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ABSTRACT: We report on the achievement of a large-scale
tungsten disulfide (WS,) 2D semiconducting platform derived by *
pulsed-laser deposition (PLD) on both insulating substrates %
(SrTiOy), as required for in-plane semiconductor circuit definition,
and ferromagnetic spin sources (Ni), as required for spintronics
applications. We show thickness and phase control, with highly
homogeneous wafer-scale monolayers observed under certain
conditions, as demonstrated by X-ray photoelectron spectroscopy
and Raman spectroscopy mappings. Interestingly, growth appears
to be dependent on the substrate selection, with a dramatically N
(em™)
increased growth rate on Ni substrates. We show that this 2D-
semiconductor integration protocol preserves the interface
integrity. Illustratively, the WS,/Ni electrode is shown to be
resistant to oxidation (even after extended exposure to ambient conditions) and to present tunneling characteristics once integrated
into a complete vertical device. Overall, these experiments show that the presented PLD approach used here for WS, growth is
versatile and has a strong potential to accelerate the integration and evaluation of large-scale 2D-semiconductor platforms in
electronics and spintronics circuits.
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B INTRODUCTION and stochastic calculations.'*~"” Indeed, the spin properties are
expected to be tuned by the insertion of atomically thin 2D
materials in MTJs. For instance, the proximity of 2D layers,
such as graphene, hexagonal boron nitride (h-BN) or WS,,
with ferromagnetic spin sources has already been demonstrated
to allow enhanced spin-filtering properties.””~>* Further
tailoring of the perpendicular magnetic anisotropy, spin—
orbit torque (SOT), and topological spin textures such as
skyrmions is also expected.”*~>*

However, in order to accelerate 2D semiconductors families
exploration and their technological integration, reliable and
reproducible wafer-scale synthesis processes have to be
identified and developed beyond exfoliation.**” This has

2D materials are attractive not only for their atomically precise
thickness definition but also for their numerous properties with
potential applications in electronics,' > optoelectronics,* ® and
spintronics.”® Overcoming the issue of graphene’s lack of a
band gap, large families of 2D semiconductors have been
highlighted for epitaxy-free technologies and size-weight-
power-and-cost reduction. Their strong potential for discrete
components currently developed with the usual semiconduc-
tors (including III—Vs or ultrathin dielectrics) arouses interest
in the microtechnology field.”~"* For radio-frequency and
optoelectronics applications, transition-metal dichalcogenide
(TMDC) 2D semiconductors, such as molybdenum disulfide
(MoS,) and tungsten disulfide (WS,), offer wide tunability of
their electronic properties and provide a large variety of band Received:  May 23, 2020
gaps.'” Concerning spintronics, a strong potential of 2D Accepted:  July 29, 2020
materials is anticipated for magnetic tunnel junction (MT]Js) Published: July 29, 2020
spin-valve devices, as currently exploited in magnetoresistive

random-access memories (MRAMs)'* and recently high-

lighted for spin logics as well as low-power neuromorphic
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Figure 1. (a) Schematic view of the PLD process for WS, growth. We work under 107°—107" mbar of Ar pressure. The WS, target is preablated
and the substrate preheated to reach the growth temperature (400—650 °C). Growth is carried using a 35S nm Nd:YAG laser at 2.5 Hz pulse
frequency and a nominal power of 80 mJ/pulse. After growth, the resulting sample is cooled in Ar before being unloaded from the PLD chamber.
(b) Explored growth conditions (Ar pressure and substrate temperature), pinpointing the key role of high Ar pressure for the growth of crystalline

WS,.

been previously illustrated, for instance, in the case of graphene
and 2D insulator h-BN, where going from exfoliated flakes to
wafer-scale monolayers™® ™" allowed large-scale device inte-
gration. Following these early successes, most current efforts
for the growth of 2D semiconductors are focused on chemical
vapor deposition (CVD) processes,”">> while pioneer studies
have highlighted the strong potential of alternative approaches
like molecular beam epitaxy (MBE)*>*~* and pulsed-laser
deposition (PLD).**~**

In this study, we present the fabrication and integration of
large-scale WS, layers, demonstrating the pertinence of PLD
growth for the investigation of 2D semiconductor platforms.
PLD is a convenient method to grow wafer-scale stoichio-
metric materials,**~* and we have identified protocols leading
to WS, growth (Figures 1 and 2). We achieve wafer-scale
homogeneous layers on different substrates, down to the
monolayer, as demonstrated by Raman spectroscopy (Figure
3). We underline the benefit of this large-scale approach for
spintronics applications, showing preservation of the Ni
interface (Figure 4) and first integration of the PLD-grown
WS, layer in a vertical device heterostructure, where it behaves
as a tunnel barrier (Figure 5). With PLD being a particularly
versatile technique, it is expected that this study will open the
way to the growth of many 2D compounds among TMDC
families, with access to virtually any simple or alloyed TMDC
as well as layered heterostructures, and to the exploration of
their integration in functional devices.

