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ABSTRACT: Singlet fission in tetracene generates two triplet excitons per absorbed photon. If Singletfission | Tetracene polymorph

these triplet excitons can be effectively transferred into silicon (Si), then additional S°!arcell change enables

photocurrent can be generated from photons above the bandgap of Si. This could alleviate — triplet transfer

the thermalization loss and increase the efficiency of conventional Si solar cells. Here, we show Triplets

that a change in the polymorphism of tetracene deposited on Si due to air exposure facilitates 00
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triplet transfer from tetracene into Si. Magnetic field-dependent photocurrent measurements

Photocurrent Change (%)

confirm that triplet excitons contribute to the photocurrent. The decay of tetracene delayed ; % T
photoluminescence was used to determine a transfer efficiency of ~36% into Si. Our study L_Mazmmr 312
suggests that control over the morphology of tetracene during the deposition will be of great
importance to boost the triplet transfer yield further.
ilicon (Si) is currently the dominating semiconductor because singlet fission is very fast, compared to other
material for solar cells but suffers from several loss competing decay channels.”>**
mechanisms that reduce its efficiency.”” The largest loss In a solar cell architecture, where the energy of the triplet
mechanism results from the inefficient utilization of high- exciton is transferred to Si, the bandgap of the Si cell must be
energy photons. The additional energy between the Si bandgap smaller than the energy of the triplet exciton state of the singlet
and the high-energy photons is lost to heat. Sensitizing Si solar fission material. In tetracene, the triplet energy is ~1.25 eV,
cells with a top layer of singlet fission material can reduce this which exceeds the Si bandgap of 1.1 eV, allowing triplet
loss, and theoretically even overcome the Shockley—Queisser exciton transfer.”*~>" The V,_ value is determined by the low-
efficiency limit of ~31% for a single-junction solar cell.’~"* bandgap semiconductor Si, and the photocurrent from the
Singlet fission is a spin-allowed process of creating two high-energy photons can be doubled, because of singlet fission
triplet excitons from one singlet exciton that can occur in that eventually generates two electron—hole pairs from the
certain organic semiconductor materials with delocalized 7- high-energy photons (with an energy of >2.4 V).
orbitals.”">~"” In this paper, we will focus on tetracene, which Triplet transfer to Si can happen through energy transfer or
consists of four benzene rings that are annularly and linearly charge transfer. In the case of energy transfer, both electrons
fused (Figure 1a). Upon absorption of a high energy photon and holes arrive in Si concurrently. However, if either electrons
(>2.4 eV), a singlet exciton (bound electron—hole pair) is or holes are transferred to Si via charge transfer, the remaining
formed. This singlet exciton (S;) can subsequently be split into countercharges in tetracene must be extracted by an additional
two triplet excitons (T), each with roughly half the energy of contact.”® Hence, if triplet energy transfer to Si could be
the singlet exciton. This singlet fission process is mediated by a realized, the resulting tetracene—Si solar cell would not need
pair of spin-correlated triplets (TT), based on the kinetic an additional charge-extracting electrode on top of the
model proposed by Johnson and Merrifield in 1970:'%7*° tetracene layer. Therefore, in principle, energy transfer could
enable a simpler solar cell architecture and less added cost to Si
So+h =8 - (ITT) > T+T (1) solar cell manufacturing. Since the tetracene triplet energy is

higher than the Si bandgap, transfer into Si is energetically
where S is the singlet ground state, hv is the incoming photon

