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ABSTRACT: Two-dimensional (2D) material—organic interfaces offer
a platform to realize hybrid materials with tunable optical properties that
are determined by the interactions between the disparate materials. This
is particularly attractive for tailoring the optoelectronic properties of
semiconducting monolayer transition metal dichalcogenides (TMDs).
Here, we demonstrate evidence of coupled 2D semiconductor—
molecular excitons with enhanced optical properties, which results
from the atomically thin heterojunction. Specifically, we investigate the
hybridization of the 2.16 eV WSe, B exciton with the 2.20 eV transition
of perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA), observed by
enhanced resonant Raman scattering by the PTCDA vibrational modes,
with enhancements by a factor of nearly 20. The effect can be
understood from a coupled oscillator model in which the strong
absorption resonance of the WSe, monolayer increases the Raman
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scattering efficiency of the PTCDA. The Raman enhancement diminishes with increasing WSe, thickness, which is attributed to a
reflectivity effect that reduces the intensity at the surface. The proposed hybridization effect may lead to new investigations into the

nature of coupled excitons in atomically thin junctions.

B INTRODUCTION

. a . . . . 13,1
nonlinear susceptibility of the inorganic Wannier excitons. ™

4

Heterostructures of two-dimensional (2D) materials, where
layers of isolated van der Waals materials are brought together,
can give rise to novel states of matter. In such structures,
interlayer interactions may give rise to unconventional
superconducting phases, e.g, in bilayer graphene,' and
moiré-trapped excitons in transition metal dichalcogenide
(TMD) heterostructures.””* The combination of 2D materials
with organic semiconductors is rare in comparison. Studies
thus far have focused on using organic molecules as dopants or
to drive charge separation and free carrier generation in
optoelectronic devices.” " Against the backdrop of creating
ultraflexible electronic devices, such hybrid 2D semiconductor,
organic heterostructures offer considerable potential to tailor
electronic properties, and novel states of matter may be
anticipated.'’ Hybrid organic—inorganic constructs, e.g., with
oxides have been shown to enhance light emission yields
significantly and to potentially cause electronic phase
transitions near the interface.'""?

Hybridized excitons in organic—inorganic heterostructures
can provide tunability between the properties of the
constituent excitons. In 2D organic—inorganic quantum well
systems, it is predicted that a hybrid exciton combines the large
oscillator strength of the organic Frenkel exciton and the large
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Several studies have shown experimental evidence of weak
exciton hybridization through efficient energy transfer. Due to
the dependence on the thickness of the barrier separating the
organic layer from the quantum well, it was concluded that the
energy transfer was mediated by dipole—dipole Forster
coupling.ls_17 Strong excitonic state mixing for an organic—
inorganic quantum well heterostructure was demonstrated by
measuring the energy branch splitting for polaritons in an
optical microcavity."® Outside of the cavity, strong coupling
can only come about when the barrier between the organic
layer and well is thin and the exciton wavefunctions
overlap.'™"> This criterion can be achieved by replacing the
quantum well with a 2D semiconductor. For instance, a recent
study in MoSe,/WS, heterostructures demonstrates strong
mixing between the interlayer exciton and the MoSe, exciton
due to the large wavefunction overlap, evidenced by energy
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Figure 1. (a) Energy of the B exciton (X®) and the Frenkel exciton in PTCDA (X™!) are nearly degenerate with values of Eg = 2.16 eV and E,, | =
2.20 eV. (b) Diagram of the PTCDA/WSe, heterostructure. ML WSe, was exfoliated onto a SiO, wafer and then ML PTCDA was thermally
evaporated on top. This left areas of the PTCDA/WSe, heterostructure as well as areas of ML PTCDA directly on SiO,. Shown in the
heterostructure region is the interaction between the excitons of the two materials. (c) Spectra showing the enhancement of Raman scattering of
PTCDA on top of WSe,. Measurements were taken on the heterostructure (red) and just off the heterostructure (blue). The calculated Raman EFs
are 14.8—19.1. The inset shows a schematic of resonant Raman scattering in which excitation on an electron transition with a strong optical
transition dipole moment yields a greater Raman cross-section. The blue arrow depicts the excitation photon, and the red arrow depicts the Raman

scattered photon.

