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ABSTRACT: We report an efficiency of 6.1% for a solution-
processed non-fullerene solar cell using a helical perylene diimide
(PDI) dimer as the electron acceptor. Femtosecond transient
absorption spectroscopy revealed both electron and hole transfer
processes at the donor−acceptor interfaces, indicating that charge
carriers are created from photogenerated excitons in both the
electron donor and acceptor phases. Light-intensity-dependent
current−voltage measurements suggested different recombina-
tion rates under short-circuit and open-circuit conditions.

■ INTRODUCTION
We describe here the device performance, charge transfer
dynamics, and recombination mechanisms in a highly efficient
fullerene-free organic bulk-heterojunction (BHJ) solar cell. The
majority of organic solar cells utilize fullerene and its derivatives
(PC61BM, PC71BM, etc.) as the electron acceptors.1 Despite
their widespread use, fullerene acceptors have some drawbacks.
For example, it is difficult to tune the optical properties and
electronic structures of fullerenes over a wide range of
energy.2a−c Furthermore, there are no general methods to
enhance the absorption of the fullerene backbone in the visible
and NIR regions of the spectrum. Finally, the cost of fullerene
derivatives limits their practical use on a large scale.2d The
acceptor molecule tested here is based on the commercial dye
perylene diimide (PDI). PDI and its derivatives have attracted a
great deal of attention as alternative electron acceptors because
of their good mobility in organic field-effect transistors, high
molar absorptivity, ease of functionalization, and economical
starting materials. Unfortunately, PDIs and other electron
acceptors have not fulfilled their potential in solar cells.
Alternatives to fullerenes typically have photon conversion
efficiencies (PCEs) in the range of 1−6%.3−5 Here we present
the first solar cells incorporating the helical PDI 1 (Figure 1) as
the electron acceptor. We found that solar cells using 1 with
either of two commercial donor polymers (Figure 1a) exhibit
PCEs greater than 5%. We further characterized these devices
by studying their charge carrier recombination processes with

incident-light-intensity-dependent performance measurements.
Using transient absorption spectroscopy, we demonstrate that
excitons generated in both the donor and acceptor phases
contribute to the photocurrent by effectively splitting at
donor−acceptor interfaces.

■ RESULTS AND DISCUSSION

Helical PDI 1 is a dimer formed by the fusion of two PDI units
with a two-carbon bridge.6 Figure 1b shows a molecular model
of 1. We recently described a general synthetic route to this
material and higher oligomers.7 Helical 1 has a relatively high
electron mobility, good electron-accepting ability, and a LUMO
level (∼4 eV) similar to those of PC61BM and PC71BM.7

Because of the twisted molecular conformation of 1 (Figure
1b), it does not aggregate strongly.8 The branched alkyl chains
connected to the imide nitrogen atoms ensure good solubility
in common organic solvents.9 1 absorbs light strongly from 350
to 550 nm with a maximum molar extinction coefficient of 1.1
× 105 M−1 cm−1 (see Figure S1 in the Supporting
Information).6,7 For these reasons and the high molar
absorptivity, we decided to test 1 as an electron acceptor in
solar cells. To fabricate BHJs based on 1, we chose the narrow-
band-gap semiconducting polymers polythieno[3,4-b]-
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thiophene-co-benzodithiophene (PTB7)10 and poly[4,8-bis(5-
(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b′]dithiophene-
2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene)-
2-carboxylate-2,6-diyl] (PBDTT-TT)11 (shown in Figure 1a) as
the electron donors. The absorption bands of PTB7 and
PBDTT-TT are red-shifted relative to those of 1 (Figure 1c); as
a result, blended films of 1 and the donor polymers have broad
and intense absorptions that span 350 to 800 nm.
We first varied the mass ratio of PTB7 and 1 in solution to

