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Fast charge separation in a non-fullerene organic
solar cell with a small driving force
Jing Liu1†, Shangshang Chen1†, Deping Qian2, Bhoj Gautam3, Guofang Yang1,4, Jingbo Zhao1,
Jonas Bergqvist2, Fengling Zhang2, Wei Ma4, Harald Ade3, Olle Inganäs2, Kenan Gundogdu3*,
Feng Gao2* and He Yan1,5*

Fast and efficient charge separation is essential to achieve high power conversion efficiency in organic solar cells (OSCs).
In state-of-the-art OSCs, this is usually achieved by a significant driving force, defined as the offset between the bandgap
(Egap) of the donor/acceptor materials and the energy of the charge transfer (CT) state (ECT), which is typically greater than
0.3 eV. The large driving force causes a relatively large voltage loss that hinders performance. Here, we report non-fullerene
OSCs that exhibit ultrafast and efficient charge separation despite a negligible driving force, as ECT is nearly identical to Egap.
Moreover, the small driving force is found to have minimal detrimental effects on charge transfer dynamics of the OSCs. We
demonstrate a non-fullerene OSC with 9.5% efficiency and nearly 90% internal quantum efficiency despite a low voltage loss
of 0.61V. This creates a path towards highly efficient OSCs with a low voltage loss.

Bulk heterojunction (BHJ) OSCs are promising for the
realization of low-cost solar energy conversion due to their
attractive properties of light weight, mechanical flexibility and

roll-to-roll processability method1–7. One of the most important
factors that limit the efficiency of OSCs is the relatively large voltage
loss from the bandgap Egap of the absorber to the open-circuit
voltage (Voc) of the cell8. For example, the most efficient OSC
reported to date has a Voc of 0.77V for an Egap of 1.65 eV, indicating
a voltage loss of 0.88V (ref. 6). In contrast, state-of-the-art c-Si
or perovskite cells have voltage losses in the range of 0.40–0.55V
(ref. 8). The large voltage loss in high-efficiency OSCs is due to two
main factors. One is the relatively large non-radiative recombination
loss in OSCs, evidenced by extremely low electroluminescence
quantum efficiency (EQEEL) of OSC blends (typically in the range
of 10−6–10−8)9. The other is the existence of a significant offset
between the bandgap of the donor/acceptor materials and the
energy of the CT state (Egap − ECT)10–14. The energy offset is the
driving force of charge separation in OSC. Historically, it was
believed that a significant driving force is necessary to achieve
fast and efficient charge separation in OSCs. There have been
several attempts to reduce the driving force and thus the voltage
loss in state-of-the-art OSCs15–23. Most of these attempts resulted
in significantly reduced external quantum efficiency (EQE) and
power conversion efficiency (PCE) for the solar cell devices. Among
these attempts, the best result was achieved by a polymer named
PNOz4T that yield a Voc of 0.96V and a high efficiency of 8.9%23.
In that case, the charge separation kinetics was relatively slow
(100 ps) and the photoluminescence (PL) quenching was about
66%, which was attributed to large domain size. The existence
of a significant driving force in state-of-the-art OSCs creates a
problematic trade-off between the Voc and short-circuit current

density (J sc) of the OSCs, limiting the maximum achievable
efficiency for OSCs.

Therefore, it is important to demonstrate an OSCwith aminimal
driving force yet can still achieve fast and efficient charge separation.
In addition to decreasing the driving force, another way to further
increase theVoc is to reduce the non-radiative recombination, which
will improve the EQEEL of the solar cells. If both of these (small
driving force and high EQEEL) can be achieved, it will be possible
to achieve efficient OSCs with a small voltage loss, which then
could remove the negative trade-off betweenVoc and J sc. Lastly, note
that fullerene derivatives have been the most dominant choice of
acceptor materials for the past 25 years due to their preeminent
electron accepting and transporting properties24,25. Recently, the
field of non-fullerene OSCs has seen a rapid development, with
many reports of high-performance small molecular acceptors
(SMAs)23,26–32. One advantage of non-fullerene OSCs is that it is
much more convenient to tune the energy offset between the donor
and acceptor, as their energy levels can be readily changed.

