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Large-Area Artificial van der Waals “Mille-Feuille”
Superlattices

Hao Wei, Simon Dubois, Frederic Brunnett, Julian Peiro, Florian Godel, Cécile Carrétéro,
Federico Panciera, Sophie Collin, Fayçal Bouamrane, Victor Zatko, Marta Galbiati,
Etienne Carré, Gilles Patriarche, Frédéric Petroff, Jean-Christophe Charlier,
Marie-Blandine Martin, Bruno Dlubak,* and Pierre Seneor*

Van der Waals heterostructures are set as strong contenders for post-CMOS
quantum materials engineering. A major step for their systematic exploration
and exploitation of technological component demonstrators resides in
their eased large-scale design. In this direction, the growth of artificial van der
Waals 2D superlattices is presented here such as (MoS2/WS2)n, (WS2/WSe2)n,
and (MoS2/WSe2)n with unit cells repetitions reaching n > 10. The
fabrication of these materials is enabled by a fully automated in-situ pulsed
laser deposition (PLD) tool. This approach provides cm2 scale homogeneous
superlattices with on-demand material parameters tailoring (layer number,
order, and composition). The process is rapid and simple compared to manual
pickup exfoliation methods or to sequential transfers of single layers grown
by techniques such as chemical vapor deposition, allowing a large repetition
of the unit cells in a “mille-feuille” cake configuration. The computational
exploration of this family of superlattice materials sheds light on
the potential for optoelectronic property design by shaping the band-structure
landscape while taking into account the influential effects induced
by proximity. Overall, this large-area approach is proposed as an entry
point for the systematic design of complex van der Waals heterostructures.

1. Introduction

2D materials and their van der Waals heterostructures are widely
foreseen as strong contenders for “more than Moore” enhanced
Complementary Metal-Oxyde-Semiconductor (CMOS+X)
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technologies, as well as beyond-CMOS
technologies including spintronics,
photonics, neuromorphic and quantum
computations.[1–7] Indeed 2D materials
offer epitaxy-free heterostructure defi-
nition at ultimate atomic thicknesses,
as well as extreme tailoring in terms of
composition and associated properties.
Beyond the zero-gap Dirac band struc-
ture of graphene, and the relatively large
gap h-BN 2D insulator, an extensive
library of 2D semiconductors is now
being explored and rationalized.[8–11]

This exploration encompasses elemental
materials (such as black phosphorus,
silicene, and germanene) as well as more
complex layered compounds (such as
mono-, bi-, and trichalcogenides). The
properties of these systems depend not
only on their composition but also on
their stacking configuration, owing to
the proximity effects amplified by their
2D nature.[12] This diversity allows for
a versatile toolkit for the fabrication

of tailored 2D heterostructures.[13] Additionally, these mate-
rials exhibit intriguing phenomena such as “magic-angle”
moiré-induced superconductivity or ferroelectricity, as well as
topologically protected states.[14–18] Already, discrete functions
based on these materials have been demonstrated (such as
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antennae, RF switches, photo-detectors and sensors, light emit-
ter, image sensors…) along with the first steps toward high inte-
gration densities and logic circuits.[19,20] Sustaining this applica-
tive vision, first pilot lines including 2D materials have been re-
ported using production tools,[16,21,22] establishing the basic con-
ditions for their growth, integration, and stabilization in func-
tional structures.[23,24] In this context, the exploration of complex
van der Waals heterostructures of 2D materials, reminiscent of
the original enthusiasm toward III-V semiconductors,[25–27] are
being actively pursued to make full use of the unique properties
of this class of highly tailorable, ultimately thin materials.[28,29]

This opens a very promising path for disruptive concepts to
emerge from this large quantum materials platform.

Paramount progress has been achieved in deriving 2D mate-
rials and in turn fueling the exploration of their properties. Fol-
lowing the initial success of exfoliation,[30] the subsequent stack-
ing of these 2D layers into heterostructures has however come
with great challenges.[31–33] The first pioneering approach con-
sisted of extending the mechanical exfoliation technique with
a micro-controlled polymer stamp-based pick-up assembly.[34,35]

This process allowed the combination of different exfoliated
2D flakes in a given stack, leading to the successful exploita-
tion of relatively simple heterostructures.[14,36–38] This manual
approach has been instrumental in discovering the fascinating
fundamental properties of van der Waals heterostructures.[39]

