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In recent years, high-quality transiton metal dichalcogenide Waals
heterostructures, based on either mechanical exfoliation or chemical vapor deposition, have been

layers and their van der

successfully employed for the fabrication of electronic and optoelectronic devices, demonstrating their
potential towards the integration or replacement of traditional semiconductor technologies. However,
these fabrication techniques rely on single flakes with limited size on the scale of tens of micrometers.
Here, we propose a large-scale growth process based on physical deposition that enables uniform
coverage over cm? areas. This method allows us to fabricate a large area prototype van der Waals
heterostructure by vertically stacking
heterojunction which shows enhanced photocatalytic dissociation efficiency compared to a reference

in sequence few-layer WS,-MoS, films, forming a type-Il

MoS, film. Upon addition of a bottom graphene transparent electrode and a top Au contact, under
illumination conditions we find evidence of photovoltage and photocurrent generation, thus demonstrating

the potential of our

rsc.li/RSCApplinter photoconversion applications.

Introduction

Bulk semiconductor photonics is the most widespread
technology for photodetection and energy conversion thanks
to the high efficiency of conventional semiconductor
materials. However, new frontiers and challenges have been
recently opened in materials science towards development of
functional nanomaterials, such as organic materials and
nanostructures, which could serve as flexible building blocks
for the Internet of Things and wearable electronics."™® To
achieve the ambitious goal of a new generation of multi-
functional devices and smart nanosensors, a crucial role is
played by the emerging class of two-dimensional materials
that exhibit exceptional optoelectronic response within
atomically thin layers.” "

Among these, transition metal dichalcogenides (TMDs) are 2D
layered semiconductors of particular interest due to their
thickness-dependent optoelectronic properties, with an indirect-
to-direct band gap transition going from the bulk to a single
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large-scale 2D-TMD growth process

in view of scalable, self-powered

monolayer."® Their high optical absorption coefficient, combined
with suitable energy band gap values in the 1-2 eV range, makes
them promising materials for photonics and photoconversion
applications."*™°

Owing to the atomically smooth surfaces originating from
in-plane fully saturated covalent bonds, TMDs as well as
other two-dimensional materials can be vertically stacked to
form the so-called van der Waals (vdW) heterostructures.>*>?
In such a configuration, novel properties emerge from the
band structure coupling of the different layers, offering the
possibility to arbitrarily tailor the optoelectronic properties of
the resulting metamaterial.**>*

The possibility to devise ultra-thin self-powered photonic
devices using 2D materials has been recently shown in van
der Waals (vdW) metal-semiconductor-metal devices with
engineered band alignment and in vdW MXene-silicon
photodetectors.>>>®  Indeed, photon-to-current  energy
conversion in TMD-based heterostructures can be achieved at
zero bias if the final energy band structure of the vdW 2D
heterojunction intrinsically promotes the spatial separation
of differently charged photoexcited carriers. A relevant
example of this charge transfer effect has been recently
demonstrated in the case of type-Il vdW heterojunctions
formed by MoS,-WS,, both in the monolayer regime and in
the few- and multi-layer regime,> > thanks to the staggered
band alignment between the component layers.***
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Additionally, charge separation leads to a longer lifetime
of carriers, which can be exploited, for example, to enhance
photocatalytic dissociation reactions of  organic
pollutants.**** Since atomically thin 2D TMD films are
endowed with an extremely high surface-to-volume ratio, it is
thus straightforward to foresee the potential of large area
TMD-based heterostructures in photo-to-chemical energy
conversion applications.**® Although the coupling of
different TMD monolayers is particularly exciting for
optoelectronic applications, in the case of van der Waals
heterostructures based on few-layer TMDs, the increased
thickness enables a higher optical absorption and hence an
enhanced photoconversion efficiency.

