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ABSTRACT: We present a growth process relying on pulsed laser deposition
for the elaboration of complex van der Waals heterostructures on large scales, =
at a 400 °C CMOS-compatible temperature. Illustratively, we define a |}

'oogoo0o
multilayer quantum well geometry through successive in situ growths, leading e
to WSe, being encapsulated into WS, layers. The structural constitution of the Bocoode
quantum well geometry is confirmed by Raman spectroscopy combined with |} 66000 o\

transmission electron microscopy. The large-scale high homogeneity of the
resulting 2D van der Waals heterostructure is also validated by macro- and
microscale Raman mappings. We illustrate the benefit of this integrative in situ
approach by showing the structural preservation of even the most fragile 2D layers once encapsulated in a van der Waals
heterostructure. Finally, we fabricate a vertical tunneling device based on these large-scale layers and discuss the clear
signature of electronic transport controlled by the quantum well configuration with ab initio calculations in support. The
flexibility of this direct growth approach, with multilayer stacks being built in a single run, allows for the definition of complex
2D heterostructures barely accessible with usual exfoliation or transfer techniques of 2D materials. Reminiscent of the ITII-V
semiconductors’ successful exploitation, our approach unlocks virtually infinite combinations of large 2D material families in
any complex van der Waals heterostructure design.

KEYWORDS: 2D semiconductors, van der Waals heterostructure, pulsed laser deposition, quantum well, tungsten disulfide,
tungsten diselenide

INTRODUCTION and phosphorene, large varieties of mono-, bi-, and
trichalcogenides are identified and studied. These anticipated
functional 2D heterostructures are expected to also include
exotic phenomena, illustrated by unconventional “magic-angle”
superconductivity and ferroelectricity, as well as other in-plane
moiré-superlattice-related properties already observed in
graphene/graphene or graphene/h-BN stacks.”*~*’

This extreme versatility of band-gap landscapes in 2D
semiconductor heterostructures is a strong asset for
applications such as radio frequency (and above) and
optoelectronic devices, generating for instance high expect-

Two-dimensional semiconductors have been hailed as
ultimately thin functional electronic materials, with potential
applications for instance in electronics, optoelectronics, and
spintronics.' > Their assembly into heterostructures with
atomic precision is expected to lead to a wealth of properties
and device structures,’”® reminiscent of the successful
exploitation of III-V semiconductor families.”™"° Indeed, the
precise band-gap landscape engineering allowed by 2D
material stacking promises eased functional structure defi-
nition, including atomically defined quantum wells and vertical
superlattices such as quantum cascades. This vision is fueled by
the extremely large extension of 2D material families being Received:  January 20, 2021
now uncovered with fine modulation of their properties by Accepted:  March 16, 2021
their atomic composition (including doping and alloy-

ing),*'°™'® adjacent crystallography angle control,'”*" and

proximity effects maximized by their atomic 2D geometry.”' >’

Ilustratively, beyond elemental 2D materials such as silicene
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ations for van der Waals heterostructure field-effect transistors
or excitonic control.*°~3? Concerning spintronics, the quest for
material platforms seeking unconventional functionalities and
increased performances is sustained by MRAM spin circuit
developments® ™ and post-CMOS spin-based visions***”
(including stochastic,”® neuromorphic,” and quantum calcu-
lations*®). In this direction, the atomic thickness definition of
van der Waals heterostructures and specific properties of 2D
materials are seen as a strong potential for spin control.”*!
Already, the use of 2D materials in spintronic devices led to the
observation of efficient spin-filtering properties,””** as well as
strong potential for tailoring the perpendicular magnetic
anisotropy,*~* spin—orbit torques (SOT),* and skyrmionics
topological spin textures.””*® Two-dimensional material
heterostructures thus appear as a promising target for the
fabrication of ultrathin, highly tailorable and gatable devices
toward spin transport and manipulation.

