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ABSTRACT: A new organic small molecule, DRTB-T, that
incorporates a two-dimensional trialkylthienyl-substituted
benzodithiophene core building block was designed and
synthesized. DRTB-T has a band gap (Eg

opt) of 2.0 eV with
a low-lying highest occupied molecular orbital (HOMO) level
of −5.51 eV. Nonfullerene small-molecule solar cells consisting
of DRTB-T and a nonfullerene acceptor (IC-C6IDT-IC) were
constructed, and the morphology of the active layer was fine-
tuned by solvent vapor annealing (SVA). The device showed a
record 9.08% power conversion efficiency (PCE) with a high
open-circuit voltage (Voc = 0.98 V). This is the highest PCE
for a nonfullerene small-molecule organic solar cell (NFSM-
OSC) reported to date. Our notable results demonstrate that the molecular design of a wide band gap (WBG) donor to create a
well-matched donor−acceptor pair with a low band gap (LBG) nonfullerene small-molecule acceptor, as well as subtle
morphological control, provides great potential to realize high-performance NFSM-OSCs.

■ INTRODUCTION

Solution-processed bulk heterojunction organic solar cells
(BHJ-OSCs) have emerged as a promising photovoltaic
technology due to their potential to form large-area and
flexible solar panels through low-cost solution-coating
methods.1−5 In BHJ-OSCs, the photoactive layers are made
of a blend of solution-processable organic electron donors and
acceptors, which can be conjugated polymers or organic small
molecules. The application of fullerene derivatives as electron
acceptors has greatly contributed to the advancement of the
OSC field;6−10 however, these acceptors have some inherent
limitations. For example, the synthetic cost of C60 and C70, the
raw materials for making fullerene derivatives, is quite high and
difficult to reduce, and the optical absorption properties of
fullerenes are not strong and are hard to further enhance.11

Therefore, many polymer and small-molecule (SM) non-
fullerene acceptors have been synthesized and applied in
OSCs,12−25 and to date, over 12% power conversion efficiency
(PCE) has been achieved by adopting a polymer donor and a
nonfullerene SM (NFSM) acceptor in OSCs,26 demonstrating
the great potential of polymer-based fullerene-free OSCs. SM-
based OSCs have attracted considerable attention because
soluble organic small molecules have well-defined chemical

structures and can be prepared without batch-to-batch
variations.7,15,18 In recent years, SM-based OSCs have
demonstrated PCEs comparable to those of polymer-based
OSCs using fullerene acceptors,13,27,28 but when nonfullerene
acceptors were used in combination with an SM donor, the
photovoltaic performance of the OSC dropped greatly.29−36 As
of now, the PCE of the state-of-the-art NFSM-OSC is only 7%
(see Table 1).36 Considering that NFSM-OSCs combine the
advantages of both nonfullerene acceptors and SM-based
OSCs, the study of NFSM-OSCs is an important topic in the
field of OSCs.
However, compared to polymer-based fullerene-free OSCs

and SM fullerene-based OSCs, it is even more challenging to
realize high photovoltaic performance in NFSM-OSCs. First,
unlike fullerenes, nonfullerene acceptors have anisotropic
conjugated backbones and ultrafast charge transfer,37−39

which can be greatly affected by the intermolecular packing
of the electron donors and nonfullerene acceptors;40−42

however, methods for modulating the intermolecular packing
are currently still unclear. Second, in comparison with polymer-
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based OSCs, the phase-separation morphology of the SM active
layer and the photovoltaic properties of SM OSCs are more
sensitive to the conditions during device fabrication; thus, much
effort must be put into morphological control by tuning
solution-processing methods.43−46 Therefore, although the
advantages of both nonfullerene acceptors and SM-based
OSCs can be combined in NFSM-OSCs, the challenges for
realizing high photovoltaic performance in the devices are also
magnified.
The active layers in NFSM-OSCs can be optimized by

