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ARTICLE INFO ABSTRACT

Keywords: We have developed new small-molecule electron donors, SMBDT-S and SMBDT-SF, based on benzo[1,2-b:4,5-b’]
Benz?dit}_liophe“e dithiophene (BDT) with thiophene side chains as a core unit and rhodanine end-capping units to enhance the
Fluorination open-circuit voltage (Voc), which is one of the factors limiting performance of small-molecule organic photo-
Alkylthiolation

voltaics (OPVs). The SMBDT-S and SMBDT-SF donor molecules exhibited excellent thermal stability and high
crystallinity. SMBDT-S was found to have a wide bandgap of 1.85 eV with the highest occupied molecular orbital
(HOMO) energy level of — 5.56 eV. The fluorination in SMBDT-SF led to the same bandgap of 1.86 eV with an
even lower-lying HOMO energy level of — 5.72 eV. Both SMBDT-S and SMBDT-SF have large thin-film ab-
sorption coefficients of (1.4-1.5) x 10° cm L. Bulk heterojunction OPV devices based on pairing SMBDT-S and
SMBDT-SF respectively with PC;;BM electron acceptor showed V. as high as 1.18 eV, which is among the
highest Vi reported for all-small-molecule solar cells. These results demonstrate that introducing fluorine atoms
and alkylthio side chains are effective strategies to downshift the HOMO energy level and enhance the V. in

Small-molecule donor
Organic photovoltaics

OPVs.

1. Introduction

Most of the high performing organic photovoltaics (OPVs) are based
on polymer donors, and the maximum power conversion efficiency
(PCEs) of polymer based OPVs has recently reached up to 17% [1-4].
The use of polymer donors in OPVs, however, has significant perfor-
mance reproducibility issues due to the batch-to-batch variations of
morphological properties, which are mainly determined by the molec-
ular weight and molecular weight dispersity (P) [5-10]. Small-molecule
(SM) donors have recently attracted much attention as potential re-
placements for polymer donors since they can overcome batch-to-batch
variation issues with their well-defined chemical structures [5,6,10-22].
So far, the criteria used in the design of SM donor materials include a
broad absorption spectrum, sufficient material crystallinity for high
charge carrier mobility, and matching energy levels and energy offsets
with acceptors for high open-circuit voltage (V,.) and efficient charge
separation. Based on these design criteria, a number of new SM donors
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have been developed and the maximum PCE of OPVs based on SM do-
nors has reached over 14% [15,23-25]. Since the performance of SM
based OPVs is still inferior to that of polymer donor based OPVs, studies
are needed on the design criteria that can improve the open-circuit
voltage (Voc), one of the limiting photovoltaic parameter in the SM
based OPVs [26-30].

A key requirement to achieve high V. is to maintain a low-lying
highest occupied molecular orbital (HOMO) energy level while
ensuring sufficient energetic offset between donor and acceptor mole-
cules for efficient exciton dissociation. Various molecular engineering
strategies have been reported to lower the HOMO energy levels of SM
donors, including the introduction of alkyl [26,31-34], alkylthio [26,
35-43], or alkoxy [26,40,44,45], side chains, and halogen atoms [26,
35-39,46-52]. Among these methods, introducing alkylthio side chains
and halogen atoms are known to be among the most effective strategies
to significantly tune HOMO energy levels (~0.2 eV). In the case of
alkylthiolation, sulfur atoms withdraw the n-electrons from the main
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backbone, and thus lowers the HOMO energy level [26,42]. The intro-
duction of halogen atoms, specifically fluorine atoms, can lead to a
simultaneous downshift of both the HOMO and LUMO energy levels
without compromising the molecular conformations due to the strong
electron-withdrawing effects induced by the small fluorine atoms.

