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Exciton and Excited-State Charge Transfer at 2D van der

Waals Interfaces

Nicolas Zorn Morales, Daniel Steffen Riihl, Emil List-Kratochvil, and Sylke Blumstengel*

Combining materials with diverse properties into two-dimensional (2D) van der
Waals heterostructures lies at the heart of electronic, optoelectronic, and pho-
tonic applications. Prerequisite is a significant degree of electronic or photonic
coupling of the constituents across the heterointerface. Understanding and
controlling these interactions is mandatory to achieve the desired functionality.
This review focuses on the charge and energy transfer processes and their
dynamics in a specific class of van der Waals heterostructures, namely such
composed of semiconducting transition metal dichalcogenides and conjugated
organic molecules. With the help of prototypical material combinations, the
importance of a precise knowledge of the interfacial electronic structure is
demonstrated as it governs the excited-state dynamics. This review aims at
providing basic design guidelines to achieve functional 2D organic/inorganic van
der Waals heterostructures with final properties that can be designed by careful

epxitaxy opens up a wide field of study to
create heterostructures that display novel
physical phenomena and enable unique
functionality.>” Of fundamental impor-
tance are interlayer interactions that give
rise to electronic,'®"* optical,"***! and
magnetic”'®! properties of vdWH which
can be qualitatively different from those
of their isolated components. An example
is the transition from a direct to an indirect
bandgap in group VI TMDCs when chang-
ing the number of layers.'”'® Further
degree of freedom can be added when com-
bining inorganic layered materials with
organic molecules that can be costume
designed with predictable properties.[*>="!

selection of the organic component.

1. Introduction

The seminal work by Geim & Grigorieval' on van der Waals het-
erostructures (vdWH) has ignited an immense research interest
in a wide range of two-dimensional (2D)-layered materials
including graphene, transition metal dichalcogenides
(TMDCs), hexagonal BN, 2D perovskites with properties span-
ning the range from insulator, via semiconductor with tunable
bandgap, to conductor and superconductor.”™! The feasibility
of assembling materials with such diverse properties without
the restraints imposed by lattice constant matching as in classical
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This review focuses on the possibilities
offered by interfacing semiconducting
group VI TMDCs with conjugated organic
molecules. In the monolayer (1L) regime,

these TMDCs have a direct bandgap.'”*® Due to their 2D nature
and the reduced dielectric screening, Coulombically bound
states, i.e., excitons, dominate the optical response of MoS,,
MoSe,, WS,, WSe, monolayers up to room temperature.2*"
They are responsible for the large light-matter interaction cross
section. Though the exciton binding energies are comparable to
that of organic compound’s Frenkel excitons,! the exciton wave
functions are of Wannier—Mott-type due to the crystalline nature
of the materials.[*®! The favorable optical properties combine with
fairly high charge carrier mobilities up to a few hundred
em?V~'s™! and the feasibility of p- and n-doping!****
These properties combined make semiconducting TMDCs
attractive as ultrathin, flexible, and semitransparent platforms
for photon harvesting, sensing, and generation, and possibly also
for nonlinear optical applications.**% Further enhancement of
the performance is expected by hybridization with conjugated
organic molecules. For example, although being direct bandgap
semiconductors, 1L-TMDCs generally suffer from comparably
low photoluminescence (PL) yield at room temperature due to
defect-mediated nonradiative recombination.”**’ On the other
hand, conjugated organic molecules are known for their high
PL quantum yield which can reach 100%. Therefore, the combi-
nation of 1L-TMDC with organic molecules could be used to
enhance the light output. Furthermore, despite the large
light-matter interaction cross section, the absorption of normal
incidence light at the excitonic peaks in the atomically thin
TMDCs is naturally low (=5%). Again, an approach to overcome
this problem is the combination of 1L-TMDCs with conjugated
organic molecules which also feature strong light-matter cou-
pling. If properly designed, molecular layers can enhance and
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spectrally tune light absorption and emission of such
heterostructures.”>***? Prerequisite is that the excitation
energy deposited in the organic layer is transferred to the
TMDC and this requires either nonradiative resonance energy
transfer (RET)!'" or excited-state charge transfer (CT) across
the heterointerface. The occurrence of these transfer processes
at several organic/TMDC interfaces has been experimentally
demonstrated,?>374%42-4%  theoretically treated,*”) and its
dynamics studied.*®*"! In particular, excited-state CT between
the organic component and the TMDCsP”*#052] a5 well as
RET from organic molecules to TMDCs!*****? have been
utilized to enhance the photosensitivity and to tune the spectral
range in nanoscale photodetecting devices.!?*>?!