Here we report a non-fullerene OSC (based on a novel polymer
named P3TEA and a SMA named SF-PDI2, Fig. 1a) that has
a negligible driving force yet exhibits fast and efficient charge
separation. The CT state of the P3TEA:SF-PDI2 blend (blend A)
has almost the same energy as the singlet exciton (EX) of the pure
polymer, since the Fourier-transform photocurrent spectroscopy
external quantum efficiency (FTPS-EQE) and electroluminescence
(EL) spectra of the blend are identical to those of the pure polymer.
This translates to a negligible driving force for the blend A-based
cells. Transient absorption spectroscopy (TAS) data show that
the charge separation dynamics of blend A is ultrafast, with a
photoinduced electron transfer half-life of 3 ps. In addition, we
show that blend A exhibits a relatively high EQEEL of 0.5× 10−4,
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Figure 1 | Chemical structures and photovoltaic performance. a, Chemical structures of donor polymer P3TEA and SMA SF-PDI2. b, The J–V curve of a

blend A-based solar cell. Inset: device parameters of the blend A-based solar cell. c, The EQE curve of a blend A-based solar cell.

the highest reported for OSC blends so far, which suggests low
non-radiative recombination loss of the blend. This leads to a
high-efficiency (9.5%, Fig. 1b) non-fullerene OSC with a low
voltage loss of 0.61V (bandgap 1.72 eV, based on the crossing
point between the absorption and emission spectra, Supplementary
Fig. 1a, Voc 1.11V), maximum EQE of about 66% (Fig. 1c) and
internal quantum efficiency (IQE) of nearly 90% (Supplementary
Fig. 2). It appears that the negative trade-off between Voc and J sc
is removed, which will have fundamental impact on the long-term
development of OSCs.

Origins of small voltage loss
Based on the detailed balance theory (see Supplementary Note 1 for
details), the voltage loss in solar cells (both organic and inorganic)
(Supplementary Fig. 3) can be attributed to the three factors shown
in equation (1)8:

q�V = Egap−qVOC

= (
Egap−qV SQ

OC

)+(
qV SQ

OC−qV rad
OC

)+(
qV rad

OC −qVOC
)

= (
Egap−qV SQ

OC

)+q�V rad,below gap
OC +q�V non-rad

OC

= �E1+�E2+�E3 (1)

where q is the elementary charge,�V is the voltage loss,�V rad,below gap
OC

is the voltage loss of radiative recombination from the absorption
below the bandgap, �V non-rad

OC is the voltage loss of non-radiative
recombination, V rad

OC is the open-circuit voltage when there is only

radiative recombination, and V SQ
OC is the maximum voltage by the

Shockley–Queisser limit, where the EQE is assumed to be step-wise
(in other words, no EQE or absorption is present below the optical
gap of the cell)33.

The first term of the voltage loss in equation (1) (Egap− qVSQ
OC)

is due to radiative recombination originating from the absorption
above the bandgap. This loss is unavoidable for any type of solar cell
and is typically between 0.25 and 0.30 eV (Table 1).

The second term in the equation (q�V rad,below gap
OC ) is due to

additional radiative recombination from the absorption below the
bandgap. For inorganic and perovskite solar cells, which have steep
absorption edges, �V rad,below gap

OC is negligible (Table 1). However,
this value is usually very high for OSCs, being 0.67V for the
benchmark P3HT:PCBM blend and 0.2V for the highly efficient
PTB7:PCBM blend (Table 1). The large �V rad,below gap

OC in OSCs is
due to the existence of CT states, which exhibit lower energy
than the bandgap, thus resulting in a redshifted absorption.
Therefore, to minimize �V rad,below gap

OC in OSCs, the energy difference
between the singlet exciton on the donor and/or acceptor and
the CT states should be minimized. We measured the FTPS-
EQE spectrum of blend A, and found that the absorption onset
almost overlaps with that of the pure P3TEA in the normalized
Fig. 2a. In other words, no sub-gap CT state absorption is
observed. As a result, �V rad,below gap

OC for blend A is estimated to be
as low as 0.07V (Table 1), which is significantly smaller than that
observed in typical OSCs, and comparable to that in inorganic
solar cells.

The third loss term (q�V non-rad
OC = −kT ln(EQEEL))8 is due to

non-radiative recombination, where k is the Boltzmann constant,
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Table 1 |Comparison between blend A-based solar cell and other solar cells.

