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Enhanced external quantum efficiency in an organic photovoltaic cell via

singlet fission exciton sensitizer
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We demonstrate bilayer organic photovoltaic cells that incorporate a singlet exciton fission
sensitizer layer to increase the external quantum efficiency (EQE). This solar cell architecture is
realized by pairing the singlet exciton donor layer tris[4-(5-phenylthiophen-2-yl)phenyl]amine
(TPTPA) with the singlet exciton fission layer 5,6,11,12-tetraphenylnaphthacene (rubrene). The
presence of the rubrene layer at the donor-acceptor interface allows for a singlet generated in
TPTPA to undergo singlet exciton fission with a corresponding doubling in the TPTPA EQE from
12.8% to 27.6%. This scheme de-couples singlet exciton fission from photon absorption, exciton
diffusion, and charge transport for very high EQE organic photovoltaic cells. © 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4752445]

Singlet exciton fission is a well-established phenomenon
in a small sub-class of organic semiconductors by which a
singlet exciton splits into two triplet excitons." The process
of singlet exciton fission has recently been proposed as a
means to achieve very high external quantum efficiencies
(EQE) in organic optoelectronic devices such as photodetec-
tors and photovoltaic cells.”™ Although EQEs exceeding
100% have been achieved in organic photodetectors employ-
ing singlet exciton fission,” the EQEs have yet to exceed
100% in organic photovoltaic cells (OPVs) utilizing this phe-
nomenon.>* Due to the limited number of materials that ex-
hibit singlet exciton fission, it is challenging to achieve high
photon absorption, long exciton diffusion lengths, efficient
charge separation, charge transport, and singlet fission in a
single organic semiconductor. In this work, the process of
singlet fission is de-coupled from photon absorption, exciton
diffusion, and charge transport by inserting a singlet fission
material at the donor-acceptor (D-A) interface of an organic
photovoltaic cell. Singlet excitons generated in the singlet
exciton donor Forster resonance energy transfer (FRET) to
the singlet fission material where they undergo singlet fis-
sion. This interlayer acts as a singlet fission sensitizer to the
singlet donor. In this device structure, the singlet donor can
be chosen for high photon absorption, exciton diffusion, and
charge transport, and the singlet fission sensitizer can be
selected for high singlet fission efficiency to achieve very
high EQE organic photovoltaic cells.

In the present work, the singlet donor tris[4-(5-phenyl-
thiophen-2—yl)phenyl]amine5 (TPTPA) is sensitized with the
singlet fission material 5,6,1 1,12-tetraphenylnaphthacene6
(rubrene). As shown in Fig. 1, the sensitization process
begins with the absorption of light by TPTPA, resulting in
singlet exciton formation. The singlet exciton then diffuses
to the TPTPA-rubrene interface which is then transferred to
the singlet state of rubrene by FRET due to the energy align-
ment of the singlet state of TPTPA (Srprpa =2.8¢€V, esti-
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mated from fluorescence) and rubrene (S,,prene = 2.3 eV).6
The singlet in rubrene then undergoes singlet exciton fission.
The process is conditional on the energy of the first excited
state being approximately twice the energy of the first triplet
(Truprene=1.2 eV).6 If the two triplet excitons are dissoci-
ated, one photon absorbed can result in two charge carriers,
potentially doubling the EQE in the absorption region
of TPTPA. In order to facilitate charge extraction after
exciton dissociation, the highest occupied molecular orbital
(HOMO) of the singlet fission layer should be equal to or
deeper than the singlet donor. In this work, TPTPA and
rubrene both have HOMO levels of approximately 5.4eV.”®

Before OPV device fabrication, photoluminescence (PL)
of a co-deposited film on glass of TPTPA(30%):rubrene(70%),
by volume, was measured to characterize energy transfer from
TPTPA to rubrene. The absorption coefficients and PL of
TPTPA and rubrene are shown in Fig. 2(a). TPTPA absorbs
broadly in the region from 350 nm < 4 < 450 nm while rubrene
absorbs light in the region from 450 nm < 4 < 550 nm. Ideally,
the singlet donor’s absorption peak would be slightly higher in
energy than the absorption peak of the singlet fission sensitizer
for efficient exciton transfer while maintaining broad solar
absorption. To study singlet fission sensitization, TPTPA and
rubrene were chosen for non-overlapping absorptions to allow
for selective material excitation. When TPTPA is photoexcited
(A=349nm) in the co-deposited thin film, TPTPA’s fluores-
cence is fully quenched as singlets on TPTPA are transferred to
rubrene as shown in Fig. 2(a).