optimize the device performance. We fabricated devices in both
a conventional structure with a configuration of ITO/
PEDOT:PSS(40 nm)/PTB7:1/BCP(7 nm)/Al(100 nm) and
an inverted structure with a configuration of ITO/ZnO(20
nm)/PTB7:1/MoOx(5 nm)/Al(100 nm). A 3:7 mass ratio of
PTB7 and 1 provided the highest PCEs: 3.5% in a conventional
structure and 4.5% in an inverted structure. These data are
displayed in Figures S2 and S3 in the Supporting Information.
Therefore, we chose the inverted structure for further
optimization. A schematic of the energy levels in these inverted
devices is shown in Figure 2a. Next, we used diiodooctane
(DIO) and 1-chloronaphthalene (CN) as solvent additives to
improve the overall morphology.12 Typical current density−
voltage (J−V) curves for PTB7:1 solar cells with different
additives are shown in Figure 2b. Compared with devices
without additive, those devices with 1% DIO and 1% CN show
higher PCEs, mainly because of improvements in the fill factor
(FF) from 53.1% without additive to 55.6% with DIO and
54.5% with CN. Furthermore, when 1% DIO and 1% CN were
used as coadditives in the solution, the fill factor increased to
60.0%, resulting in an average PCE of 5.14%. The highest PCE
we achieved from a PTB7:1 solar cell is 5.21%. This cell had the
following characteristics: short-circuit current density (Jsc) =
10.9 mA/cm2, open-circuit voltage (Voc) = 0.791 V, and FF =
60.0%. We observed a similar effect of DIO and CN with
PBDTT-TT:1 solar cells (Figure 2c). Overall, the solar cells

containing PBDTT-TT exhibited larger Jsc values than the
PTB7 solar cells because of their more red-shifted absorption.
The average PCE from six devices without any additives is
5.52%; the average PCEs with various additives are 5.63% with
DIO, 5.70% with CN, and 5.94% with DIO and CN as
coadditives, respectively. The champion PBDTT-TT:1 solar
cell showed the following characteristics: Jsc = 13.3 mA/cm2,
Voc = 0.803 V, FF = 56.6%, and PCE = 6.05%. We summarize
the parameters of the solar cells in Table 1. These properties
are excellent for a PDI-based solar cell,4 and the PCEs compete
with the highest PCEs reported for solution-processed non-
fullerene BHJs.3,4 These values are lower than those for the
corresponding cells with fullerenes as the acceptors,10,11 but
those partners were optimized for each other. This highlights
the enormous potential of 1 in solar cells when tailored donor
materials are created for them.
We measured the electron and hole mobilities in the optimal

blend films by the space-charge-limited current (SCLC)
method.13 For the PTB7:1 blend film, the hole and electron
mobilities were calculated to be 6.7 × 10−5 and 2.2 × 10−4 cm2

V−1 s−1, respectively (Figure S7 in the Supporting Information).
This hole mobility is smaller than that of a PTB7:PC71BM
blend film,10a probably because of the different components
and the different mass ratios in the two active layers. For the
PBDTT-TT:1 blend film, the hole and electron mobilities were
calculated to be 2.9 × 10−4 and 3.4 × 10−4 cm2 V−1 s−1,
respectively. The hole mobility of the PBDTT-TT:1 blend film
is higher than that of PTB7:1 because of the improved π-
stacking of these two-dimensional conjugated polymer chains.11

In both kinds of devices, helical PDI 1 exhibits electron
mobilities 1 order of magnitude higher than those of
PTB7:PC71BM and PBDTT-TT:PC71BM BHJs.11b,14

Figure 2d displays the external quantum efficiency (EQE)
spectra of the optimal PTB7:1 and PBDTT-TT:1 devices.
Compared with the PTB7:1 solar cell, the PBDTT-TT:1 solar

