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High open-circuit voltage organic solar cells enabled by a
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A new polymer donor based on 3,3′-difluoro-2,2′-bithiophene (2F2T) and difluorobenzoxadiazole (ffBX), named 2F2T-ffBX, is
designed and synthesized. The organic solar cell (OSC) based on 2F2T-ffBX donor and [6,6]-phenyl-C60-butyl acid methyl ester
([60]PCBM) acceptor exhibits a high efficiency of 7.3% with a high open-circuit voltage (Voc) of 1.03 V. When blended with
perylenediimide-based acceptor (PDI6), the corresponding OSC shows a higher Voc of 1.19 V with a low energy loss of 0.50 eV
but a much lower efficiency of 2.0%. The detailed analyses including charge generation, transport, recombination properties, and
morphology were performed to understand the performance of corresponding devices.
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1 Introduction

In the past decade, organic solar cells (OSCs) have gained
enormous attention due to the unique advantages of light
weight, flexibility, and low-cost processing [1–6]. Recently,
significant progress has been made in improving the per-
formance of OSCs, with power conversion efficiency (PCE)
over 14% for single junction devices and over 17% for
tandem solar cells being achieved [7–10]. However, sig-
nificant effort is still needed to transfer lab-scale OSCs to
industrial application [11]. One of the key reasons that limit
PCEs of OSCs is the modest open-circuit voltage (Voc) at-
tributed to the large energy loss (Eloss) from the optical
bandgap (Eg) of the active layer material to the Voc of OSCs
[12–14]. The Eloss in OSCs is analytically defined as Eloss=
Eg−qVoc, where Eg is the lowest optical bandgap among
donor and acceptor materials, q is elementary charge [12].

High performance inorganic/hybrid solar cells such as
crystalline silicon and perovskite solar cells show Eloss values
in the range of 0.30–0.55 eV [13]. However, the Eloss of most
state-of-the-art OSCs is in the range of 0.7–1.0 eV, although
a few systems show Eloss below 0.7 eV [12–29]. As a result, it
is hardly to offer Voc over 1.0 V for fullerene based OSCs at
PCE>10%, and only a few non-fullerene based OSCs ob-
tained Voc over 1.1 V at PCE>6% [30,31]. A few promising
polymer donors with suitable energy levels to realize low
Eloss have been reported based on building blocks such as
diketopyrrolopyrrole (DPP), pyridyl[2,1,3]thiadiazole (PT),
[1,2,5]thiadiazolo[3,4-f]isoindole-5,7-dione (TID), difluoro-
benzotriazole (FTAZ), difluorobenzoxadiazole (ffBX), and
difluorobenzothiadiazole (ffBT), which offered Eloss lower
than 0.6 eV when blended with fullerene or non-fullerene
acceptors [15,16,18,19,32–34].
Previously, our group has reported a polymer donor based

on 5,6-difluoro-2,1,3-benzoxadiazole (ffBX) and benzo[1,2-
b:4,5-b′]dithiophene (BDT) with 2-decyltetradecyl (DT) side
chain, named BDT-ffBX-DT, which exhibits a PCE of 9.4%
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when blended with [6,6]-phenyl-C60-butyl acid methyl ester
([60]PCBM) [35]. However, the Eloss of BDT-ffBX-DT:[60]
PCBM-based OSC is 0.8 eV, although this fullerene-based
device shows a Voc of 0.93 V [35]. Afterwards, we reported
the OSCs by blending BDT-ffBX-DT with perylenediimide-
based acceptors (SFPDI, PDI4, and PDI6) instead of [60]
PCBM acceptor. A high PCE of 7.5% associated with a very
high Voc (>1.10 V) and low Eloss (<0.60 V) was obtained for
the BDT-ffBX-DT:PDI4 device [31]. More importantly, the
BDT-ffBX-DT:SFPDI device shows a high Voc up to 1.23 V,
which is among the highest values reported for OSCs with a
PCE beyond 6%, corresponding to a very low Eloss of
0.48 eV and an extremely low non-radiative recombination
loss of 0.20 V [29,31]. These results indicate that ffBX is a
useful building block for the synthesis of conjugated poly-
mer donors to realize high performance and low Eloss OSCs.
3,3′-Difluoro-2,2′-bithiophene (2F2T) is one of the famous