energy, and T+T denotes a pair of free triplets. In this model,
the rate of singlet fission is determined by the coupling
between the S; and TT states.”"*” Singlet fission competes
with other processes (e.g., radiative and nonradiative
recombination and excimer formation), such that some singlet
excitons are lost and cannot undergo singlet fission. In
tetracene, one absorbed photon leads to ~2 triplet excitons,
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Figure 1. (a) Energy alignment of tetracene in the ground state (S,), triplet state (T,), singlet state (S,), and Si valence band (VB) and conduction
band (CB) from the literature.**2“*® The structure of tetracene is shown at the top. (b) Schematic of a singlet fission-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 fission. The TT dissociates into free triplets, which can then independently diffuse to the tetracene/Si
interface and transfer into Si to generate free-charge carriers.
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Figure 2. (a) Schematic for the behavior of singlet and triplet population in tetracene for photocurrent, as a function of the magnetic field. (b, c)
Magnetic field-dependent photocurrent measurements for Si/SiO,/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 flips the curve and leads to a triplet curve, indicating that triplets are
transferred and contributing to the Si photocurrent.

allowed. Figure 1a shows the ionization energy of the tetracene 75% efficiency after passivating the Si with a thin (8 A)
exciton states and the position of the Si bands. The absolute dielectric layer of hafnium oxynitride (HfO,N ) grown through
energy level of the triplet exciton ionization energy, with atomic layer deposition (ALD).>* The ALD- -grown interlayer
respect to the vacuum level, is reported to be in the range passivates the Si surface and is thin enough to allow the
between —4.0 eV and —4.3 eV.”"** Figure 1b shows a transfer of triplets from tetracene into Si. However, this system

schematic of the processes involved in the operation of a
singlet fission-sensitized Si solar cell, singlet generation, singlet
fission, triplet diffusion, and triplet transfer.

To date, the transfer of triplet excitons from the singlet
fission 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
find any evidence of triplet transfer from tetracene into Si upon
direct deposition and with a LiF spacer.”” MacQueen et al.
reported a small contribution of triplets to the photocurrent

is very sensitive to the exact interlayer thickness and
composition, and the effect of the tetracene structure remains
unclear. The transfer mechanism is still under debate and
additional self-passivation effects 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 find signatures of triplet
exciton transfer in magnetic field-dependent photocurrent
measurements and a faster decay of the delayed photo-
luminescence (PL) from tetracene, indicating triplet exciton

upon direct deposition of tetracene on a Si solar cell.”® The quenching. We correlate these changes to a change in tetracene
reasons for inefficient triplet transfer could be related to morphology, as seen in X-ray diffraction (XRD) spectra that
insufficient passivation of the Si surface and the weak coupling show the conversion of polycrystalline tetracene from
between the triplet exciton molecular orbitals and the polymorph I (TCI) to polymorph II (TCII).>"** We propose
electronic states in Si. Recently, Einzinger et al. unambiguously that the change of tetracene polymorph is important for the
reported successful triplet transfer from tetracene into Si with observed triplet transfer to Si solar cells.
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Figure 3. PL decay traces in Si/SiO,/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 difference in singlet fission time and efficiency 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.

Measuring the effect 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 fission-sensitized Si solar cell. The final
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 fission under
a magnetic field (see Figure 2). Under a magnetic field of 300
mT, singlet fission in tetracene becomes less efficient, resulting
in a lower triplet exciton population, compared to the situation
without the magnetic field.”” The characteristic shape of the
photocurrent change under a magnetic field can be
unambiguously attributed to triplet excitons originating from
singlet fission.'”*”*” If the photocurrent from Si has the same
magnetic field 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 field
dependence (yellow in Figure 2a) would indicate that the
photocurrent change is dominated by singlet transfer or
radiative transfer. The relationship between magnetic field and
singlet fission efficiency (or singlet/triplet populations) is not
monotonic; below 50 mT, there is a small dip in the opposite
direction, as described by Merrifield et al. (see also Figure
2a).”” This characteristic curve also allows us to exclude any
other effects that the magnetic field 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 fission 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 N, atmosphere
between two glass slides to keep oxygen and moisture out.
Between the tetracene layer and the Si solar cell, we used
different 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
field, as described above. Figure 2b shows the magnetic field
dependent photocurrent of solar cells with an insulating
interlayer of ~2 nm SiO,, which shows no signature of triplet
exciton transfer. A thick (~80 nm) Si;N, (SiN) interlayer
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shows the same blocking behavior, as shown in Figure Sla 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.”” The photocurrent still follows
the singlet exciton population, and no evidence for triplet
transfer is observed.

