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Abstract

van der Waals heterostructures are currently
the focus of intense investigation, this is es-
sentially due to the unprecedented flexibility
offered by the total relaxation of lattice match-
g requirements, and their new and exotic
properties compared to the individual layers.
Here, we investigate the hybrid transition metal
dichalcogenide/2D  perovskite heterostructure
WSs/(PEA )y Pbly. We present the first DF'T
calculations of a heterostructure ensemble,
which reveal a novel band alignment, where
direct electron transfer is blocked by the organic
spacer of the 2D perovskite. In contrast, the va-
lence band forms a cascade from WSy through
the PEA to the Pbly layer allowing hole trans-
fer.  These predictions are supported by opti-
cal spectroscopy studies, which provide com-
pelling evidence for both charge transfer, and
non-radiative transfer of the excitation (energy

transfer) between the layers. Our results show
that TMD/2D perovskite heterostructures pro-
vide a flexible and convenient way to engineer
the band alignment.

Introduction

Two dimensional (2D) layered materials have
been in the scientific spotlight for more than
a decade.™ The seminal work of Geim and
Novosolov on graphene,®* was followed by the
rediscovery of transition metal dichalcogenides
(TMDs),>" the recent explosion of the field of
2D perovskites,”® and other emerging layered
materials. !’ While initially the investigations
of electronic properties were limited to mono-
layers within a particular group of materials, re-
cently, the engineering of van der Waals stacks
has attracted tremendous attention.''™'® The
inherently weak van der Waals interaction be-
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Figure 1: (a) Schematic of the investigated structure. On a h-BN
layer, a monolayer of WS is deposited, followed by a multilayer
of (PEA)2Pbly (PEPI) which is encapsulated by a top layer h-
BN (not shown). (b) Schematic of the 2D perovskite structure
with a single slab of inorganic octahedral units Pblg separated by
organic spacers. (c) Schematic of the type-I band alignment of
the perovskite with different thickens of the inorganic layers.

tween the 2D crystals facilitates the stacking
of a variety of different layers into hetero- or
homostructures'”'® with new functional prop-
erties. The encapsulation of TMDs with h-BN
results in superior electrical and optical qual-
ity. Stacking two different TMDs leads to a
plethora of new properties, including long lived
inter-layer excitons' 2! which can be controlled
by an electric or magnetic field,?*?* and the for-
mation of a moiré pattern®>?® which can lead
to exotic crystal phases. %2728

These functional properties strongly depend
on the nature of the spatial excitation transfer
between the layers, which can rely on charge
transfer and/or energy transfer. For example,
the type-II band alignment in TMD stacks®’
favours charge transfer, which leads to the for-
mation of inter-layer excitons with new ex-
otic properties. %27 273031 On the other hand,
stacks of 2D semiconductors, in principle, form
an ideal platform to explore energy transfer
(non-radiative transfer of the excitation). This
is due to the large oscillator strength and ulti-
mate proximity of the functional layers (in the
range of single to few to dozen ofA), essential
for nonradiative energy transfer of the Forster

or Dexter type.??® The energy transfer can be
the dominant process if the direct inter-layer
charge transfer is strongly suppressed. This can
be achieved, for example, by separating TMD
layers with an insulating sheet of h-BN. 3?40 The
incorporation of different number of h-BN lay-
ers allows to control the mechanism of excita-
tion transfer from a direct charge transfer to an
energy transfer.?"

Here, we propose a novel approach to control
the excitation transfer process, using a hybrid
heterostructure built from a TMD monolayer
and a 2D perovskite (PEA),Pbly (PEPI),"®
which is presented schematically in Fig.1(a).
The 2D perovskite provides a charge blocking
layer in the form of organic spacers. As we show
here, such a stack can provide a rather unique
band alignment, not achievable in TMD-based
van der Waals heterostructures. Taking into
account the plethora of available organic spac-
ers that can be incorporated into the 2D per-
ovskites,” this new approach to heterostructure
design provides greater flexibility in the band
alignment, together with the possibility to en-
gineer the excitation transfer mechanism. The
efficient energy transfer can be used to sensi-
tize the photo-response of one layer (for exam-
ple TMD) using the other layer (2D perovskite),
without reduction of the overall photo-response
yield characteristic for the inter-layer charge
transfer and weak inter-layer emission.

