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ABSTRACT: The triplet exciton transfer from tetracene to silicon has recently found )}jl}é sp2+p cB
interest in the context of efficiently harvesting high-energy photons with sensitized silicon “yir’ e
solar cells. Density-functional calculations presented here show that at covalently bonded, e ¥ e
atomically perfect interfaces, no exciton transfer can be expected. The situation changes, Y S5 sp? B
however, as soon as realistic interface models are taken into account. Unsaturated Si 1] ] PN
dangling bonds on n-type silicon assist the exciton transfer. The calculations show gyt VB

furthermore that incompletely bonded interfaces as well as horizontally attached seed
molecules foster excitation transfer. Backfilling the interface, on the other hand, is detrimental to the interface's transport properties.

B INTRODUCTION hv
With the development of sensitized solar cells, conventional N
solid-state photovoltaic technologies are now challenged by _~

devices functioning at a molecular and nanolevel.' > In
particular, a sensitizing layer of singlet-fission material promises
to break the Shockley—Queisser limit° for the silicon solar cell
efficiency, which limits the theoretical maximum solar energy
conversion to about 30%. Such a layer can in principle double
the current generated by high-energy photons and significantly
reduce energy losses from high-energy photons within the solar
cell.”® A high-energy photon is absorbed in the sensitizing
layer by creating an excited singlet exciton state, which
subsequently splits into two lower-energy triplet exciton states.
The recombination of these triplets is spin-forbidden, which
means that they have a long lifetime. Provided the triplet

excitations can be transferred into the Si solar cell, they can be Figure 1. Sketch of a singlet fission-sensitized silicon solar cell.
harvested for electric energy (see Figure 1). Absorption of a high-energy photon by the tetracene layer produces a
Tetracene (Tc) is an archetypical material for singlet fission” singlet exciton. This singlet exciton undergoes singlet fission to

10,11 generate two triplet excitons. These excitons are then transferred to

and has been used successfully to sensitize Si solar cells. i ¢ ) ¢
the Si solar cell. An interface dangling bond defect is shown at rhs.

However, the mechanism by which the triplet excitons are
efficiently transferred from tetracene to silicon is not
understood.'*™"* Einzinger et al.'’ suggested electric-field-
effect passivation at the interface. A recent work by the Ehrler
group'* probes covalent bonding between the sensitizing layer
and the Si surface for transfer optimization. Both the interface
bonding configuration'>~"® and the functionalization of the
molecules'””* can be expected to generate and/or modify
electronic interface states and to affect the level alignment and
carrier mobility”"** at the interface.

In a recent study,” some of the present authors discuss
density-functional theory (DFT) calculations that suggest that
interface defects play a major role in the exciton transfer from
Tc to Si. The calculations, however, were made for a model
system, Tc molecules van der Waals bonded to Si(111):H. In
the present study, we go beyond these calculations and explore

the triplet exciton transfer across covalently bonded Tc—
Si(111):H interfaces. We focus on the structures prepared in
ref 14: Ehrler and co-workers synthesized two tetracene
derivatives, S-((trimethylsilyl)-ethynyl)tetracene and 2-
((trimethylsilyl)ethynyl)tetracene, where linker groups allow
for the functionalization of Si(111):H surfaces with horizon-
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tally and vertically positioned tetracene molecules, respectively,
forming a covalently bonded seed layer. Additionally, 1-
pentyne was used for backfilling.

B COMPUTATIONAL METHODS

Figure 2 shows the structures used in the present work to
model the interfaces prepared in the experiment: V and VP

Figure 2. Side views of the V, VP, and H structures (see text) used
here to model the Tc/Si(111) interface. Orange, black, and gray balls
indicate Si, C, and H, respectively.

represent structures with vertically bonded tetracene molecules
with and without 1-pentyne backfilling; H is used to label
interfaces with horizontally bonded tetracenes.

Here, spin-polarized DFT calculations are performed using
the Quantum ESPRESSO package***® with norm-conserving
pseudopotentials. The PBE functional®® within the generalized-
gradient approximation (GGA) is used to describe the electron
exchange and correlation (XC) effects. Dispersion interactions
are taken into account using Grimme’s DFT-D3 approach.””
Hybrid DFT calculations are performed using the HSE06>*
functional. Excited-state potential-energy surfaces obtained
from constrained DFT**~ are used for ab initio molecular
dynamics (AIMD) calculations that describe the time
evolution of the excitation.””** The Berendsen thermostat is
used for temperature control.”> Computationally, the present
work is on the same footing as ref 23.