However, its reach in terms of heterostructure complexity has
been limited as the mechanical stacking steps of micron-sized
flakes have proven to be particularly tedious and time-consuming
with a non-negligeable risk of failure for each additional stamp-
ing step. In parallel, large-scale growths of 2D materials have
been steadily developed, particularly by chemical vapor deposi-
tion (CVD).[40–42] Stacking CVD-grown 2D layers by successive
wet-transfers allows to reach large-scale stacks, but again at the
cost of ex situ mechanical transfers.[43] It is worth noting, in ad-
dition, that when manipulations in wet or ambient conditions
are involved, the insertion of sensitive 2D materials (this con-
cerns a large set of 2D crystals) is ultimately excluded.[44–46] Pi-
oneering works[47,48] have demonstrated stacking of 2–3 large
2D layers establishing simple heterostructures already with stark
perspectives. Still, these results call for dedicated in-situ sim-
pler and faster assembly, drawing from recent advances demon-
strated for a few 2D layers with direct growth techniques such
as CVD, pulsed laser deposition (PLD), or molecular beam epi-
taxy (MBE).[44,49–53] Indeed the community is now aiming to-
ward van der Waals heterostructures with higher complexity
and a much larger repetition count of 2D layer stacking as re-
quired for envisioned exploitation.[4] Following an initial pro-
posal by Esaki and Tsu in the 70s,[54] superlattices built out of
structured and repeated quantum wells are fundamental for nu-
merous optoelectronic properties and already led to applications
such as quantum cascade lasers, light emitting diodes, photode-
tectors, HFETs for high-frequency low-noise amplifiers, Bragg
mirrors for single photon sources in quantum dots…[25–27,55–58]

While these are now well mastered with III-V semiconduc-
tors, they are particularly difficult to fabricate with 2D materi-
als. Even though the field of 2D materials has been advancing
for >15 years, the creation of such superlattices remains un-
achieved. This underscores the significant challenge in build-
ing and accessing complex tailored quantum van der Waals

heterostructure platforms to systematically explore their vast
potential.

In the following, we present a fabrication process allowing
the assembly of complex van der Waals heterostructures, illus-
trated by the study of several reference superlattices of transi-
tion metal dichalcogenides (TMD) 2D semiconductors. We de-
rive stacks of 20 alternates of TMD layers on cm2 scale sam-
ples by direct in-situ PLD, analyzed by Scanning Transmission
Electron Microscopy (STEM), Energy Dispersive X-ray (EDX), X-
ray photoelectron Spectroscopy (XPS), and Raman spectroscopy.
With the aim to highlight the potential that arises from tailoring
these structures through hybridized heterointerfaces, we present
an initial discussion of the expected band structures within this
family of artificial nanolayered superlattice van der Waals mate-
rials. The calculations presented here serve as a means to illus-
trate the importance of proximity effects when stacking 2D lay-
ers together as one should not simply expect juxtaposition of dis-
joint 2D semiconductors properties. The enhanced flexibility in-
troduced by our approach, not only in terms of the composition of
the 2D materials’ unit cells but also in the repetition parameters,
offers an entry point for the systematic design and exploration of
highly complex functional van der Waals superlattices.

2. Results and Discussion

The growth setup is a customized TSST PLD system with a base
pressure of 10−8 mbar.[44] A 355 nm Nd:YAG laser (tripled fre-
quency) is used to shoot the bulk material targets. We carry the
growth sequences using automated in-situ target switching to
enable the progressive build-up of composite superlattices (see
Figure 1). We focus here on reference WS2, MoS2, and WSe2 2D
semiconductor materials. The stoichiometric targets (Neyco) are
prepared prior to deposition by being systematically pre-ablated
in the PLD chamber under growth conditions for 5 min, without
exposing the sample. The sample, a SiO2(90 nm)/Si substrate,
is then preheated at 400 °C in 0.1 mbar Ar for 5 min. Impor-
tantly we set the sample-to-target distance to 70 mm to allow a
2D-mode growth away from the most energetic part of the abla-
tion plume.[53] For each 2D semiconductor layer, the correspond-
ing target is shot during 20s, corresponding to the required time
for bilayer growth.[44] We fabricate superlattices with 20 alter-
nate 2D semiconductor stacks, corresponding to 10 unit cells of
WS2/MoS2. Including the target swap idle time, corresponds to a
fabrication time of ≈30 min for the realization of this extreme 2D
material stacking under the specific conditions of our setup. The
fabrication process is hence considerably faster than any possi-
ble manual stacking technique, with unparalleled reproducibility
and access to much higher complexity.