While van der Waals heterostructures thus generate
particularly high expectations, their exploration calls for a
systematic route for their assembly. Indeed, the mechanical
exfoliation approach,” augmented by pickup techniques for
stacking,’’ already allowed pioneer studies of fundamental
properties but came with limitations in size, reproducibility,
and interface control. These pioneering but tedious manual
approaches also came with realistic limitations in terms of 2D
heterostructure unit cell repetition. In the specific case of
spintronics, interface preservation of fragile spin sources has
also been a constant difficulty for 2D material integration in
spin-valve structures.”’ Fortunately, other 2D mode growth
techniques have been developed. In particular the successful
growth of graphene—the prototypical 2D material—by CVD
has demonstrated the feasibility to grow and, importantly,
integrate 2D crystals on large scales.”” However, this direct
growth of large graphene layers has relied on long-studied and
harnessed catalytic properties of substrates®>>* and proved to
be more difficult to extend to other 2D materials and
heterostructures in a direct way. Even with pioneer
demonstrations for CVD growth of h-BN and 2D semi-
conductors such as MoS, and WS,,>>~7 this technique has
remained challenging for any given 2D material, and
heterostructures are still mainly defined today through layer-
by-layer transfer protocols when possible. This limits 2D
heterostructure scaling and complicates the integration of the
most fragile 2D materials in functional van der Waals
heterostructures. Interestingly, in addition to CVD fundamen-
tal studies, while less studied, promising alternative growth
approaches have been presented relying on molecular beam
epitaxy or pulsed laser deposition (PLD) techniques.’® >
These approaches have been traditionally well adapted and
demonstrated to define complex heterostructures for common
metals, semiconductors, and oxides.

In this study we present an approach to derive functional van
der Waals stacks of 2D semiconductors using PLD. We focus
on two reference 2D semiconducting materials, WS, and WSe,,
to illustrate the flexibility offered by PLD: simply by switching
targets we are able to fabricate in situ a WS,/WSe,/WS,
heterostructure (Figure 1). We probe by Raman spectroscopy
the good crystallization of both WS, and WSe, and show by
structural (transmission electron microscopy) and chemical
analyses (energy-dispersive X-ray spectroscopy) that we indeed
derived a well-defined heterostructure of 2D materials (Figure
2). Raman spectroscopy mappings on both macroscopic and
microscopic scales demonstrate the high homogeneity of the

PLD chamber
)
1 ¢ )(X X X WS,

PLD
OO wse, 2D heterostructure

X s,

growth

Figure 1. Schematic view of the 2D heterostructure PLD growth
process. Stoichiometric targets of selected TMDC 2D semi-
conductors are ablated using a tripled frequency Nd:YAG laser
(355 nm) in a 107! mbar high-purity Ar atmosphere, introduced in
the 1 X 10™® mbar base pressure customized PLD chamber. The
PLD approach offers direct integration of 2D materials in van der
Waals heterostructures with eased stacking by simple in situ target
change.
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Figure 2. (a) Raman spectrum recorded on the resulting WS,/
WSe,/WS,/Ni sample with a $14 nm laser and S mW power. Clear
Raman signatures of both materials are recorded. (b) (Left) TEM
image taken in HAADF mode of the 2D WS,/WSe,/WS,
heterostructure capped by Pt during TEM membrane preparation.
Lamellar layers of the 2D materials are clearly visible traducing
their high crystallinity. (Right) Corresponding chemical analyses
by EDX mapping of S, Se, and W levels. S and Se chemical areas
correspond to the expected WS,/WSe, /WS, stacking. White scale
bar is 10 nm for all images.

fabricated heterostructure (Figure 3). Already, we put forward
the benefit of the in situ PLD approach beyond flexibility and
large scale, as this allows us to integrate even delicate 2D
materials without exposing them to air. Indeed, 2D materials
such as WSe, are known to deteriorate on relatively short time
scale, but here their direct integration in a van der Waals
heterostructure is shown to preserve their properties over
extended periods (Figure 4). Finally, we present transport
measurements (Figure S) illustrating the benefit of 2D van der
Waals heterostructure engineering for the tailoring of a band-
gap energetic landscape, as highlighted by ab initio calculations
(Figures 6—8). Overall this PLD approach offers a very
convenient point of entry for the exploration of complex 2D
van der Waals heterostructures for electronics and spintronics.
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Figure 3. (a) Raman spectra recorded on cm? scales on the WS,/
WSe,/WS,/Ni sample (optical image in inset) with a 514 nm laser
and S mW power: each point on the optical image corresponds to a
given Raman spectrum, and all Raman spectra of the same line
have been plotted on top of each other and represented by one
given color. All spectra show similar WS, and WSe, presence: the
heterostructure has been homogeneously grown on the whole
substrate surface. (b and c) Raman intensity map of the WSe, peak
and A;; WS, peak, respectively, recorded each 1 ym on the same
30 pm by 30 um area. High homogeneity on a local scale is noted
as well. Overall, both maps (local and cm?) show the large-scale
full coverage of the 2D WS,/WSe,/WS, heterostructure over the
Ni substrate.