Type of solar cell Materials Egap qVOC q�V �E1 �E2 �E3

Egap− qV OC
SQ

q�VOC
rad,below gap q�VOC

non-rad

This work Blend A 1.72 1.11 0.61 0.27 0.07 0.26

Inorganics c-Si 1.12 0.68 0.44 0.25 0.01 0.18

Perovskite (evaporated) 1.61 1.08 0.53 0.28 0.002 0.25

Traditional OSCs P3HT:PCBM 1.93 0.58 1.35 0.30 0.67 0.38

PTB7:PCBM 1.61 0.74 0.87 0.28 0.20 0.39

All values are in eV. The original data of the other four cells for comparison are taken from ref. 8.
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Figure 2 | Optical and electrical characterizations. a, Normalized FTPS-EQE spectra of pure P3TEA and blend A-based devices. b, Normalized EL curves of

pure P3TEA and blend A-based devices.

T is temperature and EQEEL is radiative quantum efficiency of
the solar cell when charge carriers are injected into the device
in the dark. To minimize this term, q�V non-rad

OC , it is important
to maximize EQEEL. At room temperature, �V non-rad

OC increases by
60mV when EQEEL decreases by one order of magnitude10. For c-Si
and perovskite solar cells, �V non-rad

OC is about 0.25V (Table 1). For
organic solar cells, �V non-rad

OC is much larger (0.38–0.44V, Table 1)
due to the very low EQEEL of BHJ blends (typically on the order
of 10−6–10−8). For the blend A-based solar cell, our measurement
indicates a relatively high EQEEL value of 0.5 × 10−4, representing
a voltage loss of 0.26V. This value is much better than those for
previously reported OSCs and similar to that for the high-quality
evaporated perovskite devices. The value of Voc calculated based on
the EQEEL values and equation (1) is in excellent agreementwith that
obtained in our experiment (Table 1). In addition, the EL spectrum
of the blend A-based device is nearly identical to that of the pure
polymer device (Fig. 2b), showing no emission from the CT states,
which is consistent with the FTPS results shown in Fig. 2a. The
emission from CT states typically exhibits a Gaussian distribution,
while the emission of blend A clearly shows a vibronic shoulder
similar to that observed for the pure polymer. These observations
indicate that the EL emission of blend A is mainly from the polymer
excitons, instead of CT states. As a result, the EQEEL of blend A is
also close to that of the pure P3TEA polymer.

Efficient charge separation with small driving force
As the FTPS-EQE and EL spectra of blend A are nearly identical to
those of the pure polymer, the energy of the CT state should be very
close to that of the singlet exciton, which means that the driving
force for charge separation (Egap − ECT) is very small for blend A.
With such a small driving force, the question arises whether the
charge separation process in this blend is still fast and efficient. To
investigate the charge separation kinetics of blend A, we performed

femtosecond TAS to investigate charge generation dynamics in
blend A. We used the pump excitation of 2.16 eV (575 nm) and
maintain an initial photoexcitation density of ∼1016 cm−3 for all
thin films. Figure 3a shows photoinduced absorption (PIA), result-
ing from the absorption of donor polymer singlet excitons, centred
at ∼0.9 eV, and a broad feature in the probe range of 1.1–1.5 eV
due to the absorption of polarons in charge separated states. The
assignments of the exciton and polaron PIA spectral features are
consistent with earlier results of TAS in polymer blends23,34,35.

We monitored the exciton absorption band (∼0.9 eV) decay
dynamics of the blend (Fig. 3b) and observed that the photoinduced
electron transfer from donor to acceptor is fast, with a characteristic
decay half-life of 3 ps. This electron transfer is an order of
magnitude faster than the exciton lifetime (30 ps) of the donor
polymer (Supplementary Fig. 4a), indicating the high efficiency
of this electron transfer process for the blend. In addition, there
is a significant population (∼23%) of excitons that are already
dissociated into charges within 100 fs (time resolution of our TAS
set-up) (see Supplementary Fig. 5 for details). Furthermore, the
PL quenching efficiency of blend A is about 87% (Supplementary
Fig. 6), which is in agreement with the TAS data and indicates
reasonably efficient exciton dissociation in the BHJ blend. These
data demonstrate fast and efficient charge generation, despite the
negligible driving force of blend A.

