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Conjugated polymers with simple chemical structures are attractive for the design of high efficiency, wide

bandgap (WBG) donor materials used in non-fullerene organic solar cells. Fluorene is one of the most

common structures in organic opto-electronic materials. It is herein used, for the first time, functionalized

with the oxime group to construct the acceptor unit of D–A polymer donors with a BDT donor unit. The

polymers, PBFO-H and PBFO-F, had low-lying HOMOs with a wide bandgap of 2.08 eV and are soluble in

chloroform for easy processing. Organic solar cells were constructed using the polymers and a non-full-

erene Y6 acceptor. The fluorinated polymer (PBFO-F) had better photovoltaic properties over the non-

fluorinated polymer overall, with JSC, VOC, and FF values of 23.17 mA cm−2, 0.84 V, and 55.2%, respect-

ively, and a high PCE of 10.71%. These results demonstrate that fluorene is promising in constructing

acceptor units for D–A wide bandgap polymers.

Introduction

Polymer solar cells (PSCs), otherwise known as organic solar
cells (OSCs) have drawn scientific and commercial attention
because of their numerous advantages.1,2 This class of solar
cells is flexible and light-weight, can be processed in low-cost
solutions, and is suitable for roll-to-roll mass production.1,3,4

Nowadays, PSCs usually take the structure of a bulk hetero-
junction (BHJ) in which the conjugated polymer donor is
blended with a small molecule acceptor. Fullerene based
acceptors were used in the past with a maximum power conver-
sion efficiency (PCE) of around 11%.5 Even though fullerene-
based acceptors have good properties such as good solubility,
good electron transport and high electron affinity, the fact that
they absorb weakly in the visible region of the solar spectrum,
have limited energy level tunability, and can easily decompose
with long term use, limits their further applications. The dis-
covery of non-fullerene acceptors has led to the improvement
of the PCEs of polymer solar cells close to 20%.6–9 This could
be attributed to the balance between the open circuit voltage
(VOC) and short circuit density ( JSC) while the fill factor (FF)

has achieved a significant increase when matched against full-
erene based solar cells.

The conjugated polymer donor used in PSCs usually takes a
donor–acceptor (D–A) alternating molecular structure. In order
to maximize their performance, the D and A units must be care-
fully selected so that their absorption spectra and frontier mole-
cular orbital energy levels can be suitably modified to match
with the acceptor materials.10–12 Moreover, non-fullerene accep-
tors (NFAs) usually need a wide band gap (WBG) polymer donor
(Eg ≥ 1.8 eV) in order to complement their narrow absorption
range.13 Benzodiothiophene (BDT) is commonly used to con-
struct the D building block of the D–A polymer due to its appro-
priate electron-donating effect which is good for the EHOMO, a
large planar structure which helps in hole transport and a face-
on molecular orientation of thin films.14,15 On the other hand,
the chemical structures which have electron-withdrawing groups
such as 3-fluorothieno[3,4-b]thiophene-2-carboxylate (FC-TT),
thieno[3,4-c]pyrrole-4,6-dione (TPD), benzo[1,2-c:4,5-c′]dithio-
phene-4,8-dione (BDD), difluorobenzo[1,2,3]triazole (FBTA), qui-
noxaline, and benzothiadiazole (BT) have been used as the A
building blocks.13,15 The results of the different BDT-acceptor
combinations show that the acceptor molecules have noticeable
effects on the optical performances of the resulting D–A poly-
mers and by extension, the PCEs of the resulting PSCs.16–20

Fluorene based polymers were known to be initially used
for light emitting diodes (LEDs) with absorption at short wave-
lengths.21 The major advantages of the fluorene compounds
include a highly conjugated ring, efficient hole transport,
chemical stability, structural rigidity and planarity which give
wide band gaps and low HOMO levels, directly leading to a
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high VOC and JSC.
16,22–24 It was later used to design polymer

solar cell donor materials by Andersson and co-workers with
the resulting PSC having a PCE of 2.2%. After this, many
groups have introduced different side-chains into fluorene to
improve its various photovoltaic parameters with PCEs of
3.5%,25 4.5%,26 and 6.6% 27 when used for PSCs. It should be
noted that in all of these studies, fluorene is used as the elec-
tron-donating unit while its application as the electron-accept-
ing unit in a D–A polymer still remains unreported.
Furthermore, fluorene units also feature simple and planar
molecular structures, which would be suitable for the con-
struction of efficient polymer donors for OSCs.