Despite the photoconversion properties of these 2D
materials being promising, the scalability of this scheme
towards real-world devices is still very poor since the devices
are typically based on exfoliated 2D semiconductor layers that
form micrometric flakes. The limited size of these materials
and their random distribution on the surface intrinsically
limit the device area and require complex, low-throughput
alignment procedures for the fabrication of vdwW
heterostructure devices at the micro-scale.>”

To make real-world applications of TMD-based devices
possible, development of scalable growth approaches is
mandatory. Large area growth techniques are actively
investigated, ranging from printable nanosheet inks in view
of flexible and wearable electronics to chemical vapor
deposition,>” ™ and a continuous effort is put in the search
for wafer-scale homogeneous growth techniques with
thickness control, enabling the application of 2D materials in
circuit integration.’™*> At the same time, development of
large area transparent electrodes, such as those based on
graphene, is crucial for the growth of van der Waals
heterostructures and for the fabrication and interconnection
of TMD-based devices."*™"

In this work, we develop large area physical deposition of 2D
TMD films based on ion beam sputtering and recrystallization in
a sulfur enriched atmosphere. In order to increase the weak
photon absorption of monolayer thick TMD devices - in the 10%
range — we opted for type-II heterojunctions formed from few-
layer TMDs.>” " Vertical stacks of WS, and MoS, polycrystalline
layers in a superstrate configuration are deposited on top of a
commercial transparent conductive graphene electrode
transferred on a silica (SiO,) substrate. Upon illumination of the
large area type-II heterojunction formed from the two TMD
layers, we observe photovoltage and photocurrent. A further
indirect experimental demonstration of the favorable band
alignment is derived from photocatalytic dissociation of an
organic pollutant such as methylene blue (MB). Indeed, due to
the increased photocarrier lifetime resulting from physical
separation of holes and electrons in type-II heterojunctions, the
large area WS,-MoS, stacked layers are more effective in
promoting a higher MB photodissociation rate compared to the
individual TMD layers. These results demonstrate the potential of
our scalable approach for TMD-based van der Waals
heterostructures in self-powered electronics.
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Results and discussion

The controlled and deterministic growth of two-dimensional
transition metal dichalcogenide semiconducting films
extending over large area (cm” scale) represents one of the
crucial bottlenecks which prevent real world applications
based on van der Waals heterostructure devices. In our case,
we chose WS, and MoS, TMD pairs which are characterized
by a staggered alignment of the band edges (both in the
monolayer regime and in the few-layer regime®>°) and thus
form type-II heterojunctions which are at the core of self-
powered photoconversion devices.

In view of light harvesting applications, we chose a
transparent 12 x 25 mm?” SiO, wafer as the supporting substrate.
In order to electrically connect the TMD heterostructure on its
back side and fabricate a large-scale device, we deposited a
commercial bilayer graphene electrode (Graphenea) by a wet
transfer process in deionized water, as highlighted in Fig. 1a and
described in detail in ESI} section S1.%° The graphene transparent
electrode, which covers an area of about 1 cm?, is evident in the
photograph of the silica substrate. In Fig. 1b, we show the
characteristic Raman spectrum of the graphene bilayer after the
transfer process, highlighting the presence of characteristic
vibrational modes located at 1589 cm™ and 2690 cm™, which
correspond to the G and 2D bands, respectively.”” A very small
peak can also be observed at 1350 cm™ which is related to
defects and disorder in the graphene layer. Its reduced area in
comparison with the G and 2D bands indicates a high quality
material.*® Fig. 1c shows an optical extinction spectrum acquired
on the as-transferred bilayer graphene. Extinction in the visible
range is about 5%, in agreement with the expected theoretical
absorption value of 4.6% for bilayer graphene.” The high
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Fig. 1 a) Photograph of the transparent SiO, template after the
transfer of a graphene bilayer conductive electrode. b) Raman
spectrum of the graphene electrode after wet transfer on SiO,. c)
Optical extinction spectrum acquired on bilayer graphene. d) Sketch of
a MoS,-graphene-SiO, stack. e) Raman spectrum of MoS, on
graphene. f) Optical extinction spectrum acquired on MoS, on
graphene. g) Sketch of a WS,-graphene-SiO, stack. h) Raman
spectrum of the WS, film on graphene. i) Optical extinction spectrum
acquired on WS, on graphene.
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transparency of graphene is crucial for its application as a
transparent window layer when photonic devices are arranged in
a superstrate configuration.