RESULTS AND DISCUSSION

In Figure 1 we show the general principle of the
heterostructure growth by pulsed laser deposition. We use a
customized PLD growth chamber at a base pressure of 1 X
10® mbar and equipped with a tripled-frequency Nd:YAG
laser (355 nm). The key to 2D heterostructure growth
following this PLD approach is the ability to switch material
targets in situ. Here we focus on two reference 2D
semiconductor transition metal dichalcogenide (TMDC)
lamellar materials: WS, and WSe,. The commercial stoichio-
metric targets (from Neyco) of WS, and WSe, are preablated
in the Ar atmosphere of the chamber before deposition. The
substrate is fixed at a large distance of 70 mm from the target,
and the Ar pressure in the chamber is kept at a high value of
10" mbar to mitigate the plume energy and allow lateral
crystallization to take place.”””** During growth, each target is
shot for 1 min with 80 mJ laser power pulses (2.5 Hz repetition
frequency) while the sample is heated at a CMOS-compatible
temperature of 400 °C. Crucially, changing the material targets
in situ allows alternating the 2D layer stack deposition without
exposing interfaces to air. We focus here on a simple quantum
well definition, formed by buried WSe, embedded in-between
two WS,. All these layers are grown with the same PLD
parameters. Finally, once the van der Waals heterostructure is
grown, the sample is left to cool in Ar for 1 h.

We then analyze the resulting deposited layer to highlight
the growth of a semiconducting van der Waals heterostructure,
as presented in Figure 2. We first carry out a Raman
spectroscopy study to probe the crystalline structure of the

Substrate
K Raman shift (cm™) /

Figure 4. (a) Schematic picture of WSe, alone and WS,/WSe,/WS,
heterostructure evolution after air exposure. (b) Raman spectra
recorded on WSe, (top) and WS,/WSe,/WS, (bottom) samples
with a 514 nm laser after 1 day (black curve) and 8 months (pink
curve) of air exposure. Without protection, WSe, deteriorates and
crystalline order is no longer visible on the Raman spectrum after
8 months in ambient conditions. On the contrary, while
encapsulated in WS, layers, WSe, presents unchanged Raman
spectra over the long observation period. WSe, is protected from
degradation when embedded in the WS, sandwich.

G(nS)

-400 -200 0 200 400

DC bias (mV)

Figure 5. Transport measurements in van der Waals 2D
semiconductor heterostructures. I(V) and G(V) measurements
obtained in a 1 pm? junction of Co/WS,/WSe,/WS,/Ni at 2 K
(inset scheme of the junction). Symmetric resonances at +300 mV
are observed, emanating from the engineered quantum well
energetic landscape in the 2D semiconductor stack.

deposited layered film. Indeed, Raman spectroscopy gives rise
to a clear and distinct si{gnature for both WS, and WSe, 2D
semiconductors.*”*>**~° We make use of a Renishaw Raman
spectrometer with a 514 nm laser. Interestingly, as displayed in
Figure 2a, several peaks appear in the Raman response for
every probed location, corresponding to both WS, and WSe,
2D crystallographic structures. Concerning WS,, two Raman
signature Eeaks are expected in the 200— S00 cm™'
range:"°>® the Raman spectra show characteristic phonon
peaks of 2LA + E,, modes at about 350 cm™" and a first-order
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Figure 6. Band structures of bulk WS, and WSe, computed at the
GoW, level. The zero of energy is taken as the vacuum energy level.
The valence band maximum and conduction band minimum,
corresponding to the ionization potential and electronic affinity,
are indicated using dotted horizontal lines. The values of the
indirect band gap are also presented to ease the comparison,
highlighting a staggered gap in the grown heterostructure.

mode Alg/Al/ at about 420 cm™!. The clear observation of
these two Raman peaks in Figure 2a thus confirms the
presence of the WS, semiconductor in the grown hetero-
structure. Similarly, for WSe,, a distinctive Raman signature is
expected in this range, with the most grominent Raman peak
for bulk WSe, expected at ~250 cm™. 5% While Ajg and Ey,
modes are well separated for many reference TMDCs such as
WS,, they are almost degenerate for WSe,, resulting in the
presence of a single broad peak at lower wavenumbers. This
peak is well observed in our case as expected just above 250
cm™" (Figure 2a) and confirms the presence of WSe, in our
stack. These first spectroscopy analyses already highlight that
we have been able to grow the two different TMDC 2D
semiconductors during our sequential growth process.