In this study, we introduce oxime-functionalized fluorine
(FO) as an acceptor unit copolymerized with BDT monomers to
synthesize two novel conjugated D–A donor polymers, PBFO-H
and PBFO-F, which would be useful for OSCs.28,29 The impor-
tance of the oxime functional group is due to its electron with-
drawing ability and its usage in conjugated polymers is a fairly
new concept, firstly used by He et al. on a thiophene-based
monomer.30 Therefore, this work effectively combines the
novelty of fluorene as an acceptor unit and oxime as an electron
withdrawing functional group. Molecular simulation shows that
the fluorene unit is effective as an electron-withdrawing group.
The introduction of the fluorine atom is efficient in modulating
energy levels and most of its photovoltaic properties. The poly-
mers have a wide bandgap (2.08 eV) and appropriate energy
levels and thus were paired with the non-fullerene acceptor Y6
in constructing NFA polymer solar cells. A highest PCE value of
10.71% was obtained for the solar devices with the parameters
JSC, VOC and Eloss approaching those of the state-of-the-art
systems. These results show that fluorene would be a good
choice for constructing the acceptor units in WBG D–A polymer
donors for non-fullerene solar cells.

Results and discussion
Materials synthesis and characterization

The oxime-based fluorene monomer was synthesized from
scratch as shown in Fig. 1. A hydroxylamine (2) was syn-

thesized using a modification of methods used by Zhu et al.,31

and Aldo et al.32 with about 70% yield. The above was joined
as an oxime functional group to a commercial 2,7-dibromo-
9H-fluorene-9-one using a method reported by Blake et al.33 A
straight-chain alkylthiophene was further introduced through
the Stille reaction process. Finally, the thiophenated com-
pound (4) was brominated using N-bromosuccinimide to give
the monomer M. The intermediates and final products were
confirmed by nuclear magnetic resonance (NMR).

To get the polymers, the monomer M was copolymerized
with BDT using Pd(PPh3)4 catalysts under Stille conditions.
The two polymers synthesized, PBFO-H and PBFO-F, were both
soluble in chloroform at room temperature, allowing for easy
fabrication of the devices using a simple spin-coating method.
The two polymers PBFO-H and PBFO-F have number-average
molecular weights (Mn) of 121 and 35 kDa and PDI of 1.71 and
1.64 respectively, measured by high temperature gel per-
meation chromatography (GPC). The decomposition tempera-
ture (Td, 5% weight loss) measured by thermogravimetric ana-
lysis (TGA) under a nitrogen atmosphere was 320 °C for
PBFO-H and 240 °C for PBFO-F, indicating their good thermal
stability for the fabrication of solar cells (Fig. S4†).

Optical properties and energy levels

The optical properties of the pair polymers were studied using
ultraviolet-visible (UV-vis) spectroscopy and the results are
shown in Fig. 2. The two polymers PBFO-H and PBFO-F in
solution showed a low-energy peak of maximum absorption
occurring at wavelengths of 477 nm and 505 nm (λmax) respect-
ively. Comparatively, PBFO-F shows a red-shifted absorption
peak, and a shoulder peak can also be observed. This behavior
indicates that PBFO-F has stronger aggregation tendency in
solution than PBFO-H. The absorption spectra for both poly-
mers in thin films are very similar, and PBFO-H has maximum
absorption at 507 nm while PBFO-F has maximum absorption
at 544 nm, on thin film. The occurrence of shoulder peaks in
thin films could be attributed to improved polymer aggrega-
tion. The higher shoulder peak of PBFO-F implies its stronger
aggregation behavior than PBFO-H, which would be induced

