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ABSTRACT: In organic photovoltaic (OPV) blends, photogenerated
excitons dissociate into charge-separated electrons and holes at donor/
acceptor interfaces. The bimolecular recombination of spin-uncorre-
lated electrons and holes may cause nonradiative loss by forming the
low-lying triplet excited states (T1) via the intermediate charge-transfer
triplet states. Here, we show that such a spin-related loss channel can
be suppressed in the OPV blends with fluorinated nonfullerene
acceptors (NFAs). By combining ultrafast optical spectroscopy and
triplet sensitization measurements, the T1 states at the acceptors have
been observed to generate from the charge-separated electrons and
holes in the OPV blends with a same polymer donor and two sets of
NFAs with and without fluorination. The triplet formation is largely
suppressed and the lifetime of charge carrier is markedly prolonged in the blends with fluorinated NFAs. The fluorination effect on
the charge dynamics can be ascribed to the modified energy alignment between the triplet excited states of charge-transfer and
locally excited characters as supported by quantum chemical computation. Our findings explain the mechanism responsible for the
improved photocurrent generation in the OPV blends with fluorinated NFAs, suggesting that manipulating the energy landscape of
triplet excited states is a promising strategy for further optimizing OPV devices.

■ INTRODUCTION

Organic solar cells (OSCs) convert light into electricity using
the donor:acceptor (D:A) bulk heterojunction structure.1−7 In
comparison to inorganic devices, the overall power conversion
efficiency (PCE) of OSCs is limited by additional nonradiative
recombination loss.4,7−13 During photocharge generation, the
interfacial energy offset required for dissociation of photo-
excited excitons is generally much higher for OSCs due to the
strong binding energy in organic molecules.2 Post charge
generation, the relatively large energetic disorder and the
nonradiative recombination cause additional energy losses
through phonon-mediated or spin-mediated pathways.9,12,14−21

Interestingly, these loss channels can be partially relieved in the
state-of-the-art OSCs with nonfullerene acceptors
(NFAs).22−26 Owing to the intramolecular electron push−
pull effect, the spectral coverage of NFAs is generally much
broader.4 In most high-performance polymer/NFA blends,
efficient charge separation has been enabled with remarkably
low energy offset at the D/A interface,8,27−34 which largely
reduces the interfacial energy loss during charge separation. By
using small-molecule NFAs with torsion-free molecular
conformation, the energy loss related to energetic disorder
can be mitigated.20,22 These technical advances result in
remarkable improvements for device performance with
certified PCE above 17%.35 To further optimize the OPV

devices, it is necessary to better understand and suppress the
nonradiative recombination losses.
Fluorination has been established as a facile but highly

efficient way to improve the device performance of OSCs with
NFAs.5,36,37 So far, most highly efficient OPV blends (PCEs >
15%) usually contain the photovoltaic material with fluorine
substituents.27,28,38−41 Introducing fluorine atoms to the side
chain of NFAs has added a 1−2% increase of PCEs in multiple
material systems. These improvements have been generally
ascribed to the effects of the energy level alignment optimized
for interfacial charge separation and charge carrier transport
promoted by the morphology modulation.19,37,42 Nevertheless,
it remains elusive whether and how the fluorination affects the
dynamics of nonradiative recombination loss. In this work, we
show that the fluorination of NFAs can suppress the spin-
related pathway of nonradiative loss in OPV devices with
NFAs. As shown in Figure 1a, free charge pairs resulting from
charge separation at the D/A interface may undergo
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bimolecular recombination to charge-transfer (CT) states with
either spin singlet or triplet characters; interfacial triplet
charge-transfer (3CT) states then convert into the lowest-lying
locally excited triplet (T1) states in the acceptors, which may
be annihilated by the charges in the blend.14,16,20

