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Developing high-performance small molecule
organic solar cells via a large planar structure
and an electron-withdrawing central unit†

Hongtao Zhang,ab Yongtao Liu,a Yanna Sun,ab Miaomiao Li,a Bin Kan,a Xin Ke,ab

Qian Zhang,a Xiangjian Wanab and Yongsheng Chen*ab

We designed and synthesized a new small molecule donor material

named DR3TBDD using an electron-withdrawing unit BDD as the

central building block. A PCE of 9.53% with a high Voc of around

1 V was achieved.

Bulk heterojunction (BHJ) organic photovoltaics (OPVs), with
the advantages of being solution processable, light weight, low
cost and flexible, are promising sustainable solar energy con-
verters as an alternative solution to increasing energy problems
all over the world.1,2 In recent years, significant effort has been
made on both polymer and small molecule based bulk hetero-
junction (BHJ) OPVs and impressive power conversion efficien-
cies (PCEs) have been achieved.3–11 As compared to polymer
based OPVs (P-OPVs), small molecule based OPVs (SM-OPVs) have
several distinct advantages including well-defined chemical struc-
tures, less batch-to-batch variation and generally higher open-circuit
voltages (Voc).

12–20 Based on the equation PCE = Voc � Jsc � FF/Pin,
PCEs depend on three parameters (Voc, Jsc, and FF). In most
previous works for SM-OPVs, it is hard to improve Voc, which is
highly correlated with the energy level difference between the
highest occupied molecular orbital (HOMO) of the donor and the
lowest unoccupied molecular orbital (LUMO) of the acceptor,
while maintaining both high Jsc and FF simultaneously for bulk
heterojunction OPVs.21 Thus, further increasing Voc of SM-OPVs
while keeping high FF and Jsc is an important strategy to obtain
an outstanding PCE.

In recent years, our group have reported a series of small
molecules with the A–D–A structure, and it is found that small
molecules with deep HOMO energy levels could generate an

increased Voc, in which the deep HOMO energy level was tuned
by using weak electron-donating units such as fluorene and
carbazole as core units in these A–D–A type small molecules.
However, the photovoltaic performance of devices based on
these molecules exhibited low PCEs of around 2–4%, attributed
to the low FF and Jsc values led by the unfavorable active layer
morphologies. Besides the device optimization strategies such
as thermal annealing, additive, etc., the intrinsic properties
of the active layer molecules such as the packing mode,
miscibility, etc. also play a major role. Therefore, great effort
has been made to design new donor and acceptor materials
in the OPV community. On the one hand, using electron-
withdrawing units in D–A polymers has been demonstrated
as an effective strategy to lower the HOMO level.22 Thus, it is
worth trying electron-withdrawing groups on the central core to
tune the HOMO energy level of small molecules. On the other
hand, previous works indicated that planar structure units
could improve the FF and Jsc values of OPV devices,23 so it is
desirable to use planar structure units as the core in A–D–A type
small molecules to maintain the high FF and Jsc. Along these
lines, herein, we designed and synthesized a small molecule
named DR3TBDD, using a unit named 1,3-bis(4-(2-ethylhexyl)-
thiophen-2-yl)-5,7-bis(2-ethylhexyl)benzo[1,2-c:4,5-c0]-dithiophene-
4,8-dione (BDD) with strong electron-withdrawing ability and a
large planar structure as the central core.24–26 The photovoltaic
performance as well as other properties of DR3TBDD were
studied. The HOMO energy level is �5.12 eV, which is deeper
than most of high photovoltaic performance small molecules. For
small molecule donors, it is indeed widely observed that their Voc

is higher than polymer donors with the same acceptor.27,28 Thus,
a higher Voc value is expected for the devices using DR3TBDD
as the donor compared with those in which polymer donors
are used.

Optimal OPV devices based on DR3TBDD: PC71BM as the
active layer exhibited a PCE of 9.53%, with a Voc of 0.97 V,
a Jsc of 14.77 mA cm�2, and a FF of 66.9%. Note, indeed, that
this Voc value is one of the highest values among high performance
SM-OPVs, significantly higher than most of the polymer donor
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based devices. Meanwhile, Jsc and FF of DR3TBDD based
SM-OPVs remain very high too, resulting in the excellent PCE
of 9.53%.

The detailed synthetic procedures and characterization data
of DR3TBDD are presented in the ESI.† The molecule showed
good solubility in common organic solvents, such as chloroform,
chlorobenzene, etc. Thermogravimetric analysis (Fig. S2, ESI†)
indicated below 5% mass loss at 390 1C under a N2 atmosphere.