In this paper, we report the development of two new small-molecule
donors, SMBDT-S and SMBDT-SF, based on the core benzo[1,2-b:4,5-b’]
dithiophene (BDT) moiety with thiophene side chains towards the study
of effects of alkylthiolation and fluorination on donor material proper-
ties and V,.. SMBDT-S is designed to have alkylthio side chains and
SMBDT-SF has alkylthio side chains and fluorine atoms on the thiophene
side chains (Fig. 1). The thermal and optical properties, and electronic
structures of the donor molecules were investigated. Both SMBDT-S and
SMBDT-SF molecules were found to have excellent thermal stability
featuring high decomposition temperature (T4) above 300 °C. SMBDT-S
has a wide electrochemical energy bandgap (Efél) of 2.00 eV with the
HOMO energy level of — 5.56 eV whereas SMBDT-SF has a wider Egl of
2.13 eV with lower HOMO energy level of — 5.72 eV as a result of
fluorination. Broad optical absorption bands in the range of 300-700 nm
were observed with an absorption coefficient («) on the order of 10°
em™! in both small molecules. The photovoltaic properties of the donor
molecules were characterized by fabricating OPVs using their respective
binary blends with fullerene (PC7;;BM) as an electron acceptor. The
SMBDT-S:PC7;BM blend devices gave the highest performance (PCE =
2.9%, Jec = 5.6 mA/cm?, V,. = 1.05 V, FF = 0.5) in conventional device
architecture with solvent vapor annealing. Under the same processing
conditions, the SMBDT-SF:PC;BM blend devices gave an enhanced V.
of 1.18 V, which is the highest V. reported for SM based OPVs. How-
ever, very limited short-circuit current of 1.40 mA/cm? was observed,
and thus a much lower PCE of 0.9% was obtained. These results showed
that the alkylthiolation and fluorination are effective strategies to ach-
ieve high V,, although further studies using different acceptors and
modifying the chemical structures of the donor molecules to fine-tune
their solubility and in turn the bulk morphology are needed to achieve
higher performance in OPVs.

2. Experimental
2.1. Materials

Benzo[1,2-b:4,5-b’]dithiophene-4,8-dione, N-fluorobenzenesulfoni
mide, 3-ethylrhodanine were purchased from TCI. All other chemicals
were purchased from Sigma-Aldrich and used as received. (4,8-bis(5-
((2-ethylhexyl)thio)-4-fluorothiophen-2-yl)benzo[1,2-b:4,5-b’ 1dithioph
ene-2,6-diyl)bis (trimethylstannane) (BDT-S) and (4,8-bis(5-((2-ethyl-
hexyl)thio)thiophen-2-yl)-4,8-dihydrobenzo [1,2-b:4,5-b’]dithiophene-
2,6-diyl)bis(trimethylstannane) (BDT-SF) were synthesized according to
the known literature procedures [35,38].

5,5’-(4,8-bis(5-((2-ethylhexyl)thio)thiophen-2-yl)benzo[1,2-b:4,5-
b’]dithiophene-2,6-diyl)bis(3-octylthiophene-2-carbaldehyde)

SMBDT-S SMBDT-SF

Fig. 1. Molecular structures of SMBDT-S (a) and SMBDT-SF (b).
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(Compound 2). BDT-S (0.358 mmol, 0.357 g), compound 1 (1.00 mmol,
0.3 g) and Pd(PPhs)4 (0.018 mmol 21.3 mg) were dissolved in 30 mL of
anhydrous toluene under nitrogen atmosphere. The reaction was carried
out at 100 °C for 48 h. After the reaction was cooled to room tempera-
ture, the reaction mixture was quenched by adding deionized water, and
extracted with dichloromethane. The organic phase was dried over
anhydrous magnesium sulfate. Compound 2 was obtained by column
chromatography (eluent: hexane/dichloromethane) as a reddish orange
solid (0.118 g, Yield = 30%). 'H NMR (CDCls, 400 MHz): § (ppm) 9.87
(s, 2H), 7.78 (s, 2H), 7.64 (s, 2H), 7.38 (s, 2H), 7.26 (s, 2H), 2.98 (d, 4H),
2.89 (t, 4H), 1.69 (m, 6H), 1.53-1.27 (br, 36H), 0.91 (m, 18H).