To directly verify the organization of the 2D heterostructure
in the z axis direction, we further carry out TEM analyses
(Figure 2b). Indeed, a high lateral organization (ordered 2D
layer-by-layer growth mode) is expected to allow building
enough atomic contrast to observe 2D planes. This type of
observation on van der Waals heterostructures has previously
been carried with stacked exfoliated 2D materials.”” The
exfoliation approach indeed offers high in-plane organization,
at the cost of manual stacking efforts with ultraclean stamping
protocols and localized flakes at the micron scale. In our case,
with the 2D heterostructure sample being close to the cm?
scale, only a regular lateral section preparation is required.

After adapted carbon and Pt protective capping, a focused ion
beam (FIB) is used to micromachine a thin electron-
transparent lamella for cross-sectional TEM analysis through
a lateral section of the sample. TEM images were acquired ex
situ with a Themis (Thermo Scientific) STEM equipped with a
Super-X EDX detector and operated at 200 kV. A typical
representative image of a section of the heterostructure is
presented in Figure 2b. We observe the lamellar organization
of the heterostructure, with about 3 X 8 2D layers, showing
long-range crystallization and a z-axis stacking as expected
from measured Raman signatures. This observation further
confirms the fabrication of the targeted 2D semiconducting
van der Waals heterostructure. To further highlight the well-
defined organization of the grown 2D materials in a quantum
well geometry, we carry out chemical EDX spectroscopy in the
same observed position as the TEM image (Figure 2b). The
EDX analysis reveals the expected organized alternation of W—
Se and W—S materials, matching with the measured Raman
signal of both WS, and WSe, 2D layers. The heterostructure is
thus showing lamellar organization with stacking of the
different 2D semiconductors defined by the PLD growth
order. Overall, we illustrate here that our PLD approach
indeed resulted in the targeted 2D semiconductors organized
in a well-defined WS,/WSe,/WS, van der Waals hetero-
structure. This result is particularly striking, as it shows that
complex compositions and multiple stacking of 2D materials
on large scales are at hand, thanks to the high flexibility offered
by PLD.

A strong asset of the PLD approach is its ability to fabricate
large-scale materials compared to pioneer exfoliation and pick-
up-transfer experiments. To highlight this aspect, we thus
explore the homogeneity of the deposited van der Waals
heterostructure over the whole sample surface. In this direction
we carry out both macro- (Figure 3a) and micro- (Figure 3b
and c) scale Raman spectroscopy mappings. In Figure 3a we
probe the crystallographic order in a matrix set of positions
covering the whole surface of the sample. We systematically
record Raman spectra at each position, with experimental
parameters corresponding to Figure 2a. As displayed in Figure
3a, the WS,/WSe,/WS, Raman signatures as detailed above
appear in every position of the sample: the three signature
peaks of our heterostructure (WSe, Al, + Ey, mode, WS, 2LA
+ E,;, mode, WS, Aj,/Al’ mode) are observed for all
measurements. We observe no notable variations on these
large scales, with similar amplitude, shape, and position for
each peak. This Raman survey shows that we defined the van
der Waals heterostructure on the whole sample surface. This is
to be contrasted with other approaches, in particular
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Figure 7. Ball-and-stick representation of two of the lattice-matched interfaces computed to estimate the natural band offsets in the
functional van der Waals device. (a, b) Side and top views of the computed Ni/WS, lattice-matched supercell. A vacuum slab of 20 A is
included in the cell. (c, d) Side and top view of the WS,/WSe, lattice-matched interface. The computational unit cell is colored in blue. Ni,
W, S, and Se atoms are respectively represented as blue, gray, yellow, and green spheres.
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Figure 8. Schematization of the energy profiles across the device. (a—c) Computed band offsets at the various interfaces of the contacted van
der Waals heterostructure: (a) Ni/WS,, (b) WS,/WSe,, (c) Co/WS,. The Fermi levels of Ni and Co are depicted as white lines; the valence
band maximum (VBM) and conduction band minimum (CBM) of WS, and WSe, are depicted as gray lines. The vertical bars indicate the
computed band offsets. (d, e) VBM energy profile across the device (d) at equilibrium and (e) at resonance. The resonance corresponds to
the specific conductance peaks measured experimentally at 300 mV bias. Overall this confirms the quality of the grown van der Waals
heterostructure by our PLD approach and the modularity of their transport properties.