To probe the proper formation of the 2D superlattice we per-
form cross-sectional STEM observations as presented in Figure 2.
First, a lamella is prepared based on carbon and Pt-capped sam-
ples using focused ion beam (FIB) micromachining. A Themis
STEM setup from ThermoFicher Scientific, also equipped with
a Super-X EDX detector, is used to acquire the STEM images
(200 kV) and the EDX line scans. A typical representative im-
age of a section of the superlattice is presented for two differ-
ent runs in Figure 2a,b. We observe the lamellar organization
of the heterostructure showing long-range crystallization and a
z-axis stacking as expected from the processes described above.
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Figure 1. In situ direct assembly of 2D semiconductor unit cells into tailored superlattice material, in a configuration reminiscent of the “mille-feuille”
European pastry. Schematic representation of the pulsed laser deposition (PLD) growth approach with in-situ automatized material target switching. The
inset presents a lateral section of a typical 2D superlattice as observed through STEM HAADF (scanning transmission electron microscope high-angle
annular dark-field imaging).

The clear and homogeneous unit-cell repetition already shows
the high repeatability of the PLD approach, with a result barely
achievable by manual stacking such as pickup or wet transfers.
Figure 2a shows a run where MoS2 and WS2 bilayers are alter-
nated into a stack of ≈10 unit cells. The precise composition
of this 2D heterostructure can be subtly tailored as shown in
Figure 2b, where a second run leads to a more complex unit cell
embedding 3 additional WS2 layers. This illustrates the flexibility
of the PLD growth approach to define 2D heterostructures well
suited for fine adaptation to targeted application requirements.

A fast Fourier transform (FFT) analysis of the high-resolution
STEM images allows us to confirm more precisely the crystalline
structure of these growths. We observe a 2.8 nm WS2/MoS2 pe-
riod for the run of Figure 2a (corresponding to a 2 + 2 TMD unit
cells) and 4.9 nm in the case of Figure 2b (corresponding to a
5 + 2 TMD unit cells). In addition, a second FFT peak is observed
corresponding in both cases to the 2D-plane interlayer spacing
with the expected 0.7 nm period for TMDs compounds. This al-
ready demonstrates the success of building a 2D superlattice het-
erostructure.

Figure 2. FFT analysis of 2D superlattices lateral section as observed through STEM HAADF. Depending on run conditions, the resulting superlattice
structure is varied: compared to run 1 in panel a), 3 additional WS2 layers are grown in the presented run 2 in panel b). This highlights the potential to finely
tune the organization of mille-feuille superlattice quantum materials properties by selecting growth parameters. This analysis reveals the organization
of the superlattice showing atomic plane periods of the layered 2D materials in use (0.7 nm period) as well as the longer-range organization with the
crafted unit cell of 2D semiconductors (2.8 and 4.9 nm periods respectively).
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Figure 3. Chemical analysis of a tailored 2D (MoS2/WS2)n superlattice material. We present both analyses by a) Energy-dispersive X-ray spectroscopy
(EDX) line scan and b,c,d) X-ray photoelectron spectroscopy (XPS) measurements of the main elemental signatures of the superlattice materials. The
combined EDX and XPS analysis highlights the alternate of crystalized MoS2 and WS2 2D semiconductors in the fabricated superlattices.

We further expose below the chemical and crystallographic
compositions of these heterostructures by combined EDX, XPS,
and Raman spectroscopy analyses. In this direction, we carry a
complementary STEM cross-section chemical analysis by EDX
spectroscopy to highlight the alternating chemical composi-
tion of these superlattices. The analyses of the EDX data in
Figure 3a highlight the periodic alternance of W and Mo atoms in
the TMDs 2D semiconductors structure with the expected 2.8 nm
period confirming our FFT analysis (Figure 2). To further assess
their crystalline and chemical state we carry out XPS and Raman
spectroscopy studies. Regarding the XPS study, we collect spec-
tra of core levels of W 4f, Mo 3d, and S 2p with a pass energy of
30 eV, using a Mg X-ray source of the Omicron setup. The XPS
spectra are displayed in Figure 3 and confirm the expected sto-
ichiometry of each TMD embedded in the artificial heterostruc-
tures. Following Loh et al.,[59] we are indeed able to identify the
chemical attributes of the TMDs layers. Focusing on WS2 signa-
tures: S2− states of S atoms in WS2 with energy splitting of 1.2 eV
are observed (Figure 3c), as well as specific W4+ states (Figure 3b).
These are the signatures of crystalline 2H-WS2 in a hexagonal
semiconductor phase.[59] From these XPS spectra, we further ex-
tract a W:S ratio of ∼0.5 expected regarding WS2 TMD stoichiom-
etry. Similar conclusions can be made for MoS2 (Figure 3c,d).
The measured XPS data in these complex heterostructures thus
capture the chemical environments of S, W, and Mo atoms ex-
pected in MoS2 and WS2 2D crystals. Finally, as an additional
experiment, we carry out Raman characterizations using a Ren-
ishaw spectrometer with a 514 nm laser (Figure 4) as MoS2, WS2,
and other TMDs give identifiable Raman signatures.[60,61] We dis-
play a typical spectrum obtained on the superlattice material in
Figure 4b, revealing the combined signatures of both MoS2 and
WS2 crystals: MoS2 2LA + E1

2g modes, WS2 2LA + E2g modes, as
well as the MoS2 and WS2 A1g/A1′ modes.