Two-dimensional Ruddlesden-Popper type
organic-inorganic perovskites consist of inor-
ganic metal-halide octahedral slabs separated
by large organic molecules (see Fig. 1(a)). They
can be regarded as ideal quantum wells due to
the lack of interface roughness and usually ex-
hibit type-I band alignment (Fig.1(c)), which
prevents efficient charge transfer between the
neighbouring slabs. ®%% The thickness of the
inorganic slab determines the optical band gap
of such 2D perovskites, and can thus be used
to sensitize TMDs monolayers to different pho-
ton energies. Interestingly, the character of the
band gap does not depend on the slab thick-
ness or the number of layers,*>* in contrast
to the case of TMDs.” At the same time, 2D
perovskites suffer from poor electrical proper-
ties (carrier mobility p in the range of single
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Figure 2: a) Mulliken-projected band structure of the WSo/PEPI heterostructure showing the majority contributions of each layer and
density of states projected to particular building blocks (WSa, PEA, Pbly). (b) The corresponding Brillouin zone and k-path of this
low-symmetry model structure. Both band structure and density of states indicate type-II band alignment, which is also visible in the
real-space representation of the highest-occupied and lowest-unoccupied crystal orbitals from the corresponding k-points in the band
structure (c). The valence band maximum (VBM) is localized in the Pbly layer, while the conduction band minimum (CBM) is localized
in the WSs layer. The orbitals are depicted using a 0.02 amplitude isosurface. For the real valued VBM at I', the negatives and positives
are shown in blue and in red, respectively. In case of the complex valued CBM, the phase is indicated by the color map, ranging from
-10717 (violet) to 10717 (white). (d) Magnification of the density of states close to the valance band to show the spurious contribution

of organic ligand states.

cm?V~!s71) and TMDs are far better (2-3 or-
der of magnitiud higher) in this respect.*"*
Therefore, an appropriate utilization of charge
or energy transfer can serve to suppress the
drawbacks of individual layers, while enhanc-
ing their advantages, allowing for example, the
creation of efficient photo-detectors.* 52
However, despite the potential advantages
of TMDs/2D perovskite energy transfer het-
erostructures, very little is known about their
properties, and the few results reported in the
literature are far from conclusive.”® > Recent
work point to energy transfer,’® charge trans-
fer,> and an optically active state at the hybrid
interfaces.® To date, band alignments were de-
termined from independent calculations of the
TMD and perovskite layers®°%°" using differ-
ent methods. Taking into account the accuracy
of simulations based on density functional the-
ory (DFT),"® notably the predicted band gap, it
is crucial to calculate the heterostructure as an
ensemble to correctly determine the the band
alignments. Here, we present such DFT calcu-
lations. We show that the (PEA),Pbl,/WS,
stack possesses a novel band aliment, where
only electron transfer between the layers is
blocked. This prediction is supported by our ex-
perimental results, which point to a hole trans-

fer from the WS, to the 2D perovskite, and an
energy transfer in the opposite direction. Our
results show that such 2D perovskite/TMD hy-
brid structures can be effectively used to sen-
sitize TMDs to a particular excitation photon
energy.

Results

We start with the DFT calculations, which
are to the best of our knowledge, the first
theoretical results which take into account
the full structure and orbital hybridization
of a TMDs/2D perovskite heterostructure.
Fig.2(a) shows the calculated band structure
of WSy /(PEA),Pbly heterostructure (the h-BN
encapsulation is neglected in the calculations)
where the 2D Brillouin zone of this system is
indicated in panel (b) with the sampled recip-
rocal directions.

The band structure was projected on the ma-
jority contribution from the Mulliken analysis.
This shows that the top of the valence band
is mainly composed of orbitals from the Pbl,
slab, while the conduction band is dominated
by the WS, states, as clearly seen in the den-
sity of states (DOS) plot. Consequently, a type-



IT band alignment is formed between the WS,
layer and the Pbly slab. Additionally, Fig. 2(c)
shows a representation of the real-space high-
est occupied and lowest unoccupied crystal or-
bitals, which correspond to the valence band
maximum (VBM) and conduction band mini-
mum (CBM) respectively. The VBM at I' is lo-
calized mostly in the Pbl, layer, while the CBM
at €1 is localized in the WSs layer, in accordance
with the calculated DOS.