Previous studies of heterostructures comprises conjugated
organic molecules and quantum wells made of 3D semiconduc-
tor like GaN and ZnO have identified several requirements to
achieve the desired function of the molecular layer;***% RET
requires spectral overlap between the absorption spectrum of
the acceptor and the PL spectrum of the donor (Figure 1a).
The interactions that mediate RET, i.e., coulomb (Férster-type)
or exchange (Dexter-type) interaction, are short ranged
(typically < 5 nm). Therefore, the molecules must assemble in
homogeneous thin films close to the TMDC surface to achieve
high RET efficiencies. The direction and efficiency of CT, on the
other hand, are governed by the energy-level alignment at
the heterointerface. Due to the weak interlayer coupling at the
organic/inorganic interface, the electronic states are approxi-
mately localized within the individual layers, and the band align-
ment results from the band edge energies of the constituent
layers. Possible configurations are shown in Figure 1b,c.
When the lowest occupied energy levels of electrons and holes
reside in the same layer, a straddling type-1 band alignment is
formed (Figure 1b). When the lowest occupied energy level of
electrons resides in one layer and that of holes in the other layer,
then a staggered type-II band alignment is obtained (Figure 1c).
The possible CT processes after optical excitation or charge car-
rier injection are indicated by the arrows. Charge separation, for
example, requires a type-II energy-level alignment with suffi-
ciently large energy offsets between the frontier molecular orbital
levels and the valence and conduction band edges of the 2D semi-
conductor to drive efficient exciton dissociation. On the other
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hand, when aiming at light-emitting applications, a type-I
energy-level alignment is needed to avoid exciton dissociation
and concomitant luminescence quenching. Furthermore, in
such configuration, excitation energy can be transferred not only
via excitonic coupling (dipole-dipole interaction) but also by
simultaneous injection of electrons and holes into the lower
bandgap material. Unfortunately, the prediction of the energy-
level alignment based on electronic structure data of the individ-
ual components is highly problematic because the energy gap as
well ground-state charge CT of 1L-TMDCs are strongly influ-
enced by the supporting substrates.[®"*” To obtain the intrinsic
properties of a given TMDC/organic interface, a pertinent study
of the material combination of interest on the respective support-
ing substrate has to be conducted.

This review is intended to devise reliable design strategies for
optimized opto-electronic functionality of organic/TMDC
heterointerfaces. This is done by focusing on two widely studied
prototypical material combinations serving as benchmark
examples, namely on perylenetetracarboxylic dianhydride
(PTCDA) and phthalocyanines (Pc) in combination with
1L-TMDCs.

Early studies on the assembly and electronic structures of
PTCDA®*% and Pcl*”%® on bulk TMDCs date back a long time
before the advent of 2D materials. The crystalline van der Waals
surface of TMDCs without dangling bonds was considered an
attractive underlay to produce well-ordered molecular assem-
blies and this had motivated these studies. Here, the focus is
on opto-electronic applications and therefore we focus on the
combination with TMDCs in the monolayer regime and con-
sider in particular applications of the heterostructures for
photodetectors.

The review is organized as follows. In the first part, we consider
heterostructures with a type-II energy-level alignment. In this cat-
egory fall Pc/1L-MoS, heterostructures,84143-45:50526975] g
material combination has been mostly investigated with respect
to applications in photodetecting devices. The second part is dedi-
cated to the PTCDA/1L-TMDC interface.***%>17¢#1 Here, the
energy-level alignment is debated and therefore this material com-
bination represents a case study for the importance of a precise
knowledge of the interfacial electronic structure in order to under-
stand the excited-state dynamics. Combination with PTCDA has
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Figure 1. a) Spectral overlap condition for RET. The RET rate constant is proportional to the spectral overlap integral between the PL spectrum of the
donor and the absorption spectrum of the acceptor (turquoise shaded area). b) Straddling type-l energy-level alignment. Simultaneous transfer of
electrons and holes is possible from the higher to the lower bandgap material. c) Staggered type-ll energy-level alignment. The possible CT routes
are indicated. HOMO: highest occupied molecular orbital, LUMO, lowest unoccupied molecular orbital; VB, valence band; and CB, conduction band

of the TMDC.
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been proposed to enhance the photoresponse as well as the PL
yield of 1L-MoS,.

2. Pc/MoS; Heterostructures: Excited-State
Charge Transfer

2.1. Pc/MoS,-Based Photodetectors

We start the discussion with the presentation of an application
where functionalization with organic molecules has been shown
already to improve the performance of 1L-TMDCs, namely that
of photodetecting devices. In its simplest form, a photodetector is
a photoconductor, where the absorption of photons increases the
charge carrier density and thus the conductivity of the material.
Photodetectors based on TMDCs and in particular on 1L-MoS,
have been widely reported in the literature.®*** Very high
responsivities (R =10 AW™') in the visible spectral range are
achieved for 1L-Mo$S, photoconductors,® which are attributed
to a large photoconductive gain or, in other terms, to persistent
photoconductivity.®*®# The gain is defined as G = z/t, where 7
is the lifetime of the trapped charge carriers (holes in the case of
MoS,)®”! and t is the transit time of the opposite carriers (i.e.,
electrons). The gain arises when one of the charge carriers recir-
culates many times before it recombines with his opposite coun-
terpart. Unfortunately, a large photoconductive gain is naturally
accompanied by a slow temporal response, which is governed by
the trapped carriers’ lifetime 7. Defect engineering has been used
to enhance the dynamic response, however, mostly at the cost of
the photosensitivity since the trap induced gain mechanism is
reduced.®”) The combination of MoS, or TMDCs in general with
organic materials can be advantageously twofold: first, it could
boost the response in spectral regions where the TMDC does
not or only weakly absorb,?®°” and second it could help to speed
up the response of the photodetectors?®®”%7?! while maintaining
a high responsivity.”"