Figure 1. (a) Chemical structures of PTB7, PBDTT-TT, and helical PDI 1. (b) Molecular model of 1 from DFT calculations. Hydrogens and alkyl
side chains have been removed for clarity. Black = carbon; red = oxygen; blue = nitrogen. (c) Film absorption spectra of PTB7, PBDTT-TT, and 1,
normalized at their low-energy λmax.
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cell shows slightly higher EQE values in the range of 300 to 700
nm and a significant increase from 700 to 800 nm due to the
red-shifted absorption of PBDTT-TT. The integrated Jsc values
are 10.2 mA/cm2 for the PTB7:1 solar cell and 12.8 mA/cm2

for PBDTT-TT:1 solar cell, giving estimated PCEs of 4.9% for
the former and 5.8% for the latter. These values agree well with
the PCEs in Table 1, and it should be noted that the EQE
values are not zero at 300 nm, resulting in a slight
underestimation of the PCEs when the EQE spectra are used.
Unlike those solar cells made from fullerene derivatives and
other non-fullerene acceptors, both of the EQE curves show
three transitions instead of a featureless transition. These peaks
arise from the sharp and strong absorption bands of 1 (Figure
1c). This feature is unique among PDI-based non-fullerene
BHJs because 1 has a rigid conformation that is different from
those of other PDI acceptors.4 The important point is that we
are able to distinguish the photoresponse peaks of the donor
polymers and that of 1. We note that the shape of the EQE
spectrum is similar to the absorption spectrum of the blend

film. Since the absorption from 350 to 550 nm for the blend
film is mainly from 1, photogenerated excitons from 1 largely
contribute to the photocurrent in these solar cells.
A particular advantage of helical PDI 1 over fullerenes as the

electron acceptor is the higher optical absorption cross section
of the former. To unambiguously establish that light absorption
in both the donor and acceptor contribute to the photocurrent
in a 1-based BHJ and to establish the charge generation
mechanisms, we used transient absorption (TA) spectroscopy.
Figure 3 shows the differential transmission spectra and
dynamics for a film of neat 1 excited at 390 nm. The negative
features with peaks at 480, 516, and 556 nm (Figure 3a) result
from bleaching of the ground-state absorption as charges and
excitons are created in 1. The positive signals in the wavelength
ranges below 470 nm and above 570 nm are the excited-state
absorption (ESA) of the photogenerated charges or excitons in
the film. The ESA feature for the film of 1 centered at 700 nm
can be assigned to the singlet S1 → SN transitions.15 It decays

Figure 2. (a) Schematic of the energy levels of ITO, ZnO, 1, PBDTT-TT, PTB7, MoOx and Al. (b) J-V curves for PTB7:1 solar cells with different
additives. (c) J-V curves for PBDTT-TT:1 solar cells with different additives. (d) EQE spectra (symbols) of PTB7: 1 (black) and PBDTT-TT:1
(red) devices with 1% DIO and 1% CN solvent additive and absorption spectra (dashed lines) for the PTB7:1 (black) and PBDTT-TT:1 (red)
blend films (3:7 D/A mass ratio).

Table 1. Summary of Device Parameters of PTB7:1 and PBDTT-TT:1 Solar Cells

Jsc (mA/cm2) Voc (V) FF (%) PCE (%)a

PTB7:1 with no additive 10.5 ± 0.2 0.796 ± 0.006 53.6 ± 0.5 4.47 ± 0.03 (4.50)
PTB7:1 with 1% DIO 10.9 ± 0.2 0.782 ± 0.004 56 ± 1 4.74 ± 0.05 (4.81)
PTB7:1 with 1% CN 10.7 ± 0.4 0.787 ± 0.009 54.1 ± 0.8 4.54 ± 0.18 (4.70)
PTB7:1 with 1% DIO + 1% CN 11.0 ± 0.1 0.789 ± 0.005 59 ± 1 5.14 ± 0.04 (5.21)
PBDTT-TT:1 with no additive 13.6 ± 0.1 0.796 ± 0.005 51.1 ± 0.7 5.52 ± 0.05 (5.59)
PBDTT-TT:1 with 1% DIO 13.2 ± 0.1 0.794 ± 0.005 54 ± 1 5.63 ± 0.11 (5.81)
PBDTT-TT:1 with 1% CN 13.7 ± 0.2 0.790 ± 0.005 53 ± 1 5.70 ± 0.11 (5.86)
PBDTT-TT:1 with 1% DIO + 1% CN 13.5 ± 0.2 0.796 ± 0.005 55 ± 1 5.94 ± 0.07 (6.05)

