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Modern electronics have been geared toward exploring novel electronic materials that can encompass a broad

set of unusual functionalities absent in conventional platforms. In this regard, two-dimensional (2D) transition

metal dichalcogenide (TMD) semiconductors are highly promising, owing to their large mechanical resilience
coupled with superior transport properties and van der Waals (vdW) attraction-enabled relaxed assembly.
Moreover, 2D TMD heterolayers based on chemically distinct constituent layers exhibit even more intriguing

properties beyond their mono-component counterparts, which can materialize only when they are

manufactured on a technologically practical wafer-scale. This mini-review provides a comprehensive overview of

recent progress in exploring wafer-scale 2D TMD heterolayers of various kinds. It extensively surveys a variety

of manufacturing strategies and discusses their scientific working principles, resulting 2D TMD heterolayers,

£

their material properties, and device applications. Moreover, it offers extended discussion on remaining s
5

challenges and future outlooks toward further improving the material quality of 2D TMD heterolayers in both £

S

material and manufacturing aspects. g
(vdW)-assisted anisotropic crystallinity [4, 5, 6]. These in- =

The development of low-dimensional nanomaterials (e.g. trinsically unique features have prompted the expansion of 2D i
carbon nanotubes, one-dimensional (1D) nanowires, and material libraries covering a broad spectrum of band structures g
two-dimensional (2D) layered materials) presents tremendous from insulating to semiconducting and metallic 6, 7, 8, 9, 10], Q
opportunities in the enrichment of life quality by bringing forth ~ €8> hexagonal boron nitride (h-BN), black phosphorus (BP), 5
o

>

previously conceptually projected devices and technologies into
reality [1, 2, 3]. Following the discovery of graphene, a mono-
layer of graphite, 2D layered materials have been gaining
significant attention because of a large set of their unusual
yet superior material properties enabled by coupling of

extremely small physical dimension and van der Waals

© Materials Research Society 2020

silicene, transition metal dichalcogenides (TMDs), and transi-
tion metal carbides/nitrides (MXenes). Among these 2D
material series, TMDs have received extensive attention be-
cause of their superior optical and electrical attributes, such as
visible-wavelength band gap with intrinsic tunability, high
carrier mobility, and high on/off current ratio [11, 12, 13, 14,
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15, 16], many of which are unattainable in graphene [6, 17].
With the provision of these advantages, 2D TMDs have found
extensive applications in a wide range of novel electronics and
optoelectronics devices, e.g., near atom thickness circuitry,
extremely low-power transistors, and tunable band gap energy
accompanying its indirect-to-direct transition, which were fore-
seen to be challenging to realize otherwise [6, 9, 10, 18, 19, 20].
In addition to their electrical and optical merits, 2D TMDs also
possess exceptional mechanical properties with high elasticity
and flexibility, owing to their extremely small vertical thickness
and large in-plane strain limits, allowing them to be applicable to
mechanically reconfigurable devices such as flexible transistors,
wearable sensors, and foldable displays [7, 8, 17].

Beyond these intrinsic property advantages inherent to
single-component 2D TMDs, heterogeneously integrating mul-
tiple 2D TMD layers of controlled composition and morphology
is envisioned to bring out even more exotic properties [21, 22].
Unlike the covalently bonded 3D compound thin films, the
assembly of 2D TMD layers with distinct components is
facilitated by weak vdW attraction across individually isolated
2D layers. This structural uniqueness can lead to a variety of 2D
TMD “heterolayers” based on vertically stacked multiple 2D
layers of distinct compositions, which can overcome major
technical limitations with traditional thin-film growths. Conven-
tional approaches to prepare for heterostructured 3D compound
thin films suffer from the “lattice match constraint,” i.e., only
certain materials possessing similar crystalline structure and
lattice parameters to those of their underlying components can
be heterogeneously assembled to maintain good crystalline
quality with the minimal mismatch [23]. These combined
advantages of extraordinary material properties and relaxed
assembly requirements inherent to 2D TMDs enable unprece-
dented opportunities as verified in extensive proof-of-concept
demonstrations employing 2D TMD heterolayers. For instance,
the band structures of 2D TMD heterolayers can be precisely
tuned via appropriate band alignment and interlayer coupling,
which encourages the design of highly efficient electronics or
optoelectronic devices such as band gap-optimized solar cells, p-
n diodes, and field-effect transistors (FETs) [14, 15, 24, 25, 26,
27, 28, 29, 30]. Moreover, vertically integrating 2D TMD layers
of judiciously selected components can realize an entirely new
form of atomically thin materials whose properties can be further
modulated by subtle structural variations such as crystallo-
graphic misorientations [31, 32, 33, 34, 35].