Among the most studied material combinations are 1L-MoS,
in conjunction with Pc molecules, including the hydrogenated

—
O
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H,Pc as well as the metal derivatives Me-Pc. These molecules
are widely used in organic photovoltaic devices due to their excel-
lent chemical stability. Figure 2 presents data obtained for a pho-
todetector based on a H,Pc/1L-MoS, heterostructure.*® The
design of the two-point device is depicted in Figure 2a. The
absorption spectra of the two components are depicted in
Figure 2b. The absorption spectrum of the H,Pc layer comprises
the Soret band >3 eV and the Q-band with two main features at
1.94 and 1.78eV.*?>?* The 1L-MoS, absorption spectrum
features the A, B, and C excitonic transitions at 1.91, 2.05,
and 2.90 eV, respectively. Photocurrent action spectra of the
H,Pc/1L-MoS, and a reference 1L-MoS, device are recorded
under an external bias of the structure employing a modulation
technique that guarantees that any residual contribution of per-
sistent photoconductivity®®®# is removed from the spectra
(Figure 2b). Whereas the photoresponse of the reference
1L-MoS, device directly follows the absorption spectrum of
1L-MoS,, additional features due to a photocurrent contribution
arising from the absorption of photons in the H,Pc layer are
clearly visible. One explanation could be the formation of a sec-
ond photoconducting channel through the H,Pc layer of the
device. However, this is ruled out since no photocurrent is detect-
able in H,Pc-only devices.*® Considering the discontinuous film
morphology (Figure 2c), it is highly unlikely that conductive
paths can form in the organic film. Therefore, the excitation
energy deposited in the organic layer must be transferred to
the 1L-MoS, to create additional carriers there and to increase
the conductivity of the 1L-MoS,. Most remarkably, a photocur-
rent is even produced in spectral regions where the TMDC
does not absorb. Thus, the spectral sensitivity range of the
1L-MoS;-based photodetector expanded to longer wavelengths.
In a more detailed follow-up study presented in this issue,")
the photoresponse dynamics is investigated by intensity-
modulated photocurrent spectroscopy with steady-state back-
ground illumination. It is found that the deposition of the
H,Pc layer speeds up the photoresponse as compared to a refer-
ence 1L-MoS; photodetector by almost two orders of magnitude
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Figure 2. a) Upper panel: Schematic depiction of a H,Pc/1L-MoS, photodetector. The nominal thickness of the vapor-deposited molecular layer is 3 nm.
Lower panel: Photograph of the device. The channel length is 30 pm and the channel width T mm. b) Upper panel: Absorbance of 1L-MoS; and of the 3
nm-thick H,Pc layer. Lower panel: Photoresponse of the heterostructure (blue) and the pristine 1L-MoS; (red) device. The spectra are normalized at the
spectral position where H,Pc does not absorb, i.e., between 2.5 and 2.55 eV. c) AFM images of the morphology of the nominally 3 nm-thick H,Pc film on
1L-MoS; and on the benzocylobutene (BCB) underlay. The molecular coverage is ~85% of the surface. Adapted with permission.*® Copyright 2020,

American Chemical Society.
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without deteriorating its responsivity. It is shown that the
improved response speed of the heterostructure arises mostly
from a faster detrapping of holes in presence of the molecules,
while the additional absorption of photons in the H,Pc layer con-
tributes to photocarrier generation, resulting in an enlarged
responsivity of the heterostructure. The underlying energy-level
alignment and excited-state dynamic leading to this improved
performance are discussed in the next section.

2.2. Energy-Level Alignment at Pc/MoS; Interfaces

A prerequisite for the understanding of the CT processes at het-
erointerfaces is the precise knowledge of the energy positions of
the occupied and unoccupied levels of the constituents when
brought into contact. As pointed out earlier, the bandgap, the ion-
ization potential (IP), as well as the electron affinity (EA) of
TMDCs depends on the dielectric environment as well as on
the workfunction of the underlay. Therefore, the choice of the
substrate has to be considered,*"*" since it will influence the
energy-level alignment at the heterointerface. In the following,
we discuss heterostructures on SiO,, as it is typically used as
a gate dielectric in hybrid photodiodes and phototransistors.**7%
Figure 3a shows angle-resolved direct (ARPES) and inverse
(ARIPES) photoemission spectra of the pristine and H,Pc cov-
ered 1L-MoS,. The spectra of the pristine surface are recorded
at the K point of the Brillouin zone to properly determine the
energetic positions of the valence band maximum (VBM) as well
as the conduction band minimum (CBM) of 1L-MoS,. The
spectra of the heterointerface are recorded the I'-point since
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dispersion in the H,Pc nanocrystalline film is negligible. The
level onsets of the valence features are found at binding energies
of 1.8 eV for the 1L-MoS, VBM and 0.9 eV for the H,Pc HOMO
below the Fermi level, yielding an energy offset between the
occupied levels of 0.9 eV. The positions of the unoccupied levels
are derived from IPES. Here, the level onsets are found at
0.3eV for the 1L-MoS, CBM and at 1.3eV for the H,Pc
LUMO above the Fermi level yielding an energy offset of
1eV. Since the energy offsets between the occupied and unoccu-
pied levels have the same sign, a type-II energy-level alignment is
obtained (Figure 3b) and the prerequisite for excited-state CT is
fulfilled. On the other hand, ground-state CT which has been
invoked at the Zn-Pc/H,Pc interface!**”? is ruled out at the
1L-MoS,/H,Pc since no shift in the valence and core-level fea-
tures and only an insignificant change in the work function upon
the deposition of the molecules is observed.(*®!