The covalently bonded Tc—Si(111):H interfaces'* are
modeled here with the V, VP, and H structures shown in
Figure 2. They have a § X 2 lateral periodicity and are
characterized by a minimum molecule—molecule distance of
3.33, 2.87 (Tc—Tc distance, 2.43 Tc—pentyne distance), and
3.18 A, respectively. The supercells contain 8 atomic Si layers,
an overlayer consisting of 6 (V, VP) and 2 (H) tetracene
molecules, 2 1-pentyne molecules (VP), and a vacuum region
of 10 A. The Brillouin zone sampling is done usinga 2 X 2 X 1
mesh.

B RESULTS AND DISCUSSION

We calculate molecular (Tc) binding energies of 2.5 and 5.2
eV for the V—H interface models. The difference is due to the
enhanced dispersion interaction between horizontally attached
molecules and the substrate.

In ref 23, it was shown that HSEO6 provides roughly correct
excitation energies for both Tc and Si, while PBE under-
estimates the Si band gap but provides meaningful data for Tc
and the exciton dynamics at the purely physisorbed interface.*®
Based on this, we use HSE06 for quantitative results but rely
on PBE for the computationally demanding AIMD calcu-
lations.

In Figure 3, the band alignment calculated within HSE06 for
the V, VP, and H interface structures can be seen. Type-II, i.e.,
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Figure 3. Density of states and band alignment for Tc overlayers
covalently bonded to Si(111) calculated on the HSEO6 level of theory.
The ideal V, VP, and H structures shown in Figure 2 are considered.
Energies refer to the Si valence band maximum (VBM). Black and
orange denote Tc- and Si-related states, respectively.

staggered band alignment, is obtained for all models. This
suggests the possibility of exciton dissociation at the interface
with the transfer of electrons to Si. We probed that possibility
by performing room-temperature AIMD, using a Tc-localized
T triplet exciton as the start configuration. However, at ideal
interfaces, neither exciton nor charge transfer occurs. This
holds for both vertically and horizontally attached tetracene
molecules and is not affected by backfilling with 1-pentyne.
This agrees with the experimental findings of Ehrler et al,'*
who concluded that covalent bonding has a limited effect on
the triplet energy transfer from tetracene to silicon.

Real interfaces are characterized by defects, which
profoundly influence their electronic properties.’® In the case
of hydrogenated Si interfaces, the appearance of Si dangling
bonds (db) due to missing hydrogen® ™" is commonly
observed*' and considered in the following. In the case of n-
type Si(111) as used experimentally,'>** the db state is doubly
occupied in the ground state. The calculated densities of states
for the V, VP, and H interface structures with a db™ defect are
shown in Figure 4. The Si db~ state appears to be well
separated above the Si valence band maximum (VBM) as well
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Figure 4. Density of states and band alignment for Tc overlayers
covalently bonded to Si(111) calculated on the HSE06 level of theory.
Here, V, VP, and H structures with an interface db™ defect are
considered. Energies refer to the Si VBM. Black and orange denote Tc
and Si-related states, respectively.
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Figure S. Calculated room-temperature dynamics of the exciton transfer at the Tc/Si(111) interface (VP model with a db defect, example
trajectory with characteristic snapshots at 0, 105, 124, and 140 fs after the exciton has been trapped in the lowest molecular layer). Blue and red

isosurfaces indicate electron and hole localization, respectively.

as above the occupied Tc states. The band alignment of the
defective interface suggests hole transfer from Tc to Si.

In fact, room-temperature AIMD results in exciton transfer
from Tc to Si. Snapshots from an example trajectory are shown
in Figure S. The initial state corresponds to a Tc-localized
triplet exciton. As time progresses, the exciton hole is
transferred to the silicon substrate. At about 100 fs, it is
partially hosted by the Si db state. Its transfer to Si is
completed after about 130 fs. A few fs later, the exciton
electron is also transferred to Si.