PEA
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Figure 3: Summary of the band alignment in the PEPI/WS> het-
erostructure resulting from DFT calculations. The charge transfer
(CT) and energy transfer (ET) paths are indicated.

In the investigated structure, the WS, layer is
separated from the Pbly slab by the wide band
gap PEA organic spacer. The conduction band
alignment provides a barrier for electron trans-
fer between the WSy and the Pbly layer. In-
deed, based on the Hirshfeld charge analysis,
we find negligible charge transfer from the WS,
layer to the organic spacers of 0.1 e~ averaged
over the whole model structure consisting of 239
atoms. Moreover, in the valence band we have
an interesting situation. The peak of the PEA
density of states is located around -6.5 eV, how-
ever, a closer inspection of the density of states
plot (see panel (d)) reveals that there are also
states related to PEA slightly above WS, and
below Pbly,. In fact the density of these states is
comparable to the WS, density of states close
to the top of valence band. Therefore, in the
valence band, the WSy, PEA, and Pbl, bands
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Figure 4: (a) Optical microscope image of WSy/PEPI het-
erostructure sandwiched between h-BN capping layers. Color
points on the image correspond to spectra shown in remaining
panels. (b) PL spectra of WSs, excited below (540nm) the ab-
sorption band of PEPI, and (c) PL spectra of (PEA)2Pbly (PEPI)
excited above (488 nm) the absorption band of PEPI. All spectra
are taken at T'= 5 K. In panels (b-c) the spectra are taken on the
heterostructure (blue) and on the bare flakes (gray).

edges form a funnel (cascade), which favorizes
the transfer of photo-induced holes from WSy
to the Pbly layer. Thus, stacking WSy with
(PEA),Pbl, leads to a novel band diagram, pre-
sented in Fig. 3, where only one type of carrier
can be directly transferred between the layers,
i.e. holes. At the same time, strong excitonic
effects (in the sense of the oscillator strength)
in both materials, together with their proxim-
ity, should favorize an energy transfer from the
perovskite layer to the TMD layer.

To corroborate theoretical predictions,
we have performed optical studies on the
WS, /(PEA),Pbly stack, which is placed on
a Si/Si0, substrate, and encapsulated in h-BN
to provide the highest possible optical qual-
ity and stability. Fig.4(a) shows the opti-
cal microscope image of the sample. Three
characteristic regions can be clearly distin-
guished, namely, the bare Ruddlesden-Popper
perovskite (PEA),Pbly, bare monolayer WS,,
and the WS, /PEPI heterostructure area. The
perovskite region is roughly 20x 20 um? and the
triangular WS, flake also has sides ~ 20 pum.



The optical properties of WS, monolayers are
characterized by the presence of the A- and B-
excitons which arise from the spin orbit split-
ting in the valence band. In emission, gener-
ally only the A-exciton is observed due to the
large splitting (~ 400 meV) of the valence band.
Fig.4(b) shows representative PL spectra, re-
lated to the WS, emission, taken on the bare
flake and in the heterostructure region, mea-
sured at T' = 5 K. We can distinguish three
emission features characteristic for A-exciton
emission, which can be attributed to the free
exciton (X), trion (T), and localized excitons
(L).S.ﬁ)

Even though the PL from WS, were collected
using 540 nm excitation in Fig. 4(b) (i.e., below
the absorption band of PEPI), the spectra of
bare WS, flake and the heterostructure are dif-
ferent. The trion to exciton ratio is changed
from ~ 1.2 on the bare flake to ~ 2 on the
heterostructure. In addition, the overall in-
tensity of the WS, trion and exciton emission
from the heterostructure is lower than on the
bare flake. This finding supports the theoretical
predicted hole transfer from WS, layer to the
Pbl, slab. The efficient hole transfer reduces
the overall PL intensity in the heterostructure
region. Moreover, as the WSy layer is intrinsi-
cally n-type, %! the trion is negatively charged.
The increase of T/X emission ratio in the het-
erostructure indicates an increased ratio of the
electron/hole concentration, which is a result
of the photo-induced hole transfer from WS, to
the PEPI layer.

