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A solution processable A-D-A-D-A structure small molecule DCAEH5TBT using a BT unit as 
the core has been designed and synthesized for application in BHJ solar cells. The device 
employing DCAEH5TBT/PC 61BM as active layer shows PCE of 2.43% without any post treat- 
ment. After thermal annealing (150 �C, 10 min), the PCE of this molecule based device 
increased to 3.07%, with Jsc of 7.10 mA/cm 2, Voc of 0.78 V and FF of 55.4%, which indicates 
that high performance of solution proce ssed small molecule based solar cells can be 
achieved using thermal annealing by carefully design molecule structure. 

� 2013 Elsevier B.V. All rights reserved. 
1. Introductio n

Organic solar cells (OSCs) have attracted significant
attention as an alternative to mainstream silicon solar cells 
due to their attractive features such as low-cost , light- 
weight, solution processability and potential use in flexible
devices [1–3]. Bulk heterojunct ion (BHJ) structure , which 
reduces the exciton diffusion bottleneck by an interpene -
trating blend of electron donor and electron acceptor com- 
ponents, has become one of the most successful device 
structures develope d to date [4–6]. Rapid developmen t in 
this field via designing novel conjugat ed polymer donors 
have led to dramatic increases in power conversion efficien-
cies (PCEs, >8%) [7–11]. On the other hand, small molecule 
organic semiconduc tors are attracting more and more inter- 
est for preparing OSCs via solution processes due to the sev- 
eral advantage than their polymeric counterparts, such as 
relatively simple synthesis and purification, monodisper sity 
and well defined structures without batch-to-ba tch varia- 
tions, no end group contaminan ts and generally high charge 
carrier mobility [12–17]. And significant progress with PCEs 
of 6–7% has been achieved recently [18–21]. Currently, the 
design and synthesis of new conjugat ed small molecules 
with broad absorption, high mobility, good misibility and 
matched energy level with fullerene acceptor is still the 
main strategy to improve the performanc e for solution pro- 
cessed small molecule based OSCs. 

Using donor–acceptor (D–A) structure has become an 
efficient strategy for obtaining low band gap polymers 
and modulating their electronic properties. Among the vast 
variety of the developed electron deficient blocks, 2,1,3- 
benzothiadiazo le (BT) has attracted much research atten- 
tions, and has been copolymeriz ed with many electron rich 
units. High hole mobility and wide optical absorption band 
could be achieved for the donor–acceptor type BT contain- 
ing polymers [6,22,23]. The donor–acceptor (D–A) struc- 
tures, electron-rich and electron- deficient heterocycle 
units to construct p-conjugated polymer donors can also 
be used to construct p-conjugated small molecule donors. 
Based on our previous work with PCE 5–7% [13,14,20,21 ],
we suspect that incorporating BT unit into our oligothioph -
ene backbone s should lead to some interesting features for 
photovoltaic applications . In addition, thermal annealing of 
the active layer can enhance the light absorption proper- 
ties and the hole mobility by inducing the self organization 
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Chart 1. Structure of DCAEH5TBT. 
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of conjugated polymers [24–26]. While solution processed 
small molecule based OSCs using thermal annealing are 
rarely studied due to its general rigid conjugation back- 
bone, which cannot become more mobile and form order- 
ing structure through self-organi zation after thermal 
annealing. The increase in the conjugation length of oligo- 
mer with soluble alky side chains can improve the film-
forming ability and film properties. Thus the performanc e
of small molecule based OSCs may be further improved 
using thermal annealing method. 

In view of above concerns, herein, we designed and syn- 
thesized a small molecule named DCAEH5TBT based on 
oligothioph ene and BT unit and end-capped with electron 
withdrawin g 2-ethylh exyl cyanoacetate groups (Chart 1).
The PCE of solution processed DCAEH5TBT based device 
was improved from 2.43% to 3.07% after thermal annealing. 