Physical deposition of a few-layer MoS, film supported on a
SiO,-graphene stack (sketch in Fig. 1d) has been achieved by
developing an ion beam sputtering deposition process from a
stoichiometric MoS, target in an ultra high vacuum chamber (see
the Methods section). To sequentially stack the different TMD
layers, we designed a custom deposition set-up that allows the
substrate to be oriented towards multiple TMD sputtering targets
mounted on a linear translation stage (see ESIt section S2, Fig.
S2a for more details). To optimize the quality of these TMD
layers, which are amorphous after the deposition process, we
perform a high temperature (750 °C) recrystallization process in a
sulfur-enriched argon atmosphere to preserve their stoichiometry
(see ESIf section S2, Fig. S2b). In this way, high-quality, 4 nm
thick MoS, films in the semiconducting 2H-phase are formed, as
demonstrated by the micro-Raman spectrum reported in Fig. 1e,
which clearly shows the characteristic Elzg and A,, vibrational
modes corresponding to the in-plane and out-of-plane vibrations
of the molybdenum and sulfur sub-lattices, located at 378 cm™
and 404 cm™, respectively.’® The difference in the spectral
positions of the two Raman peaks reads about 26 cm™,
confirming the growth of a few-layer MoS, film.

Optical extinction measurements were performed across
the UV-VIS-NIR spectral range on the same MoS,-graphene
sample. The results are presented in Fig. 1f. The spectrum
acquired on the stacked MoS,-graphene (green trace)
highlights the presence of the characteristic excitonic
features, which further confirm the formation of a 2H-MoS,
semiconducting phase. A and B excitons are detected at
about 677 nm and 629 nm, respectively, whereas the band
nesting regions of C and D excitonic resonances are detected
in the 400-450 nm spectral range.”"

We used the same physical deposition approach for the large
area growth of a 4 nm thick WS, film on top of a graphene layer
(sketch in Fig. 1g). The micro-Raman spectrum reported in
Fig. 1h shows the characteristic vibrational in-plane mode E',,
and out-of-plane mode A, located at 354 cm™' and 418 cm,
respectively, thus confirming the identification of a few-layer WS,
film in the 2H-semiconducting phase.’>

The optical extinction spectrum, reported in Fig. 1i,
further supports the growth of few-layer WS, films in the
semiconducting 2H-phase. The spectrum is characterized by
the main excitonic features of WS, detected at about 630 nm
(A exciton), 530 nm (B exciton, very shallow mode) and in the
spectral range of 400-450 nm (C and D transitions of the
band nesting region).”® A comparison between the extinction
spectrum of MoS, (Fig. 1f) and the spectrum of WS, (Fig. 1i)
allows the strong similarity of the band structure of the two
TMD materials to be highlighted in a direct manner, which
are characterized by a very similar optical bandgap in the
range of 1.3-1.4 eV for the few-layer regime.>">°

Having demonstrated the capability to grow by physical
deposition the individual TMD and graphene layers placed
deterministically on the silica wafer substrate, we then fabricated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a large area van der Waals MoS,-WS, heterostructure partly
coating a transparent conductive graphene electrode by
sequential deposition of a 4 nm thick WS, film and a 2 nm thick
Mos, film, followed by a single recrystallization step at 750 °C
(see ESIf section S2). According to the literature, with a WS,
monolayer being 0.66 nm thick®® and a MoS, monolayer being
0.65 nm thick,> we obtained a heterostructure based on six
layers of WS, and three layers of MoS,. Fig. 2a shows a
photograph of the sample, where the graphene electrode is
highlighted by the dashed blue rectangle. As a result, we achieved
vertical stacking of graphene, WS, and MoS, layers over a 0.9 x
1.0 cm® area. The photograph also shows the two macroscopic
Au metal electrodes deposited via ion beam sputtering to
complete this large area prototype device. The two contacts are
respectively located on the uncoated edge of the graphene
electrode (back contact) and on the MoS,-WS,—-graphene stack
(top contact, which also acts as an optical reflector). A 2 nm thin
Ti adhesion layer was added beneath the Au contacts by ion
beam sputtering deposition. Cross section sketches of the vdW
heterostructure device have been added to clarify the device
geometry, designed for direct contact of graphene and for
avoiding shunts between graphene and MoS,. In the top sketch
of Fig. 2a, a cross sectional view of the device along the horizontal
direction (dashed black line) is represented, showing the vertical
stacking of graphene, WS, and MoS,. The left sketch, on the
other hand, represents a cross sectional view of the device along
the vertical direction (dashed red line). In the sketch, we do not
include the 2 nm Ti adhesion layer between Au and MoS, since
the drawing is already intricated. The adopted geometry with
vertical stacking of polycrystalline TMD layers and electrodes
takes its cue from conventional design of polycrystalline
photovoltaic devices and is particularly advantageous because it
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Fig. 2 a) Photograph of a large area van der Waals heterojunction
composed of a stack of graphene (dashed blue rectangle), WS, and
MoS,. The top sketch represents a cross-section across the
heterostructure stack along the horizontal direction (black trace), the
side sketch represents a cross-section across along the vertical
direction (red trace). b) Raman spectra acquired in the heterojunction
region (blue trace) and on the bare graphene (black trace). c) Optical
extinction spectra acquired on bare graphene (black trace), on WS,-
MoS, on top of graphene (blue trace) and on WS,-MoS, outside the
graphene (magenta trace).
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selects charge transport in the vertical direction across single
crystalline TMD domains (typical sizes of crystalline domains
determined by TEM on similar TMD samples are in the range of
30-40 nm (ref. 39)). Conversely, charge transport across lateral
heterojunctions would suffer from increased resistance at the
grain boundaries of the polycrystalline TMD films.