2.3. Excited-State Dynamics at Pc/MoS, Interfaces

The transfer mechanism and an estimate of the efficiency of the
CT are obtained by steady state and time-resolved PL measure-
ments. Figure 3c compares absorption and PL spectra of the sub-
systems from which it is immediately clear that RET from H,Pc
to 1L-MoS; is not possible. Though the transport gap of H,Pc is
larger than that of 1L-MoS,, its optical gap is smaller due to the
larger exciton binding energy of the organic material. The oppo-
site direction of RET, namely from 1L-MoS, to H,Pc, is possible,
and-though not expected on a first glance-might also contribute
to free carrier generation 1L-MoS; as discussed later. The leading
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Figure 3. a) Occupied (ARPES) and unoccupied (ARIPES) levels at the H,Pc (2 nm)/1L-MoS; interface (green) and of the pristine TL-MoS, (red). The
HOMO and LUMO as well as VBM and CBM positions are indicated by dashed lines. To obtain a more accurate CBM onset, the IPES spectra are
deconvoluted. The error of the deduced binding energies is £50 meV. b) Energy-level diagram of the 1L-MoS,/H,Pc interface derived from UPS
and IPES showing a type-Il alignment facilitating excited-state CT. c) Absorbance and PL spectra of reference samples of a 3 nm-thick H,Pc film (green)
and 1L-MoS; (red) on SiO, substrates. The relevant spectra for the calculation of the spectral overlap integral are plotted as thick lines. Apparently, there is
no spectral overlap between the PL of H,Pc and the absorption 1L-MoS; (thick lines). c) Energy-level diagram of the 1L-MoS,/H;Pc interface derived from
UPS and IPES showing a type-Il alignment facilitating excited-state CT. d) Since the optical gap of 1L.-MoS,; is larger than that of H,Pc, RET from H,Pc to
1L-MoS, cannot contribute to the enhanced photoresponsivity of the heterostructure. Adapted with permission.*® Copyright 2020, American Chemical
Society.
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mechanism causing the enhancement of the photoresponse of
1L-MoS, is, however, excited-state CT. At photon energies
Ey, >1.8eV, both components are excited (see Figure 4a),
and thus electron transfer from the H,Pc’s LUMO to the conduc-
tion band of 1L-MoS, as well as hole transfer from the valence
band of 1L-MoS, to the HOMO of the molecule can contribute.
At E,, <1.8eV, only H,Pc is excited, and thus, only electron
transfer from the H,Pc’s LUMO to the conduction band of
1L-MoS, is possible. The quenching rate of H,Pc excitons due
to charge separation at the heterointerface is obtained by
time-resolved PL measurements. Figure 4b compares the PL
transients of H,Pc obtained for a reference film deposited on
SiO, with that of the H,Pc film on 1L-MoS,. A pronounced short-
ening of the PL decay of the latter is observed. Since the H,Pc
layer thickness (d = 1.2 nm) in the present experiment is much
smaller than the exciton diffusion length in the nanocrystalline
film (5 nm),[94] the efficiency of H,Pc exciton dissociation 7 is
equal to the PL quenching efficiency ngiss = (Io — I,)/ Iy, where
Iy and I, are the H,Pc PL yields of the reference sample and the
heterostructure, respectively. Integrating the normalized PL tran-
sients after deconvolution with the instrument response function
yields 74iss = 0.85. The dynamics of the transfer processes is
too fast (sub-ps time domain) to be fully captured by the
time-correlated single photon counting technique employed to
measure the PL decay. Therefore, the excited-state dynamics is
typically studied by transient absorption spectroscopy (TAS)”!
and time-resolved two photon photoemission spectroscopy
(tr-TPPE).[*>%] According to TAS, the time constant of
electron transfer after excitation of H,Pc is <320 fs.*!
Photoexcitation of 1L-MoS,, on the other hand, may result in

Www.pss-a.com

1) hole transfer to the molecule’s HOMO leaving an electron in
the 1L-MoS, conduction band and 2) energy transfer to H,Pc
and subsequent electron transfer to the conduction band of
11-MoS,. Since TAS cannot entangle the two pathways, only a
common time constant of ~ 800 ps of the two pathways can be
given.™) It should be noted that pathway (2) has been observed
also at other organic/inorganic semiconductor heterointerfa-
ces.’”*® Exciton dissociation at the heterointerface is the first step
in the generation process of free charge carriers. As an interme-
diate state, Coulombically bound electron-hole pairs are formed.
These so-called charge-transfer states have been observed at vari-
ous organic/inorganic semiconductor interfaces®®® and signa-
tures in PL spectra have been invoked also at organic/TMDC
interfaces.””%®! Only when the charge-transfer state dissociates,
free charge carriers are formed and a photoconductive response
is generated. Since excited-state CT occurs on a very fast time scale
in the considered system, the limiting factor for an efficient free
carrier generation is interfacial carrier recombination. According
to TAS, the time constants for CT are very similar for hydroge-
nated H,Pc and the metal derivatives. However, the lifetime of
the charge-separated state is found to be considerably longer
for Me-Pc (up to 70 ns for Cu-Pc) than for hydrogenated H,Pc
(5 ns).**! This difference is ascribed to a different stacking of
the molecules on the MoS, surface: While H,Pc assumes a mixed
edge-on and face-on orientation on MoS,, CuPc assembles in
stacks flat-lying molecules. It is suggested that the longer lifetime
of the charge-separated state observed at the CuPc/1L-MoS, inter-
face is due to rapid hole migration away from the heterointerface
which decreases the electron-hole Coulomb interaction and ren-
ders thus free carrier generation more efficient.
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Figure 4. a) PL (dashed blue line) excited at 2.21 eV and the corresponding absorption spectrum (solid blue line) of the H,Pc/1L-MoS, heterostructure
on SiO,. The H,Pc layer thickness is dy;p. = 1.0 nm. The inset shows the arrangement of the molecules in two crystal phases. b) PL transients of H,Pc
in a reference sample on SiO, with a layer thickness of dyj;p. = 1.0 nm (green dots) and in the H,Pc/1L-MoS, heterostructure (blue dots). The excita-
tion energy is 1.95 eV. The instrument response function (IRF) is shown as well (gray). The solid lines are fits to the decay curves obtained by convo-
luting a biexponential decay law with the IRF. The lifetimes given in the inset are time averages over these decay curves = = [t:I(t)dt/ [I(t)dt.
c) Schemes of the transfer processes after selective photoexcition of H,Pc and of 1L-MoS,. d) The asterisk denotes the excited state, plus/minus
the charged state. Excitation of H,Pc (c) is followed by electron transfer to the conduction band of 1L-MoS,. Excited-state CT after photoexcitation
1L-MoS; d) can proceed via two pathways: (1) hole transfer to the H,Pc HOMO and (2) RET from 1L-MoS; to H,Pc followed by electron transfer to the
conduction band of 1L-MoS,. Adapted with permission.*® Copyright 2020, American Chemical Society.
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Besides the molecular arrangement, another important factor
governing the efficiency of the charge separation and free carrier
generation is the magnitude of the energy-level offsets as shown
in a very recent work.””! Combined UPS and TAS experiments
performed at a series of type-II molecule/1L-MoS, interfaces
reveal that a larger energy-level offset causes a lower efficiency
of hole transfer from photoexcited 1L-MoS, to the molecule’s
HOMO but also a longer lifetime of the CT state. Both observa-
tions are explained in the framework of Marcus’ theory of
electron transfer.'® The data suggests that photoinduced hole
transfer from the TMDC VBM to the organic material’'s HOMO
level is in the Marcus-inverted regime.!'°1° It is concluded that
the main decay pathway for photogenerated carriers in the con-
sidered systems is not direct electron-hole recombination across
the heterointerface but back transfer of holes to the 1L-MoS,. To
achieve efficient charge separation, introduction of a thin LiF
interlayer is suggested since such interlayer efficiently slows
down interfacial carrier recombination while not affecting the
free carrier formation. Further factors that are suggested to affect
the charge separation and free carrier generation are discussed in
the next section.