(52,5'Z)-5,5-((5,5°-(4,8-bis(5-((2-ethylhexyl)thio)thiophen-2-
yDbenzo [1,2-b:4,5-b’] dithiophene-2,6-diyl)bis(3-octylthiophene-
5,2-diyl))bis(methanylylidene))bis(3-ethyl-2-thioxothiazolidin-4-
one) (SMBDT-S). Compound 2 (0.108 mmol, 0.118 g), 3-ethylrhoda-
nine (0.17 mmol, 0.17 g) were dissolved in 30 mL of anhydrous chlo-
roform under nitrogen atmosphere and 0.2 mL of piperidine was added.
The reaction mixture was refluxed for 24 h. After the reaction was
cooled to room temperature, the organic phase was extracted with
chloroform and dried over anhydrous magnesium sulfate. SMBDT-S was
obtained by column chromatography (eluent: hexane/chloroform) as a
dark purple solid (96 mg, Yield = 54%). 'H NMR (CDCl3, 400 MHz): 6§
(ppm) 7.81 (s, 2H), 7.74 (s, 2H), 7.41 (s, 2H), 7.25 (s, 4H), 4.22 (d, 4H),
3.01 (d, 4H), 2.87 (t, 4H), 1.69 (m, 6H), 1.53-1.27 (br, 36H), 0.94 (m,
18H).

5,5’-(4,8-bis(5-((2-ethylhexyl)thio)-4-fluorothiophen-2-yl)benzo
[1,2-b:4,5-b’]dithiophene-2,6-diyl)bis (3-octylthiophene-2-carbalde-
hyde) (Compound 3). BDT-SF (0.955 mmol, 0.96 g), compound 1 (2.62
mmol, 0.79 g) and Pd(PPhs)4 (0.047 mmol 55.2 mg) were dissolved in
100 mL of anhydrous toluene under nitrogen atmosphere. The reaction
was carried out 100 °C for 48 h. After the reaction was cooled to room
temperature, quenched by adding deionized water, and extracted with
dichloromethane. The organic phase was dried over anhydrous mag-
nesium sulfate. Compound 3 was obtained by column chromatography
(eluent: hexane/dichloromethane) as a reddish orange solid (0.61 g,
Yield = 58%).1H NMR (CDCl3, 400 MHz): § (ppm) 9.89 (s, 2H), 7.77 (s,
2H), 7.65 (s, 2H), 7.25 (s, 2H), 2.94 (d, 4H), 2.88 (t, 4H), 1.68 (m, 6H),
1.52-1.32 (br, 36H), 0.91 (m, 18H).

(52,5'Z)-5,5-((5,5°-(4,8-bis(5-((2-ethylhexyl)thio)-4-fluo-
rothiophen-2-yl)benzo [1,2-b:4,5-b’] dithiophene-2,6-diyl)bis(3-
octylthiophene-5,2-diyl))bis(methanylylidene))bis(3-ethyl-2-thio-
xothiazolidin-4-one) (SMBDT-SF). Compound 3 (0.39 mmol, 0.434 g),
3-ethylrhodanine (3.9 mmol, 0.63 g) were dissolved in 60 mL of anhy-
drous chloroform under nitrogen atmosphere and 0.4 mL of piperidine
was added. The reaction mixture was refluxed for 24 h. After the reac-
tion was cooled to room temperature, the organic phase was extracted
with chloroform and dried over anhydrous magnesium sulfate. SMBDT-
SF was obtained by column chromatography (eluent: hexane/chloro-
form) as a dark purple solid (0.3 g, Yield = 54%). H NMR (CDCl3, 400
MHz): 6 (ppm) 7.81 (s, 2H), 7.71 (s, 2H), 7.25 (s, 4H), 4.22 (d, 4H), 2.94
(d, 4H), 2.88 (t, 4H), 1.69 (m, 6H), 1.50-1.27 (br, 36H), 0.96 (m, 18H).

2.2. Characterization

The chemical structures of all compounds were confirmed by 'H
NMR, and 'H NMR spectra at 400 MHz were recorded on a Bruker
Avance III spectrometer. Thermal properties of SMBDT-S and SMBDT-SF
were measured by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC). TGA thermograms were acquired on a
NETZSCH TG209F3 at a heating rate of 20 °C per minutes up to 550 °C
under nitrogen gas flow. DSC thermograms were obtained from a Per-
kinElmer Jade DSC Lab system under nitrogen gas flow at a heating and
cooling rate of 20 °C per minutes up to 310 °C for SMBDT-S and 20 °C
per minutes up to 280 °C for SMBDT-SF.