B RESULTS AND DISCUSSION

In Figure 1a, a sketch of the PLD process is depicted. We use a
homemade PLD setup based on a Nd:YAG laser with a tripled
frequency (355 nm) and a UHV chamber with a base pressure
of 1 X 107 mbar.””~" We attempt growth with a high-purity
Ar gas pressure in the 107°—10"' mbar range during
processing. We make use of a commercial stoichiometric
target of WS, (Neyco) shot with 80 m]J laser power pulses (2.5
Hz repetition frequency) for 1 min. The target is preablated
before deposition in an Ar atmosphere. The distance between
the target and substrate is fixed to a large value of 70 mm to
mitigate the kinetics and growth rate, looking for good
crystallization conditions.*** Several growth temperatures are
explored in the 400—650 °C range. After growth, the sample is
cooled for 1 h in an Ar atmosphere.
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The first set of WS, layers are grown on common insulating
crystalline substrates, such as SrTiO; (STO) and sapphire,
using the PLD process described above. To investigate the
structural properties of the resulting WS, layer, we perform
Raman spectroscopy experiments with a 514 nm laser. Indeed,
WS, presents a typical Raman signature (see below), and this
first analysis by Raman spectroscopy allows us to already figure
out which growth conditions are required for the crystallization
of WS, layers.”® As detailed in Figure 1b, we do not observe
typical Raman signatures of WS, for the lower 107> and 107
mbar Ar pressures and for both 400 and 650 °C growth
temperatures. In these laser ablation conditions, the vapor
plume at the surface of the substrate is probably too dense and
too energetic to allow ordered WS, growth.*** At a higher Ar
pressure of 107" mbar, with increased confinement of the
vapor plume and slowed growth kinetics, the crystallization
leads to well-defined WS, films, as checked by X-ray
photoelectron spectroscopy (XPS) and Raman spectroscopy
(see below). Following Loh et al,* to identify the chemical
nature of the WS, layers, we perform specific XPS measure-
ments (Figure 2). These are carried out using a Mg source and
based on spectra with a 30 eV pass energy. We focus on the
energy core levels of S 2p (from 158 to 167 eV) and W 4f
(from 28 to 41 eV). Contributions of the $>~ states of S atoms
in WS, can be observed at 162 eV (S 2p,,) and 163.2 eV (S
2p,,,) with a typical energy splitting of 1.2 eV. For 400—550
°C growths, we also observe W*' states, for which
contributions are located at 32.4 eV (4f,,) and 34.6 €V
(4f;/,): these energies are the signature of crystalline 2H-WS,
in a hexagonal semiconductor phase.”® We note that no
oxidation of the WS, film is observed, with an extracted W/S
ratio of 0.5. This is further confirmed by the Raman analyses
(see below). For 650 °C growth, the doublet peak is shifted at
31 and 33.2 eV, corresponding to the appearance of the 1T
phase. We base our interpretation of the XPS spectra on
reference studies’®*” to attribute the evolution of the phase
toward 1T. These first experiments confirm the possibility of
deriving WS, by tuning the PLD process to slower kinetics (a
large target—substrate distance and a high background Ar
pressure), with a crystallographic phase controlled by the
substrate temperature. In the following, we will focus on the
2H-WS, semiconducting phase.

In Figure 3, we focus on the thickness of the resulting layer
and the homogeneity of coverage. We demonstrate the

