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ABSTRACT: Small molecules, namely, DCAO3TBDT and
DR3TBDT, with 2-ethylhexoxy substituted BDT as the central
building block and octyl cyanoacetate and 3-ethylrhodanine as
diﬀerent terminal units with the same linkage of dioctyltertthiophene, have been designed and synthesized. The photovoltaic properties of these two molecules as donors and
fullerene derivatives as the acceptors in bulk heterojunction
solar cells are studied. Among them, DR3TBDT shows
excellent photovoltaic performance, and power conversion
eﬃciency as high as 7.38% (certiﬁed 7.10%) under AM 1.5G irradiation (100 mW cm−2) has been achieved using the simple
solution spin-coating fabrication process, which is the highest eﬃciency reported to date for any small-molecule-based solar cells.
The results demonstrate that structure ﬁne turning could cause signiﬁcant performance diﬀerence and with that the performance
of solution-processed small-molecule solar cells can indeed be comparable with or even surpass their polymer counterparts.

■

INTRODUCTION
Solution-processed organic solar cells (OSCs) are drawing
more and more attention recently because of the potential as a
competitive technology of green energy with the advantages of
low cost, lightweight, and high mechanical ﬂexibility.1−5 With
the signiﬁcant improvements in active layer, device structure,
and fabricating techniques, power conversion eﬃciencies
(PCEs) over 8% have been achieved for polymer-based solar
cells (PSCs) with the most promising bulk heterojunction
(BHJ) architecture.6−10 Meanwhile, solution-processed smallmolecule-based solar cells (SMSCs) are emerging as a
competitive alterative to their polymer counterparts due to
some promising advantages, including well-deﬁned structure
thus less batch-to-batch variation,11,12 versatile molecular
structure, and easier band structure control.13,14 Recently,
prominent eﬃciencies with 6−7% have been achieved for smallmolecule bulk heterojunction (SM BHJ) solar cells,15−19 which
is closing the performance gap with the best PSCs. However,
SM BHJ solar cells have not been investigated as intensively as
PSCs, and their overall performances are still behind those of
their polymer counterparts. Furthermore, many techniques and
lessons for polymer-based BHJ solar cells could be applied for
SM BHJ devices.4 Currently, the active materials, especially the
donor materials are still the most important key factor for high
PCEs of SMSC devices.3,4 To address this issue, it is believed
that several requirements should be considered collectively to
design small molecules for high-performance and solutionprocessed SMSCs. These include (1) excellent ﬁlm formation
ability, (2) wide and eﬃcient absorption, (3) matched energy
© 2012 American Chemical Society