The optical properties were investigated by PerkinElmer Lambda 25
UV/VIS spectrometer, and the photoluminescence (PL) emission spectra
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were obtained with a Photon Technology International (PTI) Inc. model
QM2001-4 spectrofluorimeter (excitation wavelength = 565 nm). The
absorption spectra of solution and solid-state were obtained from
diluted (10’6 M) small molecule solutions in chloroform and as thin
films on glass substrates, respectively. Cyclic voltammograms were ob-
tained by Digi-Ivy DY2300 Series Potentiostat in an electrolyte solution
of 0.1 M tetrabutylammonium hexafluorophosphate (BusNPFg) in
acetonitrile at a scan rate of 50 mV/s, and the electrolyte solution was
deoxygenated using nitrogen bubbling for 15 min before use. Ag/Ag"
(Ag in 0.1 M AgNOs solution) was used as a reference electrode, and
platinum wires were used as working and counter electrodes. Ferro-
cene/ferrocenium (Fc/Fc) was used as an internal standard. The sam-
ples for CV were prepared by dip-coating the concentrated small
molecule solutions in chloroform onto Pt wires.

X-ray diffraction (XRD) was performed on a Bruker-AXS New D8-
Advance with a Cu-Ka beam by using films drop-casted glass sub-
strates from concentrated solutions in chloroform, followed by anneal-
ing at 200 °C for 10 min.

The geometrically optimized structures, electronic energy levels, and
optical absorption profile of new small molecule donors were calculated
based on density functional theory (DFT) and time-dependent (TD) DFT
with the B3LYP functional and the 6-31G(d) basis set using the Firefly
8.2.0 software package.

2.3. Fabrication and characterization of organic photovoltaic devices

Solar cell devices were fabricated with a conventional architecture of
ITO/PEDOT:PSS/Blend/PFN-Br/Al.  ITO-coated  substrates (15
Q/square, Shanghai B. Tree Tech, Shanghai, China) were cleaned
sequentially in ultrasonic baths with detergent, deionized water,
acetone, and isopropyl alcohol for 30 min, dried using nitrogen gas, and
followed by 10 min of O, plasma cleaning. The PEDOT:PSS (Clevios Al
4083) dispersion was filtered and spin-coated onto the ITO substrates
and followed by thermal annealing at 150 °C for 10 min to make ~ 40
nm thick PEDOT:PSS layer. The SMBDT-S:PC7;BM (1:0.5) blends were
prepared in chloroform, mixed and stirred overnight at 60 °C in an
Argon-filled glovebox. The SMBDT-SF:PC7;BM (1:0.5) blends were
prepared in the same manner. The blend solutions were spin-coated at
1000 rpm for 50 s in the Argon-filled glovebox. The samples underwent
solvent vapor annealing procedure by exposing to a chloroform-filled
Petri dish for 60 s. All the active layers had a thickness of 100+3 nm.
PFN-Br was dissolved in methanol (0.5 mg/mL) and spin-coated onto the
active layer at 2000 rpm for 40 s. The samples were then transferred to
an evaporation chamber where aluminum (100 nm) was thermally
deposited. An aperture mask with area of 3.14 mm? is applied during
measurements to define the illuminated device area. After evaporation
of the electrode, the photovoltaic cells were tested under AM 1.5G solar
illumination at 100 mW/cm? in ambient air by using a solar simulator
(Model 168, Solar Light Co., Philadelphia, PA) with a 200W Xenon Lamp
Power Supply (Model XPS 200, Solar Light Co., Philadelphia, PA) cali-
brated by NREL certified Si photodiode (Model 1787-04, Hamamatsu
Photonics K-K., Japan) and a HP4155A semiconductor parameter
analyzer (Yokogawa Hewlett Packard, Japan). After the J-V measure-
ment, the external quantum efficiency (EQE) was measured by using a
solar cell quantum efficiency measurement system (Model QEX10, PV
Measurements, Inc., Boulder, CO) with a 2 mm? (2 mm x 1 mm) size
masked incident light source and TF Mini Super measurement apparatus
for multiple devices in a single substrate. The EQE system was calibrated
with a Si photodiode before measurement. AFM characterization of
surface morphology was done on the active layers of the actual BHJ solar
cells by using a Veeco Dimension 3100 scanning probe microscope
(SPM) system.
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3. Results and discussions
3.1. Material synthesis