2. Experimen tal section 

2.1. Materials 

All reactions and manipulations were carried out under 
argon atmosph ere with the use of standard Schlenk tech- 
niques. All starting materials were purchased from com- 
mercial suppliers and used without further purification.
Quinquethiop hene 1 5,5 00 00 -Diformyl-3 ,3 0,30 00 ,30 0 0 0-Quadrioc-
tyl-2,50:20,500:200,200 0:500 0,200 00 -quinquethi ophene was prepared 
according to our published method [13].

2.2. Instruments and measurem ents 

The 1H and 13C NMR spectra were recorded on a Bruker 
AV400 Spectrometer . Matrix assisted laser desorption/ion- 
ization time-of-flight mass spectrometr y (MALDI-TOF MS)
were performed on a Bruker Autoflex III instrument. High 
resolution ESI-MS were collected with a Fourier trans- 
form-ion cyclotron resonance mass spectromete r instru- 
ment (Varian 7.0T FTICR-MS). The thermogravi metric 
analyses (TGA) and differential scanning calorimetry 
(DSC) analyses studies were 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 ob- 
tained with a JASCO V-570 spectrophot ometer. X-ray dif- 
fraction (XRD) experiments were performed on a Rigaku 
D/max-2500 X-ray diffractome ter with Cu Ka radiation
(k = 1.5406 Å) at a generator voltage of 40 kV and a current 
of 100 mA. AFM was performed using SPA-400 atomic 
force microscop e (AFM) in ’’tapping’’ mode. The transmis -
sion electron microscope (TEM) investigation was per- 
formed on a JEOL JEM2010FIF operated at 200 kV. Cyclic 
voltammetr y (CV) experiments were performed with a
LK98B II Microcompu ter-based Electrochem ical Analyzer. 
All measureme nts were carried out at room temperat ure 
with a conventional three-electrod e configuration employ- 
ing a glassy carbon electrode as the working electrode , a
saturated calomel electrode (SCE) as the reference elec- 
trode, and a Pt wire as the counter electrode. Dichloro- 
methane was distilled from calcium hydride under dry 
nitrogen immediately prior to use. Tetrabutylam monium 
phosphorus hexafluoride (Bu4NPF6, 0.1 M) in dichloro- 
methane was used as the supporting electrolyte, and the 
scan rate was 100 mV s�1.

Hole mobility were measured according to a similar 
method described in the literature [27,28] using a diode 
configuration of ITO/PEDOT:PSS /donor or active layer/Al 
by taking current–voltage current in the range of 0–6 V
and fitting the results to a space charge limited form, 
where the SCLC is described by 

J ¼ 9e0erlhV2=8L3

where J is the current density, L is the film thickness of ac- 
tive layer, lh is the hole mobility, er is the relative dielectric 
constant of the transport medium, e0 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. 
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2.3. Fabrication and characterizati on of organic solar cells 

The photovoltaic devices, with a structure of glass/ITO/ 
PEDOT:PSS/ DCAEH5TBT:PC 61BM/Li/Al, were fabricated by 
use of a common process. The ITO-coated glass substrates 
were cleaned by ultrasonic treatment in detergent, deion- 
ized water, acetone, and isopropyl alcohol under ultrason- 
ication for 20 min each and subsequent ly dried in oven for 
12 h. A thin layer of PEDOT:PSS (Baytron P VP AI 4083, fil-
tered at 0.45 lm) was spin-coated (3000 rpm, ca. 40 nm 
thick) onto ITO surface. After being baked at 150 �C for 
20 min, the substrate s were transferred into an argon-filled
glove box. Subsequently, the active layer was spin-casted 
from a different ratios blend (w:w) of DCAEH5TBT 
(8 mg mL �1) and PC 61BM in chlorofor m solution at 
1500 rpm for 20 s. on the ITO/PEDOT:PSS substrate. The ac- 
tive layer thickness was measure d as ca. 120 nm using 
Dektak 150 profilometer. Finally, 0.8 nm LiF layer and 
60 nm Al layer were deposited in sequence on the active 
layer under high vacuum (<2 � 10�4 Pa). The effective area 
of each cell was �4 mm 2 defined by masks for the solar cell 
devices discussed in this work. Thermal annealing was car- 
ried out by directly placing the completed devices on a dig- 
itally controlled hotplate at various temperatures, in an 
argon-filled glove box. 