To investigate the effect of fluorination of the NFAs and the
spin-related nonradiative loss in the OSCs, we study the charge
dynamics in the OSCs based on two sets of indacenodithio-
phen (IDT)-based NFAs without (MO-IDIC, IDIC) and with
(MO-IDIC-2F, IDIC-2F) fluorine substituents43 blended with
a same polymer donor (PTQ10)44 by combining broadband
transient absorption (TA) spectroscopic and quantum
chemical computation methods. While charge generation
dynamics are similar in the blend films with NFAs without
and with fluorination, the recombination dynamics show
markedly differences with triplet formation strongly suppressed
in the blends with fluorinated NFAs. The fluorination effect on
the triplet generation dynamics can be ascribed to the modified
energy alignment between the triplet excited states. The triplet
loss channel is largely suppressed in the blends with fluoridated
NFAs, which is responsible for the improved photocurrent
generation and output PCEs. The finding in this work suggests
that manipulating the energy landscape of triplet excited states
by molecular design is a viable route to promote the
performance of OSCs.

■ MATERIALS AND METHODS
Sample Preparation. Acceptors IDIC and IDIC-2F were

purchased from Solarmer Materials Inc. and Hyper Inc. respectively.
The donor PTQ10 and acceptors MO-IDIC and MO-IDIC-2F were
synthesized according to the procedures reported previously.43

Film samples for TA measurement were fabricated by spin coating
on quartz substrates. For blend samples, the donor:acceptor ratio was
1:1 (w/w). After spin coating, blended film samples were annealed in
argon atmosphere at 140, 120, or 110 °C for 5 min for different

acceptors according to the optimized conditions of device fabrication.
For triplet sensitization measurements, the solution samples with a
1:4 weight ratio of the sensitizer PtOEP and acceptors were coated
onto the substrates. Samples were kept in nitrogen atmosphere for
optical characterizations.

Optical Characterization. TA spectroscopy was conducted by
employing a Ti:sapphire regenerative amplifier (Libra, Coherent Inc.)
at 800 nm having a repetition rate of 1 kHz and pulse duration of 90
fs. An optical parametric amplifier (OperA Solo, Coherent Inc.)
pumped by the regenerative amplifier was used to generate the pump
beams with tunable wavelengths. The probe beams of super-
continuum in the visible and infrared wavelength ranges were
generated by focusing a small portion of the femtosecond laser beam
onto a 3 mm thick sapphire plate or a 5 mm thick yttrium aluminum
garnet (YAG) plate, respectively. The spectra were acquired using a
silicon CCD (S7030-1006, Hamamatsu Ltd.) for the visible range and
an InGaAs CCD (G11608, Hamamatsu) for the infrared range with a
monochromator (Acton 2358, Princeton Instrument). The signal of
differential transmission (ΔT/T) was acquired pulse to pulse at 1 kHz
enabled by a custom-built control board from Entwicklungsbuero
Stresing. The signal-to-noise ratio reaches 5 × 10−5 after averaging
1000 couples of pump-on and pump-off spectra. For time delays
longer than 4 ns, the pump laser was replaced by a pulsed laser diode
emitted at 670 nm (LDH-P-C-670M, Picoquant). The time delay
between the two lasers was synchronized and enabled by a digital
delay generator (DG645, Stanford Research System).

Photoinduced absorption (PIA) spectra were measured under a
cw-pump pulse-probe configuration. A He−Ne laser (HNL 050L,
Thorlabs) at 632.8 nm was used to pump the samples, and the probe
beam was the supercontinuum used in visible and infrared TA. The
pump beam was modulated by an optical chopper at 500 Hz. For
organic solar cells, the characteristic carrier lifetime is less than 1 ms
and charge transfer process finishes in less than 1 ns, differential
transmission was detected as the signal of free carriers. Excitation
fluence was 60 mW/cm2 to keep the same excitation density as
AM1.5 in visible range.