The two small-molecule donors, SMBDT-S and SMBDT-SF, were
designed based on the BDT unit with thiophene side chains, 4,8-bis(5-
((2-ethylhexyD)thio)thiophen-2-yl)benzo[1,2-b:4,5-b’]dithiophene
(BDT-S) and 8-bis(5-((2-ethylhexyl)thio)-4-fluorothiophen-2-yl)benzo
[1,2-b:4,5-b"]dithiophene (BDT-SF), respectively, as a core unit. BDT-S
includes thiolated alkyl chains and BDT-SF includes both thiolated
alkyl chains and fluorine atoms on the thiophene side chains. On both
sides of the BDT monomer is a 3-octylthiophene spacer (Fig. 1). Both
small-molecules are end-capped with 3-ethylrhodanine, resulting in the
realization of a donor-acceptor intramolecular charge transfer effect
[53-55].

BDT-S and BDT-SF were synthesized according to the known litera-
ture procedures [35,38,56], and detailed synthetic procedures are pro-
vided in the Supporting Information. Stille coupling reactions of BDT-S
and BDT-SF with compound 1 in the presence of Pd(PPh3)4 gave the
aldehyde intermediates, and the target small-molecule donors were
obtained by Knoevenagel reaction (Scheme 1). We note that the yield of
the Stille coupling reaction to synthesize compound 2 was low (30%)
because of the low purity of BDT-S (32.6%), which was obtained as a
liquid and thus could not be purified by recrystallization; the purity of
BDT-S was determined via the 'H NMR spectrum (Fig. S1). The final
Knoevenagel reaction gave 54% yield for both SMBDT-S and SMBDT-SF,
and these yields are comparable to the reported values of similar
condensation reactions [57]. After purification by column chromatog-
raphy with hexane and chloroform mixed solvent as an eluent, SMBDT-S
and SMBDT-SF were obtained as dark purple solids. The molecular
structure of the monomers and final products, SMBDT-SF and SMBDT-S,
were confirmed by 'H NMR spectroscopy (Figs. S1-S16).

Thermogravimetric analysis (TGA) and differential scanning calo-
rimetry (DSC) scans of SMBDT-S and SMBDT-SF showed that they
exhibit good thermal stability with a decomposition temperature (Tq) of
333 °C and 348 °C, respectively, at 5% weight loss (Fig. S17). The
melting temperatures (Ty,) for SMBDT-S and SMBDT-SF was observed at
285.2 °C and 269.6 °C, respectively, and the crystallization tempera-
tures (T,) were observed at 269.6 °C and 222 °C, respectively (Fig. S18).
The melting and crystallization enthalpies calculated as the area of the
endothermic and exothermic DSC peaks, respectively, were higher in
SMBDT-SF than in SMBDT-S. In addition, the larger difference between
Tm and T, in SMBDT-SF (47.6 °C) than in SMBDT-S (15.6 °C) suggests
that SMBDT-SF has higher crystallinity than SMBDT-S. SMBDT-SF and
SMBDT-S, both were soluble in chloroform (15 mg/mL), whereas they
had limited solubility in other common organic solvents (THF,
dichloromethane, chlorobenzene). Solubility of this class of donor ma-
terials could be improved by using the longer and branched alkyl side
chains or through the alkyl chains on the end rhodanine units.

3.2. Optical and electrochemical properties

The UV-Vis absorption spectra of SMBDT-S and SMBDT-SF in both
solution and thin-film are shown in Fig. 2 and the corresponding nu-
merical optical properties are summarized in Table 1. In dilute chloro-
form solution (10’6 M), SMBDT-S and SMBDT-SF showed two
absorption bands in the range of 300-400 nm and 400-600 nm, which
correspond respectively to the n—n* transition and the intramolecular
charge transfer (ICT) interaction between the BDT and the rhodanine
units [53-55]. The thin-film absorption spectra of both SMBDT-S and
SMBDT-SF are significantly red-shifted by about 50 nm relative to the
solution spectra (Fig. 2) because of the enhanced n-n intermolecular
interactions and conformational changes in the solid state [47,58]. As
expected, SMBDT-SF showed a 35% higher maximum extinction coef-
ficient (¢) of 6.46 x 10*M T em™! compared to that of SMBDT-S because
fluorination is known to enhance the extinction coefficient [35,47]. The
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Scheme 1. Synthetic route to SMBDT-S and SMBDT-SF.
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Fig. 2. UV-Vis absorption spectra of SMBDT-S (red) and SMBDT-SF (black) in
solutions (dotted line) and as thin films on glass substrates (solid line). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

