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ABSTRACT
blend morphologyis a hurdle in the path of realizing efficient

Synergistic optimization of donor-acceptor

non-fullerene small-molecule organic solar cells (NFSM-
OSCs) due to the anisotropic conjugated backbones of both
donor and acceptor. Therefore, developing a facile molecular
design strategy to effectively regulate the crystalline properties
of photoactive materials, and thus, enable the optimization of
blend morphology is of vital importance. In this study, a new
donor molecule Bl, comprising phenyl-substituted benzo-
dithiophene (BDT) central unit, exhibits strong interaction
with the non-fullerene acceptor BO-4Cl in comparison with its
corresponding thiophene-substituted BDT-based material,
BTR. As a result, the B1 is affected and induced from an edge-
on to a face-on orientation by the acceptor, while the BTR and
the acceptor behave individually for the similar molecular
orientation in pristine and blend films according to grazing
incidence wide angle X-ray scattering results. It means the
donor-acceptor blend morphology is synergistically optimized
in the B1 system, and the B1:BO-4Cl-based devices achieve an
outstanding power conversion efficiency (PCE) of 15.3%,
further certified to be 15.1% by the National Institute of Me-
trology, China. Our results demonstrate a simple and effective
strategy to improve the crystalline properties of the donor
molecule as well as synergistically optimize the morphology of
the all-small-molecule system, leading to the high-perfor-
mance NFSM-OSCs.

Keywords: organic solar cells, all-small-molecule, non-fullerene,
crystallinity, intermolecular interaction

INTRODUCTION

Non-fullerene (NF) fused-ring acceptors have been fre-
quently utilized to achieve remarkable development for
the polymer-based organic solar cells (OSCs) via various
methods of morphology control and interface engineer-
ing [1-3]. Apart from the conjugated polymers, small
molecules (SMs) have also proved to be excellent candi-
dates for the active layers with advantages of well-defined
molecular structures and low batch-to-batch variations
(an attractive aspect with regard to commercialization).
Compared with polymer-based OSC, NFSM-OSC is more
suitable as a research model device, which can more easily
establish clear relationships between the structure and
performance [4-8]. However, the power conversion effi-
ciencies (PCEs) of current state-of-the-art NFSM-OSCs
are still much lower than that of polymer-based OSCs
because small molecules cannot form pre-aggregation in
solution like most high-performance polymers [9-11],
and have similar acceptor-donor-acceptor (A-D-A) ske-
leton structures with high efficiency non-fullerene ac-
ceptors, making it difficult to regulate their morphology
[12-21]. To date, though considerable efforts have been
made in the research of NF acceptors and a number of
high-performing materials have been reported, the study
on small molecule donors for efficient NFSM-OSCs is
relatively lagging [1,22-26]. Thus, it is imperative to de-
velop high-performance small molecule donors and get
insight into the molecular design of donor compound,
and its effect on the blend morphology and device per-
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formance.

In recent studies, notable progress has been made in
donor molecule design to develop small-molecule donors
for NFSM-OSCs. One of them is enlarging the coplanar
core and extending the conjugation length to regulate the
donor structure and render NFSM-OSCs optimized
hierarchical morphologies to obtain certified PCE over
14% [27]. The other is halogenation, which means to
introduce fluorine, chlorine or bromine atoms to the
specific positions of some representative units to adjust
the energy levels and crystalline properties of the small
molecule donor. On the basis of this strategy, several
small molecular donors, such as benzodithiophene-ClI
(BTR-CI), BSFTR and BTEC-2F have been developed (see
Table 1) and the corresponding OSCs achieve PCEs over
13% when blended with the small molecule acceptor Y6
[28-30]. It is well known that variations in morphology
induced by the changes in crystallinity and molecular
orientation have a significant impact on the performance
of OSCs [31-34]. It is worth pointing out that the crys-
tallization characteristics of the donor materials in these
studies have all been regulated, and we infer that the
improved crystallinity of donor compound may lead to
stronger interactions between the donor and the NF ac-
ceptor materials to realize synergistic optimization of the
morphology and benefit the high-performance NFSM-
OSCs. However, the research on the relationship between
synergistic optimization morphology via fine-modulation
of crystalline properties and device performance is still
lack.