https://dx.doi.org/10.1021/acsanm.0c01408
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Figure 2. XPS analysis of the PLD-grown WS, layers carried out using a Mg source and based on five spectra with 20 eV pass energy. Spectra
acquired for (a) S 2p (500 °C), (b) W 4f (500 °C), and (c) W 4f (650 °C) components confirm crystallization of the WS, layer at 10~" mbar of Ar
pressure. XPS spectra are calibrated on the C 1s peak energy (284.5 eV). Following Loh et al,* these spectra show 2H-WS, phase crystallization
during 500 °C growth and shift toward 1T-WS,-rich crystallization at 650 °C growth. The core level of S 2p (from 158 to 167 eV) in part a shows
the S 2p peak with distinguished level S 2p;, located at 162 eV and S 2p, , at 163.2 eV with a typical energy splitting of 1.2 eV, which are directly
connected to the S*~ states of S atoms in WS,. Parts b and ¢ show the W 4f core level (from 28 to 41 eV) and present the W 4f bond environment:
W* states, whose contributions are located at 32.4 eV (4f,,) and 34.6 eV (4f;,,) with a typical energy splitting of 2.2 eV, are the signature of
crystalline 2H-WS, in the hexagonal semiconductor phase. In part c, the peak located at 31 eV with a corresponding doublet peak at 33.2 eV reveals
the presence of metallic W atoms in the W®* states, which correspond to the 1T metallic phase. From the integrated and corrected intensities of
both S 2p and W 4f (W*" and W®*) energy states, a stoichiometry of 0.5 is confirmed and corresponds to the 1W/2S expected for WS,, confirming
its good quality. Higher energy peaks at 35.6 eV, and its doublets are attributed to the W®* state and 38.4 eV to W Sp; .

homogeneity of our 1 cm® samples by a large-scale Raman
mapping study: no variation is observed over the whole sample
surface. Raman spectroscopy has been shown to be a versatile
method to determine the number of grown TMDC layers (see,
for instance, refs 22 and 46), deduced from the peak intensity
ratio. The Raman signature of WS, has been well documented
in the literature in a large variety of situations, and we base our
analyses on key references such as refs 46 and 48. We note that
we have previously characterized WS, on spin sources and
clearly correlated the Raman signature, obtained with the same
setup as that used in this study, with atomic force microscopy
(AFM) data,” allowing us to extract precise information about
the grown layers. The number of WS, layers is deduced from
the ratio 2LA/A;; of the intensity of the 2LA mode
(longitudinal acoustic mode enhanced with a 514 nm laser)
relative to the A;;, mode (first-order phonon mode,
corresponding to A;’ for an odd number of layers). Indeed,
WS, is expected to be a monolayer for 2LA/A;, > 1.3 when
probed with a 514 nm laser.” Similarly, it is possible to spot
multilayer patches because bilayers have 2LA/A;; ~ 1 and
thicker layers have 2LA/A;;, < 1 (down to 0.5). Figure 3c
shows Raman spectra recorded on our WS,/STO(001)
sample. Interestingly, the observed 2LA/A,, ratio is above
1.3 and is the signature of monolayer WS,. We carry out
similar measurements on different locations of the 1 cm?
sample without noticing any difference: the whole surface
appears covered with monolayer WS,. To ensure the
continuous coverage of WS,, we map the Raman signal of a
large region with a step of 1 ym between each point. We
extract the 2LA/A1g ratio at each position and derive a 2LA/
Ay, ratio map. Figure 3e shows the 2LA/A;, map, which shows
continuous coverage of WS, on STO. The first observation is
that no holes are visible in the deposited WS, layer (no red
patch on the mapping of Figure 3e). This already underlines
the quality of the film derived by PLD and the pertinence of
our approach. Furthermore, the WS, film is shown to be
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mostly monolayer (dark-gray area with a 2LA/A,, ratio of >1.3
in Figure 3e) with rare patches of multilayers (light-gray spots
in Figure 3e). Overall, we observe continuous WS, coverage,
with monolayers representing >99.6% of the surface on our
insulating 1 cm® STO substrate. AFM shows low roughness
and 0.8 nm thickness, in line with the expected WS, layered
structure from Raman analyses, as observed in other studies.””
This initial PLD growth result is to be compared with state-of-
the-art CVD and MBE studies, where closing TMDC 2D films
on large scales and limiting the growth to one layer have been
reported to be particularly challenging.”"*>***