exfoliation, which leads to samples limited in size even for
single crystals (isolated WS, layers of few tens of um?).
Furthermore, in Figure 3b and ¢ we check the continuity of the
layers by carrying out very dense mappings of Raman
measurements. The Raman modes’ peak intensities are
extracted, allowing us to highlight the presence of the
heterostructure: in particular we note no discontinuity in
these mappings and excellent homogeneity. Overall, these
measurements show complete coverage with both WS, and
WSe, layers with high homogeneity over the >107um? sample
area.

Beyond versatility and large-scale homogeneity, we now
further illustrate the benefit of the direct in situ definition of 2D
heterostructures by the PLD approach. A difficulty appearing
with many families of 2D materials concerns their limited
stability in ambient conditions. This in turn limits both their
exploration by exfoliation and also their growth on a larger
scale and transfer, as is usually done with CVD-grown
materials using resist-assisted wet etching of catalytic
substrates. The versatility of PLD and the in situ growth of
the heterostructure allows, on the contrary, burying the fragile
2D material layers below another stable 2D material. Two
dimensional materials are known to be particularly efficient at
quenching the diffusion of species;’””" this leads to a very
direct and natural way to define a heterostructure encompass-
ing even the most fragile 2D materials. Here we focus on WSe,,
known to progressively degrade when exposed to ambient
conditions, with O species replacing Se atoms in the crystal. In
Figure 4a we illustrate this with the study of an isolated WSe,
layer grown by PLD in the exact same conditions as the WSe,
of the heterostructure. It is observed that after several months
of ambient atmosphere exposure the layer is strongly

deteriorated, as demonstrated by the evolution of its Raman
signature. The main signature Raman peak at about 250 cm™,
corresponding to the WSe, Al, + E,, modes, has vanished. As
a comparison, in Figure 4b we show the same time-dependent
study of the van der Waals heterostructure with a buried WSe,
layer. The sample is similarly stored in ambient atmosphere as
in Figure 4a. In contrast, after 8 months of study, no change is
observed for the signature of the WSe, layer, demonstrating
that the in situ growth of the heterostructure allowed
preserving the WSe, layer against the adverse reactivity with
the ambient atmosphere. This observed preservation of the
crystal structure represents a strong asset of the PLD approach.
By simply changing material targets in situ, it allows the
definition of complex heterostructures without any detrimental
exposition and manipulation in an open atmosphere. The
properties of the selected materials are thus stabilized in the
van der Waals 2D heterostructure.

Finally, we illustrate the potential of PLD growth of van der
Waals heterostructures for direct integration in functional
devices. We show a device fabrication based on the above
studied WS,/WSe,/WS, 2D heterostructure with a tailored
well-type energetic landscape. We use the Ni(111) substrate as
a conductive bottom electrode for our devices.”” We then carry
out a laser lithography step on a spin-coated UVIII resist layer
to open small 1 um® windows above the van der Waals
heterostructure. A top Au-capped Co electrode is finally
deposited by e-beam evaporation. This defines 1 um?
microjunctions. We bond them in a ceramic chip and measure
the resulting devices at 4 K in an AC + DC cryogenic setup.
We show in Figure S the resulting dI/dV characteristic
measured in such a device. The high resistivity confirms that
the current is flowing in the contacted layered structure, as
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expected from the material characterization described above.
Furthermore, we measure very specific conductance peaks in
these structures at about 300 mV. The observation of these
peaks demonstrates that a specific resonant energy is defined in
our heterostructure. This confirms that the well-type energy
band-gap landscape that we engineered by the stacking of the
different 2D semiconductors has indeed been achieved,
allowing tailoring of charge transport properties.