When the sample is excited above the ab-
sorption band of PEPI (488 nm laser), strong
PL emission is observed around 2.34eV corre-
sponding to the dominant free exciton emis-
sion of PEPI®* % (Fig.4(c)). The PEPI PL
signal from the isolated flake is more intense
than in the heterostructure region. However,
taking into account predicted band alignment,
the lower intensity in the heterostructure re-
gion cannot result from a direct charge/exciton
transfer to the WS, layer. This suggests that
the reduced PL intensity is an indication of an
energy transfer process from PEPI to the WS,
layer. However just from the PL measurement
with a single excitation wave length of 488 nm it
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Figure 5: PL integrated intensity of X4 and T from WSy as
a function of excitation energy in heterostructure region (blue)
and on the bare flake (gray) together with reflection spectrum
from PEPI (black). The excitonic resonance feature visible in
reflectance spectrum corresponds to PLE feature. The reflection
spectrum overlap with interference pattern resulting from h-BN
encapsulation. All spectra taken at T' = 5K

is hard to conclude if the WS, emission in the
heterostructure area is enhanced (as expected
in the case of an energy transfer from PEPI).
The PL emission from WSy overlaps with the
bound state emission from PEPI (see Fig. S1)
which is visible everywhere on the PEPI flake
(see Fig S2). Therefore we perform photolumi-
nescence excitation (PLE) at 5K studies which
provide further evidence of an energy transfer
process from PEPI to WS,. We varied the ex-
citation photon energy in the range 2.3-2.6eV
while monitoring the emission intensity of the
WS, exciton and trion recombination. The re-
sult of this experiment is shown in Fig.5. The
PLE emission from the bare WS, flake (gray
symbols) is slightly enhanced when the exci-
tation is resonant with the B-exciton of WSs,
due to the increased absorption.® The moder-
ate increase of intensity, going to lower ener-
gies, observed below 2.4 eV, corresponds to the
approaching resonant A-exciton absorption in
monolayer WS,. Crucially, for PLE in the het-
erostructure region, an extra feature appears at
~ 2.37eV, i.e., at an energy corresponding to
the ground state exciton absorption in PEPI,
also seen in the reflectivity spectrum (black
line). The increased PL intensity, when excit-
ing resonantly the exciton transition in PEPI,



is roughly the same for the trion and exciton
PL from the WS, monolayer. This shows that
the charge state of the WS, monolayer does
not change when exciting via the PEPI. We,
therefore, exclude the presence of a the charge
transfer process within the heterostructure un-
der resonant excitation conditions, and con-
clude that an energy transfer process is respon-
sible for the increased excitation efficiency (in-
creased PL intensity). This energy transfer pro-
cess involves the exciton ground state in PEPI
and an electron-hole continuum state in mono-
layer WS,.

An additional indication of energy transfer is
the strongly increased exciton and trion emis-
sion when exciting resonantly the B-exciton of
WS, at ~ 2.47eV. Indeed, if no energy trans-
fer occurred, the exciton and trion PL inten-
sity in the heterostructure region would be the
same as for the isolated monolayer. Increased
PL intensity indicates another energy transfer
process involving the B-exciton in monolayer
WS, and probably excited exciton states (2s,
3s, ...) in PEPL.5¢% The large enhancement in
the WS, exciton and trion PL intensity in Fig. 5
shows that this energy transfer process is more
efficient than the energy transfer when excit-
ing the PEPI exciton ground state at 2.37 eV.
Since the energy transfer efficiency of a Forster
or Dexter type is proportional to the product of
the oscillator strengths of the energy donor and
acceptor, our results suggest that this product
is significantly larger for PEPI excited excitons
states and the WS, B-exciton than for WS, free
carriers and PEPI 1s state. Overall, the results
presented in Fig.5 show an efficient sensitiza-
tion of the WS, monolayer via energy transfer
from PEPI.