Fig. 1 Chemical structure and synthesis routes towards the monomer and polymers PBFO-H and PBFO-F.
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by the fluoride incorporated non-covalent bond interaction.
The extinction coefficient (εmax) for both polymers PBFO-H
and PBFO-F are 3.91 × 104 cm−1 and 3.67 × 104 cm−1 for thin
films at ∼505 nm respectively, which are very close values due
to their similar backbone. High extinction coefficient values
would facilitate light harvesting in thin films (∼100 nm),
which is beneficial for efficient charge extraction while avoid-
ing charge recombination. The optical bandgaps of the poly-
mers in film, derived from the absorption onset is 2.08 eV for
both polymers which is considered a wide bandgap. In con-
junction with the strong absorption range of these polymers
(400–544 nm), they are suitable for complementing non-full-
erene acceptors (NFAs) due to their narrow bandgap absorp-
tion, for example, Y6, which absorbs between 600 and
930 nm and has Eg of 1.33 eV.21 These pairs of polymers
showed wider bandgaps when compared to a similar oxime-
substituted polymer which used thiophene instead of a fluor-
ene unit (Eg = 2.03 eV) which indicates that fluorene is more
suitable for a wider bandgap due to the presence of more
conjugation.15

Density functional theory (DFT) simulations were carried
out at the B3LY/6-31G(d,p) level to understand the molecular
geometries and electronic properties of the polymers. The
alkyl side chains were replaced with methyl units to minimize
computing time (Fig. S1†). The impact of the fluorine atom on
the BDT unit is obviously noticed in delocalizing electrons
across the backbone of the polymer. The polymer without the
fluorine side chain (PBFO-H) has most of its HOMO electron
cloud localized on the BDT unit while introducing fluorine
helped to spread out the electron cloud throughout the
polymer backbone as seen in PBFO-F, making it have a more

planar chain which is advantageous for efficient charge trans-
port. As for the LUMO electron cloud, it is majorly situated on
the fluorene acceptor side chain which proves it as a novel
effective electron-withdrawing unit. Some LUMO electron
cloud could also be noticed on the oxime (vN–O) functional
group which also proves its electron-withdrawing property. The
HOMO/LUMO energy levels calculated for PBFO-H and PBFO-F
were −4.94/−2.02 and −5.06/−2.09 eV respectively showing
that the introduction of fluorine helps to deepen the HOMO
level. The dihedral angles between thiophene and BDT units
are 22.7° and 21.6° for PBFO-H and PBFO-F respectively, while
the thiophene and fluorene molecules are joined at −24.5°
and −26.4° for PBFO-H and −24.6° and −26.3° for PBFO-F.
The small dihedral angles present in the polymers confirm the
planarity which will enable ordered molecular packing and
charge transport in devices.

The energy levels of the polymers were also investigated
using cyclic voltammetry (CV) experiments (Fig. S2†), and the
results are shown in Table 1. The HOMO/LUMO energy levels
of polymers PBFO-H and PBFO-F were obtained to be
−5.33/−3.25 eV and −5.44/−3.36 eV respectively. The effect of
introducing fluorine into the polymer is clearly pronounced in
reducing the LUMO level and deepening the HOMO level
which is useful for it to approach the energy levels of the Y6
acceptor (−5.74/−3.93 eV) in order to reduce energy loss. The
difference between the EHOMO of the polymers and ELUMO of
Y6 is at least 1.4 eV, which would lead to high VOC when
blended together. The HOMO and LUMO energy offsets,
ΔEHOMO and ΔELUMO between the PBFO polymers and Y6 is in
the least 0.30 eV and 0.57 eV respectively, sufficient enough for
driving exciton dissociation.

Fig. 2 (a) Normalized UV-vis absorption spectra of the polymers in dilute chloroform. (b) Normalized UV-vis absorption spectra of thin films. (c)
Energy levels of PBFO-H, PBFO-F and Y6.

Table 1 Optical, electrochemical and surface energy properties of the polymers

Polymer

λmax [nm]

Solution Film λonset [nm] Eoptg [eV] EHOMO
a [eV] ELUMO

b [eV] γ [mN m−1]

PBFO-H 478 507 596 2.08 −5.33 −3.25 40.9
PBFO-F 505 544 597 2.08 −5.44 −3.36 43.4

aMeasured by cyclic voltammetry measurement. b Calculated using ELUMO = EHOMO + Eoptg .
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Photovoltaic and electrical properties