We further discuss the expected band structure of the
stacked 2D layers and how this corresponds to our vertical
transport measurements and the observed resonance. We
analyze the experimental measurements by performing
computational analyses of the 2D van der Waals hetero-
structure. The band structures of WS, and WSe, have been
previously separately calculated, as well as many available 2D
semiconductors of the TMDC family.*>”* Here we aim more
specifically at describing how the energy levels of each material
align once gathered in a heterostructure and how this defines
the energetic profile of the final device. In this direction we use
first-principles calculations to estimate the natural band offsets
in the WS,/WSe,/WS, device (see Methods). At first, we use
the Kohn—Sham (KS) density functional theory (DFT)”*”®
and the GW approximation to many-body perturbation
7977 to compute the ionization potential (IP), electron
affinity (EA), and band structures of bulk WS, and WSe, usin:
the experimental lattice constants and internal coordinates.”
Here the IP is evaluated by electrostatic alignment of bulk and
surface calculations. The EA is obtained by subtracting the
computed GW band gap from the IP. The computed band
gaps, IPs, and EAs are reported in Table 1. These are in good

Table 1. Extracted Parameters for Bulk WS, and WSe, 2D
Semiconductors in the Heterostructure (See Methods):
Ionization Potential (IP), Electronic Affinity (EA), and
Band Gaps, Direct and Indirect®

2D semiconductor P EA AEget AER3
WS, S.21 3.77 2.30 1.44
WSe, 4.89 3.57 1.95 1.32

“All values are expressed in eV.

agreement with previous estimations and with experimental
values.””~ The IP is used to align the band structure of both
materials against the vacuum level, providing a first estimation
of the band discontinuity at the interface. Figure 6a and b
reveal a staggered gap (type II heterojunction) at the WS,/
WSe, interface.

The direct consideration of a lattice-matched interface
between WS, and WSe, (see Figure 7) allows proceeding
further with the calculation of the natural band offsets. Here we
follow the procedure described by Hinuma et al. to compute
the band offsets while accounting for the relaxation of the in-
plane lattice parameters.”* The same approach is used to
estimate the natural position of Ni and Co Fermi levels with
respect to the WS, valence band maximum. The computed
band offsets at the three considered interfaces are depicted in
Figure 8a—c. The natural band offset calculation confirms the
staggered gap anticipated at the WS,/WSe, interface (Figure
8b). The profile of the valence band maximum (VBM) across
the junction exhibits a 236 meV discontinuity at the WS,/
WSe, interface, leading to the realization of a quantum well in
the functional device. The Fermi levels of the Ni and Co
metallic electrodes are reported respectively at 591 and 550

meV above the VBM of WS,. While the exact positions of
these levels closely depend on the electrostatic nature of the
metal—semiconductor interfaces, the relatively similar values
obtained by calculations for both the Ni/WS, and Co/WS,
interfaces are consistent with the symmetric transport behavior
observed in our functional device. Overall, the computed VBM
profile across the junction supports the interpretation of the
measured conductance peaks in terms of resonant hole
transport through a quantum well at the I" points defined by
our van der Waals heterostructure. The resonance mechanism
leading to the transport signature observed is illustrated in
Figure 8d and e. The applied bias on the device structure shifts
the energy levels of the quantum well until a resonant
tunneling situation is reached at an applied bias of about 300
mV. Here, the slight difference in voltage of the peak’s
positions can be ascribed to the Ni and Co work functions’
position relative to the WSe, VBM. Beyond attesting the
pertinence of the presented PLD approach to fabricate well-
defined large-scale van der Waals heterostructures, the strong
agreement between the calculations’ prediction for the
heterostructure behavior and the measured transport proper-
ties in the devices further draws a path toward the precise
tailoring of band structure properties in these systems.