The current density–voltage (J–V) curves of photovol- 
taic devices were obtained by a Keithley 2400 source-mea- 
sure unit. The photocurr ent was measured under 
illumination simulated 100 mW cm �2 AM 1.5G irradiation 
using a xenon-lamp- based solar simulator [Oriel 96000 
(AM 1.5G)] in an argon filled glove box. Simulato r
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irradiance was calibrate d using a certified silicon diode. 
Incident photon to current efficiency (IPCE) values of the 
encapsulated devices was measure d using a lock-in ampli- 
fier (SR810, Stanford Research Systems). The devices were 
illuminated by monochromati c light from a 150 W xenon 
lamp passing through an optical chopper and a monochro- 
mator. Photon flux was determined by a calibrated stan- 
dard silicon photodiode. 

2.4. Synthesis 

The synthesis route of DCAEH5TBT is shown in Scheme 1.
Compound 2: A Vilsmeier reagent, which was prepared 

with POCl 3 (0.85 ml, 9.26 mmol) in DMF (8 ml), was added 
to a cold solution of 1 (5.70 g, 6.62 mmol) in 1,2-dichlor o- 
ethane (140 ml) at 0 �C under Ar. After being stirred at 
70 �C for 48 h, the mixture was poured into ice water 
(300 ml), neutralized with Na 2CO3, and then extracted 
with dichlorometha ne. The combined organic layer was 
washed with water and brine, dried over Na 2SO4. After re- 
moval of solvent it was chromatograp hed on silica gel 
using a mixture of dichlorometha ne and petroleum ether 
(1:1) as eluant to afford 2 (3.53 g, 60%) as a. red liquid. 
1H NMR (400 MHz, CHCl 3): 9.82 (s, 1H), 7.58 (s, 1H), 7.16 
(d, J = 5.2 Hz, 1H), 7.12 (d, J = 5.1 Hz, 2H), 7.10 (d,
J = 3.8 Hz, 2H), 6.95 (s, 1H), 6.93 (d, J = 5.2 Hz, 1H), 2.80 
(m, 8H), 1.68 (m, 8H), 1.27 (m, 40H), 0.87 (t, J = 6.7 Hz, 
12H). 13C NMR (100 MHz, CHCl 3): d 182.49, 141.19, 
140.30, 140.23, 140.11, 140.07, 139.76, 139.07, 136.58, 
134.93, 134.56, 132.81, 132.66, 130.46, 130.37, 130.13, 
129.96, 128.79, 126.49, 125.95, 123.72, 31.91, 30.69, 
CN
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Fig. 1. TGA and DSC plots of DCAEH5TBT with a heating rate of 
10 �C min �1 under nitrogen atmosphere. 
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30.62, 30.29, 29.72, 29.56, 29.48, 29.40, 29.30, 22.69, 14.12. 
HRMS (ESI): calcd for C53H76OS5 [M + H] +, 889.4572; found, 
889.4568.

Compou nd 3: N-Bromosucci nimide (0.62 g, 3.50 mmol)
was added in small portions to a solution of 2 (2.83 g, 
3.18 mmol) in chloroform and acetic acid (100 mL, 1:1, v/ 
v) at 0 �C. After being stirred for 6 h at room temperature ,
the reaction mixture was poured into water (100 ml) and 
extracted with CH 2Cl2. The organic layer was thoroughly 
washed with water, aqueous sodium bicarbonate , brine 
and again with water, and then dried over Na 2SO4. After re- 
moval of solvent it was chromatographed on silica gel 
using a mixture of dichlorometha ne and petroleum ether 
(1:1) as eluant to afford 3 (2.71 g, 88%) as a red solid. 1H
NMR (400 MHz, CDCl 3): 9.82 (s, 1H), 7.57 (s, 1H), 7.12 (d,
J = 5.1 Hz, 7.09 (d, J = 3.8 Hz, 1H), 6.89 (s, 2H), 2.80 (m,
6H), 2.71(t, J = 7.8 Hz, 2H), 1.68 (m, 6H), 1.61 (m, 2H),
1.28 (m, 40H), 0.87 (m, 12H). 13C NMR (100 MHz, CDCl 3):
d 182.50, 141.13, 140.33, 140.15, 140.12, 139.05, 136.23, 
135.18, 133.12, 132.74, 132.69, 131.89, 130.53, 130.46, 
129.14, 126.50, 126.15, 110.44, 31.89, 30.55, 30.29, 29.58, 
29.43, 29.30, 29.25, 22.68, 14.12. HRMS (ESI): calcd for C53-