3. PTCDA/TMDC Heterostructures: Resonance
Energy Transfer and Excited-State Charge
Transfer

3.1. Prospective Applications of PTCDA/TMDC Heterointerfaces

Transition metal sulfides (1L-MoS,, 1L-WS,) possess a rather
large EA (=4 eV for 1L-MoS, depending on the substrate).[°!
Therefore, typical organic hole transport materials (among them
Pc) form type-II interfaces with the sulfides where the organic
component serves as electron donor after photoexcitation. For
molecules used as electron acceptors in organic electronics hav-
ing also large EA (like PTCDA and its derivatives), the situation is
debated, and therefore, controversy exists in the interpretation of
experimental observations. In an early work, a PTCDA/1L-WS,
heterojunction is investigated under the premise of a type-II
energy-level alignment where the organic component serves as
electron acceptor.’Y The energy-level diagram is constructed
based on literature data of the isolated components. The quench-
ing rate of the PL due to excited-state CT has been found to be
about 5 times higher for 1L-WS, excitons than for PTCDA exci-
tons. The higher quenching efficiency of TMDC excitons is
ascribed to the confinement of the excitons within the 2D semi-
conductor plane, while the PTCDA excitons may escape from the
interface without quenching in the 10 nm thick layer. RET is not
considered since the spectral overlap between the molecules PL
and the 1L-WS, absorbance is small. A photodiode made of the
PTCDA/1L-WS, heterojunction achieves a peak external quan-
tum efficiency of ~1.8%.°" RET is investigated in a heterostruc-
ture of PTCDA and 1L-MoSe,.>°l Here, PTCDA serves as donor
and 1L-WSe, as acceptor. Replacing the sulfur with selenium
decreases the optical gap of the TMDC resulting in spectral over-
lap between the PTCDA’s PL with the B excitonic absorption of
1L-MoSe,. From steady state and time-resolved PL measure-
ments, an RET efficiency of 30% is inferred. The advantage of
the flat-on adsorption of PTCDA on TMDC surfaces®*'%% for
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RET mediated via dipole-dipole interaction is emphasized.
Since the transition dipole moment of the molecules and the
TMDC are lying in the plane of the molecule and the monolayer,
respectively, and are thus parallel to each other the interaction
strength is maximized. Application of such heterostructure for
high efficiency energy harvesting systems that cover a wide spec-
tral range is suggested. In another series of works, the PL prop-
erties of PTCDA/1L-MoS, heterostructures on Si/SiO, are
investigated and a giant enhancement of both the PTCDA as well
as the 11-MoS$, PL is reported.””#% The explanation is based on
the assumption of a type-II energy-level alignment with PTCDA
serving as electron acceptor. The energy offset between mole-
cules HOMO level and the 1L-MoS, VBM of 0.5 eV is derived
from separately determined values of the electron affinity and
ionization energy of the individual materials and from theoretical
modeling. This interpretation is surprising since type-II interfa-
ces are typically associated with a strong quenching of the
PL.>7384851 The ordered growth of the PTCDA layer on the crys-
talline van der Waals surface is invoked as an explanation of the
PTCDA PL enhancement.*1°% The PL enhancement of MoS, is
partly ascribed to by a hybridization of the molecular orbitals with
that of the TMDC and partly to electron transfer from the natively
n-doped MoS, to PTCDA leading to a dedoping of the monolayer.
The latter is concluded from a deconvolution of the overlapping
PTCDA and 1L-MoS, PL signals from which an increase of the
exciton to trion PL ratio is inferred in presence of the molecules.
The PL enhancement is explained by the larger PL quantum yield
of excitons as compared to trions.””*% The excited-state dynam-
ics at PTCDA/1L-MoS, interfaces in comparison to a series of
other heterointerfaces (PTCDI/1L-MoS,, PTCDI/1L-WSe,,
C60/1L-MoS,, C60/1L-WSe,) is studied by tr-TPPE.B! The
substrate is SiO,/Si. Based on the assumption of a type-II
energy-level alignment with the molecular component as elec-
tron acceptor, it is suggested that the electron transfer rate from
the photoexcited TMDC to organic molecules can be sensitive to
the interfacial band offset and the bandwidth of the organic crys-
tals LUMO. A large energy offset in combination with a small
LUMO bandwidth (PTCDI/1L-WSe,) leads to a decrease of
the electron transfer rate by more than one order of magnitude
(530 vs 20 fs at PTCDI/1L-MoS,), while for molecules with large
LUMO bandwidth (C60), the electron transfer rate is insensitive
to the size of the energy offset. It is argued that a slow CT process
might be out competed by other recombination processes in the
TMDC and thus limit the performance of a resultant optoelec-
tronic device.®!! Finally, PTCDA/1L-MoS, on SiO,/Si three-
point devices have been suggested for use in neuromorphic
computing.”® The explanation of the electric characteristics of
that heterojunction is based on excited-state CT across the
assumed type-II interface.