levels with acceptors, (4) planar structure for high hole
mobility, and (5) good solubility and chemical and thermal
stability.20 It is important to note that the design of small
molecules with good ﬁlm formation ability is a prerequisite for
high-performance solution-processed BHJ devices, since it has
been generally diﬃcult for small molecules to form comparably
good quality ﬁlm as polymers, especially those molecules with
relatively low molecular weights and rigid planar structures
owing to their intrinsic aggregation.21,22
In our previous works, we have reported a series of linear
acceptor−donor−acceptor (A-D-A) small molecules containing
diﬀerent cores such as thiophene,16,23,24 dithieno[3,2-b:2′,3′d]silole (DTS),25 and benzo[1,2-b:4,5-b′]dithiophene (BDT)26
with various terminal units, that is, alkyl cyanoacetate, 3ethylrhodanine, and so forth. This design strategy could indeed
eﬃciently solve the poor ﬁlm quality problem for general small
molecules owing to long enough conjugated backbone
substituted with dispersed alkyl chains as used for the polymer
cases. Meanwhile, taking the general advantages of small
molecules, we ﬁnd that those molecules exhibit high mobilities
and wide absorptions with high coeﬃcients, owing to the
eﬃcient conjugation in the backbone structure and intramolecule charge transfer (ICT) between the terminal acceptor
units and the central donor building blocks. High PCEs with
5−6% have been achieved by employing them as the donors in
BHJ devices with [6,6]-phenyl C61-butyric acid methyl ester
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(PC61BM) as the acceptor.16,23,25,26 The results demonstrate
that our strategy is eﬀective, and it is expected that better PCEs
could be achieved if careful molecule design can be carried out
to address the above factors collectively by using more
optimized building units.
Considering the relatively larger planar structure of benzo[1,2-b:4,5-b′]dithiophene (BDT), its low highest occupied
molecular orbital (HOMO) energy level, and proved high
eﬃciencies in PSCs,6,27 we have previously reported a small
molecule named DCAO 3T(BDT)3T containing a none
substituted BDT core and octyl cyanoacetate terminal with a
PCE of 5.44%.26 For DCAO3T(BDT)3T, we had to use a
spacer unit of trioctylterthiophene to ensure its solubility and
its ﬁlm quality when using solution process for SM BHJ cells.
Because of this, the synthesis of this particular compound is not
eﬃcient, and the route is long. Furthermore, though with a high
open-circuit voltage (Voc) of 0.93 V and ﬁll factor (FF) of
59.9%, the device based on DCAO3T(BDT)3T exhibited a
relatively low short-circuit current (Jsc) of 9.77 mA cm−2 Later,
we also found that incorporating a dye unit such as 3ethylrhodanine as the end unit could greatly improve the light