Photovoltaic devices based on the glass/ITO (indium tin
oxide)/PEDOT:PSS (poly(3,4-ethylenedioxythiophene):poly(styr-
enesulfonate))/active layer/PDINN (aliphatic amine-functiona-
lized perylene-diimide)/Ag structure were constructed in order
to evaluate the photovoltaic properties of the polymers. Y6 was
used as the acceptor layer, blended together with the polymers
to form the active layers. The current density–voltage ( J–V)
graph of the optimized devices with a donor/acceptor ratio of
1 : 1 is shown in Fig. 3a and the photovoltaic properties are
summarized in Table 2. A reference of the detailed device fab-
rication process is provided in the ESI (Tables S1 and S2†). The
devices achieved maximum performances when they were opti-
mized through the addition of 0.2% diiodooctane (DIO).
Under these conditions, the PBFO-H:Y6 based device showed
an efficiency of 7.26% with VOC of 0.77 V, a fill factor of 47.38%
and JSC of 19.94 mA cm−2. With fluorine atom introduced into
the polymer donor backbone, the device based on PBFO-F:
Y6 had a stellar efficiency of 10.71% with a VOC value of 0.84 V,
a JSC value of 23.17 mA cm−2, and an FF value of 55.2%. The
simultaneous improvement of all the device parameters with
the introduction of fluorine shows that it is an efficient strat-
egy for improving the photovoltaic performance of the devices.

The two devices based on PBFO-H and PBFO-F have VOC values
of 0.77 V and 0.84 V respectively, which translates to respective
Eloss of 0.55 and 0.49 eV, computed from the equation Eloss =
Eg − VOC. The Eloss for the PBFO-F:Y6 device, 0.49 eV, is very
close to the lowest energy loss found for OSCs.34,35

The devices have JSC values of 19.94 and 23.17 mA cm−2

respectively with the high JSC and VOC value of the PBFO-F
device approaching state-of-the-art values.9,30 The experi-
mental JSC value is also very close to that which was derived
from the EQE curve ( Jcalc.) (Fig. 3b), which confirms the integ-
rity of the calculation results. The FF values recorded for the
devices (0.47 and 0.55) are low compared to the highest
reported values (∼0.76) but can be further improved through
the optimization of side chain engineering and film mor-
phology with an expectant increase in the PCE.15 To recall
from the optical absorption spectra, the donor polymer is
responsible for the short wavelength absorption below 600 nm
while the longer wavelength above 600 nm reflects the Y6
acceptor absorption. The EQE values in the shorter wavelength
region are observed to be conspicuously higher than EQE
values in the longer wavelength region which implies that the
charges generated through photo-induced electron-transfer
from the donor contributes more to the total efficient charges
generated in the system.36 This phenomenon brings to light

Fig. 3 (a) J–V curves and (b) the corresponding EQE spectra of the OSCs based on the polymer:Y6 (c) PL spectra of Y6, PBFO-F and PBFO-H (d) PL
spectra of Y6:PBFO-F and Y6:PBFO-H devices (e) TRPL spectra of Y6, PBFO-F and PBFO-H and (f ) TRPL spectra of PBFO-F:Y6 and PBFO-H:Y6.

Table 2 Photovoltaic parameters of OSCs under illumination of AM 1.5G, 100 mW cm−2

Device VOC [V] JSC [mA cm−2] Jcalc.
a [mA cm−2] FF [%] PCEb [%] Eloss

c [eV]

PBFO-H:Y6 0.77 19.94 19.06 47.38 7.26 (6.85 ± 0.40) 0.55
PBFO-F:Y6 0.84 23.17 22.28 55.20 10.71 (10.50 ± 0.26) 0.49

a Calculated from EQE curves. b The values are averages from 10 separate devices. c Eloss = Eg − eVOC.
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the potency of the fluorine-oxime (FO) acceptor building block
used in the construction of the D–A donor polymer.

The exciton diffusion and dissociation properties of the
devices were studied using photoluminescence (PL) and time-
resolved photoluminescence (TRPL) spectra of neat and blend
films with excitation at a wavelength of 400 nm. The results
based on Fig. 3c and d show that blending the polymer and
acceptor Y6 together reduced the emission of both the poly-
mers and the Y6 acceptor. High quenching efficiencies were
achieved for both PBFO-F:Y6 and PBFO-H:Y6 systems (83.3
and 88.3% respectively). It is observed that the PL intensity of
PBFO-F:Y6 is more quenched in the donor region and
enhanced in the acceptor region compared to that of PBFO-H:
Y6, indicating more efficient charge separation between the
donor and the acceptor. The fluorescence lifetime (τ) obtained
from the TRPL spectra (Fig. 3e) was 1.12 ns for Y6, 1.03 ns for
PBFO-F, and 0.71 ns for PBFO-H. On blending the polymers
with the acceptor Y6, the lifetime of the PBFO-F:Y6 blend
reduced to 0.36 ns while that of PBFO-H decreased to 0.21 ns
(Fig. 3f) which is consistent with the PL results. The longer life
time of the PBFO-F:Y6 blend is beneficial for excitons to
diffuse and dissociate appropriately at the D–A interface in the
blend, thus achieving higher JSC and FF values.