Si/Si0,/tetracene and HF-Si/tetracene samples were then
stored in the air under ambient conditions in the laboratory for
S days and remeasured (see Figures 2b and 2c). The magnetic-
field 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 O,, <1 ppm of H,0), we instead observed the singlet
curve, which was retained after 6 weeks (Figure Slc in the
Supporting Information). The strong difference in magnetic-
field 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 field is ~0.2%,
which is comparable to Si—tetracene solar cells with HfO,N,
interlayers.’® In that study, the self-passivation in Si, because of
improved surface screening by charge carriers at the Si
interface, caused an increased photocurrent.’® This self-
passivation can lead to an overestimation of the contribution
of triplet exciton injection, and the effects 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 influence of
this additional light on the photocurrent change under the
magnetic field, after correcting for the additional bias current,
so we can exclude large influences from self-passivation in the
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Si solar cell (see Figure S2 in the Supporting Information).
Therefore, we can conclude that exposure to air leads to triplet
transfer from tetracene into Si. We also measured the external
quantum efficiency (EQE) of the HF-etched solar cell and the
same solar cell with tetracene before and after aging (see
Figure S3 in the Supporting Information). After accounting for
measurement position variation, we saw a small increase in
EQE over the region of tetracene absorption, an increase likely
within the noise level of our measurement. The tetracene layer
is thicker than the triplet exciton diffusion length, and charge
carriers are injected near the interface where the passivation is
poor, leading to little additional photocurrent from triplet
excitons.”® The following experiments will offer additional
evidence for triplet exciton transfer and insight into the
dynamics and mechanism.

To investigate the mechanism, time scale, and yield of the
transfer process of triplets into Si, we measured the tetracene
PL decay both in the solar cells and tetracene deposited on Si
wafers. The inset in Figure 3a, compares the PL spectra of Si/
SiO,/tetracene and HF-Si/tetracene solar cells after exposure
to air, showing the characteristic tetracene 0—0 emission peak
at 535 nm with a shoulder at 580 nm due to the 0-1
transition, and a broad defect emission at ~615 nm. This
defect emission arises from structural defects in tetracene
during the vacuum evaporation process.”>*® The PL spectra
are the same for both the samples upon air exposure, thus the
PL spectra show no evidence of additional trap states from the
aging process in samples with and without the SiO,.

The PL in tetracene originates from singlet exciton emission.
The PL decay shows a fast initial component, because of
singlet fission at short times (<1 ns, prompt PL) and a long-
lived delayed PL arising from the triplet—triplet annihilation to
singlet excitons at later times (>40 ns, delayed PL). The
prompt PL decay is identical for the aged samples with and
without the SiO, blocking layer, showing that the singlet fission
rate is not affected by the blocking layer (see Figure 3a).
However, the delayed PL component was faster in the HF-Si/
tetracene solar cell upon air exposure, which provides
additional evidence for the depopulation of triplets in tetracene
caused by triplet transfer into Si (Figure 3b). Since triplet
excitons disappear from tetracene, because they are transferred
to Si, triplet—triplet annihilation is reduced which, in turn,
reduces the delayed PL intensity. The PL lifetime measure-
ments have been reproduced with solar cell samples having a
SiN blocking layer (see Figure S4 in the Supporting
Information) showing no evidence for triplet transfer, just
like in the SiO, samples. The samples with and without the
blocking layer in Figure 3b and Figure S4 have been aged
under similar conditions; the tetracene layer was exposed to air
in all cases, but we only see delayed PL quenching in the
sample without the interlayer. Therefore, we can exclude that
oxygen quenching of the triplets leads to the faster delayed PL.
The PL decay of samples with the SiN blocking layer and HF-
Si has been measured at different spots of the solar cell (see
Figure S$ in the Supporting Information), and it showed little
dependence on the measurement position on the samples. To
reconfirm the results, PL decay measurements were performed
in tetracene deposited on Si wafers (i.e., not a full solar cell)
with and without the SiO, blocking layer, and similar results
were obtained (see Figure S6 in the Supporting Information).
This ensures that the observed PL dynamics are a characteristic
of the HF-Si/tetracene interface, and that it is not influenced
by the presence of other solar cell components. Together with

