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Evidence for Hybrid Inorganic—Organic Transitions at the

WS, /Terrylene Interface

Boubacar Tanda Bonkano, Samuel Palato,* Jannis Krumland, Sergey Kovalenko,
Philipp Schwendke, Michele Guerrini, Qiuyang Li, Xiaoyang Zhu, Caterina Cocchi,

and Julia Stéhler*

The realization of the potential of hybrid inorganic organic systems requires an
understanding of the coupling between the constituents: its nature and its
strength. The observation of hybrid optical transitions in the monolayer

WS, /terrylene hybrid is reported. The first-principle calculations, linear optical,
and transient absorption spectroscopy are employed to investigate the optical
spectrum of the hybrid, which exhibits a new transition that does not appear in
the constituents’ spectra. The calculations indicate type Il level alignment, with
the highest occupied level of terrylene in the gap of WS,. Exploiting state-resolved
transient absorption, the response of the hybrid interface to optical excitation
is selectively probed. The dynamics reveal rapid hole transfer from WS, to the
terrylene layer, with a decay time of 88 ps. This hole transfer induces a bleach of
the hybrid transition, which indicates that terrylene contributes to its initial state.
Based on this, the hybrid resonance energy, and on our calculations, we assign
the hybrid feature to a transition from the highest occupied molecular orbital of
terrylene to the conduction band of WS, close to the T point. The results indicate
that the conditions for strong electronic coupling are met in this hybrid system.

semiconductors to produce materials with
tailored properties.>*! In particular, mono-
layer transition metal dichalcogenides
(IMDCs) provide high charge mobility,
a wide, direct bandgap, and are often
chemically robust.”) Recent growth and
deposition methods offer unique design
opportunities, while their strong suscepti-
bility to their environment enables tuning
of the heterostructure properties, whether
by encapsulation or coupling.**” The
combination of TMDCs with organic
semiconductors is, thus, auspicious with
regard to useful hybrid properties that go
beyond the bare linear combination of
the attributes of the separate components.

The performance of hybrid systems
leverages interface-specific states and
processes such as hybridized electronic lev-

1. Introduction

One promising pathway to overcome the limits of silicon-based
technology!' ™ is the search for new materials and material com-
binations with advanced optoelectronic properties going along
with simple synthesis and long-term stability. In this context,
hybrid systems consisting of inorganic and organic compounds
(HIOS) promise to merge the strengths of inorganic and organic

els, "2 mixed optical transitions,*!
charge separation and migration,®”]
and interlayer excitons."®'”! For example,
trapping the charges at the interface into interlayer excitons
can be detrimental for light-harvesting applications.
Conversely, the same interlayer excitons enrich the emission
spectrum at longer wavelengths and could thus be exploited
for sensing applications. The occurrence and strength of such
phenomena depend crucially on the energy level alignment,
the resulting wave function overlaps as well as on the electronic
coupling strength of the constituents. These determine not only
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whether energy levels hybridize, but also if (bright) optical tran-
sitions result and how far charge and energy transfer processes
lead to the formation, decay, or bleach of excited hybrid states
and transitions. It is the complexity of HIOS that generates a
fragile balance between several counter-acting processes that
may or may not lead to hybrid signatures in a given system.
This is why—despite a plethora of experimental and theoretical
studies on combinations of different TMDCs,®?**!) TMDC/
organic interfaces,”” and combinations of these with
nanoparticles!®***! —a complete understanding of this complex
and sensitive interplay has still not been achieved. To tackle this
issue, it is useful to combine complementary experimental
techniques with theory and identify systems that allow for the
disentanglement of elementary processes.

The detection and characterization of hybrid features are in
many cases challenging, in particular on the basis of steady-state
spectroscopy. The bare observation of new peaks in an absorption
spectrum is not necessarily an unambiguous proof of the hybrid
character of the transition, as differences in growth conditions and
changes to the dielectric environment can simply cause optical
resonances to (dis-)appear. One way to obtain additional informa-
tion on the character of a new transition is the use of ultrafast
spectroscopy,***! which probes the changes of the sample prop-
erties under nonequilibrium conditions after photoexcitation and
allows the educated choice of excitation energy that selectively
excites different transitions and/or regions in the sample.

Here, we report on the observation of hybrid excitations and
dynamics at the WS,/terrylene interface using linear and
transient absorption spectroscopy in combination with ab initio
calculations. A new transition at 2.6 eV is observed in the hybrid
system using steady-state spectroscopy. Based on first-principles
calculations of the energy levels, which indicate type II align-
ment, and on the measurement of the response of the hybrid
to interface-specific excitation, we can assign this new spectral
feature to a hybrid transition between the terrylene HOMO
and the WS, conduction band (CB) near the I' point of the
Brillouin zone where it exhibits enough sulfur character to allow
for orbital overlap with the organic. Furthermore, we observe that
selective excitation of the WS, A exciton is followed by ultrafast
hole transfer to the terrylene HOMO within 200 fs. The recom-
bination of electrons and holes occurs on the significantly longer
timescale of 88 ps due to the large excess energy that needs to be
dissipated in this process. It can be concluded that the WS,/
terrylene system exhibits a broad selection of hybrid features
and, thus, is a useful model system to study the interaction of
organic and TMDC materials.

2. Results

Figure 1a shows a scheme of the sample under study. The sam-
ple consists of a monolayer WS, flake on fused silica obtained by
the gold tape exfoliation method,'® onto which a terrylene film
with a nominal thickness of 10nm (gray area) was deposited
by evaporation using a Knudsen cell (see Methods section).
A representative thickness measurement by atomic force micros-
copy (AFM) is shown in Figure 1b. The morphology of the
terrylene film shows small grains with a diameter of
~100 nm. Both, WS, and terrylene, absorb in the visible range.
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Figure 1. Hybrid WS, /terrylene system. a) Scheme of the sample. b) AFM
image of the terrylene layer on WS,. c) Absorption spectrum of the hybrid
system and individual constituents. In the absence of interactions, the for-
mer spectrum should be the sum of the two contributions. A new feature
located at 2.6 eV is visible in the hybrid system.