building blocks for constructing conjugated donor-acceptor
(D-A) polymers in previous reports owing to the unique
merits such as moderate electron-donating ability, suitable
energy level, and coplanar structure [36–41]. However, most
of these 2F2T based conjugated polymers show moderate Voc
(0.80–0.95 V) and high Eloss (~0.70 eV) in fullerene based
OSCs or non-fullerene based OSCs [36–41]. It is well known
that Voc is proportional to the energy level difference between
the lowest unoccupied molecular orbital (LUMO) of the
acceptor and the highest occupied molecular orbital
(HOMO) of the donor [42]. It means that the lower HOMO
level of polymer donor could benefit Voc and Eloss of the
corresponding OSCs. We thus focus on lowering HOMO
energy level of 2F2T based conjugated polymer donors,
aiming at enlarging energy level difference between the
LUMO of the acceptor and the HOMO of the donor and
enhancing Voc and performance of the corresponding OSCs.
Herein, we report the design and synthesis of a new D-A

conjugated polymer based on ffBX and 2F2T, which is
named 2F2T-ffBX. The chemical structures of 2F2T-ffBX
and the electron acceptors used in this study are shown in
Figure 1. The four fluorine atoms in the repeat unit will not
only downshift the energy levels but also improve the co-
planarity of the polymer chain, which endow the corre-
sponding polymer with suitable HOMO level and strong
aggregation of the polymer chains. The OSC based on 2F2T-

ffBX:[60]PCBM blend film exhibits a high efficiency of
7.3% with a Voc of 1.03 V, which is among the highest levels
with Voc>1.0 V and PCE>6% for fullerene based OSCs
(Figure 2(a)). When blended with non-fullerene acceptor
(PDI6), the corresponding OSC shows a higher Voc of 1.19 V
with a low Eloss of 0.50 eV, which are both among the best
results for PDI-based OSCs (Figure 2(c, d)). However, the
2F2T-ffBX:PDI6-based device shows much lower perfor-
mance with a PCE of 2.0%. The detailed analyses of the
OSCs based on the two different acceptors were investigated,
including charge generation, transport, recombination prop-
erties, and morphology to understand the performance of
corresponding devices.

2 Experimental

2.1 General details

The synthesis route of 2F2T-ffBX is described in Figure 3.
[60]PCBM was purchased from Nano-C (USA). All of other
chemicals were purchased from commercial supplies and
used as received unless specifically stated. Molecular weight
of the polymer was determined using an Agilent Technolo-
gies 220 high-temperature chromatograph (USA) in 1,2,4-
trichlorobenzene at 150 °C using a calibration curve of
polystyrene standards. UV-Vis spectra were recorded on a
HP 8453 spectrophotometer (HP Development Company,
USA). Square wave voltammetry (SWV) were measured on
a CHI600D electrochemical workstation by using Bu4NPF6
(0.1 M) in acetonitrile as electrolyte and glassy-carbon,
platinum, and saturated calomel electrode as the working,
counter, and reference electrode, respectively. Potentials
were referenced to the ferrocenium/ferrocene couple by
using ferrocene as an internal standard.

2.2 Device fabrication and characterization

The OSCs devices based on 2F2T-ffBX and two different
acceptors were fabricated with a device structure of indium
tinoxide(ITO)/poly(3,4-ethylenedioxy-thiophene):poly(styr-
ene sulfonate) (PEDOT:PSS)/active layer/poly[(9,9-bis(3-
(N,N-dimethyl)-N-ethylammonium-propyl)-2,7-fluorene)-
alt-2,7-(9,9-dioctylfluorene)]dibromide (PFN-Br)/Ag [43,44].