aAverage PCE values were calculated from six devices for each condition; the highest PCE values are shown in parentheses.
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with a single-exponential lifetime of τS1 = 8.6 ± 0.4 ps (red
curve in Figure 3b).
Unlike the simple S1 decay, the dynamics of ground-state

recovery probed at 555 nm (green curve in Figure 3b) is more
complex and can be described by three distinct time constants
(triexponential fit in Figure 3b) with relative populations in
parentheses: τ1 = 0.81 ± 0.07 ps (39%), τ2 = 8.6 ± 0.7 ps
(35%), and τ3 = 800 ± 50 ps (26%). The intermediate
component (τ2 = 8.6 ± 0.7 ps) has a time constant identical to
that of the singlet decay and is assigned to S1. The faster (0.81
ps) and slower (800 ps) components do not correspond to S1
and must be attributed to different species. Since initial
photoexcitation in molecular semiconductors is known to
generate both excitons and free charge carriers,16 we assign the
ground-state recovery with τ1 = 0.81 ± 0.07 ps and τ3 = 800 ±
50 ps to the recombination of charge carriers: the faster
component to geminate recombination of the nascent
electron−hole pairs and the slower one to two-body
recombination of individual electron and hole carriers
(bimolecular recombination). Evidence for the generation of
photocarriers can also be found in the ESA. The fast ESA
feature at 590 nm with a decay time constant of 0.7 ± 0.1 ps
(blue curve in Figure 3b) is very close to the fast decay
component of bleaching recovery and thus is assigned to
geminate recombination. There is a broad ESA feature in the
TA spectrum at 400 ps spanning from 580 to 850 nm (Figure
3a). This recovery occurs on the 800 ps time scale and can be

assigned to bimolecular recombination of the individual
electron and hole carriers (Figure 3a).16b,c From the above fit
to the bleaching dynamics at 555 nm, we assign a direct charge
generation yield of 26% in the film of 1 upon photoexcitation.
It should be noted that we do not assign the slow component
to triplets because the triplet absorption in PDI derivatives is
known to give a sharp feature in the wavelength region below
600 nm.15c,17 These features are absent in the TA spectrum
(green-yellow curve in Figure 3a).
Having investigated the photophysics in neat 1, we next

explored the exciton generation and dissociation in a blend of 1
and PTB7 at a mass ratio of 3:7. Figure 4a shows the differential
transmission spectra for three films: neat 1, neat PTB7, and a
blend of PTB7 and 1. At a pump wavelength of 670 nm, we
excite only PTB7, not 1 (red solid curve). The black dashed
curve represents the TA spectrum for neat PTB7 at a probe
delay of 0.25 ps. The negative features with maxima at 625 and
680 nm result from bleaching of the ground-state absorption as
excitons are created in PTB7. The TA spectrum for the blended
film at the same excitation wavelength shows, in addition to
ground-state bleaching of PTB7, new features at 515 and 555
nm that we attribute to ground-state bleaching of PDI. The TA
spectrum of neat 1 excited at 390 nm (the red dashed curve in
Figure 4b is reproduced from Figure 3a) verifies this
assignment. The appearance of ground-state bleaching of 1
when only PTB7 is photoexcited in the blend is evidence of
charge (electron) transfer from the photoexcited donor, PTB7,
to the electron acceptor, 1.
Similar results on photoinduced charge transfer were

obtained when we preferentially excited 1 in the blend at 390
nm. At this wavelength, most of the incident light is absorbed
by 1, but a small fraction of the light is also absorbed by PTB7
(see the absorption spectra in Figure 1c). As shown in Figure
4b, the spectra at a short time (0.25 ps) show ground-state
bleaching for both PTB7 and 1. At longer times (6 ps) the
bleaching signal in the wavelength range from 600 to 720 nm
increases, indicating more charge (hole) transfer from 1 into
PTB7.
In addition to ground-state bleaching and excitonic peaks