Next, we investigate the WS, growth on a ferromagnetic
electrode, as required for integration in spintronics devi-
ces.””* ™! We prepare Ni(111) crystalline layers on a
sapphire (0001) substrate using a sputtering technique. The
sapphire substrate is annealed at 700 °C in a vacuum inside the
sputtering chamber for 30 min before proceeding to the 80 nm
Ni film deposition at 2.5 X 107> mbar of Ar pressure with a
typical deposition rate of 2 A/s. The crystallinity of the Ni film
is confirmed by X-ray diffraction: Ni crystallizes fully along the
(111) orientation.”> The sample is then transferred to the
PLD/XPS chamber. The transfer is done in air, and Ni surface
is expected to be oxidized, as confirmed by XPS. The Ni(111)/
sapphire substrate is first annealed under 0.1 mbar of Ar
pressure at 500 °C for 20 min. This annealing step allows one
to reduce the Ni substrate and clean it from any atmospheric
pollution, and it has been found to be key to reaching our
results. Then, we proceed to WS, growth under the same
conditions as those previously used for the STO substrate
(sample-to-target distance = 70 mm, laser power = 80 mJ/
pulse, laser frequency = 2.5 Hz, and deposition time = 1 min).
Figure 3d shows Raman spectra recorded on WS,/Ni(111)/
sapphire: it shows the clear signature of multilayer WS, with a
typical 2LA/A,, ratio in the 0.5—1.3 range. This is observed
consistently on any part of the 1 cm” sample. To confirm the

https://dx.doi.org/10.1021/acsanm.0c01408
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Figure 3. Raman analyses of the resulting WS, growth. Raman surveys are presented by sets of colored circles spaced by 1 mm steps drawn on
optical images of (a) WS,/STO(001) and (b) WS,/Ni(111) samples. Circles represent the locations where Raman spectra of WS, have been
recorded with a 514 nm laser. These Raman surveys for both WS,/STO and WS,/Ni samples are presented in parts ¢ and d, respectively. The
Raman spectra have been drawn on top of each other for each line of measurements (represented by one given color). The Raman spectra show
characteristic phonon peaks of longitudinal modes (LA at 176 cm™" and 2LA at 352 cm™") and a first-order mode (Alg at 417 cm™). The typical
signature of a WS, monolayer is obtained with a 2LA/A, ratio of >1.3 in part ¢ and a multilayer with 2LA/A, ratio <0.5 in part d. (e) 2LA/Ay,
ratio Raman map of the same WS,/STO(001) sample with Raman spectra recorded over an area of 60 X 60 ym?” with a 1 ym step. Each 2LA and
A, Raman peak is fitted using a mixed Gaussian—Lorentzian curve in order to extract the intensity. The Raman map shows 99.6% coverage of the
STO by a WS, monolayer with a few spots of multilayer WS,. (f) 2LA/ Aj; Raman map of the same WS,/ Ni(111) sample recorded under the same
conditions as those in part e. The full coverage of WS, on both the STO and Ni layers is thus confirmed with both large-scale (c and d) and local (e
and f) Raman maps.

homogeneity and covering of WS, onto Ni(111), we perform a Ni core-level XPS spectra of Ni(111) without (Figure 4a) and
Raman mapping of the 2LA/A,, ratio (Figure 3f) with the with (Figure 4b) WS, growth on top, after being exposed for 7

same parameters as those used for the WS,/STO sample in days to ambient conditions. For bare Ni films, significant peaks
Figure 3e. As for STO, it appears that the WS, layer fully of the nickel oxide signature are observed between 853 and
covers the surface of Ni. WS, is mainly multilayer (>3 layers) 867 eV for the Ni 2p;, level (between 871 and 885 eV for Ni
with rare occurrence of monolayer (less than 0.1%). The 2p1 2 respectively).”*** Remarkably, identical XPS measure-
reactivity and catalytic behavior of the metallic surface of Ni ments performed on the WS,-covered Ni sample show no sign
seems to enhance the growth rate of WS, compared to the of Ni oxidation, and a clear metallic signature is revealed with
oxide surface of STO, where monolayer growth is observed for metallic peaks of Ni 2p;,, at 852.6 eV and Ni 2p, /, at 869.9 V.
the same conditions. As such, we are able to observe stable Our data show no evolution of the Ni(111) state after WS,
multilayer and monolayer growth. Overall, we show here that growth, excluding, in particular, reactivity with S and O. This
the PLD approach is able to offer control over the phase and highlights that the WS, layer is thus able to preserve the Ni
thickness of the grown 2D semiconductor, depending on the metallic state underneath and protect it from oxidation under
growth parameters and selected substrates, with a full coverage ambient air conditions, a challenging issue with other
over the 1 cm” sample of the 2D monolayer material. approaches such as exfoliation or CVD transfer. This initial
To illustrate the potential of wafer-scale 2D semiconductor observation demonstrates that our PLD approach has a strong
PLD growth, we focus now on the WS, sample grown on a Ni potential for the fabrication of 2D-based hybrid hetero-
ferromagnetic spin source. We investigate the impact of WS, structures (such as spin sources) for spintronics. This direct-
on the Ni spin source layer surface using XPS measurements. growth approach by PLD unlocks the exploration of the
These measurements are carried out using a Mg source (1253 interface’s crafting by proximity effects, leading to the
eV) and recorded with a 30 eV pass energy. Figure 4 shows the definition of novel 2D-based “spinterfaces” as discussed by
7911 https://dx.doi.org/10.1021/acsanm.0c01408
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Figure 4. XPS spectra of the Ni 2p core level recorded with a Mg
source (1253 €V) for (a) a bare Ni(111) layer and (b) WS,-covered
Ni(111) after extended exposure to oxidative conditions (7 days in
air). Bare Ni(111) self-oxides under room conditions. Once
passivated with WS, layers, it remains metallic. XPS spectra are
calibrated on the C 1s peak energy (284.5 eV). This result shows the
high quality and continuity of our WS, layer, which is able to act as an
oxidation barrier preserving the full metallicity of underlying Ni.
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Figure S. Ni/WS,/Co heterostructure fabricated by taking a contact
on top of the WS,/Ni films. Device I(V) and dI/dV characterizations
lead to the observation of typical nonlinear tunneling behavior. This
confirms the high quality of the WS, and WS,/Ni interfaces, further
highlighting the potential of PLD-grown WS, as a tunnel barrier in
spin-valve devices.