splitting and sharing of oscillator strength.'” In the present
work, we explore how the combination of 2D inorganic and
organic semiconductor layers results in new types of hybridized
excitons, observed as enhanced Raman scattering in the
heterostructure. For this study, we investigate exciton hybrid-
ization with monolayer (ML) films of perylene-3,4,9,10-
tetracarboxylic dianhydride (PTCDA) on ML and few-layer
WSe,. ML WSe, is an outstanding 2D TMD semiconductor
which is known to host strongly bound excitons and trions””*"
and has been previously used in the study of interlayer excitons
in bilayer heterostructures.”””>> PTCDA is a prototypical
organic semiconductor that forms ordered structures on 2D
materials”®*” with a strong excitonic 0—0 absorption. The
PTCDA Frenkel exciton resonance (X™) at 2.20 €V and the
WSe, B exciton resonance (X®) at 2.16 eV*® are nearly
degenerate, shown in Figure la, and provide the potential for
strong exciton mixing, shown in Figure 1b.

B METHODS

Sample Preparation. Bulk WSe, was mechanically
exfoliated onto 290 nm SiO,/Si wafer chips, and ML flakes
were identified using optical microscopy and confirmed using
photoluminescence (PL) measurements. Triple-sublimated
PTCDA was evaporated using a Knudsen cell under ultrahigh
vacuum conditions to deposit an average film thickness of 1
ML over the entire chip. This produced both the hybrid
heterostructure and areas with only PTCDA on bare SiO,/Si,
as shown in Figure 1b. To study the effect of doping on the
heterostructure, samples were fabricated with an electrical
contact to the WSe, layer by electron beam lithography and
thermal evaporation of 5 nm Cr/30 nm Au prior to deposition
of PTCDA.

Optical Measurements. All PL and Raman measurements
were performed on a sample in a vacuum cryostat cooled to
~3.5 K unless otherwise noted. The excitation source was
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focused to a spot size of about 1 ym using a 40X, NA = 0.6
objective, and the emission was recorded with a single-grating
spectrometer equipped with a cooled CCD camera.

B RESULTS AND DISCUSSION

Figure lc shows the difference of the emission spectrum
between the heterostructure (PTCDA/WSe,/SiO,) and pure
PTCDA on Si0O,, acquired with an excitation energy of 2.33 eV
at ~3.5 K. The inset of Figure 1c shows the strongly enhanced
resonant Raman scattering on the heterostructure, which
functions as a fingerprint of exciton hybridization, as discussed
below. On the heterostructure, we see that (1) the Raman
modes of the PTCDA are enhanced, (2) Raman overtones and
combination bands of the PTCDA are also strongly enhanced,
(3) the PTCDA PL is partially quenched, (4) the A exciton of
the WSe, (X*) is partially quenched,”® and (5) the charged
and defect excitons of WSe, are completely quenched (see
Supporting Information Figure S1). In order to quantify the
Raman enhancement, we calculate an enhancement factor
(EF) by taking the ratio between the intensities of a Raman
peak both on and off the heterostructure, EF = Iyyg/I ¢ These
intensities were found by integrating the signal over the peak
and subtracting the contribution from the broad PL features.
The EFs for the three prominent first-order modes are 19.1 for
1307 cm™, 14.8 for 1389 cm™, and 16.1 for 1582 cm™},
respectively. This variation in EF is assumed to be random as
no trend was found in their relative values for different
excitation energies. The EFs for the overtones and
combination bands cannot be calculated because they are
too weak in the spectrum of the pure PTCDA film; however,
all are of A, symmetry,”>”” consistent with the selection rules
in the theoretical framework by Albrecht.”® Temperature- and
power-dependent spectra are shown in the Supporting
Information (Figure S2).

https://dx.doi.org/10.1021/acs.jpcc.0c06544
J. Phys. Chem. C 2020, 124, 27637—27644