Overall, these different characterizations demonstrate the
fabrication of a 2D semiconductor-based van der Waals su-
perlattice, based on a direct and automated process un-
locking high complexity and the extreme repetition of unit
cells. This highlights the strong potential of the PLD ap-
proach to build layered artificial crystals with tailored levels of
complexity.

We now explore the large-scale homogeneity of these complex
heterostructures. As discussed above, the main difficulty for the
fabrication of van der Waals heterostructures is their controlled
reproducible stacking at sample scales. The controlled transfer
of CVD layers has been well explored but remains tedious and
unpracticable beyond a few stacked layers in terms of time scales
and probability of success.[43] Furthermore, this is mostly an ex-
situ process involving exposition to the uncontrolled atmosphere
and etching solutions as well as transfer polymers. Here we fabri-
cate the entire complex heterostructure in a single run. Optically,
the resulting cm2 samples are highly homogeneous (Figure 4a).
We further probe the resulting layers by Raman spectroscopy as
presented in Figure 4. It appears that the whole surface of the
sample is covered by the 2D materials heterostructure with char-
acteristic peaks of MoS2 and WS2 appearing similarly at all loca-
tions of the sample. We plot in Figure 4c,d a large mapping of the
intensity of characteristic MoS2 and WS2 Raman modes over the
whole cm2 sample to highlight the homogeneity of the large-scale
coverage. Overall, these measurements show that the resulting
growth is homogenous over the size of our sample, leading to
a cm2 complex van der Waals heterostructure, to be compared to
the usual μm2 surface range of exfoliated flakes. This result is par-
ticularly striking, as it shows how PLD offers complex stackings
of 2D materials on large scales with high flexibility.

Illustratively, we have further extended this study to other arti-
ficial heterostructures such as (WS2/WSe2)n, (MoS2/WSe2)n (and
even a more complex (WS2/MoS2/WSe2)n unit cell) with similar
results. As presented in Figure 5 we have acquired 45 × 45 μm2

Raman mappings for different systems, and the different stacks
result in combined Raman signatures that are observed homo-
geneously on the samples. Strikingly, the tracking of the Raman
signatures for WS2, WSe2, and MoS2 reveals a particularly high
and reproducible homogeneity of each stacked material layer for
the different studied 2D superlattices. These results further as-
sess the potential of the proposed PLD technique to finely tailor
complex 2D heterostructures with high flexibility, and in turn de-
fine large families of artificial van der Waals materials.

We purposively focus here on illustrative superlattice het-
erostructures as these are both complex in nature (with re-
quired repetitive growth of well-controlled ultra-thin films) and
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Figure 4. Large-scale Raman mapping of the superlattice. a) Optical observation of a cm2 scale superlattice sample highlights high homogeneity. b)
Raman spectroscopy reveals combined respective signatures of MoS2 and WS2 layers with MoS2 2LA + E1

2g modes, WS2 2LA + E2g modes, as well as
the MoS2 and WS2 A1g/A1′ modes. c,d) cm2 scale mappings of the Raman response of WS2 (2LA mode) and MoS2 (A1g mode) indicates full coverage.
Scale bars in white are 0.25 cm.

have already been widely exploited in optoelectronics systems
with more usual III-V semiconductors.[25–27,55–58] Starting in the
70s, with the early proposal by Esaki and Tsu of semiconductor
superlattices[54] and the CVD synthesis by Blakeslee and Aliotta
of GaAs based superlattices crystals[62] (closely followed by works
with other approaches such as molecular beam epitaxy[63] and
liquid phase epitaxy[64]), the field has bloomed toward modern
electronics applications. In such superlattices, the constituent
quantum wells are fabricated close enough to each other so their
carrier work functions overlap and the composite material ac-
quires its own band structure. 2D materials, beyond being the
ultimate atomic building blocks for such layered heterostruc-
tures, could provide additional benefits to these systems. In par-
ticular, by nature all the chemical bonds of 2D semiconductors
are maintained within the 2D layer, this relaxes the epitaxial
growth with lattice matching conditions which are otherwise one
of the key challenges to designing III–V heterostructures.[65] Al-
leviation of this concern allows us to envision a wide range of
combinations within superlattices, associating the particularly
large families of 2D semiconductors[8–11] ranging from elemen-
tal 2D materials (such as black phosphorus, silicene, germanene)
to more complex layered compounds (such as mono-, bi- and
trichalcogenides) to fine engineer relevant bandgap landscapes

