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At present, state-of-the-art single-junction organic photovoltaic devices have power conversion efficiencies of >9% and
>8% for polymer- and small-molecule-based devices, respectively. Here, we report a solution-processed organic
photovoltaic device based on DRCN7T, which employs an oligothiophene-like small molecule with seven conjugation units
as the backbone and 2-(1,1-dicyanomethylene)rhodanine as the terminal unit. With [6,6]-phenyl C71-butyric acid methyl
ester (PC71BM) as the acceptor, an optimized power conversion efficiency of 9.30% (certified at 8.995%) is achieved. The
DRCN7T-based devices have a nearly 100% internal quantum efficiency, which we believe is due to an optimized
nanoscale interpenetrating donor/acceptor network (with highly crystalline donor fibrils with diameters of ∼10 nm, close
to the exciton diffusion length in organic materials) and the use of an efficient electron transport layer.

Organic photovoltaic devices (OPVs), with their advantages of
low cost and flexibility, are a promising platform with which
to address, in part, the increasing global energy demands.

Polymer-based OPVs (P-OPVs) have achieved power conversion
efficiencies (PCEs) of >9% for single-junction devices1,2

and 10.6% for tandem devices3. Small-molecule-based OPVs
(SM-OPVs)4–6, on the other hand, have reported efficiencies of
>8% for single-junction devices7–9 and over 12% for tandem
devices10, and have the distinct advantages of having well-defined
structures (as a consequence of less batch-to-batch variation11,12)
and generally higher open-circuit voltages (VOC)13. Even with
these significant advances, the relatively low PCEs are detrimental
for commercial application14. Due to the complicated and multi-
step photoelectron conversion processes—including light harvest-
ing, exciton diffusion and dissociation, charge transport and collec-
tion steps15—it is necessary to strike a delicate balance between
molecular design4–6,16–20, morphology21,22, interfacial layer23–25 and
device fabrication26,27 to maximize the PCEs28. As PCE = VOC ×
JSC × FF/Pin, where JSC is the short-circuit current density, FF is
the fill factor and Pin is the incident light intensity, the main chal-
lenge for SM-OPVs is to enhance the FF and JSC while maintaining
the VOC through better molecular design, morphology control and
interfacial engineering.

Recently, we have reported that a series of oligothiophene-like
small molecules with seven conjugation units in the backbone
exhibited excellent performance5 and, using an ethylrhodanine
end group, JSC was improved significantly29. In this Article, a new
molecule (Fig. 1a), 2,2′-((5Z,5′Z)-5,5′-((3,3′′′′,3′′′′′,3′′′′′′,4′,4′′-hexa-
octyl-[2,2′:5′,2′′:5′′,2′′′:5′′′,2′′′′:5′′′′,2′′′′′:5′′′′′,2′′′′′′-sepithiophene]-
5,5′′′′′′-diyl)bis(methanylylidene))bis(3-ethyl-4-oxothiazolidine-5,2-
diylidene))dimalononitrile (abbreviated DRCN7T), using 2-(1,1-
dicyanomethylene)rhodanine as the terminal unit, was designed
and its OPV performance was systematically investigated. A
PCE of 9.30% (certified at 8.995%), with JSC = 14.87 mA cm−2 and
FF = 68.7%, was achieved. This is the highest PCE for single-junction

SM-OPVs reported to date7–9,26. This remarkable performance
arises from a network of highly crystalline donor fibrils with
∼10 nm diameters, which is close to the exciton diffusion length30

(Fig. 1b), and the use of an efficient electron transport layer (ETL).
Both theoretical and experimental results indicate that optimal
efficiency is achieved for exciton diffusion/dissociation and charge
transport/collection with little geminate or non-geminate recombina-
tion. These combine to produce an internal quantum efficiency (IQE)
close to 100%, which is mandatory to evaluate the intrinsic OPV
performance of any material and achieve high performance.