3.2. Energy-Level Alignment at the PTCDA/1L-MoS,
Heterointerface

Since PTCDA/TMDC heterointerfaces are attractive for a wide
range of applications, it is worthwhile to take a closer look at
the energy-level alignment and its impact on the excited-state
dynamics of one prototypical example. To that end, a
PTCDA/1L-MoS, heterointerface on sapphire substrate is
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considered in more detail.*?) Photoemission spectroscopy at
PTCDA/bulk MoS, interfaces has been performed in very early
works.[**¢%] However, the results cannot be transferred to the
present heterostructure since thinning down TMDCs from
multi- to monolayer results in an indirect-to-direct gap transition
and an concomitant increase of the bandgap!'®* and, therefore,
the energy-level alignment is expected to change as well. The
energy-level alignment at the PTCDA/1L-MoS, interface derived
from ARPES and ARIPES measurements is depicted in
Figure 5a.*” The small vacuum level shift due to a surface elec-
tron push-back effect is in analogy to what has been observed for
the deposition of molecules onto various inert metal oxide sur-
faces.'*"1 Neither core level nor valence photoelectron spectra
yield any indication for a hybridization of the PTCDA orbitals
with those of MoS, or signs of interfacial charge transfer as
invoked in some other works.””#% This points toward a van
der Waals-type interaction at the interface which is also predicted
by density functional theory.”! Remarkably, the PTCDA levels
straddle those of 1L-MoS, in a type-I manner, yielding values
for the energy offsets of the occupied and unoccupied levels
of 270 and 170 meV, respectively. It should be noted that the
low binding energy HOMO manifold onset is used to construct
the energy-level diagram!*?! since it is the relevant energy for
charge carrier transfer!’®%! instead of the peak maximum of
the HOMO photoemission feature, as sometimes found in liter-
ature. As mentioned earlier, the IP and the EA of 1L-TMDCs
depend on the substrate work function and dielectric constant.[*"]
In the examples discussed in the previous section, native SiO,/Si
is used as underlay. Here, ground-state charge transfer from the
substrate leads to small decrease (100 ... 200 meV) of the IP and
EA®Y which should increase the offset of the occupied levels and
lead to a nearly aligned 1L-MoS, CBM and PTCDA LUMO. On
sapphire, the energy-level alignment is, however, clearly of type I
and, as a consequence, the dissociation of optically excited bound
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electron-hole pairs, i.e., excitons, and interfacial charge separa-
tion is energetically not favored.

3.3. RET at the PTCDA/1L-MoS, Heterointerface

At a type-I interface, the only excited-state transfer process pos-
sible after photoexcitation is the transfer of excitons via RET. In
the present configuration, excitons from PTCDA could be trans-
ferred to 1L-MoS,, and this process can explain an increase of the
PL yield as well as of the photoresponse of 1L-MoS,. The RET
process is evaluated with three samples (Figure 5b): a pristine
1L-MoS;, a hybrid sample (with 6 nm PTCDA), and a PTCDA
reference sample (with 18 nm PTDCA). Organic crystals show
often polymorphism. Furthermore, structure and morphology
and with that the PL properties of thin PTCDA films are known
to depend strongly on the deposition conditions and sub-
strate.'”1%®1 To disentangle the effects of the film morphology
and of the interaction with the TMDC on the spectra and on the
excited-state dynamics of the organic layer, the reference and
hybrid samples that are compared must have the same thin film
structure. The 18 nm-thick PTCDA film on 1L-MoS, is a suitable
reference since the film morphology is the same as that of the
hybrid sample, while the optical response is dominated by the
contributions of molecular layers far from the interface.
Figure 6a compares the optical spectra of the pristine
1L-MoS, and of the PTCDA reference. The PTCDA spectra
are typical of that of polycrystalline films!**'*” and shall not
be discussed here. Important in the present context is that at
room temperature, the prerequisite for efficient RET, namely
spectral overlap is met. The A excitonic absorption of 1L-MoS,
overlaps well with the PL spectrum of PTCDA. The Varshni shift
of 1L-MoS, in the temperature range from 293 to 4.5 K is about
80 meV,!"'! while the PTCDA PL spectrum just narrows without
displaying a significant spectral shift upon cooling (Figure 6a).