Figure 1 Chemical structures of 2F2T-ffBX, [60]PCBM, and PDI6.
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The ITO glass substrates were cleaned sequentially under
sonication with detergent water, deionized water, and iso-
propyl alcohol and then dried at 70 °C overnight, followed
by a 4 min oxygen plasma treatment. Then a PEDOT:PSS
layer (~40 nm) was spin-coated on top of ITO substrates and
dried in air at 140 °C for 15 min. All substrates were then
transferred to a glovebox under nitrogen (N2) for the fol-
lowing fabrication of active layers. The weight ratio of do-
nor:acceptor were kept at 1:1 and both 2F-2T:[60]PCBM and
2F-2T:PDI6 solutions were prepared in chlorobenzene with
different additives. All solutions were kept on a hot plate at
95 °C for 6 h to ensure complete dissolution. Active layers
were spin-coated from active layer solutions on the pre-
heated substrates at 95 °C to obtain the required thicknesses
(100–300 nm) by changing the concentration of the active
layer solutions and the spinning speed. The active layer films
were then vacuumed at a level of 1×10−7 Torr overnight to
remove the residual additives. Then a PFN-Br buffer layer
(~5 nm) was spin-coated from PFN-Br methanol solution at
a concentration of 0.5 mg mL−1 on active layers and the
samples were transferred to the vacuum chamber. At a va-

cuum level of 1×10−7 Torr, 90 nm of Ag was thermally de-
posited as the top electrode. The active area of all devices is
0.07 cm2. The J-V curves were measured on a computer-
controlled Keithley 2400 source meter (USA) under 1 sun
illumination. The AM1.5G spectra came from a class solar
simulator (Enlitech, Taiwan, China), and the light intensity
was 100 mW cm−2 as calibrated by a China General Certi-
fication Center-certified reference monocrystal silicon cell
(Enlitech, China). Before the J-V test, a physical mask with
an aperture with precise area of 0.04 cm2 was used to define
the device area. The external quantum efficiency (EQE)
spectra measurements were performed on a commercial EQE
measurement system (QE-R3011, Enlitech, China).

3 Results and discussion

3.1 Synthesis

The synthesis of monomer 5,6-difluoro-4,7-bis(5-bromo-4-
(2-decyltetradecyl)-2-thienyl)-2,1,3-benzoxadiazole (ffBX-
Br) was shown in our previously work [35]. The monomer

Figure 2 Plots of PCE versus (a, c) Voc and (b, d) Eloss in various (a, b) fullerene-based and (c, d) PDI-based OSCs (color online).

Figure 3 Synthesis route of the 2F2T-ffBX polymer.
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(3,3′-difluoro-[2,2′-bithiophene]-5,5′-diyl)bis(trimethyl-
stannane) (2F2T-Sn) was purchased from SunaTech Inc.
(China). The synthesis route of 2F2T-ffBX is shown in
Figure 3. To a degassed solution of ffBX-Br (0.15 mmol,
172.3 mg), 2F2T-Sn (0.15 mmol, 79.5 mg) in anhydrous
chlorobenzene (1.5 mL), Pd2(dba)3 (2.1 mg, 0.00225 mmol)
and tri(o-tolyl)phosphine (5.5 mg, 0.018 mmol) were added.
Then the mixture was stirred at 120 °C for 12 h. The obtained
gel was diluted with 3.5 mL anhydrous chlorobenzene, and
then the mixture was stirred at 120 °C for additional 12 h,
after which 2-(tributylstannyl) thiophene and 2-bromothio-
phene were sequentially added to the reaction with 2 h in-
terval. After another 2 h, the reaction mixture was diluted
with chlorobenzene, and refluxed with sodium N,N-diethyl-
carbamodithioate trihydrate (100 mg) for 2 h. After cooling
to room temperature, the reaction mixture was precipitated in
methanol and filtered through a Soxhlet thimble. The poly-
mer was subjected to sequential Soxhlet extraction with
acetone, hexane, dichloromethane, chloroform, and chlor-
obenzene under argon protection. The chlorobenzene frac-
tion was concentrated under reduced pressure and
precipitated in methanol to obtain the resulting polymer
2F2T-ffBX (170 mg, yield=90%). The number-average
molecular weight (Mn) and polydispersity index (PDI) of
2F2T-ffBX were estimated by high-temperature gel per-
meation chromatography using 1,2,4-trichlorobenzene at
150 °C as an eluent calibrated with a series of monodispersed
polystyrene standards. The Mn of 2F2T-ffBX is 50.1 kDa,
and with a PDI of 1.6.