(as for more usual III-V superlattices[66]). This includes the pos-
sible exploitation of unique handles related to 2D materials, as
their properties are closely related to their composition (as illus-
trated by large families of metal-chalcogens TMDs materials,[9]

also extended by alloying[67] or Janus materials families[68]) and
stackings twists (with impact on resulting band structures in-
cluding more exotic phenomena such as “magic-angle” moiré
induced superconductivity or ferroelectricity, as well as a wide
range of topologically protected states[14–18]), leading to an even
wider spectrum of available basic building blocks for the fabrica-
tion of 2D based superlattices. We however have to notice that the
dramatic reduction of thickness unlocked by our approach, reach-
ing combinations of atomically thin 2D layers, means that their
properties deviate from expected bulk predictions due to exalted
proximity effects.[12] In this ultimate thickness situation, 2D–2D
interfaces fully drive the whole superlattice properties. This ne-
cessitates a meticulous examination of the specific bandgap land-
scape resulting from each engineered combination, as substan-
tial deviation is anticipated reflecting the potential for emergent
properties surpassing the mere sum of their constituent 2D el-
ements. We believe that far from being a constrain on the ap-
plicability of these van der Waals superlattices, this interfacial
hybridization of the 2D materials could provide an additional
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Figure 5. Analysis of the homogeneity of different artificial 2D superlattices (MoS2/WS2)n, (WS2/WSe2)n, and (MoS2/WSe2)n by Raman spectroscopy
mappings. Large 45μm × 45μm Raman maps with 0.6 μm steps display the intensity of TMDs signature peaks (WS2 2LA mode, MoS2 A1g mode, WSe2
E1

2g mode) for the various superlattice materials. Strikingly we observe a highly reproducible homogeneity of the different van der Waals materials
derived by the PLD approach.

powerful handle to design the overall band structure and result-
ing modulations of the quantum confinements within the super-
lattice. However, going beyond general discussions of proximity
effects’ impact on superlattice band structures requires precise
computations.

We discuss below the anticipated band structure landscape en-
gineering opportunities of some TMDs superlattices, aiming to
illustrate the general guideline that proximity effects are to be
taken into account when stacking different 2D materials into
large heterostructures. By blending the characteristics of the in-
dividual layers, proximity effects lead to the emergence of dis-
tinct properties once combined into complex van der Waals het-
erostructures. Group-VI TMDs (MX2 with M = Mo, W and X = S,
Se) are primarily found in the trigonal prismatic arrangement
with the 2H phase as the preferred polymorph.[69] In their bulk
2H phase, these are characterized by indirect band gaps between
the valence band maximum (VBM) at the center of the Bril-

louin zone (𝚪), and the conduction band minimum (CBM) lo-
cated at an intermediate point (Q) along the 𝚪–K path. The elec-
tronic band structure is sensitive to the inter-layer coupling and
varies with the number of layers. When the crystal is thinned
to a few layers, the inter-layer coupling decreases, and the con-
duction bands at Q move upward shifting the CBM to K while
the valence bands at 𝚪 moves downward shifting the VBM to K.
Eventually, in the monolayer limit, group-VI TMDs reveal a di-
rect band gap at the K-point.[70–75] Experimental evidence of this
indirect to direct-gap transition has been provided by the obser-
vation of strongly enhanced photoluminescence in the mono-
layer limit.[8,76–78] When stacked into hetero-bilayers, Group-VI
TMDs reveal a type-II alignment of the bands. The band offsets
result from the work function and band gap differences between
TMDs as well as from charge transfer and hybridization at the
interfaces.[79,80–83] This has been observed both by microbeam X-
ray photoelectron spectroscopy (𝜇-XPS) and scanning tunneling
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Figure 6. Computed electronic structures of van der Waals superlattices made of different periodic stacking of MoS2, WS2, and WSe2. Band structures
computed for various number of TMD layers in the periodic cell (#= 1+ 1, 2+ 2, 4+ 4) for the a) WSe2/MoS2, c) WSe2/WS2, e) WS2/MoS2 superlattices.
The color is associated with the projection of the electronic eigenstates onto the constituting TMD slabs. Projections of the valence band maxima
(VBM) at 𝚪 and K, and the conduction band minima (CBM) at K and Q onto the constituting TMDs for b) WSe2/MoS2, d) WSe2/WS2, f) WS2/MoS2
superstructures with various number of TMD layers in the periodic cell. It appears that engineered hybridized interfacial states play a leading role in the
ultra-thin limit regime.

spectroscopy (STS).[43,84] In agreement with theoretical predic-
tions, direct band gaps at the K point have been observed in
these systems with VBM and CBM spatially located in differ-
ent layers.[12,43,83–87] The large electron-hole Coulomb interaction
heterolayers and the spatially indirect nature of the electron-
hole wavefunction provide interlayer excitons with interesting
characteristics, such as long lifetimes, possible control by exter-
nal fields, and valley-polarization inherited from the constitutive
monolayers.[88,89]

Here, our focus is on the specific class of group-VI TMDs
superlattices ((MX2)m/(M’X’2)m) made accessible by the PLD
growth approach, for which we vary m, the number of lay-
ers of each TMD in the unit cell. Using first-principles cal-
culations, we show that the electronic band structure of
these novel hybrid crystals arises from the repetitive occur-
rence of type-II interfaces, which are modulated by interlayer
coupling.