Quantum Chemical Computation. Density function theory
(DFT) and time dependent DFT were employed to simulate the

Figure 1. Charge generation and recombination routes in an OPV blend and molecular structures. (a) Schematic diagram of the dynamics of triplet
excited states in bulk-heterojunctions. (b) Molecular structures of polymer donor (PTQ 10) and two sets of small molecule acceptors without
(MO-IDIC, IDIC) and with (MO-IDIC-2F, IDIC-2F) fluorination treatment used in this study.
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geometric structures and energy levels of singlet ground state and
triplet excited state, respectively, using GAUSSIAN 16 program. The
optimized structures of the triplet excited states were illustrated by
using Multiwfn 3.3.9. More details are available in the Supporting
Information (SI).

■ RESULTS AND DISCUSSION

Charge Generation Dynamics. The chemical structures
of materials used in this study are illustrated in Figure 1b. The
polymer donor PTQ10 is selected in this study with a relatively
simple molecular structure.44 The PCEs of the optimized
devices with the blend films using the NFAs of MO-IDIC and
IDIC increase from 11.0% and 11.6% to 13.3% and 12.1%,
respectively, when the NFAs are fluorinated to be MO-IDIC-
2F and IDIC-2F.43 As summarized in the Supporting
Information (Table S1), the increased PCEs can be attributed
to the suppressed loss of free charges. We conduct TA
measurements to uncover the carrier dynamics underlying the
fluorination effect of device performance. The pump wave-
length is 500 nm which can excite both the donor PTQ10 and
nonfullerene acceptors (Figures S1 and S2), and the excitation
fluence is 5 μJ/cm2 to avoid exciton annihilation at the early
stage (Figure S3).
The charge generation processes are similar in the blend

systems. Figure 2a presents the fs-resolved TA spectra of a
blend film of PTQ10:MO-IDIC probed in the wavelength
range from 450 to 1400 nm. Simultaneously upon photon
excitation, two excited-state absorption (ESA) bands at 860
and 1180 nm emerge (Figure 2b). The two ESA bands can be
assigned to the primarily excited singlet states of MO-IDIC
and PTQ10, respectively, which are also present in the TA
spectra recorded from the neat films of acceptor MO-IDIC and

donor PTQ-10 (Figure S2). The hole transfer and electron
transfer processes are observed with the faster decay of the
ESA features at 860 and 1180 nm, together with the correlated
buildup of the ESA feature at 950 nm within 30 ps (Figures 2b
and S2). The generated ESA feature at 950 nm is absent in the
neat films of either acceptor or donor, which persists together
with the ground state bleaching (GSB) features of the donor
and acceptor, so that it can be naturally assigned to the
interfacial CT states. Following the interfacial charge transfer,
we observe a slight red-shift in the ESA signal around 950 nm
in the time scale from 30 to 200 ps (Figure S4), which is a
signature of further charge separation of the interfacial CT
states. The formation of free charges induces a change of the
local Stark effect, resulting in the spectral shift of the ESA
feature.45 To confirm the assignment, we characterize the
absorption spectral feature of free charges using the PIA
measurement (Figure S5) upon continuous wave excitation.
The long-lived PIA feature of free charges is comparable to the
observed features in TA spectra, confirming the assignment of
charge separated states.46−48

Triplet Formation. In OPV devices, the separated free
charges are collected by the electrodes with the aid of electron
and hole transport layers to generate the photocurrent.49

Nevertheless, the process of photocurrent generation competes
against loss channels of charge recombination.13,46,50 At a long
time scale (200 ps −4 ns), the ESA at 950 nm starts to decay
and a new ESA feature at 1120 nm builds up gradually (Figure
2a,c), suggesting the formation of a new excited-state species
during the recombination of free charges. As shown in Figure
1a, the reversal process of charge separation may result in the
formation of both 1CT and 3CT states at the D/A interface
through the bimolecular recombination process of free charges.