3.2 Optical properties

Figure 4(a) illustrates the normalized absorption spectra of
the 2F2T-ffBX in chlorobenzene (CB) solution and thin film
state. Both in solution and thin film state, the high-energy
absorption bands of 2F2T-ffBX at about 425 nm are attrib-
uted to localized electronic transitions of the aromatic rings,
while the border low-energy absorption bands at about

690 nm arises from π-π* transitions with intramolecular
charge transfer (ICT) character between the electron-rich and
electron-deficient moieties. The polymer film shows the
same absorption onset as the polymer solution in chlor-
obenzene, corresponding an optical bandgap of Eg=1.69 eV.
In Figure S1 (Supporting Information online), we presented
the absorption spectra of 2F2T-ffBX in chlorobenzene so-
lutions at different temperatures. The three peaks of the
curves keep at the same wavelength under different tem-
peratures. These results suggest that the polymer shows
strong aggregation of the main chain packing, which benefits
the hole transport property in the donor domain of the cor-
responding blend film.

3.3 Electrochemical properties

To estimate the energy levels of 2F2T-ffBX, [60]PCBM, and
PDI6, the electrochemical properties were investigated by
square wave voltammetry (SWV), which are shown in Fig-
ure S2. As shown in Figure 4(d), the HOMO and LUMO of
2F2T-ffBX are calculated to be −5.37 and −3.49 eV, re-
spectively. The deep-lying HOMO level is beneficial to ob-
taining high Voc in OSCs. For [60]PCBM, the HOMO and
LUMO levels are −6.10 and −3.96 eV. Hence, the HOMO-
HOMO offset (ΔHOMO) and LUMO-LUMO offset (ΔLU-
MO) between 2F2T-ffBX and [60]PCBM is 0.73 and
0.47 eV, which could provide enough driving forces to rea-
lized efficient exciton dissociation and charge separation
[42]. Meanwhile, the HOMO and LUMO levels of PDI6 are
−6.01 and −3.76 eV, respectively, the up-lying LUMO level
of PDI6 will benefit to the final Voc and Eloss of the corre-
sponding OSCs as compared to [60]PCBM.

3.4 Photovoltaic performance

The photovoltaic parameters are summarized in Table 1, and
the corresponding J-V curves are shown in Figure 5(a).
Device optimization of donor:acceptor weight ratio, solvent,

Figure 4 (a) Normalized absorption spectra of 2F2T-ffBX in chlorobenzene solution and as thin film; (b) energy level alignments of 2F2T-ffBX, [60]PCBM
and PDI6 (color online).