The Journal of Physical Chemistry C

pubs.acs.org/JPCC

a C
PTCDA

WSe,

CB =

D
o

Raman shift (cm™)

5000 4000 3000 2000 1000
— ~ 150

1.25

1.00

0.75

PTCDA PL

I
13
S

(M1i/s/sjunoa) Ajusayul

0.25
19 20

Energy (eV)

Figure 2. (a) Predicted type-II energy level alignment of PTCDA on ML WSe,. The predicted charge transfer transitions are shown as dashed
arrows. We note that these resonances are far detuned from the excitation energy (2.33 eV) and likely do not contribute to the enhanced Raman
scattering. (b) Schematic of the field-effect device. The sample can be electrostatically doped by grounding an electrical contact on ML WSe, and
applying a voltage to the doped Si back gate. PTCDA was deposited after the fabrication of the electrical contact. (c) Gate-dependent spectra of the
heterostructure. While the presence of WSe, exciton species changes with doping, the Raman intensity and the PTCDA PL intensity are constant.

A recent body of work suggests that these effects might lie in
charge-transfer interactions between the molecule and the ML
substrate. In the pioneering work measuring Raman enhance-
ment on graphene substrates,”’ > it is argued that the charge
transfer effect is determined by two different interface
properties: the alignment of the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) with the graphene Fermi level, as well as symmetry
matching between the molecular structure and the graphene
lattice, which enhances the coupling. If the band alignment
creates a charge transfer transition near the excitation energy,
resonant Raman enhancement may be observed, and symmetry
matching enables this charge transfer. Similar resonant Raman
effects are predicted to occur in semiconductors for charge
transfer states between the molecule and substrate (e.g.,
valence band VB-LUMO and HOMO-conduction band CB).”*
Though surface-enhanced Raman scattering on ML semi-
conducting TMD substrates has not been extensively studied,
there are reports linking the effect to such charge transfer
processes. Studies by Ling et al.>* of copper phthalocyanine
(CuPc) on ML MoS, and by Muehlethaler et al.>® of 4-
mercaptopyridine (4-MPy) on ML MoS, found enhancement
upon excitation near a charge transfer resonance. A connection
between charge transfer and Raman enhancement has also
been demonstrated by Lee et al’® by constructing photo-
transistor devices of Rhodamine 6G (R6G) on ML MoS,, ML
WSe,, or graphene and simultaneously measuring the Raman
enhancement and the current induced by charge transfer.
Amsterdam et al.”” measured various metallophthalocyanine
(MPc) molecules on ML MoS, which exhibited Raman
enhancement correlated with the energies of the molecular
transition metal d-orbitals: The more isoenergetic the MPc d-
orbitals are to the MoS, valence band, the more the electronic
states will mix, increasing the rate of charge transfer and hence
Raman scattering.

To verify that our findings are not of this origin, we first
consider the possibility of resonant excitation of or resonant
Raman scattering from an interlayer charge transfer transition.
Based on the reported ionization energies and electron
affinities of PTCDA and WSe,,>”**™*" the heterojunction is
predicted to support a type-II band alignment, though
measurement of the complete band structure of the
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heterostructure is at present unavailable. Though charge
transfer transitions are not observed in our measurements,
we estimate the charge transfer resonances to lie at ~1.7 eV
(VB to LUMO) and ~2.6 eV (HOMO to CB), (Figure 2a). If
we assume the linewidth of such a transition to be
approximately the same as that of the PTCDA Frenkel exciton
(120 meV),** then an excitation energy of 2.33 eV exceeds the
lowest energy charge transfer resonance by more than ~0.5 eV.
We note that this estimate neglects the binding energy of an
interlayer exciton; however, we expect any interlayer exciton
binding energy to be less than 200 meV based on previous
reports of MoSe,/WSe, heterostructures.”® Furthermore, an
interface dipole may change the alignment somewhat, but this
typically increases the band offsets for such heterostructures,
pushing both resonances further away from 2.33 eV. The
contribution of interlayer charge transfer bands to the observed
Raman enhancement seems, therefore, rather unlikely.