Finally, we consider the nature of the energy
transfer process. In the heterostructure, the
centers of the WS, and Pbl, layers are sepa-
rated by about 1-1.5nm. This distance is of-
ten considered as limiting for Dexter type pro-
cesses, but not for Forster.*? Moreover, the
Dexter type mechanism involves an exchange of
carriers between states. Hence, in addition to
an overlap of the emission and absorption ener-
gies, the Dexter mechanism requires an overlap
of the wave-functions of the donor and acceptor

states. As the DF'T calculations show that the
wave-function overlap is negligible, we conclude
that the Forster process is the most probable
mechanism for the energy transfer.

Conclusions

We have presented the evidence for both charge
and energy transfer in the (PEA),Pbl,/WS,
heterostructure at low temperature. Due to
particular band alignment between the PEPI
and WSs layers, only the hole transfer is present
from the TMD to the 2D perovskite. Simul-
taneously, the electron exchange between the
layer is completely blocked. However, the exci-
tation can be transferred from (PEA),Pbly to
WS, via an energy transfer process, which is
especially efficient close to the B-exciton reso-
nance in WS,. This is confirmed by PLE stud-
ies showing that WS, monolayer can be effec-
tively sensitized by the (PEA),Pbl; 2D per-
ovskite.

Methods

Synthesis and sample preparation

The device has a multilayer structure composed
of a boron nitride (h-BN) top layer (~ 100 nm),
a WS, monolayer, a (PEA),Pbl, perovskite
(~ 50nm), and an h-BN bottom layer ( =~
120nm). The WS, monolayer is grown by the
chemical vapor deposition.® Both (PEA),Pbl,
perovskite and boron nitride flakes are exfoli-
ated from their bulk crystals. Single crystals of
(PEA),Pbl, were grown at room temperature
using the same layered solution crystal growth
technique as used in our previous work."™
To avoid the degradation of (PEA),Pbl, per-
ovskite in the ambient condition, the cleavage,
transfer, and stacking are all carried out in an
argon-filled glove box with a trace amount of
Hy,O and Oy (both less than 0.1 ppm). Dur-
ing the transfer process, the top h-BN layer
is picked up by a polycarbonate film (PC) at
80°C, then WS, monolayer and (PEA),Pbly,
perovskite flakes are picked up by the top h-BN
layer at 110 and 40°C, respectively. Care was



taken to minimize the heating process to avoid
the thermal degradation of the perovskite. The
PC on the sandwiched structure is then quickly
dissolved in chloroform within 3 minutes. We
have confirmed that the optical properties of
the perovskite are not affected by the solution
process after being sandwiched between WS,
and h-BN.

DFT calculations

A bi-layer model structure of WS,@Q(PEA),Pbly
was created in the Virtual NanoLab ™! with min-
imal strain on the individual layers, resulting in
a superstructure with 239 atoms. This model
structure was fully relaxed using FHI-aims™
employing the PBE functional™ on tight tier
1 numeric atom-centered orbitals, including
the non-local many-body dispersion correction
(MBD-nl) ™™ and scalar relativistic correc-
tions (ZORA) on a 6 x 6 x 1 I'-centered k-grid.
The electronic band structure, the Mulliken-
projections, and the density of states were cal-
culated including spin-orbit coupling (SOC)
and considering the dipole correction.

Optical measurements

The sample was mounted on the cold finger of a
liquid helium cooled cryostat. Both, reflectivity
and PL measurements were performed on the
home-built setup at the temperature of around
5K. The excitation source was halogen lamp
(for reflectivity), and continuous wave 488 nm
gas laser or second harmonic of a Ti:sapphire
laser (for PL). The white light /laser beam was
focused on the sample by a 50x microscope ob-
jective with a numerical aperture of 0.55, result-
ing in the spot size of ~ 1uym. The signal from
the sample was collected by the same objective,
directed to the 0.5m long monochromator and
detected by liquid nitrogen cooled CCD cam-
era. For PL, the laser beam was filtered out
by the long pass 488 nm or 550 nm edge filter.
Spatial PL maps with the step of 1um along the
x and y axes, were possible with the use of an
automated xy translation stages on which the
cryostat was mounted. PLE experiments were
performed using the same setup as the PL mea-

surements at 5 K. The excitation source was the
second harmonic of a Ti:sapphire laser with a
repetition rate of 80 MHz and temporal pulse
width of 300fs. The laser signal was filtered
out by the 550 nm long pass edge filter before
entering the monochromator and CCD camera.
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