The WS,/terrylene hybrid system is, therefore, expected to
exhibit rich dynamics arising from coupling and charge transfer.

Figure 1c shows the absorption spectrum of the hybrid along-
side the spectra of the individual components. We first review the
spectroscopic response of the individual components. The optical
spectroscopy of monolayer WS, has been studied extensively
(see, e.g.,”?°%), which is why we only briefly summarize the
main features here. Figure 1c shows the absorption spectrum
of monolayer WS, on fused silica obtained by gold-tape exfolia-
tion, in blue.!® It is characterized by a series of absorption peaks
associated with bright excitons, called A (1.99¢€V), B (2.38eV),
and C (2.83eV). The A and B excitons originate from vertical
transitions at the K point of the Brillouin zone. The energy
difference between the two excitons is mainly due to spin-orbit
coupling separating the valence band (VB) into two sub-bands at
the K point (see Figure 2). The C band has been assigned to direct
transitions located along I'-K axis of the Brillouin zone and
enhanced by band nesting.****! Excitonic properties play a
crucial role in the electronic structure and optical properties
of monolayer WS,.

The spectroscopic properties of terrylene are intermediate
between those of its smaller and larger siblings: perylene and
quaterrylene. Figure 1c shows the spectrum of the terrylene film
deposited on a fused silica substrate in gray. The absorption spec-
trum of isolated terrylene molecules in p-xylene solution exhibits
the standard response of polycyclic aromatic hydrocarbons, with
a strong absorption at 2.22eV and a characteristic Franck—
Condon lineshape due to coupling to ring distortion modes
(see Figure S1, Supporting Information).***”) Aggregation
of terrylene enables strong intermolecular interactions which

© 2023 The Authors. physica status solidi (a) applications and materials science
published by Wiley-VCH GmbH

8519017 SUOLULIOD BAIERID 3|qedl|dde au) Aq peuienob afe apile YO &SN JO 3N o Aeig i aulIUO 8|1 UO (SUOTIPUOD-PUE-SLULBYWD" A 1M AReiq1 Ul jUO//:SdIY) SUONIPLOD PUe SULB | 34} 88S * [7202/T0/92] U0 AReigi autju AB]IA ‘Heuds| BSID-ue d-Xe N JBd INHIsu|-BaeH-Z)H A 9YE00€202 essd/200T 0T/10p/wod" A 1M Afeiqijpuluo//Sdny woaj papeojumod ‘T ‘Y202 ‘6TE9298T


http://www.advancedsciencenews.com
http://www.pss-a.com

ADVANCED
SCIENCE NEWS

physica
status
solidi
[+))

www.advancedsciencenews.com

Www.pss-a.com

(@) -1 (b) r-1 ()
] — -1.68 LUMO
— . e s
] e 2,60
= =
L 43— -3.67 PRC . \
5 1 2 omo
O _5 ] 5 | e L 5 [
6] 0 -5.93 ’ ' — Fs
] JE— -6.01
_7 - ] - _7
T T - . '
r K M r hybrid  bulk vacuum

Figure 2. Calculation of the electronic structure of WS, and terrylene in the hybrid. All energies are referenced to vacuum. a) Band diagram of monolayer
WS, calculated using DFT. The bands are colored according to their contribution from the S orbitals. Renormalization due to screening in the hetero-
structure is included. b) Energy of the molecular orbitals (MOs) of terrylene in vacuum (right), of the terrylene film (bulk) and of the hybrid (hybrid).
The energy levels of the frontier orbitals at the interface are shown for three orientations of the molecule: face-on (solid), edge-on (dashed), and end-on
(dotted). MOs from LUMO + 3 to HOMO-5 in the face-on geometry are also shown. LUMO + 2 and LUMO + 3 are closely spaced and appear as a single

line. c) Frontier orbitals of terrylene. The isovalue is set to 0.02ag3/2.

significantly modifies the optical and electronic properties. The
intermolecular interactions are strongly dependent on film crys-
tallinity and packing geometry.*®! The spectrum of the film
shown in Figure 1c is broadened compared to the solution, con-
sistent with its disordered and polycrystalline morphology. The
suppression of the 0-0 vibrational line and the overall reduction
in absorbance is consistent with H aggregation in our sample*”’
and its partially ordered nature.

Having presented the spectra of the individual components,
we now discuss the spectrum of the hybrid. In the absence of
interactions, the spectrum of the hybrid should be similar to
the sum of the individual components, which is shown by the
dashed spectrum in Figure 1lc. Comparing the spectrum of
the hybrid to this independent sum reveals similarities and dif-
ferences. In the visible range, features associated with the A and
B excitons of WS, are clearly visible. Although there are changes
in amplitude, the shape and position of the A and B transitions
are not modified. For energies larger than 2.7 eV, the absorption
of the hybrid is reduced with respect to the absorption of WS,.
This effect persists over the entire bandwidth available to us (up
to 6 eV, see Figure S2, Supporting Information) and will not be
discussed further here. Despite this change in magnitude, fea-
tures associated with the C exciton peaks are visible in the hybrid.
Deeper into the UV, the absorption features of the hybrid system
align with the absorption peaks of the terrylene film (see Figure
S2, Supporting Information). At energies larger than 2.7 eV, the
spectrum of the hybrid therefore resembles the spectrum of non-
interacting components, albeit with a reduced amplitude. The
excitonic features of WS, are, therefore, still present in the hybrid
and generally undisturbed.