(c) R(d)

d(nm)

0.83

0.51

0.32

0.000 0.19
22 24 26

Energy

9]
o
[m]

Figure 5. a) Schematic energy-level alignment at the PTDCA/1L-MoS, interface on sapphire substrate, as derived from ARPES and ARIPES measure-
ments.*?! The values for the 1L.-MoS, CBM and VBM are given at the K points of the Brillouin zone and that for PTCDA at the I" point since dispersion in
the organic material is negligible. b) Lower panel: Sample layout to study RET. Three regions are defined on a 1L-MoS, varying the PTCDA layer thickness d
to yield a PTCDA reference sample (d =18 nm), a hybrid sample (d =6 nm) and a pristine 1L-MoS, sample (d =0 nm). Upper panel: AFM images of the
morphology of the vapor deposited PTCDA films of the reference and hybrid sample. The scan size is 2 x 2 pum2.[*?l The height scan is taken along the
white line. The measured step height of ~0.35 nm corresponds closely to the spacing of the (102) plane of the PTCDA crystal suggesting a flat on
adsorption of the molecules.'®>'?%] ¢) Differential reflection spectra (DRS) recorded during the deposition of PTCDA on 1L-MoS,. The monomer spec-
trum of PTCDA transforms into the aggregate spectrum when the second molecular layer starts to grow.!'*
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Figure 6. a) Upper panel: PL (red solid line) and absorbance (blue) spectra of the PTCDA reference film (18 nm) recorded at room temperature. The
low-temperature PL at 4.5 K is shown as well (red dashed line). Center panel: PL (red) and absorbance (blue) spectra of the pristine 1L-MoS,. The blue
arrow indicates the magnitude of the Varshni shift when lowering the temperature from room temperature to 4.5 K. Lower panel: PL (red) and absorbance
(blue) spectra of the PTCDA/1L-MoS, hybrid sample (6 nm PTCDA). The absorption spectrum is a superposition of the absorbances of the individual
components. Inset: Comparison of the PL yield of 1L-MoS, of the pristine 1L.-MoS, (solid line) and in the hybrid sample (dashed line). The latter is
obtained by calculating the difference between the PL of the hybrid and that of the PTCDA reference scaled to the intensity of the hybrid PL at 1.65 eV,
where TL-MoS; does not emit to take the different layer thicknesses into account. The PL in all experiments is excited at 2.21 eV. b) PL transients of PTCDA
in the PTCDA reference and the PTCDA/1L-MoS; hybrid sample recorded at 1.86 eV at room temperature (b) and c) at 4.5 K. The fits (thick solid lines) are
obtained by convoluting biexponential decay laws with the IRF. The schemes above show the different decay channels of PTCDA molecules in the hybrid
sample. 7 is the decay time of PTCDA due to radiative and nonradiative recombination, and zger is the RET time constant. It becomes very long at low
temperature due to the smallness of the spectral overlap integral. Adapted under the terms of the CC-BY license.[*?) Copyright 2021, The Authors.

Published by Wiley-VCH GmbH.

Thus, by lowering the temperature, the system is tuned out of
resonance, the spectral overlap vanishes, and thus RET is not
expected to be efficient.

This is illustrated by time-resolved PL spectroscopy. Figure 6b,
c compares PL transients of PTCDA in the reference and hybrid
sample at room temperature and 4.5 K. While at room tempera-
ture, a strong shortening of the PTCDA PL is observed due to the
additional decay channel opened up by RET, at low temperature,
the observed change is small. The RET efficiency is given by
nrer = (Io — In)/ Iy, where I and I, are the PTCDA PL yields
of the reference and hybrid samples, respectively. Integrating
the normalized PL transients after deconvolution with the IRF
yields nger ~ 0.85 at room temperature and nggr ~ 0.30 at
4.5 K. The observed drop of the RET efficiency with temperature
provides further evidence that RET is the relevant transfer pro-
cess that governs the PTCDA PL decay dynamics in the hybrid
sample at room temperature. Most importantly, the excitation
energy drained from PTCDA generates PL in 1L-MoS,. This
is shown in Figure 6a (lower panel) which compares the
1L-MoS, PL intensity of the pristine monolayer with that of
the monolayer in the hybrid sample. Due to RET, the PL yield
of 1L-MoS; in the hybrid is enhanced by a factor of ~2.