designing new molecules and selecting the proper combination
of donor and acceptor. In nonfullerene polymer-based OSCs
(NFP-OSCs), by studying correlations among polymer
structures, the intermolecular orientation of the donor and
acceptor and the photovoltaic properties revealed that a face-to-
face intermolecular orientation is beneficial for ultrafast charge
transfer between the polymeric donors and acceptors,42,47−49

and polymers based on alkylthienyl-substituted benzodithio-
phene (BDT) can afford this favorable intermolecular
orientation.48,49 For SM donors and acceptors, combining an
electron-rich core unit (donor) and two electron-deficient end
groups (acceptor) to form an acceptor−donor−acceptor (A−
D−A)-type small molecule is an effective strategy to tune the
optical absorption and molecular energy levels, by which quite a
few highly efficient photovoltaic materials have been
obtained.33,50 In comparison with A−D−A donors, A−D−A
acceptors, such as ITIC,51 IT-M,26 and IEICO,52 possess more

red-shifted absorption spectra and lower molecular energy
levels due to the strong electron-withdrawing effect of their end
groups. Thus, the combination of A−D−A donors and
acceptors can afford broad absorption spectra and appropriate
molecular energy levels, which are two key factors for realizing
the efficient harvest of sunlight and the generation of free
charges.53−55 In addition to the molecular design, the reported
works also demonstrated many useful methods to modulate
phase-separation morphologies in oligomer and polymer solar
cells. For example, thermal annealing (TA), solvent vapor
annealing (SVA), and solvent additives can be used to enhance
the crystallinity of the donors and modulate the phase-
separation morphology of the active layers. Overall, the
achievements in fullerene-based SM OSCs (FSM-OSCs) and
NFP-OSCs provide important knowledge to optimize the
molecular structures and morphologies of the active layers in
NFSM-OSCs.
In this work, an A−D−A small molecule, namely, DRTB-T

(Figure 1a), was designed using an alkylthienyl-substituted
BDT trimer as the central unit and 3-ethylrhodanines as the
end-capping groups. DRTB-T has a band gap (Eg

opt) of 2.0 eV
with a low-lying highest occupied molecular orbital (HOMO)
level of −5.51 eV. NFSM-OSCs were then fabricated by
employing DRTB-T as the donor and selecting another A−D−
A small molecule, IC-C6IDT-IC,56 as the acceptor. After
optimizing the phase-separation morphology and crystallinity of
the donor and acceptor in the active layers by SVA, a PCE of

Table 1. Photovoltaic Data of Efficient Nonfullerene Small-Molecule Solar Cells (PCE > 4%)

donor acceptor Voc [V] Jsc [mA/cm2] FF PCE [%] ref

BDT3TR O-IDTBR 1.06 12.10 0.56 7.09 36
p-DTS(FBTTh2)2 NIDCS-MO 0.85 9.68 0.66 5.44 30
BDTS-2DPP IEIC 0.93 9.80 0.58 5.29 33
BDT-2DPP IEIC 0.90 8.24 0.54 4.0 33
DRTB-T IC-C6IDT-IC 0.98 14.25 0.65 9.08 this work

Figure 1. (a) Molecular structure of DRTB-T. (b) Top view of the optimized geometry of DRTB-T at the B3LYP/6-31G(d, p) level. (c) Side view
of the optimized geometry of DRTB-T at the B3LYP/6-31G(d, p) level. (d) Molecular structure of IC-C6IDT-IC. (e) Solution UV−vis absorption
spectrum of DRTB-T and the normalized thin film absorption spectra of DRTB-T and IC-C6IDT-IC. (f) Cyclic voltammetry curve of the DRTB-T
film on a glassy carbon electrode in 0.1 M Bu4NPF6 acetonitrile solution at a scan rate of 20 mV s−1 (calibrated by the Fc/Fc+ redox couple).
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9.08% was achieved, which is the highest value for NFSM-
OSCs to date.