Fig. 2b presents the Raman characterization of the TMD
heterostructure, showing a spectrum acquired on the
vertically stacked MoS, and WS, layers (blue trace). The
dashed lines have been added to the graph to help identify
the spectral fingerprints belonging to the individual MoS,
(green) and WS, (red) layers. The Raman spectrum of the
TMD heterostack shows the presence of the well separated
Elzg modes corresponding to WS, and MoS,, and of the A,
modes which are partly overlapped, thus confirming that the
thermal annealing process is effective in recrystallizing also
the WS, layer buried below the MoS, layer. The Raman
spectrum acquired on the bare graphene, close to the Au
back contact (black trace), shows no spectral fingerprints of
TMDs, hence demonstrating that the physical deposition
process here described enables on-demand deposition of 2D
TMD semiconducting layers with a deterministic geometry
defined by a proximity stencil mask. This is at variance with
TMD deposition achieved by conventional CVD procedures,
which results in the growth of randomly nucleated flakes.”®

This approach is advantageous in the more general context of
photocatalytic applications, where a key goal is to achieve a
single-step and scalable synthesis of large area MoS,/WS,
heterostacks independently from the interconnection to top and
bottom contacts. The robustness of our physical growth
technique is confirmed by the experimental evidence shown in
ESIf} section 3.

Fig. 2c reports the extinction spectrum acquired in
correspondence to the vertically stacked MoS,-WS,-graphene
van der Waals heterostructure (blue trace) shown in
Fig. 2a and b. A direct comparison with the extinction spectra
of bare graphene (black) and WS,-MoS, stacked layers
without graphene (magenta) confirms that the graphene
bilayer does not contribute with relevant spectral features to
the observed extinction. Due to the spectral overlap of the
dominant excitonic features of the individual TMD layers, the
optical response of the vertical heterostructure does not
clearly resolve the individual components shown in Fig. 1. In
view of photoconversion applications, we highlight the
substantial increase in the optical extinction with respect to
the individual TMD layers, exceeding 60% in correspondence
to the band nesting region (C, D excitons around 400 nm)
and reaching 30% in correspondence to the A exciton (optical
transitions around 650 nm).

The optoelectronic response of this large area heterostructure
device has been investigated by photovoltage and photocurrent
measurements under controlled illumination conditions, with
the light beam impinging from the side of the transparent silica
support (superstrate configuration). Due to the type-Il band
structure of the TMD pair, the built-in voltage is expected to
promote vertical separation of the photogenerated charges of
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opposite sign across the van der Waals interface.””>° The
effective active area of the TMD heterostructure, where vertical
transport occurs, is determined by the top Au/Ti contact defined
by sputtering deposition through a proximity mask. In the
implementation, the top contact area
approximately spans across 2 x 4 mm? However, we emphasize
that for the heterostructure shown in Fig. 2a, the active area
could be easily scaled up by enlarging the Au top electrode area
to entirely cover the region of the graphene back contact coated
by the TMD stack. We further highlight that the currently
achievable size of the TMD heterostructures is only limited by the
lab-scale prototype set-up employed for ion beam sputtering
deposition and by the size of the transferred graphene back
contact. Straightforward scalability at the wafer level (4” and
beyond) is at hand since no fundamental constraints of the TMD
physical deposition process are foreseen and larger CVD
graphene layers can be transferred on demand.