absorption ability, and thus, a high Jsc value could be achieved in
the corresponding devices.16 Logically, if taking advantages of
these two results together, we could expect a higher
performance for the easier-synthesis targeted compounds.
Based on this, two molecules, namely, DCAO3TBDT and
DR3TBDT (Figure 1), with 2-ethylhexoxy substituted BDT

Scheme 1. Synthesis Routes of DCAO3TBDT and
DR3TBDTa

a

DCHO3TBDT. As shown in Scheme 1, a solution of 1 (1.67 g, 2.88
mmol) and 2 (1.06 g, 1.37 mmol) in toluene (70 mL) was degassed
twice with argon followed by the addition of Pd(PPh3)4 (158 mg, 0.14
mmol). After being stirred at 100 °C for 48 h under argon, the
reaction mixture was poured into water (100 mL) and extracted with
CH2Cl2. The organic layer was washed with water and then dried over
Na2SO4. After removal of solvent, the crude product was puriﬁed by
column chromatography on silica gel using a mixture of dichloromethane and petroleum ether (1:1) as eluant to aﬀord compound
DCHO3TBDT (1.51 g, 73%) as a red solid. 1H NMR (400 MHz,
CDCl3): δ 9.83 (s, 2H), 7.59 (s, 2H), 7.45 (m, 2H), 7.25 (s, 2H), 7.14
(m, 4H), 4.18 (d, 4H), 2.81 (m, 8H), 1.85 (m, 2H), 1.71 (m, 8H),
1.44 (m, 16H), 1.29 (m, 40H), 1.07 (t, 6H), 0.99 (br, 6H), 0.88 (m,
12H). 13C NMR (100 MHz, CDCl3): δ 182.52, 144.09, 141.16,
140.93, 140.36, 140.24, 139.07, 137.85, 136.09, 135.65, 134.75, 132.46,
130.19, 129.19, 128.31, 127.84, 126.31, 116.18, 40.69, 31.88, 30.52,
30.44, 30.31, 29.67, 29.53, 29.47, 29.31, 29.26, 23.88, 23.24, 22.69,
14.29, 14.13, 11.40. MS (MALDI-TOF): calcd. for C84H114O4S8 [M]+,
1442.65; found, 1442.67.
DCAO3TBDT. DCHO3TBDT (0.39 g, 0.27 mmol) was dissolved in
a solution of dry CHCl3 (60 mL); three drops of triethylamine and
then octyl cyanoacetate (0.6 mL, 3.26 mmol) were added, and the
resulting solution was stirred for 40 h under argon at room
temperature. The reaction mixture was then extracted with CH2Cl2,
washed with water, and dried over Na2SO4. After removal of solvent, it
was puriﬁed by chromatography on silica gel using a mixture of
dichloromethane and petroleum ether (3:2) as eluant to aﬀord
DCAO3TBDT as a black solid (0.31 g, 64% yield), mp 209−213 °C.
1
H NMR (400 MHz, CDCl3): δ 8.20 (s, 2H), 7.59 (s, 2H), 7.46 (s,
2H), 7.31 (d, 2H), 7.16 (d, 2H), 7.15 (s, 2H), 4.29 (t, 4H), 4.19 (d,
4H), 2.82 (m, 8H), 1.85 (m, 2H), 1.73 (m, 16H), 1.45−1.29 (m,
72H), 1.07 (t, 6H), 0.99 (t, 6H), 0.88 (m, 18H). 13C NMR (100 MHz,
CDCl3): δ 163.10, 145.84, 144.09, 141.59, 141.18, 140.73, 140.49,
138.33, 136.05, 135.72, 134.33, 132.93, 132.46, 130.19, 129.19, 128.33,
128.18, 126.25, 116.19, 116.00, 97.70, 76.00, 66.55, 40.72, 31.88,
31.79, 30.46, 30.1, 29.77, 29.70, 29.59, 29.51, 29.33, 29.29, 29.21,
28.58, 25.82, 23.90, 23.26, 22.69, 22.66, 14.31, 14.12, 11.42. MS
(MALDI-TOF): calcd for C106H148N2O6S8 [M]+, 1800.91; found,