Thiophene substituted benzodithiophene (BDT) units
have been widely used in the molecular design of organic
photovoltaic materials because of their excellent charge
transfer characteristics [35]. However, single-bonded
thiophene units easily twist and have multiple con-
formations, which is not conducive to the improvement
of crystallinity, as materials with symmetrical side groups
may contribute to higher crystallinity [36,37]. In this
study, a new two dimensional (2D)-conjugated donor, Bl

(Fig. 1a), was designed and synthesized by using the
symmetric phenyl units as the side group of the central
backbone. The reported molecule BTR [38] with thio-
phene-substituted side group was selected as reference
donor, and the solar cells were prepared with the same
NF acceptor, BO-4Cl (Fig. 2a) [3]. Interestingly, simply
changing the substituted side group from thiophene to
phenyl units enhanced the molecular conformation sta-
bility, and therefore the crystallinity and electronic
properties were greatly improved. The all-small-molecule
OSCs obtained by pairing Bl with BO-4Cl exhibited a
PCE of 15.3% (certified at 15.1%), which was 35% higher
than that of BTR:BO-4Cl (11.3%). This is the highest PCE
among NFSM-OSCs reported so far, which suggests
symmetric conjugated side group substitution could be a
promising method for preparing high performance OSCs.

EXPERIMENTAL SECTION

Instruments

'H NMR and “C NMR spectra were recorded on a
Bruker AVANCE 400 and 75 MHz NMR spectrometer at
room temperature. Absorption spectra of the materials
were measured on a Hitachi UH5300 spectrophotometer.
Cyclic voltammogram (CV) measurements were con-
ducted on a CHI650D electrochemical workstation using
glassy carbon as the working electrode, Pt wire as the
counter electrode, and Ag/AgCl as the reference electrode
in a 0.1molL" tetrabutylammonium hexafluoropho-
sphate (Bu,NPF,) acetonitrile solution. The atomic force
microscopy (AFM) height and phase images were ac-
quired on a Bruker Nanoscope V AF microscope in
tapping mode in the air. The external quantum efficiency
(EQE) data were obtained by using the solar-cell spectral-
response measurement system (QE-R, Enlitech). The
transmission electronic microscopy (TEM) images were
obtained on a Tecnai G2 F20 U-TWIN TEM instrument.
The grazing incidence wide angle X-ray scattering (GI-
WAXS) data were obtained on a XEUSS SAXS/WAXS

Table 1 Photovoltaic data for recent reported high-efficency NFSM-OSCs (PCE > 13%)
Donor Acceptor Voo (V) Jie (mA cm ) FF PCE (%) Certified PCE (%) Ref.
BTR NITI+PC, BM 0.94 19.50 0.74 13.6 12.9 [19]
BTR-CI Y6 0.86 24.17 0.66 13.6 13.0 [28]
BSFTR Y6 0.85 23.16 0.70 13.7 13.6 [29]
ZR1 Y6 0.86 2434 0.68 143 14.1 [27]
BTEC-2F Y6 0.85 21.55 0.72 13.3 [30]
Bl BO-4Cl 0.83 25.27 0.73 15.3 15.1 This work
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Figure 1 (a) Chemical structures of the small moleculars donors Bl and BTR. (b) Optimized molecular structures of Bl and BTR obtained from the
DFT-based theoretical calculations. (c) The total energy scans dependent on dihedral angles for model compounds BDT-B and BDT-T. (d) DSC traces
of BI and BTR in nitrogen at a rate of 10°C min . 2D GIWAXS pattern of the neat (e) B1 and (f) BTR films. (g) Extracted 1D profiles along the OOP

direction of the neat B1 and BTR films.
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Figure 2 (a) Chemical structure of BO-4Cl. (b) Energy level diagrams. (c) J-V curves of the BTR:BO-4Cl- and B1:BO-4Cl-based devices. (d) EQE
curves of the BTR:BO-4Cl- and B1:BO-4Cl-based devices. (e) J-V curve of the device measured by the NIM, China. (f) The statistical diagram of PCEs
for 40 individual B1:BO-4Cl-based devices with CB SVA treatment.
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SYSTEM (XENOCS, FRANCE) at the National Center for
Nanoscience and Technology (NCNST, Beijing). The
current density-voltage characteristics (J-V) were mea-
sured with a Keithley 2400 Source Measure unit under
100 mW cm ~ standard AM 1.5G light.