In addition to these similarities, a new feature is visible in the
spectrum of the hybrid system. It manifests as an increase in
absorbance centered at 2.6eV. It has no correspondence to
any absorption feature of the isolated components, nor their
sum. This absorption band is, therefore, a new excitation allowed
exclusively in the hybrid system. We designate this new transi-
tion as the H band as it occurs in the hybrid sample. Its spectral
position and width are difficult to extract as it is located in a
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region of the WS, spectrum with many overlapping contribu-
tions. Detailed modeling of the WS, spectrum requires the inclu-
sion of weak signals from the higher B excitons (2S5, 2P, etc.).
Multiple bands also contribute to the region of the C exciton.”*"!
Extracting spectral parameters for the H band is therefore chal-
lenging. A fit to the spectrum of the H band results in an esti-
mated position of 2.6 eV and a FWHM of 294 meV (see Figure
S3, Supporting Information). Our model likely overestimates the
width and amplitude of the band, as it does not include the
higher B exciton states. Nevertheless, the width is comparable
to literature values for the width of the B and C excitons in
WS,.19:40]

It is not possible to assign this transition from the absorption
spectrum only; it may have interfacial character, but could also
result from structural modifications of the terrylene film. Further
information is required to an interfacial transition and to gain
insights into the underlying processes. In the following, we
review the standard optical coupling mechanisms, perform cal-
culations of the electronic structure of the hybrid, and measure
the nonequilibrium response of the film to optical excitation at
the interface to gain insights into the nature of the H band and
understand the electronic structure of the hybrid system. The
final assignment of the H band to a hybrid transition will be ratio-
nalized in the Discussion section.

Two standard coupling mechanisms can give rise to the new
transition when two materials interact.?**! The first is dipole—
dipole coupling, also known as Kasha coupling. When two oscil-
lating dipoles are brought in close proximity, they interact
through space, being in each other’s electric field. The coupling
strength J,, depends on the geometrical arrangement of the two
dipoles p, and py, according to

:ﬂa “Pb — 3(”3 ?)(ﬂb ?)
ab 4merd,

1)

where r,;, is the distance between the two dipoles, 7 is the cor-
responding unit vector, ¢ is the dielectric constant of the
medium, and p,);, are the transition dipole moments of the
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spectroscopic transitions. When the coupling is large, dipole—
dipole coupling can result in the mixing of the two electronic
transitions, and therefore to delocalized excitons. This causes
a symmetrical shift of the transitions and redistribution of the
transition moments.*"! Critically, the strength of dipole—dipole
coupling is proportional to |g,||p|. It therefore vanishes for dark
transitions.

Hybrid spectroscopic transitions can also occur by direct
transitions between the energy levels of the two constituents.
This phenomenon can give rise to new optical transitions which
are not a simple combination of the optical transitions of the
components. In the absence of scattering and after subtraction
of reflection losses, the absorbance is proportional to the
absorption coefficient a, given by

a(v) < Y valusl?G(v — vg) (2)
if

where v = E/h is the optical frequency, vz = (Ef — E;)/h is the
energy difference between the final (f) and initial states (i),
expressed as a frequency, pg is the transition dipole moment
for the i — f transition, and G(v) is a lineshape function with
unit area. pg is given by

#s = . / o} (" (1) P ()

where g, is the elementary charge, ¢(r) are the wavefunctions,
and 7 is the position operator. Equation (3) demonstrates the
known fact that optical transitions require spatial overlap of
the two wavefunctions, and, hence, of the corresponding electron
densities. In a hybrid system, this can either occur due to overlap
of the wavefunctions of the two components, or if at least one of
the orbitals is hybridized and extends across both constituents,
the second case implying the first.'") In addition to spatial over-
lap, the optical transition must obey the standard selection rules:
it must be momentum-direct as well as spin- and symmetry-
allowed. Symmetry breaking at the interface makes the latter con-
dition more readily met than in bulk media.l*”

To understand the spectrum of the hybrid system and the
dynamics, it is necessary to know the electronic structure of
the constituents and their relative alignment. Figure 2 shows
the results of abinitio and electrostatic calculations of the indi-
vidual components and heterostructure. Figure 2a shows the
band diagram of WS, calculated from first principles. The color
of the bands indicates their sulfur character. Bands with low sul-
fur contribution (blue) are located on the d orbitals of the W
atoms, at the center of the monolayer. They, therefore, do not
overlap with the n orbitals of the organic layer and are thus less
susceptible to coupling in the heterostructure, whether for orbital
hybridization or for a spectroscopic transition. Due to their
atomic thickness, monolayer transition metal dichalcogenides
are highly sensitive to dielectric screening by their environ-
ment.”*?% We include the screening of both the substrate
and the terrylene layer (see below and Methods section). This
contribution symmetrically shifts the band extrema at the
K-point, reducing the bandgap by 0.32 eV. This effect is already
included in the the band diagram in Figure 2a.
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Figure 2b shows the energy of the molecular orbitals (MOs) of
terrylene. First, we compute the energies for an isolated molecule
in vacuum (right) using density functional theory (DFT, see
Methods section). For a more accurate estimation of the energy
levels in the bulk terrylene film, we include screening by the
surrounding terrylene environment. Using real-time time-
dependent DFT of a terrylene molecule in a polarizable medium,
we estimate the dielectric constant of bulk terrylene as ¢ = 3.2
(see Methods section). This reduces the calculated gap between
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of an embedded terrylene
molecule to 1.84 eV. This calculation neglects aggregation effects
that are important in the electronic and excitonic properties of
organic films, such as dipole-dipole and charge transfer
coupling.** However, it should provide a reasonable estimate
of the gas-to-crystal shift and provide a good starting point from
which to understand the aggregate.