Molecular design and characterization
DRCN7T was designed with only a very small structural change to
(5Z,5′Z)-5,5′-((3,3′′′′,3′′′′′,3′′′′′′,4′,4′′-hexaoctyl-[2,2′:5′,2′′:5′′,2′′′:5′′′,
2′′′′:5′′′′,2′′′′′:5′′′′′,2′′′′′′-sepithiophene]-5,5′′′′′′diyl) bis(methanyl-
ylidene))bis(3-ethyl-2-thioxothiazolidin-4-one) (DERHD7T)29 by
replacing the thio group with a dicyanomethylene group (Fig. 1a),
as the dicyanomethylene group has been used as a strong and
efficient electron-accepting group to enhance light absorption31.
Density functional theory (DFT) calculations indicate that this
small change could lower the bandgap (mainly due to its lower
lowest unoccupied molecular orbital, LUMO) (Supplementary
Table 2) and enhance absorption (Supplementary Fig. 1a). The
introduction of the dicyanomethylene group could also increase
the ground state dipole moment and enhance the electronic coup-
ling between neighbouring molecules (Supplementary Tables 3
and 4), which would promote crystallization. Also, with this
change, the molecular hole reorganization energy is expected to
decrease32 (Supplementary Table 3). All these factors would
suggest that a balanced charge transport and therefore an enhanced
FF would be expected in OPVs based on DRCN7T33.

In CHCl3 solution, DRCN7T shows a bathochromic absorption
peak at 530 nm (compared with the 508 nm peak for DERHD7T) and
also has a higher maximal absorption coefficient of 47 l g−1 cm−1,
both of which are consistent with the calculated results
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(Supplementary Fig. 1a). Although both molecules show a significant
redshift in absorption in the solid state, DRCN7T exhibits a
wider and overall stronger absorption up to 760 nm
(Supplementary Table 1). After thermal annealing, DRCN7T
shows a broader and generally stronger absorption than
DERHD7T. Also, the vibronic shoulder peak at 676 nm indicates
enhanced crystallinity and effective π–π stacking between the
molecular backbones. Better absorption was also observed for
DRCN7T mixed with the acceptor than DERHD7T
(Supplementary Fig. 1b). More importantly, results for the active
layers in real devices with a reflection geometry-spectrometer34

(Supplementary Fig. S3) and optical simulations based on an
optical transfer matrix model35,36 (Supplementary Fig. 5) show
a similar trend. As expected, the optical bandgap of DRCN7T
(1.62 eV) is lower than that of DERHD7T (1.69 eV). This is also
consistent with cyclic voltammetry (CV) studies and DFT
calculations (Supplementary Table 2).

Photovoltaic performance
DRCN7T shows high solubility in common solvents, excellent
thermal stability (Supplementary Fig. 7) and good film-forming
properties for solution processing. OPVs using fullerene derivatives
as the electron acceptor were fabricated, with varying donor/accep-
tor ratios, film thicknesses, annealing temperatures and ETLs (as
shown in Supplementary Section 8). The best performance
was obtained with the device structure indium tin oxide
(ITO)/PEDOT:PSS/DRCN7T:PC71BM/PFN/Al when the weight
ratio of donor and acceptor was 1:0.5 and with thermal annealing
at 90 °C for 10 min. Under these conditions, a PCE of 9.30%
(certified at 8.995%) with VOC = 0.91 V, JSC = 14.87 mA cm−2 and
FF = 68.7% was achieved. Note that the devices with poly[(9,9-
bis(3′-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-

dioctylfluorene)] (PFN), a widely investigated ETL material37, give
higher and more reproducible performance than other ETL-based
devices using LiF and ZnO, for example (Supplementary Figs 15, 16
and Table 10)38. This enhanced performance with PFN as the
ETL could be due to the reduced energy barrier between the
active layer and metal electrode, thus improving charge transport
and collection efficiency (see also Supplementary Section 9)25. For
comparison, DERHD7T:PC71BM-based devices were fabricated
under the same conditions, and the corresponding optimized
results for both materials are shown in Table 1. Note that
DRCN7T performs significantly better than DERHD7T.