In a first set of photoconversion experiments, a collimated
broadband halogen light source covering the vis-NIR spectral
range was employed to illuminate the active area of the van der
Waals heterojunction. Fig. 3a reports the photovoltage Voc(t)
acquired under open-circuit conditions as a function of time
under alternating on-off illumination conditions, and for
different illumination power density levels as measured by a
thermopile power meter (see the Methods section for further
details). The voltage response of the TMD heterojunction follows
a first-order trend, with a characteristic time constant 7 of about
16 seconds, as shown in more detail in ESI{ section S3.

In a second run of measurements, performed under steady
illumination conditions, we detect the photovoltage saturation
value Vocgs finding a linear trend as a function of the incident
optical power, as demonstrated by the plot in Fig. 3b. An open-
circuit photovoltage as high as 40 pvV is measured for
homogeneous illumination of the device at an optical intensity of
252 mW cm > A blue bar is added to the graph to highlight the
noise level of the measurements.

current active
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Fig. 3 a) Time-dependent open circuit photovoltage response Vocl(t)
under broadband illumination at different powers. b and c) Steady state
photovoltage Vocss and net photocurrent Alsc under stationary
conditions as a function of incident power. d) Comparison between
optical absorption and spectral responsivity.
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In a similar way, the net short-circuit photocurrent Alsc
was measured at different stationary illumination power
levels. The results reported in Fig. 3c show an approximately
linear dependence of Algc from the illumination power
density P, with a net photocurrent increase of up to 2 nA in
correspondence to the optical power density P = 236 mW
ecm ™. As with the photovoltage, the blue bar in the graph
indicates the noise level after subtraction of a 0.4 nA offset
determined under dark conditions.

To evaluate the spectral responsivity of the device under
monochromatic illumination conditions, a monochromatized
xenon light source was employed for photoexcitation under
stationary illumination conditions at different wavelengths 4,
spanning from about 470 nm to 770 nm. The optical power
density P(1) was acquired with a calibrated photodiode power
meter. The current/power spectral responsivity SR(1) = AIsc(4)/
P(1), derived from the measured short circuit photocurrent
and the optical power, is plotted in Fig. 3d (black squares).
The spectral responsivity sharply increases as the wavelength
decreases from the near-IR across the TMD optical bandgap.
This corresponds to the spectral region of excitonic
transitions where optical absorption is higher.

In an independent way, we determine the spectral
dependence of optical reflectivity R(2) of the TMD heterostructure
using a reflection/backscattering fibered probe. Since the
reflectivity measurement is performed by illuminating from the
SiO, side, in correspondence to the Au contact which acts as a
back-reflector, light transmission and scattering from the flat
interfaces can be neglected and spectral absorption A(%) can be
derived from the reflection spectrum according to A(%) = 100% —
R(%). The maximum of the absorption spectrum plotted in Fig. 3d
(red line) is found at around 500 nm wavelength and closely
matches the spectral trend of the current/power spectral
responsivity.

The observation of a net photocurrent and photovoltage in
our proof-of-concept large area TMD heterojunction provides
an indirect confirmation of a type-II band alignment which is
required for self-powered photoconversion, in agreement
with previous reports on few-layer TMD heterojunctions
pairs.?®>° The conduction band minimum (CBM) and valence
band maximum (VBM) energy levels of TMDs are dependent
on the number of layers. Generally speaking, as the number
of layers is reduced, the VBMs of all TMDs move downward
(lower in energy), whereas the CBMs move upward (higher in
energy), both of which can be understood on the basis of
quantum confinement arguments. First-principles and DFT
evaluations of TMD energy bands show that WS,-MoS,
heterojunctions have a type-II band alignment both in the
monolayer regime and in the bulk regime.’® In the specific
case of our heterostructure (6ML WS,/3ML MoS,), from the
layer-dependent TMD band calculations reported in ref. 60
we can derive that CMBs read -4.06 eV and —4.34 eV for WS,
and MoS,, respectively, while VBMs read —5.05 eV and —5.40
eV. This corresponds to a valence band offset of 0.34 eV and
a conduction band offset of 0.29 eV, as expected for type-II
heterostructures.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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A straightforward comparison of the electro-optical
performance of MoS,/WS, heterostructure devices based on
univocal efficiency/performance parameters is a non-trivial
task due to the strong dissimilarity of the fabrication
procedures (exfoliated flakes vs. large area techniques), device
area, illumination conditions, etc., as listed in ref. 61 and in
more recent references.>”** %%