Theoretical calculations were performed by using the density
functional theory (DFT). To simplify the calculations, alkyl chains
were replaced by methyl groups. As shown in Fig. S4 (ESI†), the
HOMO of the small molecule is delocalized on thiophenes and
BDD units and the LUMO of the small molecule is localized on
thiophenes and the end groups, which indicates that the HOMO
energy level of the small molecule was mainly tuned by the central
electron-withdrawing units. This result demonstrates that using
electron-withdrawing units as central units is indeed an effi-
cient way to tune the HOMO energy level of small molecules.
Meanwhile, the geometry optimizations yielded nearly planar
structures for the small molecule, as shown in Fig. 1c, which is
favorable for p–p stacking between the molecule backbones.
The UV-vis absorption spectra of DR3TBDD are shown in
Fig. 1b. The absorption of DR3TBDD in a diluted CHCl3

solution shows a peak at 510 nm. In a solid film, the spectrum
is broadened and red-shifted with two comparable maximum
absorptions at 605 and 654 nm, indicating the effective p–p
stacking between the molecule backbones and it may be

beneficial for charge transport.29–31 The optical band gap
estimated from the onset of the film absorption is 1.68 eV.
In investigating the electrochemical properties of DR3TBDD,
cyclic voltammetry was used to determine the energy levels. The
potentials were internally calibrated using ferrocene/ferrocenium
of the redox couple (4.80 eV below the vacuum level). The CV
curves are displayed in Fig. S3 (ESI†). The HOMO and LUMO
energy levels were �5.12 and �3.19 eV, respectively, which were
calculated from the onset oxidation potential and reduction
potential, respectively. The electrochemical band gap of DR3TBDD
was estimated to be about 1.93 eV. The above data suggest
that DR3TBDD would be a good donor material for OPVs with
the widely used acceptor PCBM.

Solution-processed bulk heterojunction solar cells using
DR3TBDD as the electron donor material with a device structure
of glass/ITO/PEDOT:PSS/DR3TBDD:PC71BM/PrC60MA /Al were
fabricated. PrC60MA is a methanol-soluble fullerene-surfactant
developed by Alex K.-Y as an efficient interfacial layer for
cathodes,32 and its structure is shown in Fig. S5 (ESI†). Typical
current density–voltage (J–V) curves of solar cells with different
post-treatments are presented in Fig. 2, and the corresponding
device parameters are summarized in Table 1. With a series of
testing, the optimal donor/acceptor weight ratio was obtained
to be 1 : 0.8, and the device without any treatment shows a
moderate PCE of 3.21%, with a Voc of 1.02 V, a Jsc of 8.35 mA cm�2,
and a FF of 37.6%. After thermal annealing (TA) at 100 1C for
10 min, the PCE increased to 5.74%, with a Voc of 1.04 V, a Jsc of
10.52 mA cm�2, and a FF of 52.3%. As an effective approach,
solvent vapor annealing (SVA) has been used in polymer based
OSC devices to fine-tune the morphology of the active layer.33

Thus, this approach was employed in the following device
optimization. With chloroform vapor annealing for 60 s, the PCE

Fig. 1 (a) The chemical structure of DR3TBDD; (b) UV-vis absorption
spectra of DR3TBDD in chloroform solution and as-cast film. (c) Optimized
molecular geometries (side view and top view) of DR3TBDD using DFT.
(d) The electrochemical cyclic voltammetry curve of DR3TBDD.

Fig. 2 J–V curves of BHJ devices prepared from DR3TBDD blend with
PC71BM of DR3TBDD:PC71BM blend films with different treatments.

Table 1 Device performance for BHJ solar cells based on DR3TBDD:
PC71BM

Treatment Voc (V) Jsc (mA cm�2) FF PCEa,b (%)

None 1.02 � 0.01 8.02 � 0.30 0.36 � 0.01 2.90 � 0.31 (3.21)
TA 1.03 � 0.01 10.49 � 0.25 0.51 � 0.02 5.48 � 0.26 (5.74)
SVA 0.97 � 0.01 12.48 � 0.17 0.64 � 0.02 7.78 � 0.38 (8.16)
TSA 0.96 � 0.01 14.59 � 0.18 0.66 � 0.01 9.23 � 0.30 (9.53)

a The average values are obtained from 30 devices. b The best PCEs are
provided in parentheses.
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improved to 8.16%, with a Voc of 0.98 V, a Jsc of 12.65 mA cm�2,
and a FF of 65.8%. In combination with TA, the active layer
was exposed to chloroform vapor for 60 s after TA. Surprisingly,
the PCE sharply improved to 9.53% with the thermal-solvent
annealing (TSA), with a Voc of 0.97 V, a Jsc of 14.77 mA cm�2,
and a FF of 66.9%. This excellent PCE was attributed to the
simultaneously high Voc, Jsc and FF values. Herein, the high Voc

