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ABSTRACT: Singlet �ssion in tetracene generates two triplet excitons per absorbed photon. If
these triplet excitons can be e�ectively transferred into silicon (Si), then additional
photocurrent can be generated from photons above the bandgap of Si. This could alleviate
the thermalization loss and increase the e�ciency of conventional Si solar cells. Here, we show
that a change in the polymorphism of tetracene deposited on Si due to air exposure facilitates
triplet transfer from tetracene into Si. Magnetic �eld-dependent photocurrent measurements
con�rm that triplet excitons contribute to the photocurrent. The decay of tetracene delayed
photoluminescence was used to determine a transfer e�ciency of �36% into Si. Our study
suggests that control over the morphology of tetracene during the deposition will be of great
importance to boost the triplet transfer yield further.

Silicon (Si) is currently the dominating semiconductor
material for solar cells but su�ers from several loss

mechanisms that reduce its e�ciency.1,2 The largest loss
mechanism results from the ine�cient utilization of high-
energy photons. The additional energy between the Si bandgap
and the high-energy photons is lost to heat. Sensitizing Si solar
cells with a top layer of singlet �ssion material can reduce this
loss, and theoretically even overcome the Shockley�Queisser
e�ciency limit of �31% for a single-junction solar cell.3�14

Singlet �ssion is a spin-allowed process of creating two
triplet excitons from one singlet exciton that can occur in
certain organic semiconductor materials with delocalized �-
orbitals.5,15�17 In this paper, we will focus on tetracene, which
consists of four benzene rings that are annularly and linearly
fused (Figure 1a). Upon absorption of a high energy photon
(>2.4 eV), a singlet exciton (bound electron�hole pair) is
formed. This singlet exciton (S1) can subsequently be split into
two triplet excitons (T), each with roughly half the energy of
the singlet exciton. This singlet �ssion process is mediated by a
pair of spin-correlated triplets (TT), based on the kinetic
model proposed by Johnson and Merri�eld in 1970:18�20

+ � � � +hvS S (TT) T T0 1 (1)

where S0 is the singlet ground state, h� is the incoming photon
energy, and T+T denotes a pair of free triplets. In this model,
the rate of singlet �ssion is determined by the coupling
between the S1 and TT states.21,22 Singlet �ssion competes
with other processes (e.g., radiative and nonradiative
recombination and excimer formation), such that some singlet
excitons are lost and cannot undergo singlet �ssion. In
tetracene, one absorbed photon leads to �2 triplet excitons,

because singlet �ssion is very fast, compared to other
competing decay channels.23,24

In a solar cell architecture, where the energy of the triplet
exciton is transferred to Si, the bandgap of the Si cell must be
smaller than the energy of the triplet exciton state of the singlet
�ssion material. In tetracene, the triplet energy is �1.25 eV,
which exceeds the Si bandgap of 1.1 eV, allowing triplet
exciton transfer.24�27 The Voc value is determined by the low-
bandgap semiconductor Si, and the photocurrent from the
high-energy photons can be doubled, because of singlet �ssion
that eventually generates two electron�hole pairs from the
high-energy photons (with an energy of >2.4 eV).

Triplet transfer to Si can happen through energy transfer or
charge transfer. In the case of energy transfer, both electrons
and holes arrive in Si concurrently. However, if either electrons
or holes are transferred to Si via charge transfer, the remaining
countercharges in tetracene must be extracted by an additional
contact.26 Hence, if triplet energy transfer to Si could be
realized, the resulting tetracene�Si solar cell would not need
an additional charge-extracting electrode on top of the
tetracene layer. Therefore, in principle, energy transfer could
enable a simpler solar cell architecture and less added cost to Si
solar cell manufacturing. Since the tetracene triplet energy is
higher than the Si bandgap, transfer into Si is energetically
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allowed. Figure 1a shows the ionization energy of the tetracene
exciton states and the position of the Si bands. The absolute
energy level of the triplet exciton ionization energy, with
respect to the vacuum level, is reported to be in the range
between �4.0 eV and �4.3 eV.24,26 Figure 1b shows a
schematic of the processes involved in the operation of a
singlet �ssion-sensitized Si solar cell, singlet generation, singlet
�ssion, triplet di�usion, and triplet transfer.