We also stress that the absolute photocurrent and
photovoltage values which have been measured in our proof-
of-concept TMD heterojunction are far too low for any
realistic electro-optical photoconversion application. This
limitation is primarily due to the very high series resistance
of the graphene bilayer back contact, in the range of 20 kQ
(more details in ESIT section S4). In fact, if we consider a
simple Shockley equivalent circuit of the heterojunction, the
high parasitic resistance forward polarizes the inner junction
responsible for recombination in the TMD material, thus
hampering the photocurrent and photovoltage output.®
Further developments, which go beyond the scope of our
paper, will require optimization of the back transparent
conductive contact since optimization of graphene transfer
and of the TMD growth process can reduce graphene sheet
resistance, which contributes to the photovoltage and
photocurrent deterioration.

Concerning the top Au/Ti/MoS, contact, we also notice
that band structure calculations and experimental data for
ideal TMD layers produced by exfoliation, highlight the
presence of an additional Schottky barrier which hinders
charge injection efficiency.”””! However, when contacts are
made between more defective MoS, interfaces, such as those
produced by CVD, and Ti/Au electrodes are obtained by more
energetic sputtering deposition, the Schottky barrier is
substantially lowered due to the higher density of interface
defects, and the metallization of the MoS,/Au contact is
effective.”>”’* The latter conditions apply to our case since
both MoS, and metal contacts are deposited by sputtering,
nevertheless future efforts to further optimize the top contact
could exploit semimetals (Bi and Sb for example)”>”® or other
electrodes like indium alloy.”””®

Independently from the optimization of the electro-optical
parameters, the possibility to vertically stack the TMD layers by
physical deposition methods which are scalable to the wafer-level
proves crucial in view of large area applications, such as
photocatalytic water splitting and water remediation.>® In these
applications, the overall throughput and efficiency are affected by
the active semiconductor area. Additionally, the type-II
heterojunction configuration promotes photo-induced charge
separation and boosts the absorption of solar light from UV to
visible light, leading to improved efficiency.*®”°

Here, as a case study, we studied the photobleaching reaction
of methylene blue (MB), a polluting organic molecule commonly
employed as fabric dye or as a pharmaceutical, in the presence of
different TMD samples immersed in MB solution. We fabricated
a bilayer heterostack composed of a thicker WS, layer (12 nm)
coated by a thinner MoS, outer layer (2 nm) and compared its
photocatalytic performance with that of an individual 8 nm thick
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MoS, reference layer, with an average optical absorption
comparable to the WS,-MoS, heterostack. We also compared the
reactivity with that of an individual 12 nm thick WS, reference
layer (the same thickness as in the heterostack).

The experimental set-up is sketched in Fig. 4a: a cuvette
containing the MB solution and the TMD sample is
illuminated by monochromatized light together with a blank
reference cuvette containing only the MB solution. In Fig. 4b,
the optical transmission spectrum for the initial MB solution
at a concentration C, = 1.3 x 107> mol L™ is reported (blue
curve). A double dip is observed in the spectral region from
550 nm to 700 nm, corresponding to the characteristic
absorption peaks of MB.*® Almost full transmittance is
observed for shorter and longer wavelengths, respectively. By
monitoring the different evolution of MB concentration as a
function of the photon exposure dose in the case of different
TMD samples, it is then possible to evaluate the
photocatalytic performance of the samples (see the Methods
section and ESIT section 6 for further details).