Figure 2. Triplet generation dynamics in a blend film of PTQ10:MO-IDIC. (a) Contour plot of TA data recorded from the blend film at different
time delays and different probe wavelengths. The data are acquired with pump at 500 nm of 5 μJ/cm2. (b) TA spectra recorded from the blend film
at different time delays. (c) Kinetic curves of ESA signals at 950 and 1120 nm, respectively. (d) TA spectrum of the PTQ10:MO-IDIC blend
recorded at the delay of 4 ns is compared with the absorption spectrum of the triplet state of MO-IDIC characterized by triplet sensitization (Figure
S6). (e) Normalized TA spectra measured at different pump fluences.
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The 3CT states may convert to the low-lying triplet T1 state
which is the triplet state of NFA of MO-IDIC in the blend film
of PTQ10:MO-IDIC. The spectral feature of triplet state of
MO-IDIC characterized by triplet sensitization measurements
agrees well with the newly generated ESA feature centered at
1120 nm (Figure 2d), suggesting the formation of T1 state at
the NFA during the bimolecular recombination of free charges.
The assignment is further supported by the pump-fluence
dependences of carrier dynamics. With increasing pump
fluence, the decay rate of the signal probed at 950 nm and
the growth rate of the signal probed at 1120 nm increase
correlatedly (Figure S7). Moreover, the spectral feature of the
T1 state becomes more pronounced at higher pump fluences
(Figure 2e), indicating that the bimolecular recombination of
free charges dominates the triplet formation in the
PTQ10:MO-IDIC blend. The localized triplet undergoes the
triplet-charge annihilation process, resulting in additional
nonradiative loss.14 The triplet generation is also observed
when the acceptor is selectively excited at 700 nm, suggesting
that it is a common channel in the photocharge generation
process (Figure S8). The lifetime parameters of the different
processes can be evaluated by the global fitting analysis (Figure
S9).
Effect of Fluorination on Triplet Dynamics. In all four

blend samples, the triplet generation has been observed,
implying that the nonradiative triplet loss channel is common
in OPV systems with NFAs. Nevertheless, the triplet
generation dynamics show marked differences in the blends
with and without fluorinated acceptors as compared in Figure
3. In comparison with the blend PTQ10:MO-IDIC, the charge
generation dynamics are similar in the blend PTQ10:MO-
IDIC-2F (Figure S10). Notably, the ESA feature of triplet at
1120 nm is markedly reduced in the TA spectrum of the blend

PTQ10:MO-IDIC-2F on a longer time scale (Figure 3a). The
delayed-rise component in the kinetics probed at 1120 nm is
also markedly reduced (Figure 3b), while the signal of free
charges probed at 950 nm persists to a much longer time scale.
Similar fluorinated effect is also observed in the blend films
with NFAs of IDIC and IDIC-2F (Figures 3d,e and S11).
These results indicate that the triplet formation is significantly
reduced when the NFA is fluoridated.
The fluorination effect is also manifested of the free charge

dynamics in the nanosecond time scale. Figure 3c compares
the ns-resolved TA results recorded from the blend films of
PTQ10:MO-IDIC and PTQ10:MO-IDIC-2F. In the blend
with fluorinated acceptor, the signals of free charges probed at
950 nm persist for a much longer time, suggesting that the
reduced triplet formation is essential for lifetime extension of
free charges in the blends, which is beneficial for charge
collection. Similar fluorination effects are observed in the blend
systems with NFAs of IDIC and IDIC-2F (Figure 3f). These
corroborated results suggest that fluorinating NFAs can
efficiently suppress the triplet formation, extend the lifetime
of free charges, and consequently improve quantum efficiency
of photocurrent generation.

Triplet Level Alignment. Next, we discuss the possible
mechanisms underlying the fluorination effect on the triplet
channel in these OPV blend films. The probability of triplet
formation is susceptible to the bimolecular recombination of
free charges. In principle, bimolecular recombination is more
efficient in the system with higher mobility which has a higher
chance for the encounter of positive and negative polarons.14

Nevertheless, the transport measurements suggest that the
charge mobilities are higher in the blends with fluorinated
NFAs,43 which cannot explain the suppressed triplet formation
in these blends.