We test this by investigating the dependence of the Raman
EF on the sample charge density since a charge transfer
mechanism would be sensitive to changes in the Fermi level.”!
We fabricated field-effect devices to electrostatically dope the
WSe, layer. A schematic of the device is shown in Figure 2b. A
voltage was then applied to the Si back gate and spectra were
measured as a function of the applied back gate bias, shown in
Figure 2c. We swept the bias from —70 V to +70 V which
corresponds to doping densities of + 5.0 X 10'> cm™ The PL
from the WSe, layer shifts as expected with doping between
the neutral and charged exciton s.pecies,20 while there is no
apparent change of the Raman features nor their intensity with
doping. This supports our estimates of band alignment and
charge transfer resonances and suggests that the origin of the
Raman enhancement must be found elsewhere. Doping-
dependent spectra on an additional sample are shown in
Supporting Information Figure S3.

Another possible mechanism of enhanced Raman scattering,
found in the work of Morton and Jensen,* is the hybridization
of electronic states between the molecule and TMD substrate.
We do not believe that our results are consistent with this
mechanism for several reasons. First, if there was state
hybridization between the molecule and the WSe, conduction
band, we would expect to see Raman enhancement when
exciting near the WSe, A exciton as well, which is comprised of

https://dx.doi.org/10.1021/acs.jpcc.0c06544
J. Phys. Chem. C 2020, 124, 27637—27644
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Figure 3. (a) Proposed interaction between X® and X™ with interaction parameter 5. (b) Creation of new exciton states X' and X* caused by
mixing of X® and X™, respectively. The energies are shifted from the uncoupled excitons. (c) Measured (symbols) and simulated (dashed)
resonant Raman intensities on the heterostructure with excitation energy. The experimental data are consistent with Raman scattering produced by
resonantly exciting a state with energy ~2.10 eV which is 60 meV below Eg. (d) EF as a function of excitation energy.

the same conduction band as the B exciton. This was not
observed and suggests that the CB does not hybridize with
PTCDA states. Second, an analysis based on energy level
alignments®”**~*' shows that the lower VB of WSe, and the
HOMO of PTCDA are separated by ~200 meV. If these states
were to hybridize, we would expect to see a shift in PL of ~100
meV for both materials, which is not observed, suggesting that
the lower VB of WSe, does not hybridize with the molecular
states. Since there is no evidence of band hybridization, we rule
out this mechanism of molecule—substrate hybridization.

We instead propose a mechanism involving exciton
hybridization giving rise to resonance Raman scattering
between coupled states. Resonance Raman scattering is caused
by excitation near an electronic transition with an optical
transition dipole (inset of Figure 1c). Any mechanism whereby
absorption on such a transition is increased, e.g., by changing
its energy to be more resonant with the excitation source or by
borrowing oscillator strength from another transition, causes
increased scattering and thus an enhancement of the Raman
scattering. In the case of PTCDA on WSe,, both aspects are at
play: Exciton hybridization shifts the transition into resonance
and mixes the character of the WSe, B exciton and the PTCDA
exciton. We model this effect in a simple two-level system
where these two excitons, X° and X™ are coupled with an
interaction parameter ¢ as shown in Figure 3a, similar to
excitonic mixing invoked previously in hybrid organic/
inorganic quantum well systems with enhanced optical
nonlinearities.>'*** The Hamiltonian for this interaction is
given by

E, &
6 Emol

where Ey = 2.16 €V is the energy of X° (see the Supporting
Information) and E,q = 2.20 €V is the energy of X™L.** The
new exciton states X' and X*> have energy E,,