Galbiati et al.>® for organic compounds and observed for the
2D insulator h-BN,*' taking advantage of rich families of 2D
TMDC s to open perspectives for control of the extracted spin-
polarized currents.

Finally, we demonstrate the pertinence of our PLD growth
scheme by fabricating a complete device heterostructure and
validating the WS, ultrathin layer as a tunnel barrier. As
schematically shown in the inset of Figure 5, we define a top
Co contact over the WS,/Ni layers. The junctions are defined
by laser photolithography with a size of about 1 gm? and the
top Co/Au electrode is evaporated over the whole sample. Ag
paste is used to manually mask each contact, and a reactive ion
etching step is carried out to isolate the junctions and allow
bonding (see the process details in refs 22 and 51). This device
allows one to probe the vertical tunneling transport character-
istics through the PLD-grown WS, layer. In Figure 5, we
present the typical current I(V) and its first derivative dI/dV/
transport measurements recorded at 4 K in such a device. Both
I(V) and dI/dV present shapes that are typical characteristics
of tunnel junctions. Observation of the tunneling current in
these devices, integrating the transport properties over a whole
contact area which would be compromised by any defect
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included in the junction, highlights the high quality of the
grown material. This tunneling behavior has been observed
reproducibly in several junctions, underlining the quality and
homogeneity of the grown WS, material, as expected from the
Raman mapping study. The PLD-grown WS, layer is thus
shown to be compatible with vertical device integration. It is
striking to observe that tunneling characteristics are obtained
with this WS, material in light of the usual difficult engineering
development required to reach tunneling conditions with
oxides.”*™>® This result further highlights 2D materials as
strong candidates toward a tunneling device configuration. We
thus demonstrate the use of our WS, thin film grown by the
PLD approach as a tunnel barrier: the remarkable high
homogeneity (absence of a pinhole) in the WS, thin layer
grants a well-defined tunneling behavior in devices, proving the
pertinence of our PLD-based protocol to fabricate vertical
junctions based on 2D semiconductors. Hence, our study is an
important first step toward the exploration of 2D semi-
conductors families integration in charge and spin devices.
Many properties of these 2D materials in electronics and
spintronics devices remain to be studied: doping, thickness,
material composition including alloying and stacked hetero-
structures, crystallite size, phase, morphology, etc. PLD is a
relevant technique for flexible direct integration and the
junction’s fabrication. By highlighting the particular PLD
integration approach, which effectively unlocks the integration
of TMDC with delicate spintronics materials, we believe
exploration of the performance of these 2D semiconductors for
spintronics will be eased, with perspectives, for instance, for the
induced proximity effect on spin transport channels,’”’
control of skyrmionic spin textures,®"%” expected exploitation
of strong spin—orbit coupling for SOT-MRAM technologies,
etc.* 7 We believe it will now lead a large community to
explore these different aspects.

B CONCLUSION

In conclusion, we identify here conditions for the successful
growth of wafer-scale WS, films by PLD, with high
homogeneity and down to the monolayer limit. The 2D
semiconductor growth is demonstrated on both insulating
(STO) and metallic (Ni) substrates. Remarkably, WS, films
grown directly on spin-polarized Ni electrodes are shown to
protect the underneath Ni from oxidation, fulfilling a key
requirement for spintronics applications and highlighting the
wafer-scale WS, homogeneity. This is even further highlighted
by the use of this PLD-grown WS,/Ni interface as a tunnel
layer in a vertical device structure.