We further calculate the impact of electrostatic screening on
the energy of the terrylene orbitals at the hybrid interface using
LayerPCM."**! The geometry used in the calculations is the same
as for WS, (see Methods section for details). As the interface is
anisotropic, the energies of the MOs depend on the orientation of
the terrylene molecule relative to the interface. Figure 2b shows
the results for the face-on (solid lines), edge-on (dashed lines),
and end-on (dotted lines) orientations. Screening at the interface
further reduces the HOMO-LUMO gap and shifts the energies
of the frontier orbitals differently with respect to bulk terrylene,
but the variations of the gap size are small. In the face-on geom-
etry, both the HOMO and the LUMO lie at lower energies than in
the bulk film. Conversely, in the end-on geometry, both states lie
at higher energies than in the bulk. The edge-on geometry shows
intermediate results. This variation in band alignment provides
opposite driving forces for charge migration to and from the
interface, depending on local geometry.

States beyond the frontier orbitals and band edges can also
participate in hybridization at the interface. Figure 2b also shows
the energies for states ranging from HOMO-5 to LUMO + 3. The
occupied (virtual) states were shifted keeping their energy differ-
ence to the HOMO (LUMO) constant. All terrylene orbitals in
this energy region have m character. The isosurface of the
LUMO and HOMO are shown in Figure 2c. The different
MOs of terrylene occupy the same spatial region both above
and below the molecule’s plane, albeit with distinct nodal
patterns.

Figure 2a,b represents the best estimate available to us for the
energy level alignment of the WS, monolayer and terrylene film
at the interface. These calculations were shown to have a similar
accuracy to more expensive methods, while further including the
geometry of the heterostructure.*) However, these calculations
do not include microscopic effects such as interface dipoles that
cause charge transfer across the interface due to Fermi energy
alignment. In the case of the similar perylene molecule on
WS,, calculations reveal an interfacial dipole pulling electrons
toward WS,.1'!l In the absence of polar chemical bonds of chem-
isorbed molecules and without permanent dipole moments in
the adsorbed species, such interfacial dipoles typically lead to
energy shifts of few 100 meV or less.[*”! As our calculations indi-
cate that the WS,/terrylene interface exhibits type-II alignment
with a HOMO-VB energy difference of ~0.80eV and a
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CB-LUMO separation of ~0.87 eV, such minor shifts due to
interfacial dipoles should not affect the general type-II align-
ment. Thus, our calculations indicate the WS,/terrylene hybrid
system should favor charge separation after optical excitation,
with electrons accumulating in the TMDC monolayer and holes
in terrylene, potentially migrating into the film. Note that the
LUMO of terrylene is located within the bandwidth of the lowest
CB of WS,, favoring chemical hybridization. Similarly, the
HOMO-1 to HOMO-5 states are located within the highest
VB, and are likely candidates for the formation of hybrid
states.!"]

To assess whether charge separation occurs and to gain
further insights into the hybrid state, the relaxation of the system
to photoexcitation is measured via transient absorption (TA)
spectroscopy. The sample is first photoexcited using an ultra-
short laser pulse resonant with specific transitions in the sample,
in our case resonant with the WS, A exciton. A broadband probe
laser pulse then monitors the change in the absorbance of the
sample following photoexcitation.!*®! The experiment is repeated
at various pump-probe delays to measure the relaxation dynam-
ics in the sample. The experiment thus measures changes in the
absorbance of the sample AA as a function of both probe energy
and pump-probe time delay, for specific excitation conditions. In
TA spectroscopy, a negative signal corresponds to a reduction in
the absorbance (bleach), which can be due to a depletion of the
ground state (ground-state bleach, GSB) or due to stimulated
emission. A positive signal indicates an increase in the absor-
bance, termed excited-state absorption (ESA). A signal can also
arise when the position or shape of a spectroscopic resonance is
perturbed in the excited state, even if its total transition dipole
moment is not reduced. For example, a shift of the resonance
toward lower energy (red-shift) yields a positive value of AA
on the low-energy side and a negative value of AA on the
high-energy side. In this case, the TA spectrum has a shape sim-
ilar to the derivative of the absorption spectrum. The transient
spectra measured at different time delays give valuable informa-
tion regarding shifts of the energy levels and population
dynamics.

In TA, careful selection of the excitation conditions enables
the control of the initial excited state. This ability to specify
the initial population has been exploited extensively to study pro-
cesses ranging from chemical reactions to carrier relaxation in
confined semiconductors./*”~>! In all experiments reported here,
we used an excitation resonant with the A exciton. The A exciton
is the lowest electronic excitation, therefore, this state has access
to less relaxation channels. Furthermore, as the terrylene film is
transparent at the wavelength of the A exciton, this excitation
condition selectively excites the WS, monolayer film and enables
us to selectively probe the response of the interfacial region. Our
TA experiments are, therefore, interface-specific. Figure 3a
shows the TA spectra obtained from the WS, monolayer on fused
silica and the hybrid sample at selected time delays. Comparing
the response of the isolated WS, monolayer to the hybrid system
provides insights into the dynamics in the hybrid.

We start by analyzing the spectrum of WS,. The spectrum,
shown in Figure 3a, bottom, reveals derivative lineshapes at
the positions of the A, B and C excitons, which correspond to
a red-shift of the resonances. At early time delays, the A
transition shows a net bleach contribution. These results are
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Figure 3. Dynamics of WS, and hybrid following excitation resonant
with the A exciton. a) Transient spectra at selected time delays for WS,
(bottom) and the hybrid system (top). Spectra of WS, offset for clarity.
b) Dynamics of the band integrals. The positions and boundaries of
the band integrals are indicated in panel (a).

in agreement with previous results obtained in similar fluence
range.?'3227%] (See Figure S4, Supporting Information for
the entire traces.) As the time delay is increased, the amplitude
decreases, but the overall spectral shape remains the same.