thin-film absorption coefficients of both small molecules were found to
be 1.51 x 10° cm™! (at 565 nm) and 1.43 x 10° cm ™! (at 599 nm) for
SMBDT-S and SMBDT-SF, respectively, which are an order of magnitude
higher compared to the reported a for similar small-molecule donors
[59-63]. The observed higher absorption coefficient can be rationalized
by the increased packing density as a result of a highly planar backbone
as evidenced by the density functional theory (DFT) calculated molec-
ular structures (Fig. S19). SMBDT-S already has large crystallites and
tends to have a face-on orientation according to DFT calculation and
XRD analysis, and thus no significant fluorination effect was observed on
the absorption coefficient of SMBDT-SF. The superior absorption coef-
ficient in these new donor molecules suggest efficient photon harvesting
which is highly beneficial for OPV applications. The optical band gap
(Efg)pt), determined from the onset absorption band edge, is identical

1.85-1.86 eV for SMBDT-S and SMBDT-SF. The observed identical Eg
values for SMBDT-S and SMBDT-SF is consistent with the result from
DFT calculation (Fig. S19).

The electronic structures of SMBDT-S and SMBDT-SF were measured
by cyclic voltammetry (CV) and are summarized in Table 1 whereas the
cyclic voltammograms are shown in Fig. 3. The highest occupied mo-
lecular orbital (HOMO)/the lowest unoccupied molecular orbital
(LUMO) energy levels were — 5.56/ — 3.56 eV for SMBDT-S and —

Table 1

5.72/ — 3.59 eV for SMBDT-SF, as calculated from the CV onset redox
potentials. The presence of highly electronegative fluorine atoms on
SMBDT-SF led to lower-lying HOMO/LUMO energy levels compared to
those of SMBDT-S, which is in good agreement with other reports on the
effects of fluorination [64,65]. Moreover, the HOMO energy level (—
5.72 eV) of SMBDT-SF is lower-lying than most of the HOMO energy
levels reported for small-molecule donors and this is a result of the
synergistic effect of fluorination and alkylthio side chains [11,12,14,35,
38,39]. Compared to the LUMO energy levels of many fullerene and
non-fullerene acceptors, the LUMO energy levels of these new
small-molecule donors can give sufficient energy offsets for efficient
charge separation [66]. Similarly, the deep HOMO levels of SMBDT-S
and SMBDT-SF suggest that a large V,. can be expected in OPV de-
vices fabricated from them.

3.3. Morphological properties

The molecular packing structure and bulk crystallinity of the new
small molecules were characterized by X-ray diffraction analysis (XRD)
of thermally annealed (200 °C, 10 min) drop-casted films. As shown in
Fig. 4, XRD patterns of both SMBDT-S and SMBDT-SF showed an intense
lamellar (100) peak at 200f 4.27° and 20of 4.32°, respectively, and no
other peaks were observed. The calculated d-spacing from this lamellar
peak was 20.65 A for SMBDT-S and 20.44 A for SMBDT-SF, and this
similar d-spacing in the two small-molecule donors means that the
fluorination had no impact on the backbone packing. Moreover, these d-
spacing is shorter than the length of side chains on SMBDT-S and
SMBDT-SF, which suggests inter-digitation of the side chains [69].
Although both materials gave similar d-spacing values, SMBDT-SF
showed slightly narrower (100) diffraction peak with the full width at
half maximum (FWHM) of 0.1499° compared to the FWHM of 0.1928°
in SMBDT-S. This result suggests that SMBDT-SF had a higher crystal-
linity than SMBDT-S which can be explained by the enhanced inter-
molecular interactions from the noncovalent F---H and F---S interactions
facilitated by the fluorine atoms [47]. This result is in good agreement
with the DSC results discussed above.