The electronic structure of the MoS2/WSe2 monolayer super-
lattice is illustrated in Figure 6a. The projection of the electronic
wavefunctions on the MoS2 and WSe2 layers reveals a staggered
alignment of the bands. The VBM and CBM are in the K-valleys.

These valleys are characterized by weak interlayer hybridization
and a clear spatial localization. The VBM wavefunctions are lo-
calized on WSe2 while the CBM wavefunctions are localized on
MoS2. Valleys at 𝚪 and Q points present much larger interlayer
hybridization leading to periodicity-dependent delocalization of
the wavefunctions across the MoS2/WSe2 interfaces. The delocal-
ization, which is significant for a small number of layers, weak-
ens as MoS2 and WSe2 get thicker and the superstructure be-
comes less dominated by interfaces (Figure 6b). The electronic
structure of WS2/WSe2 superstructures (Figure 6c,d) is very sim-
ilar. The main differences lie in the band offsets and the effec-
tive masses of the low-conduction bands. The electronic profile
of MoS2/WS2 superlattices is, however, different (Figure 6e,f).
Calculations reveal a staggered alignment of the bands, but with
a predominant 𝚪-Q indirect gap similar to what is observed in
bulk TMDs. This is a consequence of the interfacial coupling be-
tween the constitutive layers. Sharing the same chalcogen and
presenting relatively small band offsets across the interface pro-
mote large interfacial hopping.[74,75] In this configuration, the
VBM is located at the 𝚪 and CBM is located at Q. Interlayer cou-
pling is significant in the 𝚪 and Q valleys and the wavefunctions

Adv. Mater. Interfaces 2024, 2400409 2400409 (7 of 12) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 7. Direct or indirect nature of electronic gap of tailored mille-feuille superlattice material families. a) Orbital projected band structure of the
WSe2/MoS2 superstructure with 2+2 TMD layers in unit-cell. Contributions from the metals (W and Mo) d-orbitals to the Bloch eigenstates are detailed
on the left panel. Contributions from the chalcogens (Se and S) p-orbitals to the Bloch eigenstates are detailed on the right panel. b) The spatial
resolution of the band edge wavefunctions: the valence band maxima (VBM) at 𝚪 and K, and the conduction band minima (CBM) at K and Q) for the
WSe2/MoS2 superstructures with 2+2 TMD layers in unit-cell. At K, the CBM and VBM are localized on the TMD layers of opposite slabs. At 𝚪 and Q
the VBM and CBM spread across the interfaces with a characteristic relative delocalization depending on the thickness of the slabs and the nature and
strength of the interfacial coupling. The curve depicted has been obtained by integration of the electronic density associated with the wave function in
the plane perpendicular to the epitaxial direction. c,d) Evolution of the direct and indirect electronic band gaps of the (c) WSe2/MoS2 and (d) WS2/MoS2
superstructures as a function of the number of TMD layers in unit cells. The location of the direct (K-K) and indirect (𝚪-K and 𝚪-Q) gaps along the high
symmetry paths in reciprocal space is depicted in (a). Dotted lines correspond to a linear extrapolation of first-principles results obtained by least square
fitting. A direct-to-indirect crossover occurs for WSe2/MoS2 superlattices at ≈14 layers in the unit cell. WS2/MoS2 superlattices show an indirect band
gap regardless of the number of TMD layers in the unit cell.

spread over the MoS2/WS2 interfaces instead of being localized
independently on MoS2 or WS2.