■ RESULTS AND DISCUSSION

Consideration of the Molecular Design and Synthesis
of DRTB-T. As most SM donors and acceptors with A−D−A
structures possess strong intramolecular charge transfer (ICT)
effects by which Eg

opt can be significantly reduced, these
molecules often show low band gap (LBG) features. A−D−A
SM donors and acceptors have demonstrated outstanding
photovoltaic properties in OSCs.14,28,50,57,58 However, there are
some differences in their electronic properties. To facilitate
light-induced ultrafast charge transfer in OSCs, end groups with
stronger electron-withdrawing effects are commonly used in
A−D−A SM acceptors, which ensure that both the HOMO
and lowest unoccupied molecular orbital (LUMO) levels of the
acceptors are lower than those of the donors, leading to lower
Eg

opt. That is, A−D−A SM acceptors often possess lower
Eg

opt.33 Therefore, the combination of an LBG A−D−A
acceptor and a wide band gap (WBG) A−D−A donor can
provide broad optical absorption and appropriate molecular
energy level arrangement and thus should be the optimal choice
for fabricating efficient NFSM-OSCs. For A−D−A photo-
voltaic materials, the optical absorption edge of high perform-
ance donors reported in previous works is beyond 700 nm,13,27

corresponding to Eg
opt < 1.77 eV, which greatly overlaps with

the absorption spectra of highly efficient A−D−A accept-
ors.11,16 Therefore, to significantly improve the PCE of NFSM-
OSCs, it is necessary to design and synthesize new WBG A−
D−A donors.
Here, we designed an A−D−A small molecule, namely,

DRTB-T, shown in Figure 1a. In this molecule, a 2-
ethylhexylthienyl-substituted BDT trimer is employed as the
central unit, and two 3-ethylrhodanines are used as end-capping
groups. The optimal geometry of DRTB-T was obtained by
theoretical calculation with density functional theory (DFT) at
the B3LYP/6-31G(d, p) level. As shown in Figure 1b,c (top
and side views, respectively), the dihedral angle between the
BDT units is 180°, meaning that DRTB-T has a linear
backbone with good planarity; the dihedral angle between BDT
and the thiophene side groups is approximately 56°. The
HOMO and LUMO surfaces are well-delocalized along the
three BDT units and are partially distributed to the thiophene
side groups, although they are twisted from the BDT backbone
(Figure S3). Because the optimal geometry is obtained without
considering intermolecular π−π interactions, which can reduce
the dihedral angle between thiophene and BDT, we can
reasonably infer that the thiophene units can be well-
conjugated with the backbone in the solid thin film.
DRTB-T was synthesized using the route shown in Scheme

1. Compound 2 was obtained by an iodination reaction using n-

butyllithium and iodine in tetrahydrofuran (THF) at −78 °C in
a yield of 74%. Compound 2 was treated with lithium
diisopropylamide (LDA) at −78 °C and then reacted with N-
formylpiperidine to produce compound 3 in a yield of 82%.
Compound 5 was prepared in a yield of 68% through a
commonly used Stille coupling reaction using compound 3 and
a commercially available bis-trimethyltin BDT derivative as the
starting materials. Finally, DRTB-T was obtained in a yield of
80% by a Knoevenagel reaction between compound 5 and 3-
ethylrhodanine. DRTB-T was characterized by 1H and 13C
nuclear magnetic resonance (NMR) spectroscopy. Thermog-
ravimetric analysis (TGA) demonstrated that DRTB-T has
excellent thermal stability (5% weight loss at 411 °C, Figure
S4); the melting temperature (Tm) and recrystallization
temperature (Tc) measured by differential scanning calorimetry
(DSC) were 287 and 218 °C, respectively (Figure S5). DRTB-
T can be easily dissolved in commonly used organic solvents,
such as chloroform, tetrahydrofuran, chlorobenzene, and
toluene.

