a superior PCE of 19.09% with a V. of 0.859V,
high J,, 0of 27.72 mA cm >, and FF of 80.12%. The integrated
photocurrent values calculated from the EQE spectra were
26.55 mA cm ~ for the quaternary device, verifying the result
obtained from J-V curve.

Finally, single crystal XRD was employed to reveal the
molecular packing behaviors of CH-Tz. Table S12 lists the
related structure parameters of the single crystal. All the
alkyl chains were simplified to methyl groups for clear ob-
servation. The distance between the sulfur on the bridged
thiophene and the nitrogen on the phenazine was approxi-
mately 3.2 A (Figure S15). This was smaller than the sum
van der Waals radii (~3.5 A) of S and N [47], indicating an
atypical non-covalent S'*N secondary interaction. The dis-
tance of S**N was smaller than that of most NFAs, such as
Y6 (~3.5A) [16], CH17 (~3.3A) [24], and CH22
(~3.4 A) [35], implying that non-covalent S**"N secondary
interactions are the strongest in CH-Tz. This strong non-
covalent secondary interaction can also guarantee planar and

Sci China Chem May (2024) Vol.67 No.5

rigid conjugated backbones [26,48]. The overall view in
Figure Sa shows that CH-Tz can establish a favorable 3D
molecular packing network and possess rectangular voids of
30.74 A x 30.48 A. Subsequently, all the intermolecular
packing modes with an intermolecular potential [49,50]
above 100 kJ mol ™' were extracted from the single crystal of
CH-Tz (Figure 5b). Figure S16 shows the corresponding
intermolecular potential of all the intermolecular packing
modes. Three major packing modes of CH-Tz are shown in
Figure 5c¢ and were similar to the packing modes of Y6.
Mode 1 is the molecular packing mode that involves the “end
group to end group” interaction. It is considered the E/E
mode. Mode 2 is a dual packing mode between the end group
and bridged thiophene, also called the “dual E/b mode”.
Mode 3, comprising both an end/end group and central/
central unit (“E/E + C/C” mode), played an important role in
forming the 3D packing network. Mode 3 of CH-Tz ex-
hibited the largest intermolecular potential of approximately
~263.5 kJ mol ' compared with other packing modes. Im-
portantly, CH-Tz exhibited a large total packing energy of
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Figure 4 (a) J-V curves of PM6:D18-Cl:CH-Tz devices with different photoactive layer thickness. (b) EQE spectra of PM6:D18-Cl:CH-Tz devices with
different photoactive layer thickness. (¢c) A summary of the PCE for thick-film OSCs with over 500 nm (color online).
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—325.6kJ molfl, which could facilitate the formation of
more efficient molecular packing, resulting in a potentially
superior OSC performance [24,35]. Effective 3D molecular
packing and strong intermolecular potential were observed in
CH-Tz with a 2D conjugation extended electron-deficient
central unit. This led to more efficient 3D charge transport
channels, high carrier mobility, reduced charge recombina-
tion and energy disorder, and, ultimately, a high PCE
[16,26,35].

3 Conclusions

This study designed and constructed a new NFA of CH-Tz
featuring a conjugation extended electron-deficient unit of
[1,2,5]thiadiazolo[3,4-b]quinoxaline. CH-Tz exhibited near-
infrared absorption, strong intermolecular interaction, and an
effective 3D molecular packing network in its single crystal.
After blending with PM6, the PM6:CH-Tz-based binary
device achieved a high PCE of 18.54%, a J, of
27.54 mA cm °, and an excellent FF of 80.12%. Morpholo-
gical analysis revealed a uniform phase separation mor-
phology with a distinct bi-continuous network in the blend
film. The addition of D18-Cl further optimized the molecular
packing and crystallinity, leading to higher charge transport
mobilities and, thus, better device performance. Ternary
devices with D18-Cl as the third component and quaternary
devices with L8-BO as the fourth component achieved en-
hanced PCEs of 18.85% and 19.09%, respectively. Im-
portantly, a remarkable PCE of 14.93% was achieved for the
CH-Tz-based OSC devices and an unparalleled J,, of
28.92 mA cm ~ was obtained when the thickness of the ac-
tive layers was 560 nm. With its excellent thermal stability,
CH-Tz-based devices exhibited significant potential toward
efficient and stable OSCs. This study advances the strong
influence of central units on molecular photovoltaic prop-
erties and guides the design of acceptors for stable and large-
thickness OSCs.
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