To better illustrate the influence of the driving force on
charge generation dynamics, we compare the TAS data of
blend A with the known PffBT4T-2DT:SF-PDI2 blend (blend B)
(Fig. 3b,d) that exhibits a significantly larger driving force (160meV,
Supplementary Fig. 1b,d). To estimate the driving force, the Egap
is determined from the crossing point between the normalized
absorption and emission spectra, and the ECT is determined from
the sensitive FTPS-EQE measurements. Detailed data are shown in
Supplementary Fig. 1.
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Figure 3 | Transient absorption data. a,c, Transient absorption spectra for blend A (a) and blend B (c) films. b,d, Time evolution of singlet exciton

absorption (b) and polaron absorption (d) for blend A and blend B films; the pink and black solid lines are the fitting of absorption.

As shown in Fig. 3b, the decay dynamics of the exciton absorption
band is very similar for the two blends, with a nearly identical
characteristic decay half-lifetime of 3 ps, despite the differences in
the driving force. We also monitored the charge separated polaron
dynamics (∼1.2 eV) of both blended films (Fig. 3d). The decay
time for polaron fits to a multiexponential with time constants;
24 ps (31%), 307 ps (29%) and >5 ns (40%) for blend A. For
blend B, it is 3.8 ps (45%), 142 ps (26%) and >5 ns (29%). The
large percentage of long-lived polarons suggests efficient charge
generation and suppressed geminate recombination in the case
of blend A. This conclusion is supported by the observation of
nongeminate recombination at later delays in this blend from
the intensity-dependent measurements (Supplementary Fig. 4b).
This result indicates that the driving force may not be the
most important factor governing the charge separation kinetics
for our polymer:non-fullerene blends and that a small driving
force does not have any negative impact on charge separation or
recombination kinetics.

Influence of the driving force on EQEEL
To further understand the relatively high EQEEL of blend A-based
cells, we study the influence of the driving force (Egap − ECT) on
EQEEL for four different blends during the charge transfer processes.
These four blends exhibit similar morphology and they all have
small domain size (Supplementary Figs 7–9).

EQECT(E)= f
E
√
4kTπλ

exp

(− (ECT+λ−E)2

4kTπλ

)
(2)

where λ is the reorganization energy associated with charge
transfer absorption and f is a prefactor. We intentionally replace
SF-PDI2 with another SMA (named diPDI) that has a lower
lowest unoccupied molecular orbital (LUMO) level than SF-PDI2 or
replace P3TEA with a polymer with a higher LUMO level (energy
levels shown in Supplementary Fig. 10). The four materials in
Supplementary Fig. 10 lead to four donor/acceptor combinations
with different driving forces. For all the blends with larger driving
force, the CT absorption is clearly visible in the FTPS-EQE spectra,
and the ECT can be determined by fitting the FTPS-EQE spectra
(Supplementary Fig. 1). For blendA, aswe show in Fig. 2a, the FTPS-
EQE spectrum overlaps with that of the pure P3TEA. Therefore, we
can safely conclude that driving force is very small, but it is difficult
to determine an exact value. As the EQEEL values of the blends have
some slight dependence on applied voltage, we measured the EQEEL
of the four blends at different voltages and made a plot of EQEEL
versus voltage, as shown in Fig. 4. It is clear that the donor/acceptor
blends with larger driving force values exhibit decreased EQEEL,
showing a good correlation between the EQEEL and the driving force
values (Fig. 4).

The trend in Fig. 4 indicates that an increasing number of
polymer singlet excitons are populated with a decreasing driving
force, resulting in higher EQEEL. For the blends with larger driving
force (for example, blend B; blend C, which is P3TEA:diPDI; and
blendD,which is PffBT4T-2DT:diPDI), there is a greater probability
for the recombination to occur through the CT states. It is well
known that the EL emission from CT states is less efficient than
that from the pure polymer excitons15. Therefore, the existence of
sub-gap CT states results in an overall lower EQEEL. In contrast,
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value of the driving force for blend A is negligible; for blend B it is 160 meV;

for blend C it is 200 meV; and for blend D it is 370 meV.

for the case of blend A, as the driving force is small and there is
no evident sub-gap CT states, the EL emission from the polymer
exciton is maximized, which leads to a relatively high EQEEL.