value was attributed to the deep HOMO energy level of DR3TBDD,
which was consistent with our expectation and the high Jsc as well
as FF was originated from the outstanding absorption properties,
preferably morphology, and the higher and more balanced charge
mobilities as discussed below. In order to study the effect of
thermal annealing and solvent vapor annealing on the photo-
voltaic performance, UV-vis absorption spectra of blend films
of DR3TBDD and PC71BM were recorded. Fig. 3a shows the
absorption spectra of the blend films. Compared to the absorption
spectra of the as-cast blend film, the maximum absorption peaks
of the blend films shifted from 575 to 608, 605 and 606 nm with
thermal annealing, solvent vapor annealing and both of thermal
and solvent annealing, respectively. The optimized blend films
showed shoulder peaks at 651, 646 and 636 nm, which indicates
the enhancement of p–p stacking between the molecule backbones,
thus resulting in improved Jsc. External quantum efficiency (EQE) is
the ratio of the number of collected charge carriers to the number
of incident photons of the solar cell, and has been widely used to
characterize the light response for different wavelengths and
efficiencies. These results are shown in Fig. 3b. For the devices
with thermal annealing, solvent annealing and both of thermal and
solvent annealing, uniform increases of the light response across
the wavelength range of 300–730 nm are all observed in com-
parison with that of the as-cast device. It is worth noting that a
maximum value of 75.6% was obtained for the device when both of
thermal and solvent annealing was applied. The calculated Jsc

values obtained from the EQE curves are 7.09, 10.47, 12.58, and
14.07 mA cm�2, respectively, for the four different treatments. All
the calculated Jsc values show less than 5% mismatch compared
with the Jsc values obtained from the J–V curves.

To gain insight into the surface morphology of the blend films
of DR3TBDD:PC71BM, atomic force microscopy (AFM) was used.
As shown in Fig. 4, without any treatment, the blend film shows a
root-mean-square (RMS) roughness of 0.55 nm. After thermal
annealing, solvent annealing and both thermal annealing and
solvent annealing, the RMS value changes to 1.17, 0.63, 1.33 nm,
respectively. Transmission electron microscopy (TEM) was also

used to investigate the morphology of the active layer, shown in
Fig. 4. Compared with the as-cast film, a better phase separation
was observed after thermal annealing and solvent annealing. With
both thermal and solvent annealing, a clear fibrillar morphology
with a bicontinuous interpenetrating network was observed. Note
that the fibril width with the TSA is larger than that with the SVA and
smaller than that with the TA. The fibrils with the TSA treatment
are more favorable for exciton diffusion/dissociation and charge
transport. These would also be beneficial to high Jsc and FF.

The hole mobilities and electron mobilities of the as-cast blend
films and optimized blend films were measured using the space-
charge-limited-current (SCLC) method (Fig. 5). For the as-cast
blend films, the hole mobilities and electron mobilities were
3.21 � 10�5 and 7.17 � 10�5 cm2 V�1 s�1, respectively. After both
thermal and solvent vapor annealing, higher and more balanced
hole mobilities and electron mobilities of 1.08 � 10�4 and 7.06 �
10�5 cm2 V�1 s�1 were obtained, respectively, which are beneficial
for higher FF and Jsc, consistent with the results of FF and
Jsc obtained from J–V curves.

In conclusion, a new small molecule donor material
named DR3TBDD using BDD with a planar structure and strong

Fig. 3 (a) UV-vis absorption spectra of the DR3TBDD:PC71BM blend film
with different treatments and (b) EQE curves of DR3TBDD based devices
with different treatments.

Fig. 4 (a–d) AFM images and (e–h) TEM images of the active layer based
on DR3TBDD:PC71BM, (a and e) as-cast; (b and f) with thermal annealing;
(c and g) with solvent annealing; and (d and h) with both thermal and
solvent annealing. The scale bar of TEM images is 100 nm.
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electron-withdrawing ability as the central core unit was designed
and synthesized. After both thermal and solvent vapor annealing,
a high PCE of 9.53%, with simultaneously high Voc, Jsc and FF
values, was achieved. The high Voc value is attributed to the low
HOMO energy level of DR3TBDD with an electron-withdrawing
BDD central unit, and the high Jsc and FF values are attributed to
the enhancement of the absorption of blend films, fine-tune
morphology and good mobilities. These results indicate that
using an electron-withdrawing central unit with a large planar
structure in the A–D–A type of small molecules is an efficient way
to design high photovoltaic performance small molecules by
tuning their HOMO levels.
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(21404060, 51373078, 51422304 and 91433101).

Notes and references
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