The process of singlet exciton fission is unaffected by the
method of populating singlets (direct photoexcitation versus
FRET) in rubrene as shown in Fig. 2(b) by magnetic field de-
pendent change in fluorescence in luminescent thin films. The
magnetic field was applied parallel to the film plane. In the
co-deposited film, photoexcitation of TPTPA (4= 365nm)
and subsequent energy transfer to rubrene produces an
increase in fluorescence of 19%, and direct photoexcitation of
rubrene (A =500nm) produces an increase in fluorescence of
21%. The shapes of these curves with zero crossings at low

© 2012 American Institute of Physics
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FIG. 1. A schematic representation of singlet fission sensitization scheme in
an OPV. Radiation is absorbed by the singlet donor, TPTPA, resulting in
singlet generation. The singlet diffuses to the interface and energy transfers
to the singlet fission sensitizer layer, rubrene. The singlet on the sensitizer
then undergoes singlet exciton fission resulting in two triplets. The triplets
then dissociate at the donor-acceptor (D-A) interface resulting in two charge
carriers from one photon absorbed in the singlet exciton donor. If the rate of
singlet fission is comparable to the rate of singlet charge transfer, direct sin-
glet dissociation (dashed arrow) at the D-A interface may occur.

fields are typical of singlet exciton fission into two triplets.®”
The increase in fluorescence is due to the rate of singlet fission
decreasing under high magnetic fields (H >0.2T) allowing
for singlet exciton processes such as fluorescence to compete
more efficiently with fission.'® The measured changes in fluo-
rescence of the co-deposited film are consistent with those of
neat rubrene (4= 500nm) [Fig. 2(b)]. Neat TPTPA photoex-
cited (A =365nm) under a varying magnetic field, as seen in
Fig. 2(b), shows no magnetic field dependent fluorescence.
The introduction of magnetic field dependent changes of fluo-
rescence in photoexcited TPTPA demonstrates singlet fission
sensitization via exciton energy transfer.

To investigate the effect of singlet fission sensitization
in OPVs, we built bilayer heterojunction devices composed
of the singlet donor, TPTPA, the singlet fission sensitizer, ru-
brene, and a perylene diimide (Activink N1400 (PDI-CN2),
purchased from Polyera) as the electron acceptor. The charge
transfer state energy of the OPV must be lower than the tri-
plet energy in the fission material to ensure triplet
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dissociation at the D-A interface.'' The electron acceptor
was chosen for this reason due to its lowest unoccupied mo-
lecular orbital (LUMO) level of 4.3 eV.'? Devices were fab-
ricated on indium tin oxide (ITO) coated glass substrates.
The substrates were cleaned with detergent and solvents and
exposed to an O,-plasma prior to deposition. All organic
layers were grown using thermal evaporation under high
vacuum (~1076 Torr). The cathode was defined by a 1-mm-
diameter shadow mask. The device structure was as follows:
ITO (160nm)/MoOs; (8 nm)/TPTPA (25 nm)/Rubrene
(7nm)/PDI-CN2 (20 nm)/Bathocuproine (BCP) (7 nm)/Ag
(100 nm). The energy level diagram for these devices can be
seen in Fig. 3(a).”®!?7'* Control devices without the singlet
fission sensitizer interlayer were also grown for comparison.

Current-density-voltage (J-V) curves are shown in Fig.
3(b) for devices with and without fission sensitization layer,
performed under AMI1.5G illumination (100 mW cm ).
Devices with no fission sensitizer exhibit short-circuit cur-
rent density Jgc=0.52mA cm 2, open-circuit  voltage
Voc=0.49V, fill factor FF = 0.53, and power conversion ef-
ficiency PCE =0.14%. Devices with the rubrene sensitizer
layer exhibit Jgc =0.88 mA em 2, Voe=0.55V, FF =0.59,
and PCE =0.29%. Similar V¢ in the control and sensitized
devices indicate the HOMOs of TPTPA and rubrene are
close in energy. Also, the FF enhancement indicates no
obstruction to charge extraction at the TPTPA-rubrene inter-
face. With the fission sensitizer layer, the Jg- and PCE show
enhancements of 69% and 107%, respectively, compared to
the control devices.