To better understand the influence of driving force on the EL
properties of the blends, we further investigated the EL spectra of
the blend C with relatively large driving force value (Supplementary
Fig. 12a). Compared to pure P3TEA, the EL spectrum of blend C
exhibits additional emission at energies lower than 1.6 eV. Gaussian
fitting shows that the strong emission of the blend C at low energies
is due to the existence of a Gaussian peak at 1.41 eV (Supplementary
Fig. 12b), which can be attributed to the emission from CT states.
To confirm that the additional emission from the blend C is due
to the existence of a new state (that is, CT state), we compare the
EL spectra of blend C (Supplementary Fig. 12c) with those of the
pure P3TEApolymer (Supplementary Fig. 12d) at different injection
currents. The low- and high-energy emission peaks of blend C have
different dependences on the injection current, indicating that these
peaks originate from different states. In contrast to blend C, the
shape of the EL spectra of the pure P3TEA is independent of the
injection currents, as both peaks are from the same states (polymer
singlet excitons). This comparison further supports the low-energy
emission peak of blend C being from a different state other than the
polymer singlet exciton.

Impacts of the small driving force
For the four polymer:SMA blends presented in Fig. 4, the decrease
of the driving force does not have any negative effects on the EQE
and efficiencies of the devices. The device parameters of the four
polymer:SMAOSCs in Supplementary Table 1 show that the highest
Voc, EQE, J sc and efficiency values were simultaneously achieved
for the material set (blend A) with the smallest driving force. It
appears that the J sc and EQE of these non-fullerene devices are not
reversely interlockedwith theirVoc, which is different from the trend
observed for fullerene devices in Supplementary Fig. 13. Removing
the trade-off between driving force and EQEwould potentially allow
non-fullereneOSCs to achievemaximal J sc andVoc at the same time,
enabling a higher efficiency for OSCs.

Despite the small driving force between P3TEA and SF-PDI2,
blend A-based cells can still achieve high IQE values, which shows
that the overall charge separation, transport and collection processes
in theseOSCs are highly efficient. This raises the important question
how the charge separation can be efficient with a small driving force.
Previous reports indicated that excitons inBHJ blends can delocalize
at a length scale up to 10 nm (refs 36–38), which significantly

reduces the Coulombic attraction between positive and negative
charges, thus allowing efficient charge separation. Further steps of
charge separations (fromCT states to charge separated states) could
be driven by the slight energetic difference between the amorphous
and crystalline phases of the donor or acceptor39. The entropy
increase associated with charge separation in a disordered manifold
could also provide another possible source of driving force40,41.

Although we have demonstrated fast and efficient charge
separation for a non-fullerene OSC with a small driving force, our
results should be relevant to fullerene OSCs as well. There have been
extensive efforts in reducing the driving force for fullerene OSCs,
with one recent example showing a small driving force, but the
charge separationwas relatively slow (100 ps) and PL quenchingwas
about 66%23. If fullerene OSCs can achieve fast and efficient charge
separation with a small driving force, the efficiencies of fullerene
OSCs will probably increase beyond the present record (assuming
the morphology and charge collection are all fully optimized).
Compared to fullerene OSCs, tuning the energy offset between the
donor and acceptor—and thus the driving force—in non-fullerene
OSCs is probably more convenient, as we can readily change the
energy levels of both the donor and acceptormaterials. For fullerene
OSCs, most high-efficiency cells are based on a specific fullerene,
PCBM. Although hundreds of donor polymers have been reported,
there are very limited examples (for example, PNOz4T) that exhibit
small driving force yet still work efficiently.