We rely on Raman spectroscopy and XPS characterizations
to extract material information on relevant scales, successfully
leading in-fine to the fabrication of functional tunnel junctions.
The PLD technique has been used by several groups in the
past to grow 2D materials****~"* including WS,, as reported
by Tian et al.” following initial reports.***”*” In our work, we
show that this growth can be controlled down to monolayers
on large surfaces and, importantly, directly integrated on
delicate metallic spin sources, while preserving their metallic
nature with no interfacial oxidation, a necessary step toward
their exploitation for spintronics. Our main target is to
highlight PLD growth as a testbed for 2D semiconductors,
demonstrating that large-scale growth (in contrast with
mechanical exfoliation) can be achieved directly on the target
substrate (in contrast with the usual transfer of CVD-grown
materials). They are thus compatible with direct device
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integration. This has been previously shown to be the key to
unleashing spin-transport performances of 2D materials in
MTJs.*>*" It should enable further acceleration of the
screening of the particular properties of 2D semiconductors.
This PLD approach will be a key enabler for tailoring of the
composition (either in the form of alloys or layered
heterostructures) and achieving thickness control through
growth conditions such as the number of laser pulses or
pressure (see, for instance, refs 38 and 68), a performance that
remains otherwise difficult to reach. By integrating the
resulting WS,/Ni electrode in a functional vertical device
and using the WS, layer as a tunnel barrier, we demonstrate
the high quality of the PLD-grown material and its
compatibility with device integration. A key result of our
study is that PLD is indeed able to provide a high-quality 2D
platform for device testing. Furthermore, the easy change of
material targets should also strongly accelerate the develop-
ment of novel 2D heterostructures. This should broaden even
one step further, associating 2D materials with spintronics
oxide materials such as, for instance, YIG* and LSMO.*"
Overall, our study opens the perspective of evaluating the
performance of wafer-scale grown 2D semiconductors among
large TMDC families (including alloyed TMDCs and
heterostructures) in electronics and spintronics devices.

At a time where current SOT-MRAM technologies,“’74 as
well as proposed post-CMOS spin logics'® and magnonics*
schemes, are looking for large spin—orbit materials like
TMDCs’>"® for the control of spin transport, PLD growth
thus holds an impressively strong perspective. PLD offers the
outstanding potential to control 2D TMDC film parameters
(number of layers, phase, etc.) and integrate them directly with
oxides as well as metals. It, hence, provides an unprecedented
edge for the exploration of hybrid metal/oxide heterostructures
embedding 2D semiconductors. We thus believe that the
development of these schemes will benefit from co-integration
in complex heterostructures of functional oxides already grown
by PLD (ferromagnetic insulators, half-metals, ferroelectric and
multiferroic materials, etc.) and TMDC material families, as
allowed by the presented PLD approach.

B METHODS

WS, 2D-Semiconductor Growth. We use a homemade PLD
setup based on a UHV chamber with a base pressure of 1.10™* mbar
and a Nd:YAG laser with the typical wavelength reduced to 355 nm.
The distance between the target and substrate is 70 mm. We shoot a
commercial stoichiometric target of WS, (Neyco) at 0.1 mbar of Ar
pressure with 80 m]J laser power and 7 ns pulse length and a laser
pulse frequency of 2.5 Hz. Before deposition, the substrate is
preheated in the PLD chamber under 0.1 mbar of Ar pressure to clean
and prepare the surface. In particular, for the Ni layer, the preheating
step is performed at 500 °C for 20 min to remove O from Ni and
obtain a metallic surface for WS, growth. The target is also preablated
before growth for S min at 0.1 mbar of Ar pressure to recover the
clean WS, target surface. Deposition is then performed by ablating the
target for 1 min, while keeping a sample-to-target distance of 70 mm
(laser power = 80 mJ and laser frequency = 2.5 Hz). The sample is
cooled in the PLD chamber for 1 h under 0.1 mbar of Ar pressure
before further manipulation.

WS,-Based Device Fabrication. The bottom Ni(111) electrode
is sputtered at 700 °C on sapphire (customized Plassys setup). The
large-scale WS, layer is grown directly on top of it by PLD.
Microjunctions are defined by laser lithography using a UVIII resist.
Finally, the top Au-capped Co (15 nm) electrode is deposited by e-
beam evaporation.
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