The global Raman and transport studies highlighted a viable
growth path that led to the fabrication of functional quantum
well junctions based on these large-area 2D material
heterostructures. This demonstrator PLD in situ process flow
provides cm? dimensions for direct 2D material hetero-
structure stacking, with high versatility. It provides an essential
technological step toward reaching early access to 2D van der
Waals technologies and components, easing the identification
of relevant 2D-based structures before further scaling. We
deliver an approach that can be generalized with a wealth of
2D material growths and heterostructure configurations
remaining to be explored. We believe that by demonstrating
complex stacking of heterostructures with large-scale homoge-
neity, stack encapsulation, and stability for devices, this study
could become a pivotal reference to illustrate how to design
and handle functional complex van der Waals heterostructures,
all the more as they are increasingly considered for a wide
range of applications, including electronics and spintronics. We
foresee, for instance, that epitaxial and rotated stackings®~*
could be further crafted through both growth kinetics control
and careful selection of successively grown 2D materials with
subtly varied crystallographic properties (lattice parameters).
Our tailorable in situ PLD approach for 2D heterostructure
definition unlocks in particular this latter opportunity. We
anticipate thus many parameters to be further studied and
exploited for charge/spin transport in targeted functional
heterostructures: growth kinetics, stacking order, induced
rotations and strains, doping, thickness, 2D materials
composition including alloying, etc.

CONCLUSION

Overall, we show in this study that van der Waals
heterostructures can be conveniently built on large scales
through the PLD approach. To illustrate this, we demonstrate
the fabrication at low, 400 °C CMOS-compatible temperature
of a reference WS,/WSe,/WS, stack, showing both homoge-
neous material growth on large samples and well-defined
heterostructure-related transport characteristics. The extracted
transport features from devices are driven by the association of
specific band structures of the selected 2D semiconductors in a
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quantum-well-type energetic landscape, as illustrated by the
presented ab initio calculations. We envision that through the
same concept easy in situ and large-scale heterostacking of
multiple 2D materials could be achievable, with hundreds of
2D materials and their 2D alloys virtually accessible by the
PLD approach. This large playground for heterostructure
engineering with 2D materials unlocked by the PLD approach
is reminiscent of the successful applicative exploitation of III—
V semiconductor families.”~"> Our work is thus a step toward
the fabrication of advanced transport functions modulated by
the insertion and combination of the large families of 2D
materials now being uncovered and characterized.

METHODS

Two-Dimensional Semiconductor Heterostructure Growth.
A customized PLD setup with a base pressure of 1 X 107 mbar is
used, with an in situ target change system. Before growth, the
substrate surface is prepared by preheating at 400 °C in the
deposition chamber with 0.1 mbar Ar pressure. Two-dimensional
semiconductor heterostructures are derived by the use of commercial
stoichiometric targets of WS, and WSe, bought from Neyco
(1(W):2(S,Se) targets with purity >99.9%). The targets are shot
with a Nd:YAG laser (wavelength reduced to 355 nm, 80 m]J laser
power, 7 ns pulse length, laser pulse frequency of 2.5 Hz) at 0.1 mbar
of Ar. The 2D semiconductors target surfaces are first recovered by
preablation, without exposing the sample, during S min at 0.1 mbar Ar
pressure. Each 2D semiconductor layer is then sequentially grown by
ablation of a selected target during 1 min, while the sample
temperature is kept at 400 °C. Crucially, high-quality growth is
observed with a distance between target and substrate fixed at 70 mm.
Finally, the sample is cooled in the PLD chamber during 1 h under 0.1
mbar of Ar pressure before further manipulations.

Van der Waals Heterostructure Device Fabrication. A
modified Plassys sputtering setup is used to grow the bottom
Ni(111) electrode on sapphire. Using the PLD process, the large-scale
2D semiconductor heterostructure is then directly grown on top of
this electrode. Device geometries are lithographed by a KLOE laser
lithography system, leading to 1 um? junctions in UVIII resist. E-beam
evaporation is used to deposit top gold capped Co contacts on the van
der Waals heterostructure through the microjunctions. The devices
are then bonded and integrated in a ceramic chip for further electrical
characterizations.

Computational Procedures for Van der Waals Hetero-
structures. The IPs, EAs, and the Fermi energies and band offsets
are calculated via combinations of surface, interface, and bulk
calculations performed within the framework of KS DFT’*”* using
the projector augmented wave method (PAW) as implemented in the
VASP code.**® The exchange—correlation functional is described
using the Perdew—Burke—Ernzerhof (PBE) formulation of the
generalized-gradient approximation.”®”" The G,W, method is used
to estimate the many-body corrections to the band structure of
semiconducting bulk S)fstems.76‘77’91 The “GW” PAW potentials (v54)
distributed with the code have been used.”” Tungsten S semicore
states were treated as valence orbitals. A 12 X 12 X 3 I'-centered k-
point mesh is used for the Brillouin zone integrations of bulk WS, and
WSe,. Equivalently dense meshes are used in all calculations. The
electron wave functions are expanded in a plane-wave basis set of 420
eV cutoff energy. GoW, corrections are computed on top of PBE
calculations to alleviate the limitation of DFT for the description of
semiconductor band gaps. From a practical point of view, it is
computationally easier to converge the GoW), correction to the band
gap rather than the absolute band positions. As it is known that the
many-body corrections to the valence band maximum (VBM) and
conduction band minimum (CBM) are rather symmetric, leaving the
band gap center largely unaffected, we chose to align the G,W,, quasi-
particle (QP) band structures with the band-gap center described at
the PBE level.”® An energy cutoff of 280 eV is used for the expansion
of the response functions including all unoccupied orbitals. The QP