UV−vis Absorption Spectra and Molecular Energy
Levels of DRTB-T. As shown in Figure 1e, the dilute solution
of DRTB-T in chloroform exhibits an absorption peak in the
range of 300−600 nm, with a high molar extinction coefficient
(ε) of 1.2 × 105 M−1 cm−1 at 545 nm. For the solid film, the
absorption peak at 545 nm has almost no change, while a
strong absorption shoulder peak appears at 585 nm, which is
ascribed to the π−π* transition due to strong intermolecular
π−π interactions in the solid state. DRTB-T shows an
absorption edge at 620 nm, corresponding to an Eg

opt of 2.0
eV. Electrochemical measurements were used to evaluate the
HOMO and LUMO levels of DRTB-T. As shown in Figure 1f,
the p- and n-doping processes of DRTB-T are quasi-reversible,
and according to the onset potentials of the p- and n-doping
processes and the standard redox potential of ferrocene/
ferrocenium (Fc/Fc+), the HOMO and LUMO levels of
DRTB-T were estimated to be −5.51 and −3.34 eV,
respectively.

Photovoltaic Properties of the NFSM-OSCs based on
DRTB-T and IC-C6IDT-IC. As described above, DRTB-T has a
strong absorption peak under 620 nm and a HOMO level of
−5.51 eV. The absorption spectrum of DRTB-T is comple-
mentary to those of many LBG NFSM acceptors with A−D−A
structures. However, only a few NFSM acceptors can be
matched with DRTB-T when considering their molecular
energy level arrangement because DRTB-T possesses a low-
lying HOMO level. Here, as shown in Figure 1d, we selected a
recently reported A−D−A SM acceptor, namely, IC-C6IDT-
IC, to use with DRTB-T in NFSM-OSCs. The absorption
spectrum and molecular energy levels of IC-C6IDT-IC are
shown in Figures 1e,f, respectively. Clearly, the absorption
spectra of DRTB-T and IC-C6IDT-IC complement each other

Scheme 1. Synthetic Route of DRTB-T
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well, and both the HOMO and LUMO levels of IC-C6IDT-IC
are obviously lower than those of DRTB-T, which can afford a
sufficient driving force for exciton dissociation.59,60 Therefore,
the combination of these two SM materials is suitable for
making NFSM-OSCs.
NFSM-OSC devices were fabricated with a normal structure,

i.e., ITO/MoO3 (10 nm)/DRTB-T:IC-C6IDT-IC/Al (100
nm), and characterized to investigate the photovoltaic proper-
ties of the DRTB-T:IC-C6IDT-IC blend. The optimal device
was obtained by varying the donor to acceptor weight ratio (D/
A, w/w) in the active layer and by modulating the thickness of
the active layer, and the detailed data for optimizing the device
fabrication conditions are summarized in Tables S1 and S2 and
Figures S6 and S7. Then, the photovoltaic performance of the
device with the optimal D/A ratio (1:1.25) and thickness (ca.
80 nm) was further improved by adopting dichloromethane
(DCM) as the solvent vapor source for SVA treatment. Figure
2a shows the current density−voltage (J−V) curves of the
devices under 100 mW/cm2 AM 1.5G illumination with
different SVA treatment times (0, 30, 60, and 90 s), and the
corresponding photovoltaic parameters are summarized in
Table 2. While the as-cast device exhibited a PCE of 5.03%, it
could be distinctly enhanced to 7.47% by 30 s of SVA
treatment; after being treated for 60 s, the PCE was improved

to 9.08%, with an open-circuit voltage (Voc) of 0.98 V, short
circuit current density (Jsc) of 14.25 mA/cm2, and fill factor
(FF) of 0.65. A PCE of 9.08% is by far the highest value for
NFSM-OSCs and a good result for all types of BHJ-OSCs.
Compared to the untreated devices, the enhanced PCE of the
SVA-treated devices is largely a result of the increased Jsc and
FF, and when the devices were subjected to SVA for up to 90 s,
the values of Jsc and FF were slightly reduced.
The external quantum efficiency (EQE) spectra of the

devices for different SVA treatment times are shown in Figure
2b. The broad and efficient EQE spectra from 300 to 780 nm
suggest that both DRTB-T and IC-C6IDT-IC make beneficial
contributions to the EQE. The Jsc values calculated from the
integration of the EQE spectra agree well with the Jsc values
from the J−V measurements with a 2−3% mismatch. For
comparison, DRTB-T:PC71BM reference devices were also
fabricated (Figure S9). Due to the narrower optical absorption
of the fullerene acceptor compared to that of the nonfullerene
acceptor, the EQE spectral response of the PC71BM-based solar
cell was mainly between 300 and 620 nm, leading to a much
lower Jsc than that of the nonfullerene acceptor-based device.
Then, the hole and electron mobilities (μh and μe) of the