The characteristic current density–voltage (J–V) curves of the
optimized devices based on these two materials under the same con-
ditions are presented in Fig. 2a with PFN as the ETL. As seen in
Table 1, although the devices based on these two compounds give
a similar high VOC of ∼0.9 V, as expected from their comparable
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Figure 1 | Molecular design and characterization. a, Chemical structures of DRCN7T and DERHD7T. b, Schematic morphology of the active layer based on
DRCN7T:PC71BM under optimized conditions. c, UV–vis absorption spectra of DRCN7T and DERHD7T in chloroform solution. d, UV–vis absorption spectra
of neat DRCN7T and DERHD7T films with and without thermal annealing at 90 °C for 10 min. ε in c,d refers to the absorption coefficient.

Table 1 | Photovoltaic performance of DRCN7T- and
DERHD7T-based devices under the same optimized
conditions (device structure, ITO/PEDOT:PSS/active
layer/ETL/Al).

Donor VOC (V) JSC (mA cm−2) FF (%) PCE (%)

Best Average
DRCN7T* 0.91 14.87 68.7 9.30 9.05
DERHD7T* 0.89 9.49 51.6 4.35 4.25
DRCN7T† 0.90 14.51 58.2 7.60 7.55
DERHD7T†,‡ 0.92 13.98 47.4 6.10 5.88

*The ETL is PFN, using the same conditions for optimized DRCN7T-based devices. †The ETL is LiF
under the corresponding optimized conditions for both individual molecules. ‡Data from ref. 29,
using PC61BM as the acceptor.
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highest occupied molecular orbitals (HOMOs), their JSC and FF
values differ markedly.

The external quantum efficiency (EQE) curve of the best device
based on DRCN7T is presented in Fig. 2b, which gives a much
higher EQE (mostly at 60–75%) than that of DERHD7T-based
devices over the entire solar spectral range. The calculated JSC
value (14.37 mA cm−2) obtained from the integration of EQE data for
the DRCN7T-based device is close to the JSC value (14.87 mA cm−2)
from the J–V measurement, with a 3.3% mismatch. The effective
PCE of the active layer should be judged by the IQE, which is calcu-
lated from the measured effective absorption of the active layer and
the EQE, as shown in the inset of Fig. 2b. This shows that the IQE
for the DRCN7T-based device exceeds 90% from 450 to 650 nm and
at ∼520 nm it is close to 100%. Consequently, almost every photon
absorbed by the active layer is converted into free charges and
collected34, demonstrating that, in the multi-step photoelectron
conversion process, each of the steps is highly efficient with little
geminate or non-geminate recombination. This is in marked con-
trast with the DERHD7T-based device, where the IQE was <60%
over most of the solar spectral range.

The high performance of DRCN7T-based devices and the signifi-
cant difference compared with DERHD7T-based devices are sup-
ported by the relation of photocurrent density (Jph) versus effective

voltage (Veff ) or light intensity (Pin). Jph = JL − JD, where JL and JD
are the current densities under illumination and in the dark, respect-
ively. For Veff =Vo −Va, Vo is the voltage at which Jph = 0 andVa is the
applied voltage. A plot of Jph versus Veff

15 is presented in Fig. 2c. For
DRCN7T-based devices, Jph has a nearly linear dependence on the
voltage at a low value of Veff, and Jph reaches saturation (where satur-
ation current density Jsat was obtained) when the effective voltage Veff