8706

the magnetic field-dependent photocurrent measurements, we
therefore correlate the faster decay in the delayed PL to triplet
quenching, because of the triplet transfer process from
tetracene to Si.

What is the mechanism of activating triplet transfer in the
HE-Si/tetracene samples after aging in the air? The activation
could originate from either a change in the tetracene, or the
HF/Si interface, or both. We deployed X-ray diffraction
(XRD) to detect changes in the tetracene morphology and X-
ray photoemission spectroscopy (XPS) to investigate changes
on the HF-Si surface. Two different polymorphs, created by
heated (TCI) or cooled (TCII) substrates, can form during
tetracene deposition.

The TCII polymorph has different packing with increased
distance along the c-axis, compared to TCI, resulting in a lower
diffraction angle in XRD along the (00c) diffraction.*” Before
air exposure, the XRD spectra show the presence of both
polymorphs with slightly more TCI (20 = 7.3°), compared to
TCII (20 = 6.9°), as seen in Figure 4. However, after air
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Figure 4. XRD of tetracene deposited on fresh HF-Si/tetracene and
after 12 h of air exposure. We observe a conversion of TCI to TCIL

exposure, the ratio reversed with more TCII, compared to
TCI, suggesting a change in polymorphism in tetracene. The
two polymorphs have different intermolecular coupling
strengths, because of a difference in molecular orientations
that leads to a faster singlet fission rate in TCII, compared to
TCI, as reported by Arias et al.>" The transition between both
polymorphs is smooth (see Figure S7 in the Supporting
Information) and is not triggered when storing the samples in
nitrogen for seven months (see Figure S8 in the Supporting
Information). We also observe a change in singlet fission rate,
as the prompt PL decay of tetracene deposited on quartz
becomes faster after air exposure (see Figure S9 in the
Supporting Information).

To confirm that the change responsible for triplet transfer is
the aging of tetracene and not the aging of the HF-Si surface,
we exposed HF-Si samples to air for different amounts of time,
to grow a SiO, layer with various thicknesses. We measured
XPS to confirm the growth of this SiO, overlay by monitoring
the Si—O, peak in the Si 2p photoelectron emission narrow
scan (see Figures S10a and S10b in the Supporting
Information). On these samples, we deposited fresh tetracene
and measured the PL decay. Triplet transfer was not observed
in these samples (Figure S10c in the Supporting Information),
confirming that triplet transfer is not associated with the

https://dx.doi.org/10.1021/acs.jpclett.0c02163
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growth of a SiO, layer, and the aging and subsequent change in
the polymorphism of tetracene is related to the triplet transfer.

Triplet transfer via a direct Dexter-type mechanism is
dependent on the overlap between the triplet exciton wave
function of tetracene and of the electron and hole wave
functions at the Si surface.”” This coupling will change,
depending on the distance and orientation of the tetracene
molecules, with respect to the Si surface. Therefore, the change
in the orbital coupling in going from TCI to TCII and its effect
on the triplet transfer efficiency is likely crucial and must be
investigated further theoretically. A recent report by
Niederhausen et al. that deployed near-edge X-ray absorption
fine structure (NEXAFS), XPS, and density functional theory
(DFT) calculations also suggests that different orientations at
the interface exist and could lead to a change in transfer
efficiency.*®