Fig. 4b also reports the optical transmission spectra of
different TMD samples. The red curve represents the optical
transmission of the bilayer heterostack. The optical spectrum
is dominated by the spectral features of the thicker WS, layer,
showing the characteristic excitonic modes at 630 nm (A
exciton) and 540 nm (B exciton) and the band nesting region
in the 400-450 nm spectral region. Finally, the green line
refers to the individual MoS, sample transmission spectrum
and shows the characteristic A and B excitons (at 675 nm and
625 nm, respectively) and the band nesting region at 400-450
nm. As already mentioned, the thickness of the MoS, layer
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Fig. 4 a) Scheme of the set-up employed for photobleaching experiments.
b) Transmission spectra for the initial MB solution, the MoS,-WS;
heterostack sample and a MoS, sample with an optical thickness equivalent
to the heterostack. The yellow bar indicates the exposure wavelength. c)
MB solution concentration as a function of exposure dose for illumination
with monochromatic light at 4 = 450 nm using different photocatalysts. A
schematic of the type-Il band alignment of the MoS,-WS, heterostructure,
favoring charge separation of electrons and holes, is shown in the inset. d)
Kinetic constant k of MB photodissociation for different TMD samples,
expressed in arbitrary units. The values are normalized to the most reactive
sample.
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has been chosen in order to achieve equivalent optical
absorption to the heterostack, and in turn a similar density
of photogenerated charges in the two samples. Since the MB
solution is in contact with the same MoS, outer surface in
both cases, and with the optical absorption in the two
samples being comparable, we can infer the contribution of
charge separation in the type-II heterojunctions from the
difference in photocatalytic performances between the two
samples.

For the MB photobleaching experiments, we illuminated
the cuvettes containing the MB solution and the TMD
samples with monochromatized light at a wavelength of 450
nm (25 nm bandwidth). As shown by the yellow band in the
transmission spectra in Fig. 4b, such a wavelength on one
side ensures the maximum reactivity from the TMD samples
in correspondence to the band nesting region, where the
optical absorption is higher, and at the same time reduces
MB self-degradation because the molecule weakly absorbs
light in the selected spectral region.

The results of the MB photodegradation experiments are
reported in Fig. 4c. The black squares represent the decrease in
MB concentration due to self-bleaching under illumination when
no TMD is added as a photocatalyst. The red circles and blue
triangles describe the experiments in the presence of pure WS,
and MoS, layers, respectively. Both TMD pure layers promote
photodegradation, which is comparatively stronger in the MoS,
case.” Finally, the purple triangles describe the photobleaching
experiment in the case of the MoS,-WS, heterojunction,
evidencing that the MB degradation rate is the highest among
the possible TMD configurations, ie. a factor 2.0 higher than for
WS, and 1.3 higher than for MoS, films of comparable active
area. Comparison with the latter sample is particularly relevant
since they have in common the same MoS, outer interface, which
determines an equivalent surface chemistry. Since the optical
extinction of the two samples at 450 nm wavelength is
comparable (Fig. 4b), it is possible to directly evaluate the
enhancement of MB photobleaching induced by the van der
Waals heterostructure.*” The type-Il band alignment of the WS,
and MosS, layers (sketch in the inset of Fig. 4c) in fact ensures a
longer lifetime of the photogenerated carriers in the case of the
heterostructure, since the built-in field at the interface drives
spatial separation of electrons towards MoS, and holes towards
Ws,.B

To compare more quantitatively the photocatalytic activity
of the samples, we calculate the kinetic constant k according
to the first order reaction kinetic law, where C is the MB
concentration as a function of the time ¢ and C, is the
concentration of MB at the beginning of the exposure. Due to
the low photon doses used, the exponential law can be
approximated to first order by a linear law as reported in
ESIt Fig. S7. In Fig. 4d, we plot the kinetic constants
evaluated for the different samples, concluding that the WS,-
MoS, stack is significantly more reactive compared to both a
layer of WS, and MoS,.

The observed enhanced photobleaching from TMD
heterostructures is in qualitative agreement with the electro-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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optical measurements demonstrating photocurrent and
photovoltage, and both stem from the type-II band alighment of
the TMD pair which makes self-powered photoconversion
applications possible.

In view of prospective alternative applications, the more
general impact and scalability of our approach for the
fabrication of large area TMD-devices are also derived from the
possibility to grow TMD heterojunctions based on different
chalcogens, e.g. selenides® or tellurides.®> This would require
(i) switching to a different TMD sputtering target for the
physical deposition of the TMD solid precursor film and (ii)
optimizing the recrystallization in a chalcogenide atmosphere
using a dedicated tubular furnace.