DRTB-T:IC-C6IDT-IC blend films for various SVA treatment
times were measured by the space-charge-limited current

Figure 2. (a) J−V curves, (b) EQE spectra, (c) Jph−Veff curves, and (d) Jsc−P curves of DRTB-T:IC-C6IDT-IC BHJ devices after SVA treatment for
0, 30, 60, and 90 s. The solid lines in the Jsc−P curves are the fitted curves.

Table 2. Photovoltaic Properties of DRTB-T:IC-C6IDT-IC BHJ Devices with Different SVA Treatment Times

SVA time [s] Voc [V] Jsc (Jsc) [mA/cm
2]a FF PCEmax [%] PCEavg [%]

b μh [cm
2 V−1 s−1]c μe [cm

2 V−1 s−1]d

0 1.05 11.37 (11.98) 0.42 5.03 4.91 ± 0.05 5.79 × 10−6 6.14 × 10−5

30 1.02 14.17 (13.86) 0.52 7.47 7.44 ± 0.03 6.85 × 10−5 8.70 × 10−5

60 0.98 14.25 (14.23) 0.65 9.08 8.85 ± 0.08 3.46 × 10−4 2.89 × 10−4

90 0.97 13.49 (13.09) 0.63 8.25 8.20 ± 0.07 2.64 × 10−4 1.59 × 10−4

aCalculated by integration of the EQE curves. bThe average values were obtained over 10 devices. cThe hole-only devices had the structure ITO/
PEDOT:PSS/DRTB-T:IC-C6IDT-IC/Au. dThe electron-only devices had the structure ITO/ZnO/DRTB-T:IC-C6IDT-IC/Al.
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(SCLC) model.61,62 The hole mobility was measured by
adopting a hole-only device structure, ITO/PEDOT:PSS/
DRTB-T:IC-C6IDT-IC/Au, and the electron mobility was
measured with an electron-only device structure, ITO/ZnO/
DRTB-T:IC-C6IDT-IC/Al (Figure S10). The μh and μe values
of the blend films treated for different times are summarized in
Table 2. For the as-cast device, μh is 5.79 × 10−6 cm2 V−1 s−1,
which is approximately 1 order of magnitude lower than the
electron mobility, and the asymmetric mobility of the electron
and hole will induce strong charge carrier recombination and
thus lead to low FF and Jsc. After SVA treatment, both the hole
and electron mobilities of the blend films increased, and under
the optimal conditions, i.e., treated by SVA for 60 s, the μh and
μe values of the blend film reached 3.46 × 10−4 and 2.89 × 10−4

cm2 V−1 s−1, respectively, and the high and symmetric hole and
electron mobilities resulted in a high Jsc and good FF in this
device.
Recombination Mechanism by Analysis of the J−V

Characteristics. To understand the recombination mechanism
involved in the DRTB-T:IC-C6IDT-IC all-SM solar cells, the
photocurrent density (Jph) versus the effective voltage (Veff) of
the devices with different SVA treatment times were measured
and are shown in Figure 2c. Jph is defined as Jph = JL − JD, where
JL and JD are the current densities under illumination and in the
dark, respectively. Veff is defined as Veff = V0 − Va, where V0 is