Figure 1. Chemical structures of the targeted molecules
DCAO3TBDT and DR3TBDT.

block as the central building block and octyl cyanoacetate and
3-ethylrhodanine as the terminal unit, have been designed and
synthesized. Their photovoltaic as well as other properties are
studied and compared. Among them, DR3TBDT shows
excellent photovoltaic performance, and a PCE as high as
7.38% has been achieved using the simple solution spin-coating
fabrication process.

■

R1 = 2-ethylhexyl; R2 = n-octyl.

EXPERIMENTAL SECTION

Materials. All reactions and manipulations were carried out under
argon atmosphere with the use of standard Schlenk techniques.
PC61BM and PC71BM were purchased from American Dye Source,
Inc., and PDMS (trimethylsiloxy terminated, Mr = 14 000) was
purchased from Alfa Aesar. All the materials were used as received
unless speciﬁed. Two important intermediates, 5-bromo-3,3-dioctyl2,2′:5,2″-terthiophene-2-carbaldehyde(Br3TCHO) (compound 1 in
Scheme 1)25 and 2,6-bis(trimethyltin)-4,8-bis(2-ethylhexoxy)benzo[1,2-b:4,5-b′]dithiophene (BDT) (compound 2 in Scheme 1),28 were
prepared according to the literature.
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Figure 2. (a) UV−vis absorption spectra of DCAO3TBDT and DR3TBDT solutions; (b) UV−vis absorption spectra of DCAO3TBDT and
DR3TBDT ﬁlms; (c) cyclic voltammograms of DCAO3TBDT and DR3TBDT in a dichloromethane solution of 0.1 mol L−1 Bu4NPF6 with a scan
rate of 100 mV s−1.
1800.91. Anal. calcd. for C106H148N2O6S8: C, 70.62; H, 8.27; N, 1.55;
found: C, 70.96; H, 8.62; N, 1.68.
DR3TBDT. DCHO3TBDT (0.30 g, 0.21 mmol) was dissolved in a
solution of dry CHCl3 (50 mL); three drops of piperidine and then 3ethylrhodanine (0.35 g, 2.1 mmol) were added, and the resulting
solution was reﬂuxed and stirred for 12 h under argon. The reaction
mixture was then extracted with CH2Cl2, washed with water, and dried
over Na2 SO4. After removal of solvent, it was puriﬁed by
chromatography on a silica gel column using CHCl3 as eluant; the
crude solid was recrystallized from hexane and CHCl3 mixture four
times to aﬀord DR3TBDTT as a black solid (290 mg, 80% yield), mp
232−237 °C. 1H NMR (400 MHz, CDCl3): δ 7.78 (s, 2H), 7.45 (s,
2H), 7.23 (br, 4H), 7.15 (br, 4H), 4.18−4.19 (br, 8H), 2.82 (d, 8H),
1.35−1.82 (m, 58H), 0.85−1.04 (m, 30H). 13C NMR (100 MHz,
CDCl3): δ 192.05, 167.31, 144.10, 141.13, 139.45, 137.51, 137.32,
136.12, 135.89, 135.60, 135.28, 135.25, 134.81, 132.48, 130.36, 129.20,
127.33, 126.30, 124.88, 120.62, 116.22, 40.72, 39.93, 31.92, 31.85,
30.51, 30.31, 29.70, 29.69, 29.60, 29.50, 29.30, 23.95, 23.25, 22.70,
14.28, 14.11, 12.30, 11.42. MS (MALDI-FTICR): calcd. for
C94H124N2O4S12 [M]+, 1729.62; found, 1730.62. Anal. calcd. for
C94H124N2O4S12: C, 65.23; H, 7.22; N, 1.62; found: C, 65.60; H, 7.06;
N, 1.49.
Characterization. The 1H and 13C NMR spectra were recorded
on a Bruker AV400 Spectrometer. High-resolution matrix-assisted
laser desorption ionization (MALDI) mass spectra were collected with
a Fourier transform-ion cyclotron resonance mass spectrometer
instrument (Varian 7.0T FTICR-MS). The thermogravimetric analyses
(TGA) was carried out on a NETZSCH STA 409PC instrument
under puriﬁed nitrogen gas ﬂow with a 10 °C min−1 heating rate. UV−
vis spectra were obtained with a JASCO V-570 spectrophotometer.
Cyclic voltammetry (CV) experiments were performed with a LK98B
II microcomputer-based electrochemical analyzer. All CV measurements were carried out at room temperature with a conventional
three-electrode conﬁguration employing a glassy carbon electrode as
the working electrode, a saturated calomel electrode (SCE) as the
reference electrode, and a Pt wire as the counter electrode.29
Dichloromethane was distilled from calcium hydride under dry
nitrogen immediately prior to use. Tetrabutylammonium phosphorus
hexaﬂuoride (Bu4NPF6, 0.1 M) in dichloromethane was used as the
supporting electrolyte, and the scan rate was 100 mV s−1. The
transmission electron microscopy (TEM) investigation was performed
on a JEOL JEM2010FIF operated at 200 kV. Atomic force microscopy
(AFM) investigation was performed using Bruker MultiMode 8 in
“tapping” mode. The specimen for TEM measurement was prepared
by spin-casting the blend solution on ITO/PEDOT−PSS substrate,
ﬂoating the ﬁlm on a water surface, and transferring to TEM grids.
Incident photon to current eﬃciency (IPCE) values of the
encapsulated devices was measured using a lock-in ampliﬁer (SR810,
Stanford Research Systems). The devices were illuminated by
monochromatic light from a 150 W xenon lamp passing through an
optical chopper and a monochromator. Photon ﬂux was determined by
a calibrated standard silicon photodiode.