The relative energies and spatial characteristics of the VBM
and CBM states in the K-, 𝚪-, and Q-valleys rule the low-energy
properties of this new class of superlattices. Figure 7a illustrates
the orbital contributions to the low-energy wavefunctions of the
superlattice family. The spatial resolution of the wavefunctions
is pictured in Figure 7b. The lower energy bands at K primar-
ily arise from a combination of the metals d-orbitals and the

chalcogen p-orbitals. Specifically, the main contributions to the
VBM stem from the metal {dxy, dx

2
-y

2} orbitals, while the CBM
arises from the metal {dz

2} orbitals with minor contributions
from the in-plane chalcogen {px, py} orbitals. This results in a
large SOC-induced energy splitting at VBM. SOC effectively sup-
presses interlayer hopping at the VBM and symmetry prevents it
at the CBM, confining the band edge wavefunctions at the K point
within the interfaces. Consequently, the physics of the CBM-
K and VBM-K proceeds as if the constitutive TMD layers were

Adv. Mater. Interfaces 2024, 2400409 2400409 (8 of 12) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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independent of each other as seen in Figure 7b. At 𝚪 and Q, re-
duced SOC and a greater contribution of the pz orbitals of the
chalcogen facilitate interlayer hopping. Consequently, at VBM-𝚪
and CBM-Q, the band edge wavefunctions spread across the lay-
ers, as seen in Figure 7b. The spread depends on the slab com-
position, the thickness of the slab, and the nature and strength
of the interfacial coupling.

The relative energies of the K-, 𝚪- and Q-valleys determine the
nature of the energy gap. Direct gaps are pinned to the K-valleys
and involve spatially confined states. Indirect gaps involve the 𝚪-
and Q-valleys where wavefunctions present a tunable degree of
delocalization. Figure 7c reports on the typical evolution of the
direct and indirect band gaps in group-VI TMDs superlattices,
exemplified here by the MoS2/WSe2 superstructures. The direct
gap is primarily determined by the type-II alignment of the slabs.
Its value is roughly independent of the number of TMD layers
in the unit cell. On the contrary, the indirect gap decreases with
increasing slab thicknesses. As TMD layers are added to the su-
perstructure, the interlayer coupling gets stronger in each slab,
pushing the 𝚪 and Q-valleys closer to the fermi energy. Our first-
principles calculations reveal a direct gap in the few-layer limit
followed by a direct-to-indirect gap transition when increasing
the slab thicknesses. In the limit of large slabs, the global VBM
and CBM are predicted respectively in the 𝚪- and Q-valleys simi-
lar to what is observed in bulk TMDs. At these thicknesses, the su-
perstructures are expected to be dominated by the physics of stag-
gered bulk slabs. No direct to indirect gap transition is predicted
in the MoS2/WS2 superstructures (Figure 7d) as the stronger in-
terfacial interaction between the MoS2 and WS2 slab favors an
indirect gap even in the few-layer limit.

In summary, we provide insight into the design possibilities
enabled by tailoring van der Waals stacks using our PLD ap-
proach. Superlattices play a crucial role in advanced III-V applica-
tions, and 2D semiconductors offer a pathway to fabricate epitaxy-
free heterostructures with precise atomic control, drawing from
a wide array of 2D materials and combinations. While focusing
on specific TMD superlattices systems, we highlight that one can-
not directly extrapolate bulk or monolayer TMD properties to pre-
dict the electronic landscape. Depending on the particular com-
position and arrangement of the alternating slabs, the emergent
electronic properties hinge on (i) the band structure of selected
base materials and (ii) the hybridizations induced by interfacial
coupling. This leads to the creation of unique quantum materi-
als with engineered band-gap landscapes, offering a novel plat-
form for fine-tuning the optoelectronic properties of TMDs het-
erostructures.

3. Conclusion

There are strong expectations for van der Waals systems ex-
pressed in the literature both from a fundamental point of view
and in terms of potential applications (see for instance refs
concerning photonics,[2,29] electronics,[1,3,5] spintronics[4]). While
many van der Waals heterostructure properties are anticipated
and discussed in the literature, experimental measurements have
been limited to only a handful of accessible scenarios. Strik-
ingly, while superlattices are fundamental to many applications
such as quantum cascade lasers and are well-matured for III-V
semiconductors,[25–27,55–58] they have never been fabricated out