Solar cell device fabrication

The photovoltaic devices were fabricated with a conven-
tional structure of ITO/PEDOT:PSS/BHJ/PFN-Br/Al. The
fabrication process was performed under the following
procedures: the ITO was ultrasonically cleaned with
successive applications of detergent, deionized water,
acetone and isopropanol twice. After drying, the sub-
strates were treated with UV-ozone for 20 min, and then
a 20 nm layer of poly(3,4-ethylenedioxythiophene):poly
(styrenesulfonate)(PEDOT:PSS)(Heraeus Materials,4083)
was spin-coated onto the indium tin oxide (ITO), and the
ITO substrates were dried in an oven at 150°C for 15 min.
The donor and acceptor were dissolved in chloroform
(CF) with a total concentration of 20 mg mL"' (D/A
weight ratio of 1:1) and then stirred at room temperature
for at least 6 h. After the active layer solutions were spin-
coated at 3000 rpm for 30 s to obtain a film thickness
about 100 nm. Then the devices were treated with solvent
vapor annealing (SVA) in a 60 mm diameter dish. And
then PFN-Br methanol solution (0.5 mg mL ') was spin-
coated at 3000 rpm on the active layer. Finally, about 100-
nm-thick Al was deposited onto the active layer under
vacuum at a pressure of 3x10 * Pa, giving an effective area
of 3.7 mm’. After the spin-coating of PEDOT:PSS, next
steps were carried out in the glovebox of nitrogen at-
mosphere. The J-V tests were carried out using the solar
simulator (SS-F5-3A, Enlitech) in glove box. The radiative
intensity (AM 1.5 G spectrum, 100 mW cmfz) was cali-
brated by the standard silicon solar cell.

RESULTS AND DISCUSSION

Since B1 and BTR possess the same conjugated backbone
structure (shown in Fig. 1a), the synthesis of B1 is similar
to the previously reported method [39,40]. The synthesis
route and detailed characterizations of Bl were shown in
Supplementary information (SI, Scheme S1, Figs S1-S4).
To investigate the molecular geometries of B1 and BTR,
we performed density functional theory (DFT) analysis
with the B3LYP (6-31G (d, p)) basis set. As shown in
Fig. 1b, both donor compounds display nearly planar
skeletons. The dihedral angle between the BDT central
core and the phenyl/thienyl substituent is 59°/53°. Fur-
thermore, the rotational energy barriers of B1 and BTR
were compared using the potential energy surface scan by
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DFT. The twisting barrier in BDT-T is 30k] mol
whereas that of the BDT-B unit reaches 80 k] mol ', as
shown in Fig. lc. Such different torsional barriers in the
two molecules could significantly influence the molecular
crystallinity and self-organization [41-43]. Moreover, as
shown in Fig. 1d, the differential scanning calorimetry
(DSC) measurement exhibits that the BTR shows a ne-
matic liquid crystalline property. While Bl reveals only
one phase transition, without any liquid crystalline
property as BTR. Besides, B1 also shows higher transition
temperature and transition enthalpy of 279°C
and 29.3 ] gfl, which should be ascribed to the increased
degree of symmetry in the molecular structure by in-
troducing the benzene unit. The GIWAXS measurements
reveal that the molecular orientation is changed from
face-on dominant (Fig. 1f, BTR) to edge-on dominant
(Fig. 1e, B1) as a consequence of introducing the benzene
unit. Furthermore, the B1 displays a stronger n-nt stacking
than BTR as confirmed by the n-m distances, which comes
out to be 3.67 and 3.78 A, respectively (Fig. 1g). In ad-
dition, BTR and B1 have similar conjugated structures
that possess nearly the same energy level alignment
(Fig. 2b), similar absorption spectra (Fig. S5, SI), as well
as good solubility in CF.