832 Zhang et al. Sci China Chem July (2019) Vol.62 No.7

http://engine.scichina.com/doi/10.1007/s11426-018-9429-1


solvent additive, annealing temperature of spin coating,
thermal annealing, fullerene acceptors, active layer thick-
ness, and device structure were summarized in Tables S1–S5
(Supporting Information online). The 2F2T-ffBX:[60]
PCBM-based device exhibited an excellent Voc of 1.03 V,
along with a Eloss of 0.66 eV. The Voc of the device ranks the
outstanding level reported in the literature for fullerene-
based OSCs. It is worth noting that high fill factor (FF) of
0.69 can be obtained, suggesting efficient charge generation
and collection in the device. Combining with a short-circuit
current density (Jsc) of 10.3 mA cm−2, a PCE of 7.3% can be
realized by the 2F2T-ffBX:[60]PCBM-based device at the
optimized active layer thickness of 110 nm. Further in-
creasing the thickness of active layer to 250 nm, the 2F2T-
ffBX:[60]PCBM blend still offers a PCE of 7.0% with Voc of
0.99 V and FF of 0.58 (Table S3 and Figure S4). As known to
all, thick active layer is a very critical prerequisite to support
large-area fabrication of OSCs. Combining with the use of
low-cost acceptor [60]PCBM, 2F2T-ffBX shows a potential
for low-cost, large-area fabrication of OSCs. In terms of
2F2T-ffBX:PDI6-based device, a high Voc of 1.19 V and a
low Eloss of 0.50 eV can be achieved, which are among the
best results for the PDI-based OSCs reported up to date.
However, the 2F2T-ffBX:PDI6-based device suffered from
low Jsc and FF, leading to a low PCE of 2.0%. The absorption
spectra of the blend films shown in Figure S2 evidence the
efficient light-harvesting of the 2F2T-ffBX:PDI6, suggesting
that the low Jsc is caused by other factors. To understand the
performance difference of the solar cells based on two dif-
ferent acceptors further investigations were performed,
which will be discussion in more details in the following
parts.
The vastly different Jsc values of both OSCs can be con-

firmed by the EQE spectra of the devices, as shown in Figure
3(b). The 2F2T-ffBX:[60]PCBM-based device shows high
EQE response over 60% from 620 to 700 nm, indicating the
efficient charge generation, transport, and collection in the
device. However, the 2F2T-ffBX:PDI6-based device shows
poor EQE response (<15%) in a wide spectral range, which is
consistent with the low Jsc and FF of the devices.

3.5 Charge generation, transport, and recombination

To further investigate the performance difference between
the OSCs of 2F2T-ffBX:[60]PCBM and 2F2T-ffBX:PDI6,
the EQE spectra under different voltage bias were recorded.
As shown in Figure 6, the EQE curves of the two kinds of
devices show distinctly different trends under voltage bias.
When the voltage bias on the 2F2T-ffBX:[60]PCBM device
was changed from 0 to −2.0 V, the EQE spectra are almost
unchanged, suggesting the efficient charge generation in
these devices. However, the EQE spectra of the 2F2T-ffBX:
PDI6 devices under different voltage bias shows obvious
changes. A gradually increase of EQE response can be ob-
served when a higher voltage bias was applied to the device.
Specifically, the EQE response is doubled when −2 V vol-
tage bias was applied as compared to the unbiased device.
These results indicate that 2F2T-ffBX:PDI6 device suffers
from inefficient charge generation under short-circuit con-
dition, which is a part of reasons for the low PCE, while the
devices can generate charges more efficiently with the help
of electrical field.
Moreover, space-charge-limited-current (SCLC) method

was employed to measure the hole mobility and electron
mobility of both 2F2T-ffBX:[60]PCBM blend and 2F2T-
ffBX:PDI6 blend (Figure 7(a, b)). The 2F2T-ffBX:[60]

Figure 5 (a) J-V curves and (b) EQE spectra of 2F2T-ffBX:[60]PCBM and 2F2T-ffBX:PDI6 devices under the illumination of an AM1.5G solar simulator,
100 mW cm−2 (color online).

Table 1 Performance parameters of the 2F2T-ffBX:[60]PCBM and 2F2T-ffBX:PDI6 solar cells under AM1.5G illumination (100 mW cm−2)

Acceptor Voc (V) Jsc (mA cm−2) FF PCE (%) PCE (ave) (%) Eloss (eV)

[60]PCBM 1.03 10.3 0.69 7.3 7.0 0.66

PDI6 1.19 5.0 0.33 2.0 1.8 0.50
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PCBM blend exhibits hole/electron mobilities of 2.1/1.0×
10−3 cm2 V−1 s−1 while the 2F2T-ffBX:PDI6 blend shows
hole/electron mobilities of 2.6/2.4×10−3 cm2 V−1 s−1, sug-
gesting the charge transport of the devices are comparable
and balanced. The Jsc and Voc at various light intensities were
acquired to investigate the charge recombination character-
istics of the devices. The results are plotted in Figure 7(c, d).
It is well known that the relationship between Jsc and Plight
can be described as Jsc∝(Plight)