%(EB +E,) = A, where A = %\/(Em01 — Ep)* + 48%, as
shown in Figure 3b.
The resonance shift and wavefunction mixing subsequently

alter the resonant Raman scattering cross-section. To model
this process, we invoke the standard formalism for Raman
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scattering with three separate interactions: absorption,
scattering, and emission. The probability of absorbing a
photon of energy hw; between the ground state 10) and an
excited state |1) with energy E, is given by Fermi’s golden rule,
with a transition matrix element (0 | Hg(w;) | 1), where Hy(w)
represents the electron—photon interaction. The probability of
emission is given by the matrix element (1 | Hg(w,) | 0), where
haw; is the energy of the emitted (scattered) photon. Including
the electron—phonon interaction with Hamiltonian Hy, the
probability of a Stokes Raman scattering event off a phonon of
energy E, = hw; — hw, near a resonance then has the form*

(OH(e,)11){1IH,|1){1H(o,)10) [
(E, — ho, — il')(E, — ho, — i)

Here, I' is a damping factor. From this equation, we see that
for a single electronic transition resonance, there are two
excitation energies that produce maximum scattering proba-
bility: At hw; = E; (when the excitation is resonant with the
electronic transition) and at hw; = E, + E, (when the
excitation is resonant with the sum of the electronic and
vibrational mode energies).

Our model predicts that hybridization between the
molecular exciton and the WSe, B exciton creates a new
hybrid exciton available for resonant Raman scattering with an
EF strongly dependent on excitation energy and independent
of WSe, doping. To test this, the Raman intensity was
measured using several different excitation energies, as shown
in Figure 3c. Due to a limited number of available excitation
sources, we were unable to resolve the double peak structure
discussed above. However, the intensities show strong
enhancement with excitation energy and fall on a resonance
curve that is well described by the exciton hybridization model
and its effect on resonant Raman scattering. For each Raman
mode, the Hamiltonian matrix elements were assumed to have
no excitation energy dependence, E,;, was fixed, and I" was
independently measured for the X” absorption (see Supporting
Information Figure S4). This yields an average value E, for the
hybrid exciton of 2.095 + 0.011 eV, which is well below Ej
(2.16 eV). This is predicted and consistent with the exciton
hybridization model. The corresponding coupling strength and
energy offset are 6 = 77 meV and A = 80 meV, respectively.

https://dx.doi.org/10.1021/acs.jpcc.0c06544
J. Phys. Chem. C 2020, 124, 27637—27644
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Furthermore, as predicted by the exciton hybridization model,
the EF is mostly independent of the specific vibrational mode
but has an excitation energy dependence, as shown in Figure
3d. Enhancement due to the E, resonance is not discernable in
our measurements. We attribute this to X* consisting mostly of
the PTCDA exciton.

Since the nature of the exciton in few-layer WSe, is strongly
thickness-dependent, we investigated the dependence of the
EF on WSe, layer thickness. ML PTCDA was deposited on an
exfoliated piece of WSe, with areas of different layer
thicknesses, as shown in the inset of Figure 4. These

EF (1307 cm™ mode)

0

10
Number of layers of WSe,

20

Figure 4. Measured EF (red markers) decreases with the increasing
number of WSe, layers. A model using a transfer matrix approach for
the B exciton as a Lorentz oscillator is fit (blue curve) to the data.
Inset: an optical image of the multilayered sample used for the
measurement (scale bar § ym). More information in the Supporting
Information.

thicknesses were determined using atomic force microscopy
(see Supporting Information Figure SS). Figure 4 shows that
the EF of the 1307 cm™! Raman line with the number of WSe,
layers drops sharply between 1 and 2 layers and continues to
drop until the bulk limit, which we assume to be reached at 20
ML WSe,. The effect is not due to layer-dependent energy of
X since its energy shifts only by <10 meV, and its absorption
coefficient changes by <20% over the first four layers and 30%
between the ML and bulk.***” Amsterdam et al.”” reported a
similar layer dependence of CuPc on ML MoS, and attributed
this to increased absorption by the substrate bulk, similar to an
argument offered for Raman scatterinog of CuPc on few-layer
graphene by Ling et al.>* Lee et al.* hypothesized that the
layer dependence of R6G on MoS, or WSe, was caused by a
decrease in the charge transfer rate as the band gap turns from
direct to indirect with increasing layer thickness. We
investigate this trend by examining the field intensity at the
interface using a transfer matrix approach modeling the B
exciton as a Lorentz oscillator (for more details, see the
Supporting Information). For constant excitation intensity, the
intensity at the surface decreases with the number of WSe,
layers, N, with the dependence