Conclusion
To conclude, we report an efficient non-fullerene OSC with a
negligible driving force, yet still exhibits efficient charge generation
and separation. The FTPS-EQE and EL spectra of blend A have
nearly identical shapes to those of the pure polymer, which indicates
that the driving force for separation (Egap − ECT) is very small or
nearly negligible.With such a small driving force, the blend A-based
cells still exhibit fast charge separation with a characteristic half-
lifetime of 3 ps. The PL quenching efficiency of blend A is also
reasonably high (87%). This led to an efficient non-fullerene OSC
with an IQE of nearly 90% and a PCE of 9.5%. By comparing two
blends with different driving forces, we show that the small driving
force does not have a negative impact on the charge separation or
recombination dynamics. In addition, by examining four blends
with different driving forces, we show that the EQEEL of the blend
decreases with increasing driving force, and that the blend with
the smallest driving force exhibits the highest EQEEL of about
0.5× 10−4, which is the highest value reported for OSC blends to
date. This indicates that the extent of voltage loss fromnon-radiative
recombination is the lowest for the blend with the smallest driving
force. This provides a new approach to reduce voltage loss from
non-radiative recombination in OSCs (by reducing driving force).
As a result of the low driving force and relatively low voltage loss,
the Voc of blend A-based OSCs is high (1.11V) despite a bandgap
of 1.72 eV for the donor polymer. Our results show the critical
role of small driving force and its impacts on charge separation,
EL properties and non-radiative recombination loss. These insights
should extend to both fullerene and non-fullerene OSCs. Our work
presents the first example of efficient charge separation on a small
driving force, which will have important fundamental implications
on the development of more efficient OSCs.

Methods
Cyclic voltammetry measurement. Cyclic voltammetry was carried out on a
CHI760E electrochemical workstation with three electrodes, using Ag/AgCl as
the reference electrode, a Pt plate as the counter electrode, and a glassy carbon as
the working electrode. 0.1mol l−1 tetrabutylammonium hexafluorophosphate in
anhydrous acetonitrile was used as the supporting electrolyte solution. Polymers
and small molecules were drop-cast onto the electrode from chlorobenzene
solutions (5 g l−1) to form thin films. Potentials were referenced to the
ferrocenium/ferrocene couple by using ferrocene as external standards in
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acetonitrile solutions. All solutions were degassed by bubbling nitrogen for
20min before measurement.

Atomic force microscopy characterization. Atomic force microscopy
measurements were acquired by using a Scanning Probe Microscope-Dimension
3100 in tapping mode. All film samples were spincast on indium tin oxide
(ITO)/ZnO substrates.

Ultraviolet–visible absorption. Ultraviolet–visible absorption spectra were
acquired on a Perkin Elmer Lambda 20 UV/VIS Spectrophotometer. All film
samples were spincast on ITO/ZnO substrates. PL spectra were measured on
samples on ITO/ZnO substrates exposed to excitation by a laser beam using a
Renishaw RM 3000 Micro- Raman/Photoluminescence system. All film samples
were spincast on ITO/ZnO substrates.

GIWAXS characterization. GIWAXS measurements42 were performed at
beamline 7.3.3 at the Advanced Light Source (ALS). Samples were prepared on Si
substrates using identical blend solutions as those used in devices. The 10 keV
X-ray beam was incident at a grazing angle of 0.11◦–0.15◦, which maximized the
scattering intensity from the samples. The scattered X-rays were detected using a
Dectris Pilatus 2M photon counting detector.

R-SoXS characterization. R-SoXS transmission measurements43 were performed
at beamline 11.0.1.2 at the ALS. Samples for R-SoXS measurements were
prepared on a polystyrene sulfonate (PSS)-modified ITO substrate under the
same conditions as those used for device fabrication, and then transferred by
floating in water to a 1.5 × 1.5mm, 100-nm-thick Si3N4 membrane supported by
a 5 × 5mm, 200-mm-thick Si frame (Norcada). Two-dimensional scattering
patterns were collected on an in-vacuum charge-coupled device (CCD) camera
(Princeton Instrument PI-MTE). The beam size at the sample is ∼100mm by
200mm. The composition variation (or relative domain purity) over the length
scales probed can be extracted by integrating scattering profiles to yield the total
scattering intensity. The purer the average domains are, the higher the total
scattering intensity. Owing to a lack of absolute flux normalization, the absolute
composition cannot be obtained only by R-SoXS.

EL measurement. EL spectra were detected using a light guide positioned close
to the sample. The bias was applied on the devices using a Keithley 2400
SourceMeter. The detector was a Newton EM-CCD Si array detector at −60 ◦C
with a Shamrock SR-303i spectrograph from Andor Tech.

EQEEL measurement. EQEEL values were obtained from an in-house-built system
comprising a Hamamatsu silicon photodiode 1010B, a Keithley 2400 SourceMeter
for supplying voltages and recording injected current, and a Keithley 485
picoammeter for measuring the emitted light intensity.