To extract the triplet transfer rate and transfer efficiency, we
model the PL decay data considering the singlet fission
process, as depicted in Figure 5a.””*"”” The singlet fission
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Figure S. (2) Schematic representation of the kinetic model used to
determine the triplet transfer efficiency; (b) the triplet population in
Si/SiO,/tetracene (control), HF-Si/tetracene, and in HF-Si after air
exposure predicted from our model, as a function of time. The gray
area shows our experimental range of the PL decay measurements (70
ns). Transparent bands are 95% confidence intervals of the fitting
parameters.

process in tetracene (with a rate kgz) competes with the
radiative decay (with a rate of kp,q) through the formation of
triplet pairs, which can then dissociate (at a rate of kp,) to
form free triplets or fuse back (at a rate of kpp) to create an
excited singlet state. The free triplets can decay with the triplet
lifetime (kTriP) or regenerate the triplet pair state through
triplet—triplet annihilation (kpr,). TTA results in the delayed
PL from tetracene and determines the triplet lifetime.””*>*!
The populations of the S;, TT, and T states can be determined
by solving the coupled differential equations, as detailed in the
Supporting Information. The S, population is plotted against
the measured PL decay traces in Figure 3 (dotted lines) for the
prompt and delayed PL. The rate constants described above
were determined by solving the differential equation for HF-
Si/tetracene before and after exposure to air and using a least-
squares algorithm to fit the data. The rate constants obtained
are consistent with the literature, as shown in Table SI in the
Supporting Information. The singlet fission time was
determined to be 220 + 1 ps, which is in good agreement
with reported values of ~75-200 ps, depending on the
crystallinitg, rain size, and preparation condi-
tions.””?2%37*L%* The faster decay of the delayed PL can
be reproduced with the kinetic model by incorporating an
additional triplet transfer process to Si without changing the
other rate constants. The model based on these kinetic
equations reproduces the data for prompt (until 1.7 ns) and

delayed PL (>30 ns) well, but fails to describe the decay at
intermediate times between prompt and delayed PL. This is
most likely due to additional effects of triplet pair diffusion,
which have been explained by modeling that leads to a ¢~/
dependence of the PL decay.”’ Our intermediate PL decay
data are also described by this function (see Figure S11 in the
Supporting Information).**

From the kinetic model, the triplet lifetime is 85 + 6 ns in
both samples and the triplet transfer time to Siis 169 + 8 ns in
the aged sample. Figure Sb shows how the triplet population
varies with time with a faster decay of the triplet population in
HE-Si, because of triplet transfer to Si. The growth of the
triplet population in HF-Si corresponds to 35.7% + 0.9%
triplet transfer efficiency. Our model is robust against sample-
to-sample variation, aging of tetracene on its own, and between
wafers and solar cell (see the Supporting Information (Figures
S4, SS, S6, and S9)). Our findings show that efficient triplet
transfer can be obtained when the percentage of TCII is
increased. Thus, to achieve even higher triplet transfer yield
into HF-Si, control over the morphology appears to be crucial,
so that TCII becomes the predominant polymorph. This trend
suggests that, apart from the complex HfO,N, interlayers
previously used, we can also exploit the tetracene orientation
itself for efficient triplet transfer.”’

In summary, we have shown that a change in the dominant
tetracene polymorph by air exposure facilitates triplet transfer
from tetracene into Si. The triplet transfer process is confirmed
through magnetic field-dependent photocurrent measure-
ments, and the time scale of triplet transfer is obtained from
delayed PL decay measurements. We find that the transition
from the tetracene polymorph TCI to TCII is essential for
efficient triplet transfer. This suggests that the orientation
(with respect to the surface), and the packing of the singlet
fission molecule is crucial for an efficient triplet transfer
process. Future research should focus on an optimal alignment
of tetracene molecules by preparing a pure TCII polymorph on
Si and potential combinations of both interlayers and
polymorph control, which could lead to the optimal triplet
transfer efficiency. This could then enable the inexpensive
manufacture of efficient singlet fission-sensitized Si solar cells.
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