Figure 3. Fluorination effect on triplet generation dynamics. (a) TA spectra at the delay of 1 ns, (b) fs-resolved kinetic curves probed at 1120 nm,
and (c) ns-resolved kinetic curves probed at 950 and 1120 nm recorded from the blend samples with the acceptors of MO-IDIC and MO-IDIC-2F,
respectively. Panels (d)−(f) are the same as (a)−(c) but for the acceptors IDIC and IDIC-2F, respectively. The fs-resolved TA data are acquired
with pump at 500 nm of 5 μJ/cm2, while the ns-resolved TA data are acquired with pump at 670 nm of 2 μJ/cm2. The signals are normalized at the
maximal amplitude of the ESA signal at 950 nm.
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It has been well established that fluorine substitution slightly
modifies the oxidation and reduction potential of conjugated
molecules, which may change the energy alignment between
the locally excited (LE) and interfacial CT states.51,52 To gain
more insight, we survey the electronic structures of the triplet
excited states in these systems by quantum chemical
computations. We model the systems with dimer structures
consisting of these NFAs and two repetition units of PTQ10
(Figures S12−S19). The lowest-lying triplet levels of acceptors
are considered as the T1 states. The geometric structures of the
triplet excited states of the energetic lowest-lying states are
optimized by time-dependent density functional theory (Table
S2). As a result of the interfacial D:A coupling, the calculated
adiabatic triplet states are hybridized by the 3CT state and
locally excited triplet (3LE) state at the acceptor site in the D:A
dimer. For the neat NFAs, the effect of fluorination on the
triplet energy level is insignificant (Table S3). In the D:A
dimers, fluorination of NFAs markedly affects the energy
landscapes and the orbital features of the low-lying triplet
states (Figures 4 and S16; Table S3).53 Our computational
results of the model system of PTQ10:MO-IDIC (Figure 4a)
indicate that the lowest-lying two triplet levels are dominated
by the 3LE and 3CT characters, respectively. The 3CT state is
higher than the T1 state, which is favorable for the formation of
T1 state. In contrast, for the model of PTQ10:MO-IDIC-2F
(Figure 4b), the lowest-lying triplet levels are heavily mixed
with the 3LE and 3CT characters, being more stabilized with
lower transition energies in comparison with the blend prior to
fluorination. Similar results of fluorination effect are also
obtained for the blends of PTQ10: IDIC and PTQ10:IDIC-2F
(Table S3). While the exact energies of the triplet states in the
blend films may vary from the computational values due to the
complicated molecular packing structures (Figures S18 and
S19), the trend predicted by the quantum chemical calculation
is instructive for understanding the fluorination effect. The
relatively large electronegativity of fluorine may modify the
packing structure at the D/A interface and lower the energy of
triplet states by mixing 3LE and 3CT characters (Figure 1a).
The energy alignment of triplet excited states is less
energetically favorable for triplet formation in the blends
with the fluorinated acceptor, which is responsible for the
observed fluorination effect on the dynamics of triplet
generation and charge recombination.52 In principle, both

forward and backward transfer processes are possible to
establish the dynamic equilibrium between the populations at
the 3CT to 3LE states if their energy gap is comparable to the
thermal activation energy. The equilibrium, controllable by the
energy alignment, may shift to the state with faster
deexcitation, which can be potentially manipulated to optimize
an OPV device.
In short, fluorination of NFAs may change multiple factors

including the morphology, the dielectric constant, and the
energy level alignment. The fluorination of NFA may modify
the molecular packing and alignment inside the acceptor
domains and at the donor/acceptor interfaces. The morphol-
ogy changes caused by fluorination in the acceptor domains
may enhance the charge carrier mobility. In principle, the
improved charge transport increases the bimolecular recombi-
nation, resulting in enhanced triplet generation in the blends
with fluorinated NFAs, which, however, is contrary to the
experimental results.43 On the other hand, the molecular
stacking at the donor−acceptor interfaces modified by the
fluorination of the acceptor may affect the intermolecular
interaction, resulting in the change of energy level alignment,
which can explain the observed fluorination effect on the triplet
formation (e.g., Figure 4). Moreover, the dielectric constant is
possibly modified by the fluorination of NFAs, which, is
unlikely to be a key effect for the enhanced triplet formation as
the energies of the triplet levels are insensitive to the dielectric
constant (Table S2).