α, where Plight is the light in-
tensity and α is the power-law component that will be equal
to 1.0 if there is no bimolecular recombination of the charge
carriers [45]. For 2F2T-ffBX:[60]PCBM-based device, an α
value of 0.991 was recorded, suggesting there is only a
negligible bimolecular recombination inside the device. For
the 2F2T-ffBX:PDI6 device, a lower α value of 0.939 was

measured, which implies this device suffered from more
serious bimolecular recombination. The relationship be-
tween Voc and light intensity can reveal the degree of trap-
assisted recombination in the devices. The slope of Voc ver-
sus lnP will be kBT/q when trap-assisted recombination is
negligible, while the slope will be close to 2.0 kBT/q if trap-
assisted recombination is the dominant recombination me-
chanism (where q, T and kB are the elementary charge,
temperature in Kelvin, and Boltzmann constant) [45]. The
results reveal 2F2T-ffBX:PDI6-based device shows more
severe trap-assisted recombination as evidenced by its higher
slope value of 1.69 kBT/q as compared to 1.35 kBT/q of 2F2T-
ffBX:[60]PCBM-based device. The recombination analyses
thus explained the difference in device performance of the
OSCs based on 2F2T-ffBX:[60]PCBM and 2F2T-ffBX:PDI6.

Figure 6 EQE spectra under different voltage bias of (a) 2F2T-ffBX:[60]PCBM and (b) 2F2T-ffBX:PDI6 devices (color online).

Figure 7 Current intensity versus voltage characteristics of (a) hole-only and (b) electron-only devices based on 2F2T-ffBX:[60]PCBM and 2F2T-ffBX:
PDI6 blends; (c) Jsc and (d) Voc of the devices based on 2F2T-ffBX:[60]PCBM and 2F2T-ffBX:PDI6 as a function of light intensity (color online).
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3.6 Morphology

The surface and bulk morphologies of the active layers were
studied by atomic force microscopy (AFM) and transmission
electron microscopy (TEM). The images are illustrated in
Figure 8. As shown in AFM images (Figure 8(a, b), 2F2T-
ffBX:[60]PCBM film exhibits a root-mean-square (RMS)
roughness of 6.16 nm, while the 2F2T-ffBX:PDI6 film
shows a RMS roughness of 2.48 nm, suggesting that the
former is more phased separated than the latter. Generally, a
less phase separated blend morphology is beneficial to ex-
citon diffusion to donor:acceptor interface and can provide
large interface area for exciton dissociation, the poorer de-
vice performance of 2F2T-ffBX:PDI6 should be ascribed to
the unfavorable energy level alignment rather than blend
morphology. In the TEM images (Figure 8(c, d)), fibers can
be observed for both the 2F2T-ffBX:[60]PCBM film and
2F2T-ffBX:PDI6 film, providing continuous channels for
efficient charge transport, which is consistent with the hole/
electron mobilities measured from single carrier devices.

4 Conclusions

In summary, a new conjugated polymer 2F2T-ffBX based on
ffBX and 2F2T was designed and synthesized. The four
fluorine atoms in the repeat unit will not only downshift the
energy levels but also improve the coplanarity of the polymer
chain, which contribute the corresponding polymer suitable
HOMO level and strong aggregation of the polymer chains.
The solar cell based on 2F2T-ffBX:[60]PCBM blend film
exhibits a high efficiency of 7.3% with a Voc of 1.03 V. When
blended with a non-fullerene acceptor (PDI6), the corre-

sponding OSC shows a higher Voc of 1.19 V with a low Eloss
of 0.50 eV but a much lower PCE of 2.0%. The detailed
analyses including charge generation, transport, recombina-
tion, and morphology were performed to understand the
performance of the solar cells. The results suggest that the
development of new conjugated polymers for achieving high
Voc and low Eloss in organic solar cells should consider the
energy levels, aggregation properties, and transport abilities
simultaneously.
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