arrives at a relatively low voltage of 2 V. This suggests that the photo-
generated excitons are dissociated into free charge carriers and charge
carriers are collected at the electrodes very efficiently, with little gemi-
nate or bimolecular recombination for DRCN7T-based devices.
However, for the DERHD7T case, the Jph shows a stronger field-
dependence across a large bias range and has not fully saturated
even at Veff = 3 V (Supplementary Fig. 17), suggesting a significant
geminate and/or bimolecular recombination and/or less efficient
interfacial contact, thus a lower FF39–41. The ratio Jph/Jsat can be
used to judge the overall exciton dissociation efficiency and charge
collection efficiency37. Under short-circuit conditions, the ratios are
95% and 81% for DRCN7T- and DERHD7T-based devices, respect-
ively, indicating a much higher exciton dissociation efficiency for
DRCN7T-based devices. At the maximal power output conditions,
Jph/Jsat is 80% and 61% for the DRCN7T- and DERHD7T-based
devices, respectively, also indicating a higher charge collection
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Figure 2 | Device performance with structure ITO/PEDOT:PSS/DRCN7T:PC71BM or DERHD7T:PC71BM/PFN/Al. a, Characteristic current density versus
voltage (J–V) curves of both devices under optimized conditions and simulated AM 1.5G irradiation (100 mW cm−2). b, EQE curves for both devices. Inset:
corresponding IQE spectra. c, Photocurrent density versus effective voltage (Jph–Veff) characteristics for both devices under constant incident light intensity
(AM 1.5G, 100 mW cm−2). d, Double logarithmic plots of photocurrent density as a function of incident light intensity for both devices under effective
voltages of 1.9 and 0.3 V. Lines represent the best power fitting.
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efficiency and less bimolecular recombination for DRCN7T-based
devices37. In addition, the DRCN7T-based device has a larger
shunt resistance (1,260 versus 320 Ω cm2) and smaller series
resistance (6.0 versus 16.5 Ω cm2) than for the DERHD7T-based
device, indicating that better ohmic contact is formed in the
DRCN7T-based device.

When the build-up of space charges reaches a fundamental limit,
the photocurrent Jph will scale with Pin as Jph ∝ Pin

α with α =¾, and if
there is no space charge build-up, α = 1 (ref. 42). As shown in Fig. 2d,
at a high effective voltage (Veff = 1.9 V) α ≈ 1 (0.95 and 0.93 for
DRCN7T- and DERHD7T-based devices, respectively). At low effec-
tive voltages (Veff = 0.3 V) corresponding to an external bias of 0.73 V,
where the maximal power output is observed, α = 0.95 for the
DRCN7T-based device, but it decreases to 0.86 for the DERHD7T-
based device. These results suggest a little build-up of space charge
and bimolecular recombination for the DRCN7T-based device, but
not for the DERHD7T case, consistent with the better interfacial
contact for the DRCN7T case discussed above. This is also supported
by the hole and electron mobility results for the blend of these two
materials with PC71BM measured using the space-charge limited
current (SCLC) method (Supplementary Tables 16 and 17). The
hole and electron mobilities for the DRCN7T:PC71BM blend are
∼5.91 × 10−4 and ∼1.28 × 10−4 cm2 V−1 s−1, respectively. However,
the hole and electron mobilities for the DERHD7T:PC71BM blend
(1.18 × 10−4 and 1.04 × 10−5 cm2 V−1 s−1) are much less balanced.
Note that the SCLC hole mobilities of both neat DRCN7T and its
blend films are higher than for the DERHD7T cases, which is consist-
ent with results obtained using the photo-induced carrier extraction
by linearly increasing the voltage (photo-CELIV) method

(Supplementary Fig. 21)43. Furthermore, in the plot of JSC as a
function of light intensity Pin, Jph ∝ Pin

α, the power-law exponents
α are 0.96 and 0.93 for DRCN7T and DERHD7T devices, respectively
(Supplementary Fig. 22), indicating less bimolecular recombination
in the DRCN7T-based devices8.

Film morphology analysis
The morphology of the active layer can be a determining factor for
OPV performance. From atomic force microscopy (AFM) measure-
ments, films of DRCN7T and DERHD7T blended with PC71BM
yielded root-mean-square (r.m.s.) surface roughnesses of only 0.39
and 0.57 nm, respectively (Supplementary Fig. 24). After annealing,
the roughness for the DRCN7T blend film did not change, whereas
the roughness for the DERHD7T blend film increased markedly to
2.7 nm. Transmission electron microscopy (TEM) studies (Fig. 3)
show that the morphologies of the blend films for these two com-
pounds are quite different. DRCN7T:PC71BM mixtures (Fig. 3a)
show a network of fibrils with diameters of ∼10 nm (comparable
to the exciton diffusion length30), which should favour high
exciton diffusion/dissociation efficiency44. However, a less defined
phase separation was found for the DERHD7T:PC71BM blend
(Fig. 3c). With annealing, the difference became even more pro-
nounced, with the fibrillar network morphology being retained
and strengthened for the DRCN7T:PC71BM mixture (Fig. 3b),
while the phase-separated morphology of the DERHD7T:PC71BM
mixture coarsened significantly (Fig. 3d), with a domain size of
∼30–70 nm. Thus, in the DERHD7T case, excitons will have a
higher probability of recombining before reaching the donor–
acceptor interface, resulting in low exciton diffusion/dissociation
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Figure 3 | Morphology of blend films. a,b, TEM images of the DRCN7T:PC71BM (1:0.5, wt/wt) blend films without (a) and with (b) thermal annealing.
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Table 2 | Morphology data of out-of-plane GIXD and RSoXS.