assigned to PTB7 and 1, we also observe a broad and strong
induced-absorption feature that is most evident at >700 nm
(Figure 4a,b), where overlap with the ground-state bleaching
and ESA are at a minimum. For pumping at 670 nm, the
carriers are generated only in the blend, not in neat PTB7 or 1.
At the shorter excitation wavelength of 390 nm, we observe
photocarrier generation in both the blend and neat PTB7 or 1,
with the amount of photocarrier generation enhanced being in
the blend films.
With the above assignment of photophysical processes, we

now turn to their dynamics. We present the time evolution of
the photobleaching and induced-absorption features from the
blended film in Figure 4c,d for photoexcitation at 670 and 390
nm, respectively. Upon excitation of only PTB7 in the blend (at
670 nm), the induced absorption at 785 nm rises very fast
(within the experimental resolution, <150 fs), indicating
ultrafast electron transfer from PTB7 to 1. This time scale is
consistent with the ultrafast electron transfer in other reported
heterojunctions of conjugated polymers with fullerenes.18 In
addition to the ultrafast rise, there is a slower rise that is 23% of
the total induced absorption amplitude with a time constant of
0.4 ps. We attribute this slower rise to exciton diffusion in
PTB7 toward interfaces prior to exciton dissociation.19 The
recovery of PTB7 ground-state bleaching probed at 690 nm

Figure 3. (a) Differential transmission spectra (−ΔT/T) as a function
of probe wavelength with pumping at 390 nm for neat 1 at 0.25 and
400 ps. The excited-state absorption (ESA) centered at 700 nm at 0.25
ps is due to S1 → SN transitions. The dip at 800 nm is due to
saturation caused by high probe intensity. (b) Dynamics at probe
wavelengths of 555, 590, and 700 nm.
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(blue curve in Figure 4c) occurs clearly on two very different
time scales; the biexponential fit gives a fast decay channel with
a time constant of 0.7 ps accounting for 40% of the total
bleaching amplitude and a slower one with a time constant of 1
ns accounting for the remaining 60% (see Figure S8 in the
Supporting Information). The fast decay is a loss channel via
exciton recombination in PTB7. This fast decay is similar to
that of neat PTB7 during the first 3 ps. The remaining 60% of
photoexcited PTB7 leads to efficient charge separation at the
donor−acceptor interface; the charge carriers subsequently
undergo bimolecular recombination (on the 1 ns time scale) in
the absence of charge extraction. This decay time constant is
consistent with the decay dynamics of excited-state absorption
probed at 785 nm (Figure S8), which we attribute to charge
carriers. Similar to that of charge-induced absorption at 785 nm,
the bleaching signal of 1 at 515 nm (green curve in Figure 4c)
consists of two components resulting from the ultrafast
interfacial electron transfer and exciton diffusion. This
bleaching signal also recovers on the ∼1 ns time scale
attributed to bimolecular recombination.
When both 1 and PTB7 are excited in the blend at 390 nm,

the PTB7 ground-state bleaching probed at 690 nm (blue curve
in Figure 4d) consists of two components: an initial fast rise
and a slower rise with time constants of 0.2 and 1.2 ps,
respectively. The former, with an amplitude of 62%, is
attributed to direct photoexcitation of PTB7 and hole transfer
from 1 into PTB7, while the latter, with an amplitude of 38%, is
due to exciton diffusion in 1 toward interfaces prior to the
exciton dissociation. At 390 nm excitation, the recovery of the
bleaching signal at 690 nm and the decay dynamics of excited-
state absorption probed at 785 nm are ∼1 ns, consistent with
charge recombination when pumped at 670 nm (Figure S8).