2
4

B 2
(y + NEad)

where I',4 is the radiative decay rate and y contains the
nonradiative decay and dephasing rates. The fit to our data,
shown by the solid blue curve in Figure 4, produces I',,4/y =
0.31 + 0.08. The dominant nonradiative decay path is
relaxation from the B to A exciton states. In MoS,, this is
found to be ~1 ps.*® For a radiative lifetime of several ps,*”°
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this ratio is consistent with B exciton dynamics and thus the B
exciton’s involvement in the enhanced Raman scattering.

We note that it may be possible for the reduction in the EF
to be related to the reduced wavefunction overlap, consistent
with results on organic/inorganic quantum well systems."’
Though the A exciton wavefunction is localized to one single
layer,”" the B exciton may have finite hopping with the excited
A exciton state from a neighboring layer, making its
wavefunction less localized than the A exciton. However,
quantitative investigation of this hopping is currently lacking.

To test the validity and generality of our observations, we
also measured enhancement of Raman scattering on ML
MoSe, and graphene and found EFs of 5.3—12.9 and 4.8—13.0,
respectively (see Supporting Information Figure S7). Both ML
MoSe, and graphene have similar absorption coeflicients as
WSe, at 2.33 eV excitation.**”**™>° Transitions of energy
E..o in both MoSe, and graphene are not to discrete exciton
states but rather to continuum states. These transitions can,
however, still mix with X™' by the same mechanism as in
WSe,, and the resulting EFs reflect therefore the degree of
hybridization at the 2D substrate—organic interface. We note
that our measured EFs for PTCDA on WSe,, MoSe,, and
graphene are similar to previous studies, shown in Table I,
which could motivate new interpretations of previous results.

Table 1. Comparison of Raman EFs on 2D Materials

study molecule 2D substrate EFs
this study PTCDA WSe, Up to 19.1
PTCDA MoSe, 5.3-12.9
PTCDA graphene 4.8—13.0
Amsterdam et al.** CuPc MoS, Up to 25.8
NiPc MoS, Up to 23.4
CuPc MoS, Up to 9.2
ZnPc MoS, Up to 4.9
H2Pc MoS, Up to 1.6
Huang et al.*’ CuPc graphene 11.6—47.3
FsCuPc graphene 2.7-6.2
PTCDA graphene 3.9-8.3
Ling et al.”’ CuPc graphene 5.2—63.5
CuPc hBN 6.9-29.5
CuPc MoS, Up to 16

B CONCLUSIONS

In summary, we have demonstrated that Raman enhancement
in PTCDA/WSe, heterostructures can be attributed to the
hybridization of nearly degenerate PTCDA and WSe, B
excitons. These excitons are nearly resonant and interact
strongly, resulting in an increased absorption coefficient,
activation of resonant Raman scattering, and thus enhanced
Raman scattering. This picture is consistent with the measured
dependence of the EF on excitation energy and WSe, layer
thickness, and with enhanced Raman scattering from PTCDA
on ML MoSe, and graphene where the coupling interaction
takes place between the PTCDA Frenkel exciton and
transitions to continuum states in the substrate at this energy.
Further understanding of this exciton hybridization mechanism
can be achieved by studies on other exciton-matched molecule-
TMD pairs as well as more extensive measurements of the EF
dependence on excitation energy. The present work elucidates
how excitons in 2D and organic semiconductors can hybridize,
giving rise to novel optical effects. We anticipate that this work

https://dx.doi.org/10.1021/acs.jpcc.0c06544
J. Phys. Chem. C 2020, 124, 27637—27644
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will motivate future studies which seek to tailor the organic—
inorganic interlayer interactions and create novel electronic
phases in TMDs, e.g., through resonant exciton effects as well
as wavefunction engineering.
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Additional spectra characterizing the Raman enhance-
ment effect and the heterostructure’s constituent
materials; doping-dependent measurements of a hetero-
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