Mobility measurements of DCAO3TBDT/PC61BM (w/w, 1:0.5)
and DR3TBDT/PC71BM (w/w, 1:0.8) blend ﬁlms with 0.2 mg mL−1
PDMS were done by a charge-only space-charge limited current
(SCLC) method with the following diode structures: ITO/PEDOT−
PSS/active layer/Au for hole and Al/active layer/Al for electron by
taking current-voltage current in the range 0−7 V and ﬁtting the
results to a space-charge limited form.30,31 The charge carrier
mobilities were calculated using the SCLC model, where the SCLC
is described by J = 9ε0εrμV2/8L3, where J is the current density, L is
the ﬁlm thickness of the active layer, μ is the hole or electron mobility,
εr is the relative dielectric constant of the transport medium, ε0 is the
permittivity of free space (8.85 × 10−12 F m−1), V is the internal
voltage in the device, and V = Vappl − Vr − Vbi, where Vappl is the
applied voltage to the device, Vr is the voltage drop due to contact
resistance and series resistance across the electrodes, and Vbi is the
built-in voltage due to the relative work function diﬀerence of the two
electrodes.
Solar Cell Fabrication and Testing. The devices were fabricated
with a conventional structure of glass/ITO/PEDOT−PSS/donor−
acceptor/LiF/Al using a solution process. The ITO-coated glass
substrates were cleaned by ultrasonic treatment in detergent, deionized
water, acetone, and isopropyl alcohol under ultrasonication for 15 min
each and subsequently dried by a nitrogen blow. A thin layer (∼40
nm) of PEDOT−PSS (Clevios P VP AI 4083, ﬁltered at 0.45 μm) was
spin-coated at 3000 rpm onto the ITO surface. After being baked at
150 °C for 20 min, the substrates were transferred into an argon-ﬁlled
glovebox. Subsequently, the active layer (∼100 nm) was spin-coated
from donor (8 mg/mL)−acceptor blend chloroform solutions with
diﬀerent ratios at 1700 rpm. For the devices with PDMS additive,
PDMS with desired amounts was added in the active material blend
chloroform solutions and stirred for 2 h before spin-coating. Finally, a
0.8 nm LiF and 80 nm Al layer were deposited on the active layer
under high vacuum (<2 × 10−4 Pa). The eﬀective area of each cell was
∼4 mm2 deﬁned by the mask. The current density−voltage (J−V)
curves of photovoltaic devices were obtained by a Keithley 2400
source-measure unit. The photocurrent was measured under
illumination simulated 100 mW cm−2 AM1.5G irradiation using an
Oriel 96000 solar simulator, calibrated with a standard Si solar cell.

■

RESULTS AND DISCUSSION
Synthesis and Thermal Property. Figure 1 shows the
chemical structures of these two molecules terminated with
octyl cyanoacetate (DCAO3TBDT) and 3-ethylrhodanine
(DR3TBDT). The synthesis routes of the two target molecules
are depicted in Scheme 1. By using the 2-ethylhexoxy
substituted BDT central building block for better solubility,
we can select the easier-synthesized dioctyltertthiophene
obtained via a simple Grignard reaction25 as the spacer instead
of trioctylterthiophene in our previous compound DCAO3T(BDT)3T, since the synthesis of the trioctylterthiophene block
16347
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Table 1. Optical and Electrochemical Data of Compounds DCAO3TBDT and DR3TBDT
compd
DCAO3TBDT
DR3TBDT

λmax solution (nm)

ε solution (M−1 cm−1)

494
508

7.2 × 10
8.1 × 104
4

λmax ﬁlm (nm)

ε ﬁlm (cm−1)

(Egopt) ﬁlm (eV)

Egcv (eV)

HOMO (eV)

LUMO (eV)