H75BrOS5 [M + H] +, 967.3683; found, 967.3679 .
Compou nd 5: A solution of 3 (0.59 g, 0.61 mmol),

2,1,3-benzothi adiazole (0.12 g, 0.30 mmol), one drop of 
aliquat 336 and K2CO3 (2 M, 8 mL) in PhCH 3 (60 mL)
was deaerated with argon for 10 min followed by the 
addition of Pd(PPh3)4 (70 mg, 0.06 mmol). After being stir- 
red at 100 �C for 48 h under argon, the reaction mixture 
was poured into water (100 mL) and extracted with CH 2-

Cl2. The organic layer was washed with water, and then 
dried over Na 2SO4. After removal of solvent, the crude 
product was purified by column chromatography on silica 
gel using a mixture of dichlorometha ne and petroleum 
ether (2:1) as eluant to afford compound 5 (0.34 g, 60%)
as a black purple solid. 1H NMR (400 MHz, CDCl 3): 9.82 
(s, 2H), 7.97 (s, 2H), 7.81(br, 2H), 7.58 (d, J = 2.4 Hz, 2H),
7.13 (s, 6H), 7.09 (br, 2H), 2.82 (m, 16H), 1.72 (m, 16H),
1.28 (m, 80H), 0.88 (m, 24H). 13C NMR (100 MHz, CDCl 3):
d 182.46, 152.46, 141.15, 140.51, 140.27, 140.21, 140.05, 
139.04, 136.80, 136.66, 136.46, 135.76, 135.05, 134.27, 
132.79, 132.69, 130.75, 130.42, 128.84, 126.43, 125.95, 
125.28, 125.07, 31.95, 30.62, 30.57, 30.27, 29.71, 29.62, 
29.50, 29.42, 29.37, 29.33, 29.27, 22.71, 14.14. MS 
(MALDI-TOF): calcd for C112H152N2O2S11 [M]+, 1908.88; 
found, 1908.87. 

Compound DAEH5TBT: Compound 5 (0.30 g, 
0.16 mmol) was dissolved in a solution of dry CHCl 3
(60 mL) and three drops of triethylamin e and then 2-ethyl- 
hexyl cyanoacetate (0.8 ml, 3.79 mmol) were added and 
the resulting solution was stirred for 48 h, under argon, 
at room temperature . The reaction mixture was then ex- 
tracted with CH 2Cl2, washed with water and dried over 
Na2SO4. After removal of solvent it was chromatograp hed 
on silica gel using a mixture of dichlorometha ne and petro- 
leum ether (1:1) as eluant to afford DAEH5TBT as a black 
solid (0.25 g, 69% yield). 1H NMR (400 MHz, CDCl 3): d
8.20 (s, 2H), 8.00 (s, 2H), 7.85 (s, 2H), 7.57 (s, 2H), 7.21 
(s, 2H), 7.16 (m, 4H), 7.11 (s, 2H), 4.22 (d, J = 4.8 Hz, 4H),
2.83 (m, 16H), 1.71 (m, 18H), 1.29 (m, 96H), 0.94 (m,
12H), 0.88 (t, J = 6.7 Hz, 24H). 13C NMR (100 MHz, CDCl 3):
d 163.25, 152.46, 145.89, 141.90, 140.97, 140.33, 136.73, 
136.58, 134.98, 134.91, 134.29, 133.37, 132.71, 132.30, 
130.82, 130.38, 130.35, 128.79, 128.73, 126.46, 125.94, 
125.87, 125.37, 125.31, 125.16, 125.08, 115.97, 97.48, 
68.77, 38.78, 31.95, 30.61, 30.33, 30.14, 29.71, 29.53, 
29.28, 28.92, 23.76, 22.97, 22.72, 14.15, 14.07, 11.02. MS 
(MALDI-TOF): calcd for C134H186N4O4S11 [M]+, 2267.14; 
found, 2267.06. 
3. Results and discussion 