Figure 3a also shows the results obtained for the hybrid sys-
tem using similar excitation conditions, i.e., only the A exciton is
populated while the spectral response of the hybrid is monitored.
Some similarities exist with the signal from WS,. The A exciton
shows a Dbleach signal and signatures of a small red-shift.
A derivative-like feature is also apparent around the position
of the B exciton, although the feature is less defined. This can
be attributed mainly to the overlap with a broader bleach signal
at higher energies. A faint derivative feature can also be observed
at 2.8 eV, the position of the C exciton. In addition to these s
imilarities, a broad ESA continuum arises below the energy of
the A exciton. Furthermore, a bleach signal at 2.6 eV overlaps
with the signals of the B and C exciton. This net bleach signal
indicates a bleach of the H transition. Thus, exciting the A state
of WS, leads to both a bleach of the H transition and an
absorption continuum below the A exciton.

To gain further insights into the origin of these signals, we
analyze the excited state kinetics. To do so, we compute band
integrals. The band integral I is defined as

10 =1 1 / " 4

va/v1) Ju, v

where t is the pump-probe time delay, v, and v, are the bound-
aries of the band, AA is the change of absorbance, and v is the
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frequency.®*”! Careful selection of the boundaries enables the
selection of specific contributions. When the band encompasses
an entire absorption feature, the band integral is proportional to
the change in the transition dipole moment of the ensemble (see
Equation (2)). Therefore, selecting a band that covers the entire
width of a shifting peak removes the contribution from the peak
shift to the dynamics and isolates the net change in absorption
coefficient.”® We make use of this property to remove the con-
tribution from the peak shifts of the A, B, and C excitons to the
dynamics.

The selected band integrals and their boundaries are shown on
Figure 3a. The bands were selected to isolate specific contribu-
tions arising from the A exciton, ESA continuum, and hybrid
state. For the A band, the boundaries encompass the entirety
of A exciton transition, including the shifted transition at early
delays. This band integral, therefore, isolates the reduction in
the absorption of the A exciton irrespective of peak shifts. The
same boundaries are used for the band integral of the A excitons
of WS, and the hybrid. The ESA band is located on the low-
energy side of the A band and extends to the lower edge of
our detection bandwidth. The H band integral is located above
the signal from the B exciton, and contains the shifting C exciton.
Selecting these boundaries therefore removes the contribution of
the peak shift of the C excitons from the dynamics. This band
integral thus reveals the dynamics of the bleach of the H
transition. In all cases, it was verified that the resulting kinetic
transients are not sensitive to minor changes of the boundaries.
For completeness, it should be noted that, in the case of the ESA
continuum, the decay is homogeneous over the selected range.
In the case of the H band integral, identical results can be
obtained by selecting thin bands between the B and C excitons
or above the C exciton, albeit with a worse signal-to-noise ratio.

The resulting kinetics are shown on Figure 3b. To facilitate
comparison, the ESA band was multiplied by —1.7. The signals
from the A bands of WS, and the hybrid sample (light and dark
blue) show qualitatively similar kinetics. The net bleach of the A
exciton decays within the first few ps after excitation. These
kinetic profiles correspond to the recovery of the oscillator
strength of the A exciton, and are therefore related to decay of
the population of the bright A exciton as well as scattering of sec-
ondary charge carriers away from contributing bands. The faster
rate in the hybrid system is consistent with additional relaxation
pathways for excitons and charge carriers in the hybrid system
compared to the WS, monolayer.

By contrast, the ESA continuum (green) and the H transition
(red) exhibit much slower dynamics. The signals appear almost
instantaneously. A fast build-up component is visible in the first
200 fs of the ESA band. Most of the decay occurs on the timescale
of tens of ps. Critically, their decay profile is nearly identical.
There is a small discrepancy before 2 ps, which we assign to
the imperfect cancellation of the C exciton peak shift in the H
band integral. The identical behavior of the two decay profiles
indicates the ESA and bleach of the H transition arise from
the same excited population.

The timescales of the dynamics are quantified by curve fitting.
The resulting fits are shown as black lines on Figure 3b. In all
cases, a tail fit is performed, excluding the first 150 fs. The early
part of the signal is contaminated by extra contributions from
coherent processes due to the overlap of the pump and the probe
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Table 1. Time constants for the global decay models. Numbers in
parentheses indicate the uncertainty on the last two digits.

Sample 7a [ps] 71 [ps] 72 [ps] Tlong [NS]
WS, 1.20(15) - - 0.74(44)
Hybrid 0.473(60) 3.07(40) 88(10) 1.14(26)

pulses.[**¢>*I The decay of the A exciton in WS, is fitted with a
biexponential decay with time constant 7, for the fast decay com-
ponent and 7., for the slow decay component.

The three kinetic transients from the hybrid state are fitted
globally with a total of four exponential functions (see methods
section), albeit not all of them contributing to all kinetic
traces equally as discussed in detail in the Experimental section.
The time constants are 7, for early delays, 7;, 7, for intermediate
delays and 7y, for decays on very long timescales. The results
are collected in Table 1. The constant 7, is associated with the
early time delays of the A band integral in the hybrid sample,
and is given the same interpretation for WS, and the hybrid.
The time constant 7; is involved mainly in peak shift dynamics,
which we do not analyze here.*” The time constant Tiong 1S Weak
and poorly sampled here. The time constant 7, = 88 ps occurs
mainly in the ESA and H band integrals, which share kinetics
over the entire measured time range, and will be discussed
further below.

3. Discussion

The observations can be summed up as follows. First-principles
calculations accounting for screening in the heterostructure indi-
cate type-1I level alignment, with the HOMO of terrylene located
in the bandgap of WS,. The LUMO overlaps with the CB of WS,,
while the first few occupied states below the HOMO overlap with
the VB. These states are therefore candidates for hybridization
with the WS, states. Hybridization is further favored for bands
which have a significant contribution of S orbitals."" The pres-
ence of the HOMO in the gap opens up the possibility of novel
transitions between the HOMO and the CB of WS,.