To understand the mechanism of enhancement in Jgc,
EQE versus wavelength was measured using a xenon lamp
with monochromator, a chopper set to f=200Hz, and a
lock-in amplifier. Light intensity was measured using a cali-
brated silicon photodiode. For EQE measurements at approx-
imate solar operating conditions, the devices were
illuminated with a tungsten light source at 50mW cm 2.
EQE curves are shown in Fig. 4 for devices with and without
singlet fission sensitization layer. As expected, direct photo-
excitation of rubrene adds to the PDI-CN2 photocurrent in
the wavelength range of 450nm < 4 <550nm, increasing
the EQE in this region from 5.0% to 8.9% when rubrene is
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FIG. 2. (a) Absorption coefficient (solid line) and normalized PL (dashed line) photoexcited at 1 =349 nm of TPTPA (blue) and rubrene (red) thin films. In a
co-deposited film of TPTPA(30%):rubrene(70%), TPTPA’s fluorescence is fully quenched as singlets are transferred to rubrene (violet). (b) The change in flu-
orescence under varying applied magnetic fields of photoexcited (2 =500nm) neat rubrene (green dashed line) showing a typical curve of singlet fission to
two triplets. Photoexcitation of TPTPA (4 =365 nm) and rubrene (2= 500nm) in the ensemble film, the fluorescence increases by 19% (blue solid line) and by
21% (green solid line), respectively, confirming singlet exciton fission. Neat TPTPA, photoexcited at 4 =365 nm, shows no magnetic field dependent changes
in fluorescence (blue dashed line), demonstrating singlet exciton fission sensitization via exciton energy transfer from TPTPA to rubrene.
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FIG. 3. (a) Schematic energy-level diagram and
thicknesses of the OPV devices built. The energy-
levels are from Refs. 8, 9, and 13-15. (b) The meas-
ured dark (triangles) and light (100mW cm™?)
(dots) current-density-voltage (J-V) of the OPV
device with rubrene (red) and without rubrene
(blue).
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FIG. 4. The measured EQE versus wavelength curves of the OPV device
with rubrene (red dots) and without rubrene (blue dots) showing enhance-
ment in the TPTPA region due to singlet fission sensitization via rubrene.

introduced. The EQE in the wavelength range of 350 nm
< 2 <450nm, associated with TPTPA, exhibits a peak
enhancement from 12.8% to 27.6% upon introduction of
rubrene.

Although the rubrene interlayer in this work is designed
as a singlet fission sensitizer to the singlet donor, TPTPA, it
can also act to enhance exciton separation as shown in Refs.
15 and 16. To confirm singlet fission contributes to the
enhancement in EQE of the TPTPA region, magnetic field
dependent photocurrent measurements were performed,
shown in Fig. 5. The magnetic field was applied parallel to
the device plane. Photoexcitation of TPTPA (A=365nm)
produces a decrease in photocurrent of 14%, because TPTPA
singlets undergo energy transfer to rubrene where they are
split into triplets. The decrease in photocurrent under high
magnetic fields is analogous to the increase in fluorescence
shown previously for mixed TPTPA-rubrene films. The mag-
netic field effect on photocurrent is due to a decrease in the
rate of singlet exciton fission under high magnetic fields
(H>0.2T). This allows singlet exciton processes such as
direct singlet charge transfer, which produces one charge
carrier per singlet, to compete more efficiently with singlet
exciton fission and triplet charge transfer, which produces
two charge carriers per singlet, reducing the observed photo-
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FIG. 5. The change in photocurrent under varying applied magnetic fields at
short circuit conditions for OPV with rubrene (solid line) and without
rubrene (dashed line) interlayer. For the device with rubrene, the photocur-
rent decreases by 14% under illumination at 2 =365 nm (solid blue line) of
the TPTPA layer. The photocurrent decreases by 8.7% under illumination at
A=500nm (solid green line) of the rubrene and PDI-CN2 layers. The mag-
nitude of change is smaller due to the PDI-CN2 component of photocurrent
being magnetic field independent. In contrast, the device without rubrene
shows no magnetic field dependent photocurrent at 2 =365 nm (dashed blue
line) or 2=>500nm (dashed green line), confirming singlet exciton fission
sensitization of TPTPA via rubrene in an OPV.

current.” Direct photoexcitation of rubrene (4 = 500 nm) pro-
duces a decrease in photocurrent of 8.7%. The magnitude of
the change is smaller due to competing optical absorption by
PDI-CN2 at the same wavelength. The control device with-
out rubrene shows no magnetic field dependent photocurrent
in the TPTPA region (4A=365nm) or the PDI-CN2 region
(2=500nm). The magnetic field dependent photocurrent in
the TPTPA region confirms the presence of singlet fission
via the rubrene sensitizer layer.

In summary, we have shown an enhancement in EQE in
an OPV device due to singlet exciton fission sensitization.
The enhancement in peak EQE in the spectral region associ-
ated with the singlet exciton donor, TPTPA, increased from
12.8% to 27.6% upon introduction of the rubrene singlet fis-
sion sensitization layer. The presence of singlet exciton fis-
sion via energy transfer from TPTPA to rubrene was
demonstrated in a fluorescent thin film and in a OPV device
by magnetic field dependent changes in fluorescence, 19%,
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and photocurrent, —14%, respectively. In the device struc-
ture introduced here, the singlet donor can be chosen for
high photon absorption, long exciton diffusion, and efficient
charge transport, and the singlet fission sensitizer can be
selected for high singlet exciton fission efficiency for organic
photovoltaic cells with EQEs potentially exceeding 100%.
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