Additional microscopic insight is gained from Figure 6,
where the time evolution of the Kohn—Sham states
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Figure 6. Evolution of Tc valence as well as Si db state energies along
the AIMD trajectory shown in Figure S. The color code shows state
localization in Si (red) and Tc (black), respectively. Also shown is the
z position of the Si db surface atom (blue, displacement along the
surface normal).

corresponding to the trajectory in Figure S is shown. Initially,
the excited electron occupies the lowest Tc conduction band
state; the corresponding hole in the Tc valence band is
energetically below the doubly occupied Si db state. The Si
surface atom hosting the db state vibrates. As it moves up, the
db state energy is lowered in energy because for up positions, it
has predominantly sp* character. The db energy lowering leads
to energetical degeneracy, and subsequent hybridization, with
the uppermost Tc valence state hosting the exciton hole. This
quenches the barrier for hole transfer from Tc to Si. In the
example considered here, the transfer starts at around 40 fs and
ends at around 110 fs. The middle of the hybridization period

corresponds to the maximum z position of the Si db surface
atom, marked with the dotted line in Figure 6. Its subsequent
down movement is accompanied by a transition to sp* + p
hybridization,43 i.e, an energy increase of the Si db state. This
lifts the degeneracy with the Tc top valence state and leads to
complete localization of the exciton hole at Si.

The calculations discussed above show that interface defects
in the form of Si db may greatly assist in exciton transfer across
the covalently bonded Tc/Si interface. This is in line with
earlier findings for van der Waals bonded interfaces.”
However, further morphological details of the interface also
affect the exciton transfer. The comparison of the calculated
densities of states for the V and VP structures shown in Figures
3 and 4 shows that the backfilling with 1-pentyne lowers the Tc
conduction band energies relative to the Si conduction band
edge. This is due to the larger dispersion of the molecular
states resulting from the higher interface density, which will
hinder exciton electron transfer. In Figures 3 and 4, it can also
be seen that horizontally bonded Tc units have conduction
band states clearly above the corresponding Si states, thus
fostering the electron transfer across the interface. The electron
transfer should also be fostered by incompletely bonded
interfaces. In Figure 7, the densities of states of VP structures,
where all, half, and none of the Tc molecules are covalently
bonded to Si, are shown. It is seen that the Tc conduction
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Figure 7. Density of states and band alignment for Tc overlayers
covalently bonded to Si(111) calculated on the HSE06 level of theory.
Here, VP structures are compared where all (6/6), half (3/6), and
none (0/6) of the Tc molecules are covalently bonded to Si. Energies
refer to the Si VBM. Black and orange denote Tc and Si-related states,
respectively.
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states move up in energy upon reduction of interface bonds.
The rareness of transfer events in conjunction with the
numerical expense of the excited-state AIMD make it difficult
to quantify the defect-induced increase of exciton transfer
rates. However, the comparison of the trajectories calculated
for completely and incompletely bonded interfaces suggests
that nonbonded molecules speed up the exciton transfer by
about 10—30 fs. This underlines the importance of the band
level alignment at the interface for the optimization of the
exciton transport.

B CONCLUSIONS

In summary, the present calculations show that the covalent
attachment of a seed layer of tetracene derivatives to the silicon
surface does not per se enhance the exciton transfer properties
of the interface. In fact, exciton transfer does not occur at
perfectly bonded ideal interfaces. However, common db
defects—which are by no means restricted to the Si(111)
surface (see, e.g,, ref 39)—dramatically improve the exciton
transfer properties. On n-type Si, they give rise to interface
states above the Tc valence band edge that vary in energy and
shuttle the exciton holes into Si bulk. The exciton electron
follows with a few fs delay. The latter process is supported by
bonding the Tc molecules horizontally rather than vertically to
the substrate as well as by incomplete interface bonding. The
backfilling of the interface with 1-pentyne, on the other hand,
actually hinders the electron transfer. Generally, our work
underlines the importance of interface defects for the triplet
exciton transfer from the sensitizing layer to the Si substrate.
They may actually help to break the Shockley—Queisser limit.
This is expected to be a common feature for covalently bonded
sensitizing layers on Si substrates, which can be exploited to
enhance the solar cell efficiency. Additionally, the present
calculations show that the energy alignment at the interface—
sensitive to the interface bonding as well as the functionaliza-
tion of the molecular species—can be engineered to enhance
the charge transfer.
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