3.1. Synthesis and thermal stability of the compounds 

The synthesis of DCAEH5TBT is outlined in Scheme 1.
Compound 3 was synthesized through a two step reaction 
from compound 1 using a Vilsmeier–Haack and bromina- 
tion reactions. Benzothiadiazo le containing dicarbalde- 
hyde compound 5 was synthesized from Suzuki coupling 
between compound 3 and 2,1,3-benzothiad iazole-4,7-bis(-
boronic acid pinacol ester) 4 in refluxing toluene and 
K2CO3 water solution under Ar in the presence of aliquat 
336 and Pd(PPh3)4 as the catalyst for 48 h. The target mol- 
ecule, DCAEH5TBT , was obtained using a Knoevenage l con- 
densation of 2-ethylhexyl cyanoacetate with the 
correspondi ng aldehyde. This molecule is highly soluble 
in common organic solvents, and can form uniform film.
It also shows a rather good thermal stability up to 366 �C
with a DSC melting point at 173 �C (see Fig. 1).
3.2. Optical absorption and electrochem ical properties 

As shown in Fig. 2a, DCAEH5TBT has absorption max- 
ima of 514 nm in CHCl 3 with absorption coefficients of 
4.9 � 104 M�1 cm�1. Compare d with solution absorption 
spectra, the absorption maxima of film for DCAEH5TBT 
show a large broadening and red shift (126 nm), indicating 
a strong packing between the molecule backbone s in the 
film state. The film absorption maximum of DCAEH5TBT 
was observed at 645 nm with absorption coefficients of 
3.2 � 104 cm�1. The optical band gap of DCAEH5TBT was 



Fig. 2. (a) UV–Vis–NIR absorption spectra of DCAEH5TBT in a CHCl 3
solution, as a film and DCAEH5TBT/PC 61BM (1:0.5, w:w) blend film on 
quartz substrate; (c) Cyclic voltammogram of DCAEH5TBT in CH 2Cl2 with 
0.1 M Bu 4NPF6 as supporting electrolyte and a scan speed of 50 mV s�1;
(b) XRD patterns of DCAEH5TBT film spin-coated from CHCl 3. Insets are 
enlarged graphs of the corresponding patterns at the range of 7.5–14.5�.

Table 1
Device performance for BHJ solar cells based on DCAEH5TBT/PC 61BM with 
different blend weigh ratios and with/ without thermal annealing. 

Blend ratio 
(w:w)

Annealing (�C)/
time (min)

Voc

(V)
Jsc

(mA cm �2)
FF
(%)

PCE
(%)

1:0.5 Not 0.76 4.29 52.3 1.71 
150/10 0.78 6.34 56.0 2.77 

1:0.8 Not 0.76 5.2 61.6 2.43 
150/10 0.78 7.10 55.4 3.07 

1:1 Not 0.74 5.07 64.6 2.42 
150/10 0.76 6.09 54.3 2.51 
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estimated from the onset of its film UV–Vis spectrum and 
found to be 1.60 eV. The low optical band gap can be attrib- 
uted to alternate donor–acceptor structure of this mole- 
cule, which have two kinds of different electron-de ficient
unit including benzothiadiazo le core group and the 2-eth- 
ylhexyl cyanoace tate end-capping group. In contrast with 
the pristine donor film, the absorption maxima of 
DCAEH5TBT /PC 61BM (1:0.8, w:w) blend film is observed 
at 593 nm and have a blue shift of 52 nm. The large blue 
shift, which is also observed for DCAO7T based blend film,
can be attributed to the good miscibility of DCAEH5TBT 
with PC 61BM molecules [26]. The energy levels of the 
HOMO and LUMO, which were �4.98 and �3.21 eV, were 
calculated from the onset oxidation potential and the onset 
reduction potential (Fig. 2b).