Materials (100)
d spacing (Å)

(100)
crystal size (Å)

(010)
d spacing (Å)

(010)
crystal size (Å)

Ratio of face-on/
edge-on area

Centre-to-centre
distance (nm)

DRCN7T:PC71BM as cast 20.8 126 3.54 37.5 2.4 22
DRCN7T:PC71BM annealed 20.5 148 3.56 37.8 1.7 26
DERHD7T:PC71BM as cast 21.8 107 3.65 48.0 1.6 19
DERHD7T:PC71BM annealed 21.2 150 3.65 66.2 1.2 42
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efficiency. As would be expected from these morphological
differences, a higher photoluminescence quenching efficiency
(91%) is observed for the DRCN7T active layer in comparison to
that of the DERHD7T active layer (82%, Supplementary Fig. 23).

Resonant soft X-ray scattering (RSoXS) (Fig. 3e) on the
DERHD7T:PC71BM blend showed an interference (q = 0.0033 Å−1,
where q is the scattering vector) corresponding to a domain centre-
to-centre distance of 19 nm, which increased to 42 nm with thermal
annealing (Table 2). This is consistent with the coarsening of the mor-
phology observed by TEM. The DRCN7T:PC71BM blends, on the
other hand, retain a much finer texture, with an interference at
q ≈ 0.0029 Å−1, corresponding to a centre-to-centre distance of
22 nm, which did not change significantly upon annealing. Note
that one-half of this centre-to-centre distance is close to the ideal
exciton diffusion distance. These results are consistent with the
morphological results measured by AFM and TEM, indicating a
more favourable exciton diffusion/dissociation in DRCN7T devices.

As the local molecular ordering and orientation also have a great
impact on the exciton diffusion/dissociation and charge transport/
collection, even with an ideal domain size, grazing incidence
X-ray diffraction (GIXD) was used to further characterize the micro-
structural features of the neat DERHD7T and DRCN7T films
(Supplementary Fig. 25) and their blends with PC71BM (Fig. 4).
Out-of-plane line-cuts are also shown, together with the 2D diffrac-
tion profiles. In all cases, multiple higher-order (h00) reflections,
characteristic of the separation distance between adjacent oligothio-
phene backbones, are evident, indicating a long-range order and
crystallinity in the films. Thermal annealing significantly improves
the crystalline order, which is demonstrated in the quantitative
data for the crystal size, estimated by the Scherrer equation
(Table 2 and Supplementary Table 18). This would also enhance
the charge transport and improve mobilities (Supplementary
Tables 16 and 17). For example, the hole mobility for
the DRCN7T:PC71BM blend without thermal annealing is
6.99 × 10−5 cm2 V−1 s−1, which increased to 5.91 × 10−4 cm2 V−1 s−1

after thermal annealing. For the neat DRCN7T film with thermal
annealing, an intense reflection with higher orders is seen at a
Bragg distance of ∼3 nm (0.2 Å−1) oriented at 17° with respect to
the surface plane (Supplementary Fig. 26). This corresponds to
the interlayer distance (the 001 spacing). However, this is not
observed in the DERHD7T neat film. For the blend films with
thermal annealing, DRCN7T showed a large azimuthal distribution
of the (100) peak, while DERHD7T showed the preferred edge-on
orientation normal to the surface of the films (Fig. 4a). In addition,
from the ratio of the areas under the out-of-plane and in-plane π-
stacking reflections (Table 2), DRCN7T showed a more prominent
face-on orientation, with a ratio of 1.7, which is larger than that of
DERHD7T (ratio of 1.2). Furthermore, a 3.56 Å π–π stacking dis-
tance is seen in the DRCN7T:PC71BM blend film, which is slightly
smaller than that of DERHD7T (3.65 Å) (Table 2). All these factors
favour charge transport in the DRCN7T devices45.