560
583

5.3 × 10
6.3 × 104

1.84
1.74

1.80
1.75

−5.04
−5.02

−3.24
−3.27

4

is rather tedious.26 The targeted molecules were then prepared
by the Knoevenagel condensation of DCHO3TBDT with octyl
cyanoacetate or 3-ethylrhodanine, respectively. Obviously, the
route for this synthesis is much easier and more eﬃcient than
the previous method and oﬀers more possibility to have a more
diversiﬁed pool of products for future studies. Both products
are rather soluble in common organic solvents and exhibited
good thermal stability up to 320 °C under a N2 atmosphere
(Supporting Information, Figure S1).
Optical Absorption and Electrochemical Properties.
The solution and thin-ﬁlm optical absorption spectra of
DCAO3TBDT and DR3TBDT were presented in Figure 2a,
b. DCAO3TBDT in diluted chloroform solution shows an
absorption peak at 494 nm and a maximal coeﬃcient of 7.2 ×
104 M−1 cm−1. After replacing the octyl cyanoacetate terminal
with 3-ethylrhodanine, the DR3TBDT solution presents a
bathochromic absorption peak at 508 nm, with a higher
maximal coeﬃcient of 8.1 × 104 M−1 cm−1. At the solid state,
the DCAO3TBDT ﬁlm displays a red-shifted λmax at 560 nm
with a maximal coeﬃcient of 5.3 × 104 cm−1. The DR3TBDT
ﬁlm shows a broader absorption from 350 to 800 nm and a redshifted absorption peak at 583 nm with the maximal coeﬃcient
increasing to 6.3 × 104 cm−1 and also a vibronic shoulder at 640
nm, indicating an eﬀective π−π packing between the molecule
backbones at the solid state.32,33 It is obvious that the
introduction of the rhodanine dye end unit could eﬀectively
lower the band gap and improve absorption coeﬃcient as
expected, which is similar to the rhodanine eﬀect observed in
our previous work.16 The optical band gaps of DCAO3TBDT
and DR3TBDT are estimated to be 1.84 and 1.74 eV,
respectively. Cyclic voltammetry (CV) was used to investigate
the electrochemical property of DCAO3TBDT and DR3TBDT.
As shown in Figure 2c, the energy levels of HOMO and lowest
unoccupied molecular orbital (LUMO), which are −5.04 and
−3.24 eV for DCAO3TBDT and −5.02 and −3.27 eV for
DR3TBDT, were calculated from the onset oxidation and
reduction potential. The electrochemical band gaps of
DCAO3TBDT and DR3TBDT are estimated to be 1.80 and
1.75 eV, respectively, which is consistent with the optical band
gaps. So, compound DR3TBDT exhibits a slightly lower band
gap. Some important optical and electrochemistry data were
displayed in Table 1.
Photovoltaic Properties. With the desired good solubility
and high eﬃcient solar light absorption, OSC devices based on
these two small molecules were fabricated and tested under the
illumination of AM 1.5G, 100 mW cm−2 for solar cell
applications. Following our conventional practice for these
small molecules using solution process,23,25 the active layers
were spin-coated from their chloroform solutions. The best J−
V curves are reported in Figure 3a, and the corresponding
photovoltaic performance is summarized in Table 2. With the
optimized weight ratio of DCAO3TBDT to PC61BM at 1:0.5, a
best but moderate PCE of 4.56% was obtained, with a shortcircuit current (Jsc) of 8.00 mA cm−2, an open-circuit voltage
(Voc) of 0.95 V, and a ﬁll factor (FF) of 60.0%. In contrast, the
devices based on DR3TBDT and PC61BM (1:0.8, w/w)
received an impressive PCE of 6.38%, with a Voc of 0.91 V

Figure 3. (a) J−V curves of solar cells with an active layer composed
of DCAO3TBDT/PC61BM (1:0.5, w/w) and DR3TBDT/PC71BM
(1:0.8, w/w) with 0.2 mg mL−1 PDMS; (b) the certiﬁed performance
of a device based on DR3TBDT/PC71BM with 0.2 mg mL−1 PDMS;
(c) EQE plots of solar cells with an active layer composed of
DCAO3TBDT/PC61BM (1:0.5, w/w) and DR3TBDT/PC71BM
(1:0.8, w/w) with 0.2 mg mL−1 PDMS.

and a FF of 65.0%, and a signiﬁcantly higher Jsc of 10.78 mA
cm−2 due to its better light absorption. The active layers were
further investigated by using PC71BM, which has a higher
absorption coeﬃcient in visible range,34 as the electron
acceptor. Interestingly, the PCE of devices based on
DCAO3TBDT and PC71BM decreased sharply to 2.09% with
a drop of Jsc to 3.74 mA cm−2. However, the active layer with
16348
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lab. We also used PDMS as the additive in the active layer of
DCAO3TBDT and PC61BM; however, no clear improvement
was observed.
The external quantum eﬃciency (EQE) spectra of the
optimized devices based on DCAO3TBDT and DR3TBDT are
shown in Figure 3c. The EQE curve of DR3TBDT/PC71BM
(w/w, 1:0.8) with 0.2 mg mL−1 PDMS exhibits eﬃcient
photoconversion eﬃciency from 320 to 700 nm, with the
highest EQE value reaching 71% at 470 nm. The calculated Jsc
integrated from the EQE for DR3TBDTT is 11.50 mA cm−2
with around 5% mismatch compared to the Jsc from J−V
measurement. In comparison, the EQE value of the device
based on DCAO3TBDT is below 50%, and it shows relatively
narrower EQE response than that of DR3TBDT, which results
in a lower Jsc value in the DCAO3TBDT-based device. These
results are echoing the results of their UV absorption and prove
that the incorporation of a rhodanine dye unit could indeed
improve signiﬁcantly the photoconversion eﬃciency and
broaden the response range.
To understand the sharp diﬀerence in solar cell performance
of these two compounds, transmission electron microscopy
(TEM) (Figure 4) and atomic force microscopy (AFM)
(Figure 5) were used to investigate their morphology of the
blend ﬁlms thoroughly. The TEM images indicate that the
dissatisfactory solar cell performance of DCAO3TBDT is at
least in some degree relevant to the no-optimized morphology
of the blend ﬁlm with PC61BM (Figure 4a), whose domain size
is as large as 80 nm. Furthermore, when PC71BM was mixed
with DCAO3TBDT (Figure 4b), the domain size even became
larger than 100 nm, which should lead to even less eﬃcient
exciton separation, charge transport, and thus lower Jsc.28
Adding PDMS for DCAO3TBDT does not seem to have much
impact on the morphology as shown in Figure 4c. From AFM
imagines (Figure 5a, b), it is found that the root-mean-square
(rms) roughness of the DCAO3TBDT/PC61BM blend ﬁlm