To investigate the structural ordering of DCAEH5TBT at 
solid state, we performed X-ray diffraction (XRD) analysis 
for its thin film spin-coated from CHCl 3 solution onto glass 
substrate. As shown in Fig. 2c, the p-conjugated molecule 
exhibited strong (100) reflection peaks at 2h = 4.6 �, corre- 
sponding to d100-spacing values of 19.3 Å. This d100-spac-
ing value is the distance between the planes of the main 
conjugation chains of this molecule separated by alkyl side 
chains, which is similar to that observed for DCAO7T 
(21.0 Å) and P3OT (20.1 Å) [29]. The second-order diffrac- 
tion peak (200) and the third-order diffraction peak 
(300) at 2h = 4.6 � and 13.8 �, correspondi ng to d spacing
values of 9.6 Å and 6.4 Å, were also clearly observed, 
implying a highly organized assembly of this p-conjugated
molecule at solid state. The order structure benefit the 
charge transport, thus giving a high hole mobility of 
�1.3 � 10�4 cm2 v�1 s�1 for pristine DCAEH5TBT using 
the space charge limited current (SCLC) method. This value 
is the same order of magnitude as that of DCAO7T [13].
3.3. Photovoltaic performance 

BHJ OSCs were fabricated using DCAEH5TBT as the elec- 
tron donor material and PC 61BM as the electron acceptor 
material with a general device structure of ITO/PED- 
OT:PSS/don or:acceptor/LiF /Al using the conventional solu- 
tion spin-coating process. The correspondi ng device 
performanc e parameters are summarized in Table 1. The 
optimized donor/accepto r weight ratio for DCAEH5TBT is 
1:0.8 using PC 61BM as acceptor and LiF/Al as cathode. 
The current density vs voltage (J–V) curves measure d un- 
der AM 1.5G illuminat ion at an intensity of 100 mW cm �2

are shown in Fig. 3a. The device without any post treat- 
ment shows an Voc of 0.76 V, Jsc of 5.2 mA cm �2, FF of 
61.6% and PCE of 2.43%. When this device is annealed at 
150 �C for 10 min, the FF slightly drops to 55.4% and the 
Voc and the Jsc increase to 0.78 V and 7.10 mA cm �2, respec- 
tively. These values lead to an high efficiency of 3.07%. It 
noted that the PCEs of devices with other donor/accepto r
weight ratios also increased after thermal annealing. As 



Fig. 3. (a) J–V curves of BHJ devices prepared from DCAEH5TBT blend 
with PC 61BM (w:w, 1:0.8); (b) optical absorption spectra of the 
DCAEH5TBT/PC 61BM (w:w, 1:0.8) blend film before and after thermal 
annealing at 150 �C for 10 min; (c) EQE of devices based on DCAEH5TBT/ 
PC 61BM (w:w, 1:0.8) before and after thermal annealing at 150 �C for 
10 min. 
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shown in Table 1, the values of PCE increased from 1.71% to 
2.77% for 1:0.5 ratio device and 2.42% to 2.51% for 1:1 ratio 
device. The improvem ent of PCEs was mainly attributed to 
the enhancement of Jsc after thermal annealing. Higher val- 
ues of Jsc obtained after thermal annealing imply that more 
charges are being extracted from the OSCs. In general, this 
is attributed to improved light absorption and/or better 
exciton separation efficiency and/or better charge collec- 
tion efficiency.