3.4. Photovoltaic properties

We characterized the photovoltaic properties of the new small-
molecule donors by fabricating bulk heterojunction OPV devices using
PC71BM as the electron acceptor. The optimal device fabrication con-
ditions were found by varying the donor/acceptor (D/A) blend ratio, the
device architecture, the use of solvent processing additives, and the post-
deposition conditions (thermal annealing/solvent vapor annealing) of
the active layer. First, the SMBDT-S:PC;1BM devices with different D/A

Optical properties and electronic structures of SMBDT-S and SMBDT-SF donor molecules.

small-molecule 2 [nm] MM [nm] Omax M~ em™1] EP'[eV] LUMO [eV] “ HOMO [eV] © E[eV]
SMBDT-S 509 565 1.51 x 10° 1.85 -3.56 —5.56 2.00
SMBDT-SF 504 599 1.43 x 10° 1.86 -3.59 —5.72 2.13

2 LUMO energy was calculated based on LUMO = — (q (Ereq — EFF¢") + 4.8 eV).

Y HOMO energy was calculated based on HOMO = — (q (Eoxi — EFF¢") + 4.8 eV [67,68].
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blend ratios (1:0.5, 1:0.8, 1:1, 1:1.5) in inverted structure of indium tin
oxide (ITO)/ZnO/PEl/active layer/MoOs/Ag were characterized, where
polyethyleneimine (PEI) was used as a cathode interlayer [70]. The
blend devices of lower donor compositions were found to have slightly
enhanced photovoltaic parameters with the highest PCE of 1.22% ach-
ieved with a D/A blend ratio of 1:0.5 (Table S2). The photovoltaic
properties of SMBDT-S:PC7;BM devices were found to be improved by
using a conventional device architecture of ITO/PEDOT:PSS/active
layer/PFN-Br/Al where poly (3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) was the hole-transporting layer, and poly (9,
9-bis(3’-(N,N-dimethyl)-N-ethylammonium-propyl-2,7-fluorene)-alt-2,

7-(9,9-dioctylfluorene))dibromide (PFN-Br) was the
electron-transporting layer. The SMBDT-S:PC7,BM conventional devices
processed by annealing at 110 °C for 10 min gave rise to an improved
PCE of 2.41% with an enhanced J. of 5.04 mA/cm?, a V,c of 1.04 V, and
a FF of 0.38. After solvent vapor annealing (SVA) with chloroform, the
SMBDT-S:PC71BM devices had slightly enhanced photovoltaic parame-
ters (Jgc = 5.22 mA/cm?, Voe = 1.05 V, FF = 0.48); thus, a maximum PCE
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of 2.9% was achieved. Further optimization by varying the SVA treat-
ment time or using different solvent processing additives (Tables S3 and
S4) led to minimal changes in the photovoltaic properties.

The SMBDT-SF: PC7;BM devices were fabricated using the same
processing conditions as the optimal SMBDT-S:PC71BM devices (Fig. 5
(a) and Table 2), however, they resulted in a maximum PCE of 0.9%.
This is due to the extremely low photocurrent (1.4 mA/cm?). This poor
PCE seen in SMBDT-SF:PC71BM devices can be explained by poor bulk
film morphology with largely aggregated phases and the modest solu-
bility of SMBDT-SF molecules. Nevertheless, it is worth noting that the
observed V. of 1.18 V is among the highest value reported so far for all-
small-molecule fullerene-based OPVs [71]. Thus, the observed high V.
(> 1V) observed in both SMBDT-S and SMBDT-SF devices suggests that
the alkylthiolation and fluorination of small-molecule donors are the
effective design strategies to achieve enhanced V,.. The observed high
Voc in these SMBDT-S and SMBDT-SF based devices also suggested that
they are promising candidates to be used in tandem OPVs to ultimately
achieve a V,. beyond 2V, which can be beneficial for water splitting
applications [72,73]. We believe that better device performances can be
realized in future studies by using compatible acceptors and further
modification of the molecular structures of these donor molecules to
improve solubility and overall bulk morphology. The external quantum
efficiency (EQE) spectra of the best SMBDT-S:PC71BM and SMBDT-SF:
PC71BM devices are shown in Fig. 5(b). Both devices exhibited broad
photoresponses in range of 300-700 nm, and the peak EQE values were
33% at 550 nm in SMBDT-S devices and 5.5% at 540 nm in SMBDT-SF
device. The observed EQE spectra matched well with the optical ab-
sorption spectra of SMBDT-S and SMBDT-SF. We further investigated
morphological properties of two active layers, SMBDT-S:PC71BM blend
and SMBDT-SF:PC;;BM blend, by atomic force microscopy (AFM). As
shown in Fig. 523 and Fig. S24, height and phase images of SMBDT-SF:
PC7:BM blend showed clear phase separations and aggregates with
higher root mean square (RMS) roughness of 2.0 nm than in SMBDT-S:
PC7:BM blend (RMS value = 1.5 nm). This result indicates stronger
phase separation behavior of SMBDT-SF than SMBDT-S, and can
partially explain lower EQE values in SMBDT-SF:PC;1BM devices
compared to SMBDT-S:PC;;BM devices.