To get a further insight into how to regulate the crys-
talline properties of a donor compound, as well as its
effect on the blend morphology and NFSM-OSC perfor-
mance, a NF acceptor BO-4Cl (Fig. 2a) was chosen to be
blended with Bl and BTR. The NFSM-OSCs were fabri-
cated with a conventional device structure of ITO/PED-
OT:PSS/B1:BO-4Cl or BTR:BO-4Cl/PFN-Br/Al. The
device optimization details including the various active
layer thicknesses, donor/acceptor ratios, and solvent va-
por annealing times are summarized in Tables S1-S7. CF
and chlorobenzene (CB) were used as the SVA sources to
treat the active layers, respectively. The J-V plots of the
optimized devices are shown in Fig. 2¢, with their cor-
responding photovoltaic parameters listed in Table 2. We
note that the devices based on these two donor molecules
produce open-circuit voltages (V,.) of ~0.83 V, which is
reasonable in terms of their comparable highest occupied
molecular orbital (HOMO) levels which was tested by
estimation from the CV measurement (Fig. S6). However,
their short-circuit current density (J,.) and fill factor (FF)
values are different. The devices based on the BTR:BO-
4Cl system produce a . of 18.67 mA cm >, an FF of 0.67
and a PCE of 10.4%. In comparison, the B1:BO-4Cl sys-
tem exhibits a high J. of 25.27 mA cmfz, an FF of 0.73,
and a PCE of 15.3%, outperforming the BTR system
under the same treatment conditions. Fig. 2d shows the
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Table 2 Detailed photovoltaic parameters of the B1:BO-4Cl-based and BTR:BO-4Cl-based NFSM-OSCs under simulated AM 1.5G (100 mW cm )

illumination
Materials Treatment Ve (V)? Jo mAcm?) * FF* PCE (%) * J. ° (mAcm™®)
B1:BO-4Cl CB SVA 0.83 (0.82+0.01) 2527 (24.81+0.40)  0.73 (0.7320.01) 15.3 (14.9+0.2) 24.56
CE SVA 0.82 (0.82+0.01) 2434 (24.05+053)  0.75 (0.74+0.01) 15.0 (14.620.3) 23.78
BTR:BO-4Cl CB SVA 0.83 (0.83+0.01) 18.67 (17.91+0.75) 0.67 (0.66+0.01) 10.4 (9.9£0.5) 18.15
CF SVA 0.83 (0.83+0.01) 18.93 (19.01+0.28) 0.72 (0.69+0.02) 11.3 (10.9£0.3) 18.54

a) The average parameters were calculated from more than 10 independent devices. b) ], was calculated from the integration of the EQE spectrum.

EQE curves of the devices, where although, the same
photoresponse region is observed, the response intensity
of Bl-based devices appears to be much higher (the
maximum EQE is 80%) than that of BTR:BO-4Cl-based
devices. The higher EQE in the whole region indicates the
improved charge generation and transport in both the
donor and acceptor domains, which may be attributed to
the blend morphology synergetic modulation effect,
arising from the adjustment of the donor-acceptor pair
interaction. For both systems, the corresponding calcu-
lated J,. obtained by the integration of EQE data are all
close to the J,. values from the J-V measurements, with a
less than 3% mismatch. Furthermore, a PCE of 15.1% has
been also certified by the National Institute of Metrology,
China (NIM) (Fig. 2e and Fig. S7). To the best of our
knowledge, this certified PCE is the highest value re-
ported among NFSM-OSCs. The histograms and corre-
sponding Gaussian distribution of PCE counts for 40
individual B1:BO-4Cl-based devices with CB SVA treat-
ment are shown in Fig. 2f. The significantly enhanced
photovoltaic performance of Bl-based devices suggests
that the increased crystallinity of the donor materials
plays a crucial role in designing high-performance
NFSM-OSCs.