To date, the transfer of triplet excitons from the singlet
�ssion layer to the underlying low-bandgap semiconductor has
proven to be the bottleneck for real-world applications. The
extraction of triplets directly from tetracene into Si has been
investigated by several research groups. Piland et al. did not
�nd any evidence of triplet transfer from tetracene into Si upon
direct deposition and with a LiF spacer.29 MacQueen et al.
reported a small contribution of triplets to the photocurrent
upon direct deposition of tetracene on a Si solar cell.26 The
reasons for ine�cient triplet transfer could be related to
insu�cient passivation of the Si surface and the weak coupling
between the triplet exciton molecular orbitals and the
electronic states in Si. Recently, Einzinger et al. unambiguously
reported successful triplet transfer from tetracene into Si with

75% e�ciency after passivating the Si with a thin (8 Å)
dielectric layer of hafnium oxynitride (HfOxNy) grown through
atomic layer deposition (ALD).30 The ALD-grown interlayer
passivates the Si surface and is thin enough to allow the
transfer of triplets from tetracene into Si. However, this system
is very sensitive to the exact interlayer thickness and
composition, and the e�ect of the tetracene structure remains
unclear. The transfer mechanism is still under debate and
additional self-passivation e�ects complicate the interpretation.

Here, we report evidence for the triplet exciton transfer in a
simpler system, from tetracene into bare Si, after exposure of
the tetracene layer to ambient air. We �nd signatures of triplet
exciton transfer in magnetic �eld-dependent photocurrent
measurements and a faster decay of the delayed photo-
luminescence (PL) from tetracene, indicating triplet exciton
quenching. We correlate these changes to a change in tetracene
morphology, as seen in X-ray di�raction (XRD) spectra that
show the conversion of polycrystalline tetracene from
polymorph I (TCI) to polymorph II (TCII).31,32 We propose
that the change of tetracene polymorph is important for the
observed triplet transfer to Si solar cells.

Figure 1. (a) Energy alignment of tetracene in the ground state (S0), triplet state (T1), singlet state (S1), and Si valence band (VB) and conduction
band (CB) from the literature.24�26,28 The structure of tetracene is shown at the top. (b) Schematic of a singlet �ssion-sensitized Si solar cell.
Photons at or above the singlet energy of tetracene are absorbed and create one singlet exciton, which splits into two triplet excitons forming a
correlated triplet pair (TT) via singlet �ssion. The TT dissociates into free triplets, which can then independently di�use to the tetracene/Si
interface and transfer into Si to generate free-charge carriers.

Figure 2. (a) Schematic for the behavior of singlet and triplet population in tetracene for photocurrent, as a function of the magnetic �eld. (b, c)
Magnetic �eld-dependent photocurrent measurements for Si/SiOx/tetracene (control) (panel (b)) and HF-Si/tetracene (panel (c)), both before
(red curve) and after (green curve) exposure to air. For both samples in panels (b) and (c), the positive change in photocurrent can be attributed
to the dominant contribution of singlets. Aging the HF-etched sample in air �ips the curve and leads to a triplet curve, indicating that triplets are
transferred and contributing to the Si photocurrent.
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Measuring the e�ect of triplet excitons on the photocurrent
of a solar cell is the most direct way of measuring the transfer
of triplet excitons, and it is most relevant for the real-world
application of a singlet �ssion-sensitized Si solar cell. The �nal
goal is to increase the Si photocurrent from transferred triplet
excitons. However, both singlet and triplet excitons can
contribute to the photocurrent. Therefore, it is important to
prove whether photocurrent originates from triplet versus
singlet excitons. To distinguish between singlet and triplet
exciton transfer, we exploit the behavior of singlet �ssion under
a magnetic �eld (see Figure 2). Under a magnetic �eld of 300
mT, singlet �ssion in tetracene becomes less e�cient, resulting
in a lower triplet exciton population, compared to the situation
without the magnetic �eld.20 The characteristic shape of the
photocurrent change under a magnetic �eld can be
unambiguously attributed to triplet excitons originating from
singlet �ssion.19,30,33 If the photocurrent from Si has the same
magnetic �eld dependence as the triplet population (see the
blue curve in Figure 2a), we conclude that there is transfer of
triplet excitons to Si. The photocurrent change is caused
prevalently by triplet transfer; the opposite magnetic �eld
dependence (yellow in Figure 2a) would indicate that the
photocurrent change is dominated by singlet transfer or
radiative transfer. The relationship between magnetic �eld and
singlet �ssion e�ciency (or singlet/triplet populations) is not
monotonic; below 50 mT, there is a small dip in the opposite
direction, as described by Merri�eld et al. (see also Figure
2a).20 This characteristic curve also allows us to exclude any
other e�ects that the magnetic �eld could have on the
photocurrent, such as displacement of the sample, induced
currents at the contacts, or sample degradation over time.