Furthermore, the exciton dissociation and charge collection
efficiencies of the system were investigated. The result, shown
in Fig. 4a is a plot of photocurrent density ( Jph) against the
effective applied voltage (Veff ). Jph is associated with the
current densities under illuminated ( JL) and dark conditions
( JD) according to the equation Jph = JL − JD. Veff is defined as
Veff = V0 − Vappl, where V0 is the voltage at which Jph is 0 while
Vappl is the applied voltage. As Veff increases to unity, Jph for
PBFO-H:Y6 reaches a maximum value ( Jsat) of 21.60 mA cm−2

under lower bias conditions while that of PBFO-F:Y6 reached

21.70 mA cm−2. The exciton dissociation (ηdiss) efficiencies
which is calculated from Jph/Jsat at the short-circuit current is
found to be 93.9% and 95.5% for PBFO-H and PBFO-F respect-
ively. On the other hand, the charge collection efficiencies
(ηcoll) for the devices calculated at the maximum power output
point was found to be 63.0% for PBFO-H and 70.0% for
PBFO-F. The PBFO-F based device shows higher ηdiss/ηcoll
values than PBFO-H, which is consistent with the tendency of
the FF values.

The light intensity (Plight) dependent JSC and VOC of the
devices were used in analyzing their charge recombination pro-
perties. JSC is proportional to an exponential of the light inten-
sity defined by JSC ∝ Plight

α wherein the exponential factor (α)
is usually close to 1 under short-circuit conditions since most
of the photo-generated charges are evicted from the device and
bimolecular recombination would be negligible.37 As shown in
Fig. 4b, the exponential factors (α) obtained for PBFO-H and
PBFO-F are 0.95 and 0.99 respectively which corroborates with
theory. Conversely, the light intensity dependent VOC is usually
measured under open circuit conditions, when no current is
applied, to ensure that all photo-induced charges effectively
recombine. The dependence of VOC on Plight is governed by the
equation VOC ∝ (nkT/q) × ln(Plight), where k is the Boltzmann
constant, T is the temperature measured in Kelvin, and q is the
elementary charge. The n parameter is usually close to 1 when
only bimolecular recombination operates in the device but the
trap-assisted recombination usually extends it to 1 < n < 2.38

The n value found for PBFO-F:Y6 (1.41) is to our surprise
greater that of PBFO-H:Y6 (1.31), which signifies that PBFO-F
is more affected by trap-assisted recombination, as shown in
Fig. 4c. Space-charge limited current (SCLC) techniques were
used to measure the hole-only and electron-only diodes in
order to derive their hole and electron mobilities (µh and µe)

Fig. 4 (a) Photocurrent density (Jph) against effective voltage (Veff ); dependence of (b) JSC and (c) VOC on Plight of the devices; (d) TPC curves; (e)
TPV curves; and (f ) charge mobility histogram.
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respectively (Fig. S3 and Table S3†).39 The µh and µe values of
PBFO-F:Y6 are high at 5.55 × 10−4 cm2 V−1 s−1 and 4.47 × 10−4

cm2 V−1 s−1, respectively, with a µh/µe ratio of 1.24 (Fig. 4f),
suggesting that balanced µh and µe are achieved which is good
for obtaining high JSC and FF. On the other hand, the µh and
µe values for the PBFO-H:Y6 blend are 4.48 × 10−4 cm2 V−1 s−1

and 2.46 × 10−4 cm2 V−1 s−1 with a µh/µe ratio of 1.82 which is
more unbalanced compared with that of PBFO-F and would
affect the JSC negatively. These results demonstrate that the
conjugated polymer based on oxime functionalized fluorene
can achieve good charge mobility. The greater values in
PBFO-F show that the addition of fluorine was effective in
leading to better electron discharge and mobility.