The absorption spectrum of the hybrid sample exhibits signa-
tures of the A, B, and C excitons of WS,. The energies of the A
and B excitons are not significantly perturbed. The absorption
spectrum of the hybrid exhibits a new absorption feature called
H, located at 2.6 eV, between the B and C excitons. Selective exci-
tation of the interface is achieved by tuning the excitation wave-
length to resonance with the A exciton of WS,. The H band
responds to this excitation with a magnitude similar to the exci-
tons from WS,. Therefore, the H band must be localized at the
interface. As it is only observed in the hybrid, it must arise from
the interaction of terrylene and WS,.

Two mechanisms can mediate the interaction: dipole-dipole
coupling and transitions involving both components of the
hybrid. Dipole—dipole type coupling can be ruled out for two rea-
sons: the coupling strength is proportional to the transition
dipole moment, which is very weak for terrylene in this spectral
region (see Equation (1)). Furthermore, dipole-dipole coupling
has specific phenomenological signatures: a symmetric shift
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of the participating transitions and conservation of the total peak
areas. Our sample does not conform to either of these traits. The
new feature, therefore, arises from a hybrid transition. The
observation of this hybrid transition implies orbital overlap or
delocalization as a necessary condition. The response of the H
band to excitation of the WS, monolayer confirms its interfacial
nature, and the coupling mechanism implies strong electronic
coupling in the hybrid.

Selective excitation of the A exciton in the WS, monolayer
gives rise to different dynamics in the TA data of the hybrid
sample. While the relaxation of the WS, features remains
qualitatively similar, the hybrid sample exhibits two extra optical
signals in the hybrid system: an ESA continuum below the A
exciton resonance energy and a bleach of the H transition.
Both new features show an ultrafast build-up within the first
200fs and decay with identical kinetics. The decay kinetics is
dominated by a time constant of 88 ps.

We explain these observations using the scheme shown in
Figure 4. In this figure, the energy of the A exciton is displayed
on the band diagram to facilitate comparison, even though exci-
tons are not formally part of the same basis as electrons and
holes. We placed the A exciton energy as it would be probed
in a photoemission experiment, by aligning all the states with
respect to the vacuum level. An equivalent alignment can be
obtained by aligning the ground state in the exciton basis
(so-called exciton vacuum) with the top of the valence band.

From the optical spectrum, we observe that the energies of the
A and B exciton are not perturbed, which implies the band
extrema at the K point do not couple directly to terrylene states.
This can be explained both by energy level alignment and by the
low sulfur character of the contributing bands, localizing them
inside the WS, monolayer around the W atoms.

Our assignment of the H transition is based on the results of
the TA experiment. As emphasized above, the excitation pulse
was selected to exclusively generate a population of A excitons,
at the interface. This process is indicated by the blue arrow. The
H band responds to these excitation conditions within only 200 fs
and thus the corresponding transition must be located at the
interface. The electron and hole states forming the A exciton

h
c
<
o

ol

44— A H

Energy (eV)

200 5| Jo -

Figure 4. Processes and spectroscopic observables in the hybrid system.
Note that energy levels are aligned with respect to the vacuum level, which
allows to indicate the energy of the A exciton (two particles) in the
single-particle band structure of WS,. This is the energy at which the elec-
tron of the A exciton would be probed in a two-photon photoemission
experiment.
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are located at the K point. The relaxation kinetics of the A exciton
bleach differ from those of the H transition bleach. Therefore,
these two transitions do not share a population. This rules out
the possibility that the H transition occurs from the top of the
VB, or into the minimum of the CB. Furthermore, as the excita-
tion is localized inside the WS, monolayer (d orbitals of W at the
K point), the response of the H transition indicates that the
corresponding states are located at the interface, and that
the H transition is not a property of the bulk film, such as a
different crystal structure in the hybrid.

Type II level alignment permits the transfer of the hole of the
A exciton to the HOMO of terrylene. This is a new relaxation
channel available in the hybrid for the relaxation of holes at
the top of the VB. The transfer of part of the A exciton hole pop-
ulation across the interface to the HOMO of the terrylene mol-
ecules is indicated by the black arrow. The occurrence of this
process is consistent with the abrupt bleach of the H transition
and appearance of the ESA continuum, which occurs within the
first 200 fs after excitation, as discussed below. This process
releases enough energy (0.8 eV, c.f. results section) to unbind
the exciton and promote the corresponding electron into the free-
particle CB of WS,. Once the holes have transferred to the
HOMO, new transitions from the deeper VBs of WS, to the
HOMO (electron vacancy) become possible, which is consistent
with the flat shape and energy distribution of the ESA contin-
uum. Due to the comparably large contribution of sulfur orbitals
to the VBs in this part of the electronic band structure, the M
point is a likely candidate (green arrows in Figure 4). The energy
of the VB at the M point overlaps with the energy of the HOMO-2
to HOMO-5 states, which favors mixing of these states. Mixing is
expected to enhance the oscillator strength of this transition. We
also note that the terrylene radical cation has spectroscopic tran-
sitions in this spectral region.’”) The ESA continuum at low ener-
gies is therefore consistent with hole transfer to the terrylene film.