We fabricated Si solar cells with an additional tetracene
singlet �ssion top layer. The solar cells are heterostructure with
intrinsic thin (HIT) layer solar cells with an interdigitated back
contact (IBC). This means that contacts are on the back,
which allows free access to the front surface. Where indicated,
the solar cells are then encapsulated in an inert N2 atmosphere
between two glass slides to keep oxygen and moisture out.
Between the tetracene layer and the Si solar cell, we used
di�erent interlayers for reference measurements and to gain
insight into the transfer mechanism. We then measured the
photocurrent as a function of an externally applied magnetic
�eld, as described above. Figure 2b shows the magnetic �eld
dependent photocurrent of solar cells with an insulating
interlayer of �2 nm SiOx, which shows no signature of triplet
exciton transfer. A thick (�80 nm) Si3N4 (SiN) interlayer

shows the same blocking behavior, as shown in Figure S1a in
the Supporting Information. The photocurrent follows the
curve that we would expect for singlet excitons, indicating that
the singlet excitons contribute to the photocurrent. Utilizing a
HF etch to remove the blocking layer and enabling direct
contact between tetracene and Si (HF-Si/tetracene) does not
change this behavior, as seen in Figure 2c (red curve), which is
consistent with earlier reports.29 The photocurrent still follows
the singlet exciton population, and no evidence for triplet
transfer is observed.

Si/SiOx/tetracene and HF-Si/tetracene samples were then
stored in the air under ambient conditions in the laboratory for
5 days and remeasured (see Figures 2b and 2c). The magnetic-
�eld dependence of the photocurrent curve for the HF-Si/
tetracene solar cell, shown in Figure 2c, reverses for the air-
exposed sample, closely following the characteristic shape for a
triplet exciton population, which is strong evidence for triplet
exciton transfer. If we encapsulate the solar cell and store it in
air, we also observe the triplet curve, although its emergence is
then much slower, i.e., after 6 weeks, as shown in Figure S1b in
the Supporting Information, indicating that, eventually, air
enters the encapsulation. If the HF-Si/tetracene solar cell is
stored under a dry nitrogen atmosphere in the glovebox (<10
ppm of O2, <1 ppm of H2O), we instead observed the singlet
curve, which was retained after 6 weeks (Figure S1c in the
Supporting Information). The strong di�erence in magnetic-
�eld photocurrent behavior between the air-exposed and
nitrogen-stored samples indicates that air exposure plays a
crucial role in enabling successful triplet transfer to Si. In
Figure 2c, the decrease in photocurrent at high �eld is �0.2%,
which is comparable to Si�tetracene solar cells with HfOxNy
interlayers.30 In that study, the self-passivation in Si, because of
improved surface screening by charge carriers at the Si
interface, caused an increased photocurrent.30 This self-
passivation can lead to an overestimation of the contribution
of triplet exciton injection, and the e�ects of triplet excitons
and self-passivation were separated by a strong background
illumination. We performed similar experiments to investigate
the self-passivation of Si in our samples by using a strong (100
W) xenon light source with red light below the absorption
onset of tetracene but above the absorption onset of Si. This
allows us to inject charge carriers directly into Si that cannot
have originated from tetracene. We did not see an in�uence of
this additional light on the photocurrent change under the
magnetic �eld, after correcting for the additional bias current,
so we can exclude large in�uences from self-passivation in the

Figure 3. PL decay traces in Si/SiOx/tetracene and HF-Si/tetracene solar cells. Both samples have been aged in the air under similar conditions:
(a) short-time (prompt) PL shows no di�erence in singlet �ssion time and e�ciency between samples, and (b) long time (delayed) PL shows faster
decay for the HF-Si/tetracene solar cell, which we attribute to triplet transfer to Si. The dotted black line represents the output from the kinetic
model. The inset in panel (a) shows the PL spectra of both samples.
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