On the basis of the transient absorption results presented
above, we conclude that electron and hole transfer from the
photoexcited donor and acceptor, respectively, both occur
efficiently at the donor−acceptor interfaces in the blended film.
Scheme 1 summarizes the competition among the different
channels.

The transient absorption measurements presented above
reveal bimolecular recombination of charge carriers in the blend
film in the absence of charge extraction. To establish the
relative importance of the recombination channels in the solar
cell configuration, we measured the J−V characteristics of our
devices as a function of incident light intensity from 1 to 100
mW/cm2.20 Figure S9 in the Supporting Information displays
the J−V curves for a typical optimized PTB7:1 solar cell under
different incident light intensities. We extracted Jsc and Voc
values from each curve to evaluate the recombination processes
under short-circuit and open-circuit conditions, respectively.
Figure 5a shows a log−log plot of Jsc as a function of light
intensity. By fitting the curve to the power-law dependence of

Figure 4. (a, b) Differential transmission spectra (−ΔT/T) as a function of probe wavelength with pumping at (a) 670 nm and (b) 390 nm for neat
1 and neat PTB7 at 0.25 ps and a blend of 1 and PTB7 films at 0.25 and 6 ps. (c, d) Decay dynamics at the different probe wavelengths with
pumping at 670 and 390 nm. The dynamics at the probe wavelength of 690 nm in panel (c) has been scaled by a factor of 0.17. The pump density
was ∼20 μJ/cm2 per pulse.

Scheme 1. Summary of the Exciton Generation and Charge
Separation in the Blend of 1 and PTB7 at High Excitation
Energya

aThe * labels denote the exciton, and the − and + labels denote
molecules with positive and negative charges, respectively.
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Jsc on light intensity, expressed as Jsc ∝ Iα, we determined the
value of α to be 0.99 ± 0.01. This near-unity exponent indicates
that monomolecular recombination is active.20b The bimolec-
ular recombination or space-charge effects are very weak under
short-circuit conditions.21 The semilogarithmic plot of Voc as a
function of light intensity is shown in Figure 5b. We fitted the
experimental data to give the slope of Voc versus the natural
logarithm of the light intensity. From 100 mW/cm2 (1 sun) to
1 mW/cm2 (0.01 sun), the slope was calculated to be (1.17 ±
0.02)kT/q, suggesting that recombination is a combination of
monomolecular and bimolecular processes.20b The same
experiment carried out on the PBDTT-TT:1 solar cell gave
similar results (Figure S10 in the Supporting Information). The
extracted slopes for log Jsc versus log I and Voc versus log I are
0.96 ± 0.01 and (1.20 ± 0.03)kT/q, respectively (Figure S11 in
the Supporting Information). We note that these experimental
results are very similar to those for classical P3HT:PCBM solar
cells,20b indicating that the same level of recombination loss
may account for the high performance of our solar cells. More
recently, Zang et al.4g reported a highly efficient non-fullerene
solar cell, but the specific types of monomolecular recombina-
tion that occur in these cells are unknown. Sharenko and co-
workers proposed trap-dominant device performance in a PDI-
monomer-based solar cell.4b However, geminate recombination
may also contribute to the charge carrier loss, as proposed for
the PTB7:fullerene solar cell22 and PDI-based solar cells.4b

■ CONCLUSION
We have reported a solution-processed organic solar cell based
on the combination of the helical electron-accepting PDI 1 and
commercially available electron-donating PTB7 and PBDTT-
TT. These solar cells show photon conversion efficiencies that

are among the highest reported for non-fullerene-based solar
cells.3−5 We have demonstrated exciton generation in both the
donor and acceptor materials. Transient absorption spectros-
copy revealed ultrafast electron transfer from PTB7 to 1 and
hole transfer from 1 to PTB7 with a time constant of ∼0.2 ps.
Incident-light-intensity-dependent measurements suggested
different recombination mechanisms under open-circuit and
short-circuit conditions. By fine-tuning the molecular structure
of the PDI dimer, we will be able to further improve the
performance of these materials in solar cells.
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