Table 2. Device Performance Parameters for BHJ Solar Cells
Based on DCAO3TBDT and DR3TBDT
active layer
DCAO3TBDT/
PC61BM
DCAO3TBDT/
PC71BM
DCAO3TBDT/
PC61BMa
DR3TBDT/PC61BM
DR3TBDT/PC71BM
DR3TBDT/PC71BMa
a
b

ratio

Voc(V)

Jsc (mA
cm−2)

FF
(%)

PCE
(%)

1:0.5

0.95

8.00

60.0

4.56

1:0.5

0.93

3.74

60.1

2.09

1:0.5

0.94

6.60

60.9

3.78

1:0.8
1:0.8
1:0.8

0.91
0.93
0.93

10.78
11.40
12.21

65.0
65.3
65.0

6.38
6.92
7.38b

PDMS (0.2 mg mL−1) was added to the active materials solution.
The average PCE is 7.18%, see the text.

DR3TBDT and PC71BM yielded an increased PCE of 6.92%
and an improved Jsc of 11.40 mA cm−2. The contrary impact
caused by the acceptors is probably due to the diﬀerent
morphology change that will be discussed below. Then, the
devices using the blend of DR3TBDT and PC71BM were
intensively studied. During the devices optimization, it was
found that the performance of DR3TBDT could be further
improved by adding a small amount of PDMS in the active
layer.35 With the addition of 0.2 mg mL−1 PDMS, the devices
yield the best PCE of 7.38%, with Jsc of 12.21 mA cm−2, Voc of
0.93 V, and FF of 65.0%, which is the highest eﬃciency
reported to date for any small-molecule-based solar cells. The
average PCE is 7.18% for over a hundred devices under this
optimized condition. The device performance was also certiﬁed
after encapsulation with UV epoxy at the National Center of
Supervision & Inspection on Solar Photovoltaic Products
Quality of China (CPVT). A certiﬁcated PCE of 7.10% was
obtained by the device based on DR3TBDT (see Figure 3b),
which has ∼0.28% PCE degradation compared with that at our

Figure 4. TEM images of the active layers with (a) DCAO3TBDT/PC61BM (1:0.5, w/w), (b) DCAO3TBDT/PC71BM (1:0.5, w/w), (c)
DCAO3TBDT/PC61BM (1:0.5, w/w) with 0.2 mg mL−1 PDMS, (d) DR3TBDT/PC61BM (1:0.8, w/w), (e) DR3TBDT/PC71BM (1:0.8, w/w),
and (f) DR3TBDT/PC71BM (1:0.8, w/w) with 0.2 mg mL−1 PDMS.
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performance of devices. Without the additive, while the device
still shows good balanced hole and electron mobilities of 1.76 ×
10−4 cm2 V−1 s−1 and 1.01 × 10−4 cm2 V−1 s−1, respectively,
both values are lower than those of the devices with PDMS
additive. The enhancement of the hole and electron mobilities
with PDMS additive indicates that an evener continuous
interpenetrating network in the active ﬁlm is formed, which is
beneﬁcial to the exciton separation and charge transport.31