Like in the case of excited-state CT, the dynamics of RET is too
fast to be resolved with the time-correlated single photon count-
ing technique. To capture the RET kinetics, TAS of the hetero-
structure is performed (Figure 7).1' TAS of the individual
components, namely of polycrystalline PTCDA films!™?! as well
as of 1L-M0S,,7*'*"¢ have been studied and analyzed, and the
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reader is referred to the pertinent literature. Here, the focus shall
be on the modifications of the excited-state kinetics due to the
interaction of the two components to reveal the temporal evolu-
tion of the RET process. The decay of the PTCDA photoinduced
absorption (PIA) signal (Figure 7b), reflecting the depopulation
of the excited state, is nonexponential and shortens in the
hybrid structure compared to the PTCDA reference. Due to
the large exciton diffusion length in polycrystalline PTCDA films
(20 ... 60nm),"'*!7) RET from PTCDA to 1L-MoS, is not
expected to be a single-step process but one assisted by diffusion
and, furthermore, even in the PTCDA reference (18 nm PTCDA
on ML-MoS2), RET is not entirely negligible. RET can be medi-
ated by dipole-dipole interaction, i.e., Forster transfer, and
exchange interaction, i.e., Dexter transfer. The RET rate constant
is in both cases distant dependent resulting in a distribution of
RET rates and thus like diffusion in a nonexponential decay. The
disentanglement of the individual contributions to the total
energy transfer is not undertaken. However, an estimate of
the characteristic RET time constant rzgr of the molecules in
direct contact with the 1L-MoS, is inferred from the initial short
decay components of the hybrid structure [(0.3 £ 0.1) ps] and the
PTCDA reference [(0.4 £ 0.1) ps] (see inset-table of Figure 7b).
This time reflects the depopulation of the PTCDA excited state
due to a single-step RET. It should be recalled that also the
PTCDA reference sample contains 1L-MoS, and therefore, also
in this sample there are molecules that decay on such short time
scale due to the single-step RET to 1L-MoS, thought the fraction
of these molecules is much smaller than in the hybrid sample.
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Figure 7. a) Schematic of the PTCDA/1L-MoS, heterojunctions (sample design like in Figure 5b) probed by TAS. After excitation with a pump pulse at
2.43 eV (70 ps pulse length), the sample is interrogated with a white probe pulse. The dynamics the PIA signal in the spectral range of the PTCDA ESA
(1.49-1.61 eV)['* and the PIB signal due to ground-state bleaching (GSB) in the spectral region of the C excitonic resonance of 1L-MoS, (2.75-2.95 eV)
are studied. b) Kinetics of the ESA reflecting the depopulation the PTCDA excited state. The table gives the time constants (in ps) for delay times between
0 and 5.7 ps. They are derived from fits of the decay transients in the respective time window which are obtained by convoluting biexponential decay laws
with the IRF (solid lines). c) Kinetics of the PIB band dominated by the 1L.-MoS, C excitonic resonance reflecting the supply of excitons from PTCDA via
RET. The spectral regions of the A and B excitonic transitions overlap with the ESA of PTCDA and are therefore not analyzed. Adapted under the terms of
the CC-BY license.*”l Copyright 2021, The Authors. Published by Wiley-VCH GmbH.

Single-step RET to 1L-MoS, is apparently much faster than the
radiative and nonradiative decay in PTCDA, since such short
decay component is absent in PTCDA films on inert substrates
at comparable excitation densities.!"*? This implies that the RET
efficiency can reach 100% in sufficiently thin films. The supply of
excitons to 1L-MoS, via RET occurring on different time scales
(according to the distance of the molecules to the interface) is
indicated by the slower decay kinetics of the PIB of the spectral
region of the C excitonic transition in the hybrid and PTCDA
reference sample.

The discussed examples show that due to the close proximity
of donor and acceptor, RET from a molecular layer to TMDCs is
highly efficient. It can be used to enhance the PL yield as well as
the photoresponse of the atomically thin 2D material. The mech-
anism underlying RET has, however, not been studied yet. In
heterostructures employing semiconductor quantum dots as
donor, RET is discussed in the frame of the Forster theory.
The distance d dependence of the RET rate contains information
on the underlying physics of the transfer.''® However,
krer & d™ with different m = 2.5-4 have been found by intro-
ducing spacer layers between the quantum dots and the
TMDC.'*12% Eyrthermore, the impact of the screening of
the Coulomb interaction due to the dielectric environment has
been emphasized."?>**! In case of molecular donors, both
Dexter- as well as Forster-type transfer are expected to be active
for molecules in close proximity to the TMDC. For the latter type,
the dimensionality of the excitons in the two materials, namely
delocalized Wannier-Mott excitons in the 2D plane of the TMDC
and Frenkel excitons localized at the molecule (or delocalized in
an aggregate comprising several molecules), is expected to result
in peculiarities which are not captured by the classical Forster
theory developed for molecular donor-acceptor systems.!'??
Pervious experimentall’®®) and theoretical’®? studies of RET
between Wannier—-Mott excitons in inorganic semiconductor
quantum well structures and Frenkel excitons in organic semi-
conductors have revealed a dependence of the dipole—dipole
interaction matrix element Vygr on the wavevector k of the
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Wannier—Mott exciton. For RET involving excitons delocalized
in the quantum well plane, a dependence Vggr ~ k-e % is pre-
dicted.™®* In a very recent theoretical work on RET between
TMDCs and organic molecules, a similar behavior has been
found.*”) Tt is proposed that mostly nonradiative excitons with
k > kyu, kon being the photon wave vector are involved in the
RET process. Future more in-depth experimental studies are def-
initely needed.

4. Conclusion and Outlook

The discussed examples show that a combination with organic
molecules can boost the performance of TMDC monolayers in
optoelectronic devices. This involves the increase of the PL yield
as well as the enhancement of the photoresponse and the tun-
ability of the spectral sensitivity range as well as a modulation
of the speed in photodetecting devices. Prerequisite is that the
excitation energy deposited into the organic material is trans-
ferred to the TMDC. This requires efficient excited-state charge
and/or energy transfer. The excited-state dynamics and with that
the functionality of the interface is governed by the arrangement
of the molecules on the TMDC surface and the energy-level align-
ment at the heterointerface. This regards the type of interface,
straddling type I versus staggered type II as well as the magni-
tude of the energy offsets. The energy-level alignment depends
sensitively on the workfunction of the substrate and dielectric
environment of the heterointerface since both dielectric
screening as well as ground-state CT modify EA and IP of the
2D semiconductor. Therefore, to achieve optimized optoelec-
tronic function of the heterointerface, a precise knowledge of
the energy-level alignment on a pertinent substrate/environment
is mandatory as demonstrated at the PTCDA/TMDC example.
This calls for future operado studies of the energy-level align-
ment and the excited-state dynamics employing relevant device
geometries.
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