the voltage at which Jph = 0 and Va is the applied voltage. The
photocurrent was saturated at Veff = 2−6 V, and the resulting
exciton dissociation probability (Pdiss, determined by the
normalized Jph at the saturated current density) under short-
circuit conditions was determined.62,63 In the as-cast device,
only 64.9% of the photogenerated excitons dissociated,
providing a rather low contribution to Jsc, which indicates
that geminate charge recombination is a form of major loss in
the as-cast device due to the low charge mobility. The Pdiss
values were calculated to be 84.5, 97.1, and 95.6% for SVA
treatment times of 30, 60, and 90 s, respectively. The higher
values obtained after SVA treatment support the superior
performance of SVA-treated devices compared to those of
devices that did not undergo SVA treatment. For devices
treated with SVA for 60 s, the Pdiss value of 97.1%, near 100%,
implies that the geminate recombination loss of photo-
generated excitons is negligible.64 The light-intensity-depend-
ent Jsc was also determined to identify nongeminate
recombination losses in the devices fabricated under different
conditions. The relationship between Jsc and light intensity
follows the relation Jsc ∝ PS, where P is the light intensity and S
is the exponential factor. As shown in Figure 2d, the data are
plotted on a log−log scale, and the fitted slope (S) in the
devices was calculated to be 0.91, 0.92, 0.95, and 0.93 for SVA
treatment times of 0, 30, 60, and 90 s, respectively. This

Figure 3. AFM height and phase images (5 × 5 μm) of films spin-coated from the DRTB-T:IC-C6IDT-IC blend with various SVA treatment times:
(a, e) as-cast and after SVA treatment for (b, f) 30 s, (c, g) 60 s, and (d, h) 90 s. The RMS roughness values were 1.24, 1.54, 5.75, and 6.0 nm,
respectively. Bright-field (BF)-TEM images of the films spin-coated from the DRTB-T:IC-C6IDT-IC blend with various SVA treatment times: (i)
as-cast and after SVA treatment for (j) 30 s, (k) 60 s, and (l) 90 s. The scale bars correspond to 100 nm.
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Figure 4. 2D GIWAXS patterns of neat DRTB-T, neat IC-C6IDT-IC, and blend films with different SVA treatment times.

Figure 5. (a) Out-of-plane and (b) in-plane cuts of the GIWAXS patterns for the blend films with different SVA treatment times. (c) CCL of neat
DRTB-T, neat IC-C6IDT-IC, and blend films with different SVA treatment times, where CCL was calculated using the Scherrer equation. (d) In-
plane GISAXS profiles (symbols) and the corresponding fit (lines) with a 1D paracrystalline model under different SVA treatment times.
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indicates that bimolecular recombination was minimized with
SVA treatment with DCM for 60 s, which also agrees well with
the remarkable increase in FF from 0.42 to 0.65 upon
increasing the SVA treatment time to 60 s.
Morphological Study of the DRTB-T:IC-C6IDT-IC Blend

Films. To further understand the relationship between the
evolution of the active layer morphology and device perform-
ance, the surface morphology of the DRTB-T:IC-C6IDT-IC
blend films with various SVA treatment times were investigated
using atomic force microscopy (AFM). As shown in Figure 3a−
h, the film processed without SVA treatment presents uniform
and smooth features with a root-mean-square (RMS) rough-
ness of 1.24 nm. For the SVA-treated films, apparent
aggregation features are seen with increased RMS values of
1.54, 5.75, and 6.0 nm corresponding to SVA treatment times
of 30, 60, and 90 s, respectively. These results suggest that SVA
treatment induced the aggregation of DRTB-T and IC-C6IDT-
IC in the blend films. Transmission electron microscopy
(TEM) was performed to monitor the bulk morphology of the
DRTB-T:IC-C6IDT-IC blend films (Figure 3i−l). The TEM
images clearly show large morphological changes upon SVA
treatment, which agree well with the AFM morphology
observations. With increasing SVA treatment time, the
tendency toward nanoscale phase separation in the blend
films increased. Interestingly, fine small-domain regions and
interconnected phase-separated domains were observed in the
samples with SVA treatment times of 60 and 90 s, and this
formation of interconnected structures in the blend films led to
more efficient exciton dissociation and charge-carrier transport
processes. The similar elemental composition of the donor and
acceptor molecules in the blend films makes it difficult to
distinguish which composition corresponds to the dark and
light regions.
The following grazing-incidence wide-angle X-ray scattering