■

CONCLUSION

■

ASSOCIATED CONTENT

In summary, two small molecules DR 3 TBDTT and
DCAO3TBDT with the A-D-A structure and BDT as the
central building block have been designed and synthesized. The
introduction of 3-ethylrhodanine terminal to the A-D-A
structure improves solar light absorption signiﬁcantly, and the
solar cell devices based on the corresponding compound
DR3TBDT possesses much higher Jsc compared to that of the
octyl cyanoacetate terminated compound DCAO3TBDT. An
impressive PCE of 7.38% was obtained from the DR3TBDTbased solar cells, which is the highest for any small-moleculebased solar cell. The result is also comparable with that of the
highest performance polymer-based solar cells, which demonstrates that promising and higher OSC performance for SM
BHJ could indeed be achieved through rational molecule design
and device fabrication controlling.

Figure 5. Tapping-mode AFM height images of the active layers with
(a) DCAO3TBDT/PC61BM (1:0.5, w/w), (b) DCAO3TBDT/
PC61BM (1:0.5, w/w) with 0.2 mg mL−1 PDMS, (c) DR3TBDT/
PC71BM (1:0.8, w/w), and (d) DR3TBDT/PC71BM (1:0.8, w/w) with
0.2 mg mL−1 PDMS.

increases slightly from 3.40 to 4.38 nm with PDMS additive.
The slight enhancement of roughness of the blend ﬁlm
indicates that addition of PDMS led to less evenly distributed
morphological features than that of ﬁlm without PDMS, which
attributed the PCE slight diﬀerence of DCAO3TBDT/
PC61BM with and without PDMS. Gratefully, TEM and
AFM images of DR3TBDT with PC61BM or PC71BM (Figures
4d−f and 5c, d) all show much better morphology than that for
DCAO3TBDT, and all exhibited rather uniform and even
distributed domains (20−30 nm).36 While it needs a more
comprehensive study to understand, this signiﬁcant diﬀerence
in the morphology for these two compounds may be due to the
increased miscibility of DR3TBDT with PCBM compounds
after shortening the length of the terminal unit from octyl
cyanoacetate to 3-ethylrhodanine.28 With the addition of small
amount of PDMS (Figure 4f), the ﬁlm forms evener continuous
interpenetrating networks, and thus, it beneﬁts to the exciton
separation and charge transport,36−38 which is consistent with
the AFM results (Figure 5c, d). Diﬀerent from that of
DCAO 3 TBDT/PC 61 BM blend ﬁlm, the roughness of
DR3TBDT/PC71BM blend ﬁlm decreases from 1.06 to 0.58
nm with PDMS additive, which could lead to more evenly
distributed morphological features than that of ﬁlm without
PDMS. The great diﬀerences in the morphology of
DCAO3TBDT and DR3TBDT indicate that ﬁne turning of
the targeted molecular structure is critical to have the desired
morphology in the solid state with acceptor and optimized solar
cell performance.3
The mobilities of the optimized blend of DCAO3TBDT/
PC61BM and DR3TBDTT/PC71BM were measured by the
charge-only SCLC method (Supporting Information,Figures
S7−S9). The DCAO3TBDT device without using PDMS
presents a less matched hole and electron mobility of 1.38 ×
10−4 cm2 V−1 s−1 and 5.50 × 10−4 cm2 V−1 s−1, respectively. No
clear improvement was observed when using PDMS for this
compound. In contrary, the device of DR3TBDT/PC71BM with
the PDMS additive shows a much better balanced hole and
electron mobility of 2.47 × 10−4 cm2 V−1 s−1 and 3.13 × 10−4
cm2 V−1 s−1, respectively, which is consistent with the better

* Supporting Information
S

TGA, other detailed photovoltaic data with diﬀerent donor/
acceptor ratios, and charge-only mobilities of DCAO3TBDT
and DR3TBDT. This material is available free of charge via the
Internet at http://pubs.acs.org.
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