Simultaneously, the hole population in the HOMO of the ter-
rylene molecules bleaches the H transition, indicating that the
initial state of the H resonance is the HOMO. The hole transfer
thus explains both observations, the H transition bleach and the
ESA continuum - as well as their coinciding dynamics. The
energy of the H resonance is larger than both the HOMO-
LUMO gap of WS, and the S, — S; transition in terrylene.
The Sy — S, transition is located at 3.6 eV and is symmetry for-
bidden. Therefore, we assign the H transition at 2.6 eV to a tran-
sition from the HOMO of terrylene to the CB of WS,. This
assignment is supported by the energy of the transition, the spec-
tral features of the TA spectra, and the different dynamics of the
A exciton and H band bleaches. We further suggest that this
transition is located at or close to the I' point. According to
our first-principles calculations, the energy of 2.6eV closely
matches the energy difference between the HOMO and the
CB at I. Furthermore, the high contribution of S orbitals to
the CB at I" enhances orbital overlap between the two compo-
nents, favoring hybrid transitions. This transition is bleached
when holes have transferred from the WS, to the terrylene
HOMO and recovers once these holes are filled with electrons
after 88 s. Thus, we assign the H band to a hybrid transition
between the HOMO of terrylene and the CB of WS,, with the
I" point as the most likely candidate.
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At a first glance, the quite substantial difference of hole and
electron transfer times from WS, to the terrylene film might
appear counter-intuitive. However, the side conditions of these
two processes differ significantly: in the case of the hole transfer,
~800 meV have to dissipated, while, at the same time, the elec-
tron of the A exciton needs to be lifted by several 100 meV to a
dispersive single particle state in the WS, CB. In other words, the
energy dissipation channel of the hole transfer process is already
built-in, due to the excitonic character of the initial state. In the
case of the electron transfer, the situation is vastly different: the
electron and hole are on different sides of the interface.
Recombination requires again a quite substantial energy release
of ~1eV or more, however, there are no directly related quasi-
particles that could absorb this energy as in the previous case.
It is not enough energy for across band gap excitations, leaving
only Auger-type scattering processes with carriers in the WS, and
energy release via light emission in the near-infrared, similar to
previous studies on inorganic/organic hybrid systems, 3156061
Keeping in mind that the electrons are localized in the CB mini-
mum at the K point of the Brillouin zone, Figure 4 indicates that
the WS, band structure offers only very few final states for Auger-
type scattering processes that could account for the energy loss of
21eV. In any case, they require large momentum changes.
Based on this, it seems highly likely, that the slow recombination
time across the interface is associated with a bright hybrid
transition, possibly preceded by hybrid exciton formation.

All of our key observations: the H transition observed in the
absorption spectrum, the ESA continuum observed in TA, the
ultrafast hole transfer, and the electron-hole recombination
across the interface indicate strong coupling in this TMDC-
organic hybrid system. Our results suggest that hybrids can
further be used to engineer optoelectronic properties by charge
separation and lifetime enhancement of photogenerated carriers.

4, Conclusion

We investigated a hybrid inorganic—organic system consisting of
a terrylene film on monolayer WS,. First-principle calculations
indicate type-II alignment with the HOMO of the terrylene mol-
ecules located in the WS, gap. Linear and time-resolved optical
spectroscopy reveal the presence of new transitions as well as
ultrafast charge transfer processes in the hybrid upon photoex-
citation resonant with the WS, A exciton. The transitions are
assigned to hybrid transitions where the orbitals of both compo-
nents participate. In particular, a new transition H at 2.6eV is
assigned to a dipole-allowed hybrid exciton formed of the
HOMO of terrylene and the CB of WS, in the vicinity of the
I" point. In transient absorption, this transition is bleached after
hole transfer from the TMDC to the terrylene HOMO, which
occurs in 200 fs. Concurrently, a photo-induced absorption con-
tinuum at low energies builds up and is assigned to a transition
from the VB of WS, to holes in the HOMOs of terrylene film.
This is followed by recombination via electron transfer from the
WS, CB at the I'-point to the terrylene in 88 ps, potentially pre-
ceded by interlayer exciton formation. The occurrence of these
transitions indicates spatial overlap of the orbitals of the inor-
ganic and organic components of the hybrid. The terrylene/
WS, hybrid system, thus, not only meets the conditions for
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strong electronic coupling. Due to the numerous, clearly distin-
guishable hybrid features, the terrylene/WS, is an interesting
model system to systematically modify and study hybrid
phenomena.

5. Experimental Section

Deposition of the Terrylene Film: The synthesis of terrylene was carried
out following a route published previously.?® Final purification was carried
out by multiple subsequent steps of crystallization from 1,2,4-
trichlorobenzene and sublimation. The terrylene film was deposited with
the help of a Knudsen cell under ultrahigh vacuum conditions. The pro-
cedure was identical for terrylene on a fused silica substrate and for the
hybrid sample (terrylene/WS,/fused silica). The deposition process was
monitored using a precalibrated quartz microbalance.®? Evaporation
was carried out at a crucible temperature of 244 °C and a chamber pres-
sure of 2 x 107" mbar. The onset temperature for evaporation of terry-
lene was 204 °C. The substrate was kept at 300 K. The evaporation was
carried out at an average rate of 0.5 nm min~". The resulting film covered
the substrate uniformly. The thicknesses of the terrylene films were mea-
sured by AFM in tapping mode (amplitude: 35 nm, Arrow NCPt tip). A thin
scratch was made on the sample using tweezers. The edges were mea-
sured in multiple locations yielding results ranging from 7 nm at the edge
of the substrate to 16 nm toward the center.

Ab Initio Calculations: Electronic properties are determined with density
functional theory. The band structure of free-standing WS, is calculated
with the plane-wave-based Quantum ESPRESSO!®®! and Wannier90
codes,'*! adopting the PBEO hybrid functional.®®! The band structure is
centered around the mid-gap energy predicted by PBE.*®! This approach
is based on the finding that PBEO gives reasonable estimates for bandgaps
of transition metal dichalcogenides, but poor ones the mid-gap position,
while the opposite is true for PBE.I*I PBE-based norm-conserving and fully
relativistic SG15 pseudopotentials are employed,®”® k- and q-grids of
12x 12 and 6 x 6 are used, respectively, the latter sampling the
Brillouin zone for the evaluation of the exact-exchange integrals.
Plane-wave kinetic energy cutoffs are set to 40, 160, and 120 Ry for wave
functions, density, and Fock exchange, respectively. Hexagonal lattice
constants are taken to be a = 3.19A and ¢ = 20A, thus introducing a large
vacuum layer decoupling the replica in the out-of-plane direction.