Device Implication. In general, bimolecular recombina-
tion of free charges is susceptible to the charge density.14 It is
under debate whether the loss channel observed under
ultrashort pulse excitation is truly functional in OPV devices
under solar illumination. For AM1.5 illumination, the charge
density in a working device is on the order of ∼1016 cm−3,
which is usually one order lower than the excitation condition
of the TA experiment (∼1017 cm−3).16,54 To approach the free
charge dynamics and the triplet loss channel at solar
illumination conditions, we perform the ns-resolved TA
spectroscopic measurements with improved sensitivity by
varying the excitation density from 3 × 1017 to 3 × 1016 cm
−3 (the pump fluence from 2 to 0.2 μJ/cm2 at 670 nm). As
shown in Figure S20, the lifetime of free charges probed at 950
nm is extended at lower pump fluences with reduced
bimolecular recombination. With an excitation density of 3 ×

Figure 4. Schematic diagram of fluorination effect on the energy alignment of triplet excited states. Calculated electron (purple) and hole (blue)
distribution of the T1 and T2 in the D:A dimers with (a) MO-IDIC and (b) MO-IDIC-2F. In the blends with fluorinated NFAs, the lowest triplet
state at the D/A interface is more like a 3CT state which is energetically unfavorable for T1 formation. (LE, local excited state; GS, ground state;
CT, charge-transfer excited state; T1, lowest triplet state in the acceptors.)
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1016 cm−3, triplet signals probed at 1120 nm are recognizable
in these blends. In the blends, the lifetimes of the T1 signals at
1120 nm are significantly shortened with increasing pump
fluence, which is a signature of the loss caused by the triplet-
charge interaction. Moreover, the lifetime of free charge in the
blend with fluorinated acceptor is always much longer than
that in the blend without fluorinated acceptor under the same
excitation density. These results confirm that fluorination of
the acceptor can suppress the triplet loss channel and extend
the lifetime of free charge, which is also critical for the device
performance under working condition.54

In working devices, fluorination of NFAs can efficiently
suppress the triplet formation, which is manifested with
marked improvement of the short-circuit current. In the
devices with fluorinated NFAs, the short-circuit currents
increase more than 2 mA/cm2 which is a remarkable
improvement since the absorption spectral coverages of OPV
blends remain nearly unchanged (Table S1). In principle,
suppressing the nonradiative loss channel should increase the
open-circuit voltage of OPV devices if other factors are the
same. However, in the devices with fluorinated NFAs, the
values of open-circuit voltages slightly drop, which is probably
caused by the modified energy of CT states due to the down-
shifted LUMO of the fluorinated NFAs.37 The improvement of
PCEs in the devices with the fluorinated NFAs is attributed to
the significantly improved short-circuit current. Toward an
ideal device, a new strategy is expected to optimize the energy
alignment of triplet energy levels without sacrificing the
voltage.

■ CONCLUSION

In summary, we have demonstrated that, in the OPV blends
with NFAs, the triplet loss channel of free charges can be
efficiently suppressed by introducing fluorine substituents to
the terminal acceptor unit of NFAs. The down-shifting of
interfacial triplet excited states by fluorination plays a pivotal
role in suppressing triplet exciton formation. These results
inspire us to take the energy level arrangement of triplet
excited states into consideration when designing the active
layer materials. In addition, to balance the trade-off between
VOC and the triplet loss, structural optimization of the NFAs to
reduce the exchange energy can make the energy alignment of
triplet excitons suitable to alleviate the triplet loss in high
performance organic solar cells.
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