3.5. Conclusions

We have designed and synthesized two new BDT-based small-mole-
cule donors, SMBDT-S with alkylthio-groups and SMBDT-SF with
alkylthio-groups and fluorine atoms, and investigated their thermal,
optical, electronic structure, and photovoltaic properties. Both small-
molecules were found to exhibit excellent thermal stability and broad
absorption spectra spanning from 300 nm to 700 nm featuring high
absorption coefficients of (1.4-1.5) x 10° ¢cm~!. The observed wide
bandgaps (> 1.8 eV) with low-lying HOMO energy levels (< —5.5 eV) of
SMBDT-S and SMBDT-SF suggest that they have good potential for
developing efficient OPVs having large V. above 1.0 V. Initial charac-
terization of their photovoltaic properties by using PC71BM as an elec-
tron acceptor produced SMBDT-S:PC71BM devices with a maximum PCE
of 2.9% and a V. of 1.05 V whereas the SMBDT-SF:PC7,BM devices gave
a maximum PCE of 0.90% with a V,. of 1.18 V. Although the observed
power conversion efficiencies in this study were relatively low, we point
out that the V. (1.18 eV) of the devices is the highest value reported for
the small-molecule donor based OPVs. Indeed, the observed high Vg
(1.18 V) is among the highest value reported so far for all-small-
molecule based OPVs. Improved photovoltaic device performance can
be expected from this new class of small-molecule donors by improving
the solubility of the small-molecules via longer alkyl side chains and by
pairing them with more compatible acceptors.

Declaration of competing interest

The authors declare that they have no known competing financial



E. Lee et al.

—_
=
~

o
B

y
N
T

IS

—e— SVA - 60s (SMBDT-SF)
—=— SVA - 60s (SMBDT-S)
_—A—TA - 10min (SMBDT-S)
02 00 02 04 06 08 10 1.2
Voltage (V)

Current density (mA/cm?)

EQE (%)

Organic Electronics 88 (2021) 105996

—=— SMBDT-S
sk [ —e—SMBDT-SF

- -
o
T

5
o A A

3 500 600
Wavelength (nm)

00 400 700 800

Fig. 5. (a) J-V curves of SMBDT-S:PC,;BM, SMBDT-SF:PC7;BM devices after solvent vapor annealing (SVA) for 60 s, and SMBDT-S:PC7,BM device after thermal
annealing (TA) at 110 °C for 10 min. (b) EQE spectra of optimized SMBDT-S:PC;;BM and SMBDT-SF:PC7;BM devices in conventional architecture.

Table 2

Photovoltaic properties of the optimized SMBDT:PC7;BM and SMBDT-SF:PC7;BM blend devices.

Blend (1:0.5) ° Jse (mA/cm?)

Voc (V)

FF PCE (%)

SMBDT-SF:PC,;BM™
SMBDT-S:PC,,BM™¢
SMBDT-S:PC;,BM*®

1.39 (1.44 £ 0.13)
5.55 (4.86 + 0.32)
5.68 (5.04 + 0.47)

1.18 (1.16 + 0.02)
1.05 (1.09 & 0.03)
1.04 (1.04 £+ 0.01)

0.55 (0.44 + 0.07)
0.50 (0.49 £ 0.02)
0.41 (0.38 £ 0.02)

0.90 (0.74 £+ 0.13)
2.89 (2.62 £ 0.17)
2.41 (1.99 £ 0.29)

@ Conventional device structure (ITO/PEDOT:PSS/Blend/PFN-Br/Al).
b Devices treated with 60 s of solvent vapor annealing.

¢ Devices treated by annealing at 110 °C for 10 min.

4 The photovoltaic properties were averaged over 10 devices.

¢ The photovoltaic properties were averaged of 4 devices.
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