The bandgap renormalization due to screening is calculated by solving
Poisson’s equation for a point charge situated in a dielectric slab of thick-
ness 5.35 A representing WS,, sandwiched between semi-infinite dielec-
trics corresponding to the substrate and the aggregate.*! These media
are separated from the WS, slab by 0.95 A of vacuum each. The dielectric
constant of the fused silica substrate is taken to be ¢, = 3.9, while those of
WS, (61 = 11.33, g = 15.21) and the aggregate (e, = 3.2) are calculated
from first principles, as described in the next paragraph. The bandgap
renormalization is estimated as the difference between the electrostatic
polarization potential at the position of the added point charge with
and without encapsulating media.®¥ It arises in equal parts from a
decrease of the conduction band energies and an increase of valence band
ones.

The dielectric constants &, and ¢ of WS, are computed with the
random-phase approximation atop a PBE electronic structure, using the
Yambo codel® with 200 conduction bands and a plane-wave cutoff of
6 Ry. The dielectric constant ¢, of the aggregate is estimated with
time-dependent density functional theory on the adiabatic PBE level, as
implemented in the real-time, real-space code Octopus.”" The bulk aggre-
gate is modeled as a terrylene molecule inside a cavity carved into a bulk
dielectric. It is excited by an impulsive electric field E(t) = x5(t), where k is
the “kick strength”, and evolved in time; local field effects are included and
furnish the dipole with a dependence on the dielectric constant of the sur-
rounding polarizable medium, d = d(e,). The microscopic molecular
polarizability is inferred from the induced dipole moment and translated
into a macroscopic dielectric function with a Clausius—Mossotti-like
equation
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e — 4rd(e,)
xV

+1 (5)

where V is the volume of the cavity, which is constructed by interlocking
spheres centered at all atoms with the respective van der Waals radius
scaled by a factor of 1.2. The dielectric constant &, set for the surrounding
medium is adjusted until the resulting dipole moment d satisfies
Equation (5).

The frontier levels of a terrylene unit in the aggregate are determined
with the LayerPCM extension of Octopus.**! The ionization potential,
equal to the negative of HOMO energy, is the total energy difference
between the neutral molecule and the (electronically relaxed) single cation;
the electron affinity, i.e., the LUMO energy, is the total energy difference
between the neutral molecule and the single anion. As both ions are open
shell, corresponding total energy calculations are performed without spin
restriction. Screening effects due to the surrounding media are implicitly
included through the reaction potential in the Kohn—-Sham Hamiltonian.
Shifting occupied and virtual orbitals from PBE until the Kohn—-Sham
HOMO and LUMO energies match the values from total energy differen-
ces, we obtain estimates also for the energies of nonfrontier orbitals. In all
Octopus calculations, the simulation box is constructed as the union of
atom-spheres with radii 5 A and subsequently sampled with a grid with
spacing 0.2A in each direction. Consistent with the Quantum
ESPRESSO calculations, PBE is used for exchange and correlation in con-
junction with SG15 pseudopotentials.

Transient Absorption: The transient absorption spectrometer has been
described in details previously.*®”? The instrument is driven by a Ti:
Sapphire chirped pulse amplifier (CPA) with a central wavelength of
800 nm. The excitation pulse is generated by frequency doubling the signal
output of a tunable optical parametric amplifier. The probe beam is
generated by focusing part of the 800 nm beam into a CaF2 plate. The
instrument employs chopping and single-shot referencing to achieve high
signal-to-noise ratio.

For the results presented here, the excitation pulses had energies of
50n) pulse™ for WS, and 36 n) pulse™" for the WS,/terrylene hybrid.
The radius of the excitation beam at the sample is estimated to
250 pm. The radius of the probe beam is less than half this size. The
excitation fluences are 59pjcm 2 for WS, and 36pjcm 2 for the
hybrid. Using the absorbance values from the spectra on Figure 1c yields
nominal excitation densities on the order of 1.6 x 10" cm~2 for WS, and
7.7 x 10" cm™2 for the hybrid, neglecting optical saturation effects. The
pump-probe time delay was scanned in steps of 0.02, 4 and 8 ps. For each
sample, eight scans were averaged to increase the signal-to-noise ratio.
The polarization of the pump and probe beams were parallel.

The kinetics of the band integrals of the hybrid are fitted globally using a
sum of exponential decays. The model is expressed as follows

h(®) = > agexpl—t/1] (6)
J

where [;(t) is the band integral, i indexes the band integrals, j indexes the
components, aj is the amplitude matrix and 7; are the time constants. The
fitincludes a total of four bands integrals: the ESA, A and H band integrals,
as well as the band integral located between the A and H integrals. This
latter band is included in the global fit to extract the kinetics but not
analyzed, as its profile is sensitive to the exact location of the boundaries.
The use of four kinetic curves for four components is also standard in
global fitting procedures.”®! Left to its own devices, the fitting algorithms
have difficulty separating the four exponential components. However, the
early time component 7, is clearly independent of the others. Therefore,
we constrain the matrix a; to better separate this contribution. The
amplitudes for 7, is constrained to O for all band integrals except /.
The amplitudes for decay 7y is constrained to O for the A band integral.
These simple constraints enable the algorithms to correctly fit 75, yielding
results similar to an independent fit of /5. The use of a global fit for the
other three components enable the algorithm to converge robustly for all
of them. The curve fit is performed by least-squares minimization using
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the Nelder—-Mead simplex algorithm. The fit is refined by Markov-chain
Monte Carlo sampling of the posterior distribution of parameters, yielding
statistically equivalent results.
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