To unearth the cause of the huge differences in device
performances of these two blends, we initially compared
the corresponding absorption spectra of their blends as
shown in Fig. S8. However, the drastic improvement in
the J. of the Bl-based devices cannot be ascribed to the
similar absorption characteristics of the blend films.
Hence, the photocurrent analysis was performed to in-
vestigate the charge generation, dissociation, and extrac-
tion processes. Fig. S9 shows the photocurrent density
(]Ph, the current density under illumination minus the
current density in the dark) against the effective voltage
(Ve the voltage at which J;, = 0 minus the applied vol-
tage) of the devices. The exciton dissociation probability
(Pgiss» determined by Jn/Jp Je denotes the saturation
current density and equals to J,;, when V>2.0 V) [44,45]
values for Bl- and BTR-based devices comes out to be
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97% and 82%, respectively, under optimal conditions at
Ve = 5V, which is in accordance with the higher J,. of
Bl-based devices. Furthermore, the light-intensity-de-
pendent J,. measurement was carried out to identify the
charge recombination mechanism of these devices. The
relationship between J,. and the illumination intensity (P)
can be expressed as J.x P°. As shown in Fig. S10, the
corresponding S factors for B1- and BTR-based devices
are 0.99 and 0.92, respectively, indicating that bi-mole-
cular recombination in the Bl-based device is negligible
[46]. The hole and electron mobilities of the blends were
measured by using the space charge limited current
(SCLC) method [47,48]. The B1:BO-4Cl blend film with
CB SVA treatment exhibits a relatively high hole mobility
() of 2.3x10° cm’ V 's ' and an electron mobility (4.)
of 5.6x10 *cm® V' 's ' (Fig. S11). The BTR:BO-4Cl blend
film, on the other hand, shows a p of
14x10 >em’V''s ' and a p, of 47x10 °cm’ V 's |, re-
spectively. These results indicate that the hole and elec-
tron transport is higher and more balanced in the B1:BO-
4Cl blends, which explains the improved FF for corre-
sponding devices.

The morphology of the active layer of the NFSM-OSCs
is crucial in determining the photovoltaic performance.
To investigate the effect of SVA on the molecular or-
ientation and crystallinity of B1:BO-4Cl and BTR:BO-4Cl
blend films, the GIWAXS measurement was performed.
Fig. 3 shows the 2D patterns and corresponding out-of-
plane (OOP) and in-plane (IP) curves for the binary
blends, with and without CB SVA. Likewise, the scatter-
ing data for unitary Bl, BTR, BO-4Cl and the corre-
sponding binary blends with CF SVA and their 1D
scattering curves are given in Figs S12 and S13. For the
unitary Bl films, the (100) peak of Bl located at 0.31 A™'
becomes intense and sharp in both IP and OOP direc-
tions (Fig. S12) as a consequence of CF and CB SVA,
thus, indicating an enhancement in the crystallinity of the
corresponding films due to the SVA treatment. Further-
more, the SVA treatment also alters the molecular or-
ientation of B1 and leads to a greater face-on orientation

July 2020 | Vol.63 No.7
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Figure 3 The 2D scattering patterns and corresponding OOP and IP curves of B1:BO-4Cl and BTR:BO-4Cl blend films.