In order to investigate the effect of the thermal anneal- 
ing on the improved performanc e, we measured the optical 
absorption spectra of the DCAEH5TBT /PC61BM (w:w,
1:0.8) blend film and external quantum efficiency (EQE)
of devices based on above film before and after thermal 
annealing at 150 �C. As shown in Fig. 3b, for the as-cast film
of the DCAEH5TBT /PC61BM blend, the absorption maxima 
is at 597 nm and the absorption onset at 770 nm. In the 
case of thermal annealing film, the absorption maxima is 
at 598 nm, which is close to the absorption maximum of 
as-cast film, while the absorption intensity of overall spec- 
tra including the PC 61BM absorption band at 336 nm all in- 
creases and the absorption onset redshift to 773 nm. As we 
used the same blend film before and after annealing, the 
change in absorption spectra is believed to be not because 
of an increase in film thickness. So, increased intensity of 
overall absorption spectra indicated that more ordered do- 
nor domain and acceptor domain with efficient packing 
might be formed after thermal annealing, which should 
benefit charge transport in the devices. On the other hand, 
as shown in Fig. 3c, the EQE results demonstrated that the 
EQE values from 300 to 800 nm all significantly improved 
after thermal annealing, which is consistent with above 
absorption results. Thus, the increased absorption after 
thermal annealing could help to explain the increased Jsc.
Note, in many cases for solution processed small molecule 
based OPV, generally speaking, thermal annealing does not 
improve the device performance and there are limited re- 
ports on obvious efficiency enhancement [30]. Our results 
indicate that thermal annealing, as an optimization strat- 
egy for improvement PCE, can work on not only polymers 
but also small molecules based solar cells. 

The atomic force microscop y (AFM) and transmission 
electron microscopy (TEM) are also utilized to study the 
DCAEH5TBT /PC 61BM (w:w: 1:0.8) blend film before and 
after thermal annealing (Fig. 4). The active layer was spin 
coated from CHCl 3 on glass/ITO/PE DOT:PSS substrate for 
AFM measurements . Both the blend film before and after 
annealing exhibit a uniform and smooth film formation 
(Fig. 4a–d). The root mean square (rms) roughness of blend 
film before annealing is 2.19 nm. After thermal annealing 
at 150 �C for 10 min, the blend film exhibit even smoother 
and more homogeneous surface with rms roughness of 
1.46 nm. The smooth surface of the blend film ensures bet- 
ter contact with the LiF/Al electrode , which is also helpful 
to the increase of charge collection efficiency. Donor and 
acceptor distribution and interpenetratin g network struc- 
ture can been seen from the AFM phase image and TEM 
image. As shown in Fig. 4b and d, the phase images reveal 
two distinct feature types with interpenetratin g network, 
which are assigned to the acceptor PC 61BM-rich and do- 
nor-rich domains, indicating that the donor materials have 
a good miscibility with PC 61BM molecules in the blend 
films. In the TEM image (Fig. 4e and f), well interpenetrat- 
ing structures are formed with domain size decreasing 
from 30–40 nm to 20–30 nm after annealing. In addition, 
the hole mobility of the blending film DCAEH5TBT :PC 61BM



Fig. 4. Tapping-mode AFM height (left) and (right) phase images (5 � 5 lm) of DCAEH5TBT/PC 61BM (w:w: 1:0.8) blend film spin-coated from CHCl 3 on 
glass/ITO/PEDOT:PSS substrate. (a and b) no annealing; (c and d) annealing at 150 �C for 10 min, TEM images of DCAEH5TBT/PC 61BM (w:w: 1:0.8) blend film
from CHCl 3. (e) no annealing, (f) annealing at 150 �C for 10 min. 
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(1:0.8) increases from 9.2 � 10�5 cm2 v�1 s�1 to
1.0 � 10�4 cm2 v�1 s�1 after annealing. These results indi- 
cate that more efficient percolation channels are formed 
after thermal annealing, thus improving the charge separa- 
tion and collection efficiency and leading to a higher Jsc.
4. Conclusi ons 

In conclusion, we have designed and synthesized a solu- 
tion processable D–A structure small molecule 
DCAEH5TBT using a BT unit as the core for applicati on in 
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BHJ OSCs. DCAEH5TBT /PC 61BM (w:w, 1:0.8) based device 
shows PCE of 2.43% with Voc of 0.76 V, Jsc of 5.2 mA cm �2

and notable FF of 61.6% without post treatment. After ther- 
mal annealing, the PCE was further improved to 3.07%, 
coupled with Voc of 0.78 V, Jsc of 7.10 mA cm �2 and FF of
55.4%. We suggest that the improved performance for the 
device after annealing can be attributed to improving effi-
cient packing of the molecules in the solid films and thus 
high absorption intensity. Our results indicate that solu- 
tion processed small molecule based high-perform ance 
OSCs can be obtained using thermal annealing by careful 
design molecule structure. 
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