band structures are obtained by interpolation of the 12 X 12 X 3 I'-
centered k-point mesh by means of maximally localized Wannier
functions.” As the orbitals are kept fixed in the GyW, method, the KS
potential obtained at the DFT level can be used to realize the
electrostatic alignment between the GyW, quasi-particle band
structure and the surface and interface DFT calculations.

The IPs of WS, and WSe, are calculated as the VBM with respect
to the vacuum energy level obtained via electrostatic alignment with a
surface calculation,

€p = Aevac,refIO - AeVBM,refIO

where ep is the ionization potential and Aey, . is the energy
difference between the Kohn—Sham potential in the vacuum region
and a reference energy level taken in the bulk-like region of a surface
calculations. A€ypy s is the difference between the VBM and the
reference energy level in a bulk calculation. The notation Aely is used
to indicate that the energy differences are evaluated in the bulk
configuration using experimental lattice constants and internal
coordinates. The reference energy level is taken as the average of
the KS potential within PAW spheres of W, Co, or Ni sites far from
the surface, in bulklike regions. EAs, computed as the CBM with
respect to the vacuum energy, are obtained by subtracting the GoW,-
calculated band gap to IPs. For metallic systems, the ionization
potential is identical to the work function (Ni: 5.03 eV, Co: 4.94 V),
and it represents the absolute position of the Fermi energy with
respect to the vacuum energy level.

The calculation of the band offsets follows the procedure described
by Hinuma et al.** An interface calculation is performed to give the
difference between the reference energy levels of the two constituent
materials A and B, Ae2Pl, = Aeld, — AcB .. Here the notation Acl,
is used to indicate that the calculations are done using a common set
of in-plane lattice parameters X, associated with a commensurate
interface between A and B. The other lattice parameter and the
internal coordinates are optimized. This situation corresponds to a
coherent interface, ie., when the cohesive energy overcomes the
energy required to strain the constituent materials and form a
commensurate interface.” This is not expected to be the case in the
device investigated here, where the WS, and WSe, layers are thick
enough to assume complete relief of the interfacial strain. In our case,
relaxation of the in-plane lattice parameters should be considered.
This correction is achieved by computing the natural band offset
defined as

A—Bl
ref 'x

A-B _ A A
Ag " = (A€o — Ae

vac,ref IO

+ Ael fl,) + Ae

- (Ae?,reflo - Ae?ac,reflo + Aefac,reflx)
Here, i and j denote the index of the energy levels of interest. One
notes that the approach used to estimate the natural band offsets does
not account for the increased dielectric screening induced by the
metallic electrodes. However, extrapolating from previous theoretical
considerations,”* ™"’ the dielectric modulation of the band gap at the
center of our WS, and WSe, layers is well below 100 meV and, hence,
does not affect the overall VBM profile computed across the junction.
In practice, the estimation of the natural band offset requires a total of
seven calculations including four surfaces and one interface. The
surface and interface supercells are built from slabs of five layers of
semiconducting WS, and WSe, and height atomic layers of fcc-Ni and
hep-Co  respectively in the (111) and (0001) directions. The
computed commensurate interfaces are depicted in Figure 7. When
required for surface and interface calculations a vacuum slab of more
than 20 A is added so as to describe correctly the vacuum energy level
and prevent spurious interactions between periodically repeated slabs.
The van der Waals interactions are considered in the calculation of
atomic forces and stress tensors by adding a correction term to the
conventional KS-DFT energy by means of the zero damping DFT-D3
method of Grimme et al.'® The interfaces have been fully relaxed up
to atomic forces lower than 0.002 eV/A.
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