Conclusions

In summary, we demonstrate a physical deposition approach
of large area TMD films based on ion beam sputtering from
stoichiometric TMD targets. This method can be tailored for
the deposition of large area MoS, and WS, films in the few-
layer regime. We further demonstrate that sequential
deposition of the two TMD precursor films enables vertical
stacking of a large area MoS,-WS, heterostructure supported
onto a transparent graphene electrode in a single step. Our
custom lab-scale setup enables deposition of samples at the
ecm” level, but the process is scalable at the wafer level
employing currently available industrial deposition facilities.
Under illumination conditions across the proof-of-concept
heterostructure device, we measure a net photovoltage and
photocurrent, although absolute values are limited by the
very high parasitic series resistance of the commercial
graphene electrode. However, the observations independently
support the type-II band alignment of the TMD hetero-stack
which can be exploited for instance in photocatalytic
applications, which do not require optimization of the back
contact series resistance or connection to an external circuit.
In a further set of experiments, we demonstrate that the large
area MoS,-WS, heterostructure platforms effectively enhance
the photodissociation rate of methylene blue test molecules
compared to individual TMD layers with similar optical
absorbance and surface chemistry. These results highlight
the potential of the scalable physical deposition approach to
obtain vertically stacked TMD heterostructures, which hold
promise for large-scale and self-powered energy conversion
applications that exploit type-II band alignment and efficient
charge separation.

Methods

TMD and top contact deposition

A custom-made ultra high vacuum chamber is equipped with
an ion gun (ECR plasma source TPIS by TECTRA). The chamber
is pumped down to 1077-10"° mbar by means of rotary and
turbomolecular pumps and filled with argon (up to 6.0 x 107
mbar). A plasma is then generated by the ion gun magnetron
and the ions are extracted by the use of two grids set at different

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrostatic potentials, generating a 1.44 keV Ar' ion beam (gas
purity N5.0). The as-formed directional ion beam is used to
sputter a TMD target, from which the material is deposited on
the desired substrate. A quartz crystal microbalance is used to
monitor deposition flux and thickness, which is calibrated by
means of atomic force microscopy measurements on
lithographic nanostructures.

Deposition of the top contacts proceeds under the same
experimental conditions via ion beam sputtering deposition,
employing as targets Ti and Au foil of high purity.

Raman characterization

Raman micro-spectra were acquired either by using an NRS-
4100 Raman microscope (JASCO) operating in the back-
scattering configuration equipped with a 100x objective and
a 532 nm laser source, or by using a Horiba Raman XploRA
microscope in the same configuration.

Optical characterization

The optical response was investigated by normal incidence
transmission set-up extinction spectroscopy. The samples
were illuminated using a halogen-deuterium lamp (DH-2000-
BAL, Mikropak) coupled to an optical fiber with a core
diameter of 600 um and the transmitted light was fiber-
coupled to an Ocean Optics (HR4000) spectrometer. The data
were normalized to the silica substrate transmittance.

Optoelectronic characterization

A collimated broadband halogen light source (Osram 64 255 8 V
20 W) covering the vis-NIR spectral range was employed to
illuminate the active area of the van der Waals heterojunction.
The photovoltage Voc(t) was acquired under open-circuit
conditions with an HP 3478A Multimeter, as a function of time
under alternating on-off illumination conditions, and for
different illumination power density levels as measured with a
thermopile power meter (Scientech Astral AI310). In a similar
way, the net short circuit photocurrent Alsc was measured at
different stationary illumination power levels, by using a
Keithley 6487 picoammeter/voltage source connected to the two
terminals of the TMD heterostructure device.

Photodegradation experiments

The experimental set-up is composed of a xenon light source
(Newport TLS130B-300X) that can be monochromatized by a
grating spectrometer. The photon exposure dose is calibrated
using a photodiode power meter (Newport Power Meter
Model 1919-R).

The concentration evolution of MB molecules in water
solution (Cp = 1.3 x 10~ mol L™") as a function of the photon
exposure dose is evaluated by measuring the characteristic
transmittance of the solution in a quartz cuvette at a
wavelength of 660 nm, in correspondence to the maximum of
MB absorbance (see ESI{ section S6 for more details).
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Exposures are performed under monochromatic illumination
at 450 nm (see ESI{ section S6 for more details).
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