It should be noted that in the DRCN7T:PC71BM blend film with
thermal annealing, fibrillar crystalline domains are enhanced by the
PC71BM segregating into the intercrystalline domains22. The crystal
size (∼15 nm, Table 2) along the (100) direction of DRCN7T is quite
close to the entire domain size, as measured by TEM, which suggests
that one of the phases of the active layer observed in TEM is a highly
ordered DRCN7T phase46. This highly crystalline fibrillar-type mor-
phology enhances the p-type domain connectivity, which eventually
improves hole transport across the film, correlated to a high FF for
the OPV device. In the DERHD7T:PC71BM blends, thermal anneal-
ing significantly increased the size of phase separated domains up to
∼30–70 nm, which is much larger than the corresponding crystal
size (∼15 nm), leading to a low JSC in devices. These large
domains also break the connectivity of PC71BM domains, as
reflected in the lower electron mobility compared to that of
DRCN7T in the film above (Supplementary Table 17), which
could lead to a lower FF in such devices. The combination of the
small size scale of the fibrils (∼10 nm) and the phase-separated mor-
phology, highly crystallized domains, tight π–π overlap and
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favourable crystal orientation lead to an exceptional device
performance of DRCN7T blends.

Conclusions
We have shown that a rather small change in the molecular design
can lead to marked differences in the structure and performance of
materials. In devices based on DRCN7T, a morphology with an
optimized interpenetrating network consisting of ∼10-nm-diameter
highly crystalline fibrils is obtained, so little geminate or non-
geminate recombination is observed. All these factors, combined
with the efficient ETL (PFN), result in an ∼100% IQE. Together
with the improved light absorption, DRCN7T-based devices
exhibit PCEs as high as 9.30%. Further studies are needed to under-
stand the reasons why such a small end-group change can make
such a large difference to the morphology and device performance.
We note that 10% of the light was reflected even with an optimized
device. Consequently, with an improved device structure, PCEs
could be enhanced significantly.

Methods
The DRCN7T was synthesized as described in the Supplementary Information, and
PC71BM was purchased from American Dye Source. PFN was obtained from SCUT
with a number molecular weight (Mn) of 9,272 and a polydispersity of 1.473.
All materials were used as received unless specified. Detailed synthesis and
characterizations for DRCN7T including NMR, CV and other additional data
are provided in the Supplementary Information.

Solar cell fabrication and testing. Devices were fabricated with a structure of
glass/ITO/PEDOT:PSS/donor:acceptor/ETL/Al. 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 of PEDOT:PSS (Clevios P VP AI 4083, filtered at
0.45 µm) was spin-coated at 3,000 r.p.m onto the ITO surface. After being baked at
150 °C for 20 min, the substrates were transferred into an argon-filled glove box.
Subsequently, the active layer was spin-coated from blend chloroform solutions with
different ratios (weight-to-weight) of DRCN7T and PC71BM and then annealed at
different temperatures for 10 min. Finally, a layer of ∼5 nm PFN was spin-coated
using a methanol solution (mixed with 0.2% acetic acid, by volume)37 onto the active
layer and then an 80 nm Al layer was evaporated under high vacuum (<2 × 10−4 Pa).
The effective areas of cells were 4 mm2, defined by shallow masks.

For comparison, optimized devices with an effective area of 12 mm2 were also
fabricated and measured using an aperture of area 8.96 mm2, which gave results
similar to those for the 4 mm2 devices described above. The J–V curves of
photovoltaic devices were obtained using a Keithley 2400 source-measure unit in an
argon-filled glove box. All I–V measurements with and without apertures gave
consistent results, with relative errors within 5%. The photocurrent was measured
under simulated 100 mW cm−2 AM 1.5G irradiation using an Oriel 96000 solar
simulator, calibrated with a standard Si solar cell. The average PCE was obtained
using 100 devices under the same conditions.

Received 12 January 2014; accepted 7 October 2014;
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