(GIWAXS) measurements and analyses were performed to
provide insight into the crystallinity and molecular orientation
of the blend films with various SVA treatment times. Figure 4
presents the 2D GIWAXS patterns of neat DRTB-T, neat IC-
C6IDT-IC, and the blend films with different SVA treatment
times. The corresponding intensity profiles in the out-of-plane
and in-plane directions are given in Figure 5a−b. For the as-cast
IC-C6IDT-IC film, the π−π stacking peak (010) represents the
out-of-plane direction, while the lamellar scattering (100) peak
represents the in-plane direction, indicating a typical face-on
orientation.65 The scattering intensity increased when the films
were treated with SVA for 30 s. Interestingly, scattering spots
are present in the 2D GIWAXS patterns of the films treated for
60 and 90 s, indicating that large crystallites were formed. The
mean size of the crystallites can be obtained by calculating the
crystal coherence length (CCL) using the Scherrer equation.66

The variation in CCL with treatment time is shown in Figure
5c. It is clearly seen that CCL increases gradually from 4 to 9
nm during the first 60 s and then maintains almost the same
value after 60 and 90 s of treatment. For the neat DRTB-T
films, the 2D GIWAXS patterns exhibit strong lamellar (100)
and (200) diffraction peaks and even (300) diffraction peaks in
the out-of-plane direction, indicating a high degree of molecular
ordering. However, the crystallinity does not change with SVA
treatment, as evidenced by the unchanged CCL (Figure 5c).
Compared with IC-C6IDT-IC, DRTB-T has a larger CCL
(approximately 15 nm); however, IC-C6IDT-IC reorganizes
under SVA more easily (see Figure 4). The as-cast blend film
shows two broad peaks at 0.3 and 0.43 Å−1 in the out-of-plane

direction, which belong to the donor and acceptor, respectively.
This means that the interaction between the two molecules
affects crystallization. When the film was treated with SVA, the
diffraction peaks became sharper, and a higher order of the
peaks was present (see Figure 5). The CCLs of the donor are 8,
10, 12, and 12 nm for treatment times of 0, 30, 60, and 90 s,
respectively. This means that crystallization significantly
increased after SVA treatment, resulting in better charge
transport and less charge recombination, as evidenced by the
improved FF and hole mobility.
To address the nanoscale morphology of the active layer,

grazing-incidence small-angle X-ray scattering (GISAXS)
measurements were carried out. Figure 5d plots the in-plane
intensity profiles with different SVA treatment times, and the
2D GISAXS patterns are given in Figure S11. Information on
the lateral structures can be extracted by fitting the intensity
profile with a 1D paracrystalline model.67 Two distinct
structures (small and large) were identified by proper fitting
of the intensity profiles (solid lines in Figure 5d). We propose
that the large domains originate from the aggregation of donor
molecules due to high crystallinity, and the small domains come
from the acceptor molecules. The extracted smaller domain
sizes are 6.5, 8, 11.5, and 12.5 nm and the larger domain sizes
are 12, 17, 22, and 29 nm for treatment with times of 0, 30, 60,
and 90 s, respectively. Both domains increase with increasing
SVA treatment time, which is in agreement with the AFM
results, which showed increased roughness due to the
formation of larger domains, as well as the observed TEM
images. Consequently, the purity of the system increased,
resulting in better charge transport and less recombination,
which may explain the light-intensity-dependence results as well
(Figure 2d). However, large domains (29 nm) would weaken
the exciton separation efficiency, resulting in a reduced Jsc for
samples treated for 90 s.

■ CONCLUSIONS
We designed and synthesized a WBG molecule, DRTB-T, with
a band gap of 2.0 eV and a HOMO level of −5.51 eV. NFSM-
OSCs using DRTB-T and a nonfullerene acceptor (IC-C6IDT-
IC) were constructed. The morphology of the active layer was
fine-tuned by SVA, which induced the desired interconnected
nanoscale structure, and the corresponding device exhibited a
record 9.08% PCE with a high Voc of 0.98 V. This is the highest
PCE for NFSM-OSCs reported to date. Our notable results
demonstrate that the rational molecular design of a WBG
donor, matched in a donor−acceptor pair with a LBG NFSM
acceptor, along with subtle morphological control, allow for the
realization of high-performance NFSM-OSCs.
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