The transient photocurrent (TPC) technique was used to
measure the charge extraction time in order to evaluate the
charge extraction rate.40–42 The TPC curves shown in Fig. 4d
evidence that the addition of the fluorine to the polymer back-
bone helps to decrease the charge extraction time (τext) from
0.029 µs in PBFO-H:Y6 to 0.020 µs in PBFO-F which means
that there is a faster charge extraction rate in PBFO-F:Y6.
Device voltage gradually reduces when there is recombination
of holes and electrons.43 The transient photovoltage (TPV)
technique is used to analyze the degree of the charge recombi-
nation in the devices, and the plot of the gradual charge
decomposition of the TPV analysis translates to the photocar-
rier lifetimes (τrec). The value of τrec was 0.11 µs for both
PBFO-H:Y6 and PBFO-F:Y6. The high τrec value shows that
charge recombination is comparatively minimized in the both
polymers (Fig. 4e).44 The TPV decay lifetime is slower than that
of the TPC values similar to others in the literature, which con-
firms the correctness of the results.45,46 These results confirm
that the introduction of fluorine into the polymer is efficient
in boosting charge extraction and transfer while reducing
charge recombination, and this leads to higher JSC and FF
values.

Morphological and packing properties

The miscibility of the donor and acceptor components was
derived by measuring the contact angle of each material with
water and diiodomethane (Fig. 5). The contact angles were
then used to calculate their surface energy values (γ) according
to Wu’s approach. The γ values were 40.92, 43.41, and 39.44

Fig. 5 Contact angles of PBFO-F, PBFO-H, and Y6 neat films with water
and diiodomethane.

Fig. 6 AFM images (3 × 3 µm) of (a) PBFO-F:Y6 height, (b) PBFO-F:Y6 phase, (c) PBFO-H:Y6 height, and (d) PBFO-H:Y6 phase; TEM images of (e)
PBFO-F:Y6 and (f ) PBFO-H:Y6.
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for PBFO-H, PBFO-F, and Y6 respectively. The Flory–Huggins
parameter (χ) which is given by χ = κ(√γ1 −√γ2)

2 is used to
determine the miscibility between the polymer and acceptor
components. The χ values calculated for the PBFO-F:Y6 blend
was 0.095k while that of the PBFO-H:Y6 blend was 0.014k. The
smaller χ value of the PBFO-H:Y6 blend shows that there is
better miscibility between the two materials. Atomic force
microscopy (AFM) was used for investigating the surface mor-
phology of the blend films. As can be seen in Fig. 6(a–d), the
root-mean-square (RMS) roughness for the blend films are
2.56 and 0.84 nm for PBFO-F:Y6 and PBFO-H:Y6 respectively.
The AFM imagery for PBFO-F:Y6 produces a rough image with
conspicuous height variability and its high RMS roughness
value indicates that the film has a pronounced topography
with peaks and valleys which could be due to material aggrega-
tion or phase separation.

Meanwhile, strong aggregation of PBFO-F would probably
be induced by its high crystallinity, which would be beneficial
for JSC and FF values in devices. PBFO-H:Y6, on the other hand
shows a lower RMS roughness value of 0.84 nm which indi-
cates better miscibility with the acceptor. This further con-
firms the result obtained from the surface energy analysis. The
analysis above is further confirmed with transmission electron
microscopy (TEM) measurements, with PBFO-F:Y6 showing a
rougher surface than PBFO-H:Y6 (Fig. 6e and f). The phase
images of the two blends show uniform phase distribution
which suggests that both films have no important phase segre-
gation at the nanoscale level of measurement.

Conclusions

In summary, an oxime-functionalized fluorene (FO) was
designed and synthesized as an acceptor unit for a D–A donor
copolymerized with benzodithiophene (BDT) to construct
novel polymers with a wide bandgap of 2.08 eV used with a Y6
acceptor to construct non-fullerene solar cells. Incorporation
of fluorine atoms was beneficial for modulating the energy
levels of the polymer as well as aggregation behavior and
charge mobilities. As a result, the OSC devices based on
PBFO-F:Y6 had a maximum PCE of 10.71% with JSC, VOC and
Eloss approaching state-of-the-art values. These findings give
confidence that the novel application of oxime functional
groups in D–A donor polymers is promising and a brighter
future lies with its further exploration.
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