in the corresponding devices. However, for the unitary
BTR films, the scattering peaks nearly maintain the same
intensities and face-on orientation. Since the pristine BTR
exhibits good crystallinity and face-on orientation, the
SVA treatment has a negligible influence on its crystal-
linity (Fig. S12). Likewise, for the unitary BO-4Cl films,
the m-m stacking peak at 1.72 A, corresponding to a m-m
distance of 3.64 A, becomes increasingly sharp with CF
and CB SVA. The correlation lengths of the n-m stacking,
calculated by the Scherrer equation [49], comes out to be
16.7, 25.6 and 28.7 A for the pristine, CF-treated and CB-
treated films, respectively. Compared with the GIWAXS
data shown in Fig. 3, the solvent-annealed B1:BO-4Cl
blend film shows an improved donor and acceptor crys-
tallinity, as well as a dominant face-on orientation
(Fig. 3). Similarly, from the 2D patterns and 1D curves,
the (100) scattering peak of BI, located at 0.31 A, is
absent in the OOP direction but present in the IP di-
rection. The face-on ratio is 94% in the blend film, while
it is only 2% in the pristine B1 film (Fig. S14) [50]. This
indicates that the Bl donor is now exhibiting a face-on
orientation within the binary blend films, which further
specifies that the molecular orientation of Bl is sig-
nificantly affected and induced to a face-on orientation by
BO-4Cl. That might be due to the fact that Bl and BO-
4Cl have strong interaction and similar n-m stacking
distances (3.67 vs. 3.64 A). On the other hand, for the
BTR:BO-4Cl blend film, the (100) scattering peak of BTR
is present in both IP and OOP directions, similar to the
pristine film (Fig. 1f). The face-on ratios almost keep
constant, which are 18.4% and 18.3% in blend film and
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pristine film, respectively. Likewise, the 2D patterns of
BTR:BO-4Cl blend films can simply be seen as the ad-
dition of pristine BTR and BO-4Cl in the same film, as
both BTR and BO-4Cl behave individually, and thus,
highlighting their weak interaction.

To investigate the morphological characteristics of the
photoactive layers, the surface and bulk morphologies of
the blend films were obtained using AFM and TEM, re-
spectively (Fig. 4). Fig. 4b and d display the AFM phase
images of the two active layers with CB SVA treatments,
whereby, it can be seen that both phase separation and
surface roughness of the B1:BO-4Cl films are higher than
those of BTR:BO-4Cl films under the optimal conditions.
The B1:BO-4Cl blend film exhibits a root-mean-square
(RMS) roughness of 2.13 nm, while BTR:BO-4Cl system
gives a value of 1.04 nm. Similarly, the TEM images
(Fig. 4c, f) also depict that the internal morphological
characteristics of blend films for these two donor com-
pounds are evidently different. The B1:BO-4Cl blend
demonstrates a fibrous morphology with small-size ag-
gregation, whereas, the less-defined domains are observed
in the BTR:BO-4Cl blends, which could cause the sup-
pressed exciton dissociation, as discussed previously.
Likewise, the B1:BO-4Cl blend reveals enhanced inter-
facial phase separation, that can effectively promote ex-
citon dissociation, charge transfer, as well as reduce
charge recombination, and ultimately contribute to a
boost in J, and FF in the corresponding devices.

CONCLUSION

In summary, we designed and synthesized a new 2D-
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Figure 4 The AFM height images (a, d), phase images (b, e), and TEM images (c, f) of B1:BO-4Cl- and BTR:BO-4Cl-based blend films with CB SVA

treatment.

conjugated donor, BI, that comprised of phenyl-sub-
stituted BDT central units, exhibited higher rotational
barrier, improved crystalline properties, increased m-m
stacking, as well as significantly enhanced photovoltaic
performance in comparison with those of its corre-
sponding thiophene-substituted BDT-based compound,
BTR. In addition, a strong interaction between the donor
and the acceptor in the Bl-based blend films was ob-
served, indicating that the synergistic optimization of
donor-acceptor blend morphology could be achieved by
tuning the symmetry of the donor material. The NFSM-
OSCs obtained by pairing Bl with an NF acceptor (BO-
4Cl) achieve a high PCE of 15.3% (certified PCE 15.1%)
with a high J,. of 25.27 mA cm ~ and a high FF of 0.73,
which is the highest PCE for NFSM-OSCs reported so far,
while the BTR-based device could only manage a PCE of
10.4%. Our results reveal that increasing the crystalline
properties of donor molecule by simply modulating the
symmetry of the conjugated side group contributes to the
synergistic optimization of donor-acceptor blend mor-
phology, and therefore avails to realize high-performance
NFSM-OSCs.
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