FTPS-EQEmeasurement. FTPS-EQE was measured using a Vertex 70 from
Bruker Optics, equipped with a quartz tungsten halogen lamp, quartz
beamsplitter and external detector option. A low-noise current amplifier (SR570)
was used to amplify the photocurrent produced on illumination of the
photovoltaic devices with light modulated by the Fourier transform infrared
spectroscope (FTIR). The output voltage of the current amplifier was fed back
into the external detector port of the FTIR, to be able to use the FTIR’s software
to collect the photocurrent spectrum.

Transient absorption measurement. Transient absorption data were collected
using a TAS set-up. This set-up consists of a spectrometer (Ultrafast Helios
system) and an amplified Ti:sapphire laser. The output of amplified Ti:sapphire
laser provides 800 nm fundamental pulses at a 1 kHz repetition rate which were
split into two optical beams to generate pump and probe pulses. One fundamental
beam was used to generate pump beam using an optical parametric amplifier
(OPA) system (Coherent Opera Solo). A white light/near-infrared probe was
generated by focusing another fundamental beam into a flint glass. Pump and
probe beams were focused on a sample and probe light was collected by a CCD
device. The spectral detection region is 0.8–1.6 eV. The thin-film samples were
encapsulated using ultraviolet curable glue before measurement. The instrument
response function (IRF) was ∼100 fs full-width at half-maximum. The samples
were excited at an excitation energy of 2.16 eV (575 nm) and the fractional change
in transmission was detected in the probe range 0.8–1.6 eV at several time delays.

Solar cell fabrication and testing. Pre-patterned ITO-coated glass with
a sheet resistance of ∼15� per square was used as the substrate. It was cleaned
by sequential sonication in soap deionized water, deionized water, acetone, and
isopropanol for 30min at each step. After ultraviolet/ozone treatment for 60min,
a ZnO electron transport layer was prepared by spin-coating at 5,000 r.p.m.
from a ZnO precursor solution (diethyl zinc). Active layer solutions (D/A ratio

1:1.5, polymer concentration 9mgml−1) were prepared in 1,2,4-trimethylbenzene
(TMB) with 2.5% of 1,8-octanedithiol (ODT). To completely dissolve the polymer,
the active layer solution should be stirred on a hotplate at 100 ◦C for at least 1 h.
Before spin-coating, both the polymer solution and ITO substrate are preheated
on a hotplate at approximately 90 ◦C. Active layers were spin-coated from the
warm polymer solution on the preheated substrate in a N2 glovebox at 1,500 r.p.m.
to obtain thicknesses of ∼120 nm. The polymer:SMA blend films were
then thermally annealed before being transferred to the vacuum chamber of a
thermal evaporator inside the same glovebox. At a vacuum level of 3 × 10−6 torr,
a thin layer (20 nm) of V2O5 was deposited as the anode interlayer, followed
by deposition of 100 nm of Al as the top electrode. All cells were encapsulated
using epoxy inside the glovebox. Device J–V characteristics were measured
in forward direction under AM1.5G (100mWcm−2) at room temperature using
a Newport solar simulator. The dwell time is 2 s and the speed is 0.8 V s−1. We
also conducted both forward and backward scans, which yielded identical results
(Supplementary Fig. 15). The light intensity was calibrated using a standard
Si diode (with KG5 filter, purchased from PV Measurement) to bring spectral
mismatch to unity. J–V characteristics were recorded using a Keithley 236
SourceMeter unit. Typical cells have a device area of 5.9mm2, which is defined
by a metal mask with an aperture aligned with the device area; certified cells
have a area of 4.18mm2. EQE was characterized using a Newport EQE system
equipped with a standard Si diode. Monochromatic light was generated from
a Newport 300W lamp source. EQE data from 300 to 850 nm is provided and the
calculated J sc (12.79mA cm−2) is comparable to that derived from J–V plots. In
our experiments, over 30 devices have been tested, and the average efficiency is
within 0.4% of our best value (Supplementary Table 3). We have also performed
stability analysis, which indicates our organic solar cells are reasonably stable
(Supplementary Fig. 16) (∼0.2–0.3% decrease in efficiency after two weeks).
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