of 2D materials otherwise available for more than 15 years now.
The primary obstacle lies in the fabrication process as there is
no viable pathway beyond the labor-intensive methods of exfolia-
tion and manual stackings which come with evident limitations
such as limited layer counts (typically few layers) and an inher-
ently ex-situ nature. Addressing this critical gap between expec-
tations and methodology, this work opens an avenue to design
well-defined artificial complex 2D van der Waals heterostructures
over large surfaces, using an in-situ rapid direct PLD growth ap-
proach. A large number of repetitions of unit cells composed of
different associated 2D semiconductors were fabricated over sur-
faces 8 orders of magnitudes larger than typical exfoliated 2D
flakes, and on deposition timescales comparable to CMOS het-
erostructures of 3D materials grown by PVD approaches. This
is to be compared to the incommensurable difficulty of stack-
ing a few 2D layers by more usual wet transfer approaches or
by pick-up-assisted mechanical exfoliation. Drawing from pio-
neering works in the field of 2D materials growth (see Ref.[9]
for CVD growth of single TMD, as well as model studies for
ex-situ 2–3 layers manual stackings[47,48]…), the provided charac-
terizations underscore the superlattice configurations achieved
in our study. TEM analysis reveals the intricate 2D layer stack-
ing, XPS and EDX validate the anticipated chemical character-
istics of both the 2D crystals and their stackings, and Raman
spectroscopy highlights the crystalline nature of the resulting 2D
layered materials. The tailoring potential of this approach is il-
lustrated here through the exhibition of unique opportunities
to pattern the band structure landscape (leveraging in particu-
lar on composition, layer count, and interfacial hybridization…)
and we present precise staggered construction of various arti-
ficial superlattice semiconductors. Demonstrating complex van
der Waals stacking designs is the first step (evocative of the early
pioneering investigations into graphene growth[90]), providing an
entry point to a community-wide exploration of anticipated com-
plex van der Waals structures. We note in this direction that the
PLD growth approach opens the door to epitaxial monocrystalline
systems with a track record of success with multifunctional ox-
ide systems.[91–93] Exploitation of tailorable in situ PLD approach
specificities could lead to the identification of epitaxial or rotated
van der Waals stackings, involving for instance varied growth ki-
netics with plume parameters and tailored combination of suc-
cessive 2D materials with distinct lattice parameters. Overall, our
study set a step in the direction of van der Waals lamellar quan-
tum material tailoring, and the rapid exploration of their nano-
electronics, spintronics, and opto-electronics properties.

4. Experimental Section
TMD Superlattice Fabrication and Characterizations: Fabrications of the

superlattices are carried in a TSST PLD chamber with a 1× 10−8 mbar base
vacuum. It is equipped with a Nd:YAG laser whose wavelength is reduced
to 355 nm and the following ablation parameters are used: 80 mJ laser
power, 7 ns pulse length, laser pulse frequency of 2.5 Hz. The distance
between the target and the substrate is fixed at 70 mm allowing 2D-mode
growth in the considered PLD conditions.[53] The 1 cm2 SiO2(90 nm)/Si
substrates were inserted through a load lock and preheated at 400 °C in a
0.1 mbar Ar atmosphere before proceeding to growth. The targets are pro-
vided by Neyco with a fixed stoichiometry 1(W,Mo):2(S,Se) corresponding
to aimed TMD unit materials, with purity >99.9%. They are shot under the
same 0.1 mbar Ar atmosphere. After initial ex-situ preparation by surface
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polishing and cleaning in isopropanol, each target is pre-ablated for 5 min
in the PLD chamber before deposition, while the sample is protected be-
hind a shutter. 2D semiconductor heterostructures are grown in a unique
growth sequence without breaking the vacuum thanks to an in-situ tar-
get change system. To fabricate the superlattice, each 2D semiconductor
layer is sequentially grown by ablation of a selected target during a usual
deposition time of 20 s, while the sample temperature is kept at 400 °C.
After the complete growth sequence, the samples are left to cool under
0.1 mbar Ar atmosphere for 1 h. They are then taken out for further char-
acterization. For the TEM/EDX imaging, a Themis STEM setup is used
from ThermoFisher Scientific, also equipped with a Super-X EDX detector,
at 200 kV. XPS analysis of the superlattices is carried out using a Mg source
and based on five spectra with 20 eV pass energy. Raman spectra and the
different Raman mappings are taken with a Renishaw inVia 514 nm micro-
Raman spectrometer.

First-Principles Electronic Structure Calculations: The electronic struc-
tures have been computed within the framework of Density Functional
Theory (DFT)[94,95] using the projector augmented wave method (PAW)
as implemented in the VASP code.[96,97] The exchange−correlation func-
tion is described using the Perdew–Burke–Ernzerhof (PBE) formulation
of the generalized-gradient approximation.[98] The “GW” PAW potentials
(v54) distributed with the code have been used. Tungsten and Molybden’s
semicore states were treated as valence orbitals. A 15 × 15 × 3 Γ-centered
k-point mesh is used for the Brillouin zone integrations of bulk TMDs in
the 2H phase. Equivalently dense meshes are used in all calculations. The
electron wave functions are expanded in a plane-wave basis set of 440 eV
cutoff energy. The spin-orbit coupling has been included in the calculations
in a self-consistent way. The van der Waals interactions are considered in
the calculation of atomic forces and stress tensors by adding a correction
term to the conventional DFT energy by means of the zero damping DFT-
D3 method of Grimme et al.[99] All structures have been fully relaxed up
to atomic forces <0.0001 eV Å−1 and stress <1 × 10−5 eV Å−3.
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