Despite these foreseen grand opportunities, fabrications of
2D TMD heterolayers with controlled chemistry and morphol-
ogy have been technically challenging, resulting in the limita-
tion of their projected device applications. The technical
difficulty becomes particularly pronounced in terms of scaling
them up to a technologically more relevant “wafer-scale,” so 2D

TMD heterolayers can be more compatible with already
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established thin-film semiconductor manufacturing schemes.
Indeed, current methods for the preparation of 2D TMD
heterolayers have relied on the manual stacking of individual
2D TMD flakes, which is not intrinsically scalable, thus
remains impractical. Ideal manufacturing strategies should
encompass atomic-level morphological precision and wafer-
level spatial scalability, yielding 2D TMD heterolayers with
a large lateral dimension allowing for subsequent fabrication
processes and a small vertical dimension ensuring the intrinsic
structural uniqueness of atomically thin materials. Moreover,
incorporation of unwanted structural and chemical defects
(e.g., bubbles, wrinkles, and contaminants) should be mini-
mized, resulting in atomically-sharp and seamless 2D/2D
hetero-interfaces.

This mini-review overviews recent progress in manufactur-
ing strategies for “wafer-scale” 2D TMDs-based vertically
stacked heterolayers. We comprehensively survey a variety of
versatile approaches capable of fabricating such materials,
including chemical vapor deposition (CVD)-based direct
growth and sequential integration of pre-CVD grown and
transferred 2D layers [30, 36, 37]. We introduce their working
principles and highlight the unique material properties of 2D
TMD heterojunctions maintained on the wafer-scale and
explore their present applications in electronics and optoelec-
tronics. We also verify challenging issues with the current
status of wafer-scale 2D TMD heterolayers, including technical
limitations of their manufacturing strategies as well as draw-
backs in their material properties. Last, we discuss the
prospects of these emerging materials and propose forward-
looking suggestions for overcoming their remaining issues
toward paving the way for further advancement and eventual
commercialization. Figure 1 provides an illustrational overview

of the subjects covered in this review.

A substantial amount of research effort has recently been
devoted to fabricating wafer-scale 2D TMD heterolayers by
employing chemical and physical methods. As the foundation
of such endeavors, recently developed property-preserving
strategies for their growth, transfer, and integration will be
discussed in detail in the following section.

Direct growth of wafer-scale 2D TMD heterolayers
Metal film transformation

Earlier approaches based on chemical growth or mechanical
exfoliation of individual 2D layers have been limited to yielding
2D TMD heterolayers of very small sizes, so they are not
scalable, patternable, and practical. Metal thin film transfor-

mation refers to the approach that fabricates wafer-scale
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Figure 1: Schematics of the topics covered in this review. (color online)

homogeneous 2D TMD layers by chemically reacting prede-
posited metal thin films (e.g., Mo, W, and Pt) with vaporized
chalcogen reagents (e.g., S, Se, and Te) [38, 39, 40]. The
structural morphology and crystallographic orientation of 2D
TMD layers can be tuned by modulating the thickness of
starting metal films; e.g., horizontally or vertically aligned 2D
layers are grown by thin or thick metal films, respectively [38,
40]. In this approach, the lateral dimension of grown 2D TMD
layers is precisely determined by that of starting metal films,
which offers suitability for fabricating wafer-scale 2D TMD
heterostructures. This fabrication is carried out in either “one-
step” transforming predeposited entire metal films or “two-
step” sequentially growing distinct 2D TMD layers with one on
top of the other. Details are discussed as follows.

A one-step metal film transformation method was explored
as alternatives to yield 2D TMD heterolayers sharing identical
chalcogen elements, e.g., MoS,/WS, and MoSe,/WSe,. A
schematic of the growth process is shown in Fig. 2(a).
Elemental metal films of Mo and W with controlled thickness
are sequentially deposited on SiO,/Si growth substrates using
a metal shadow mask via magnetron sputtering or e-beam
evaporation. The metal-stacked substrates are then subse-
quently reacted with vaporized chalcogen elements [e.g., sulfur
(S) or selenium (Se)] in a low-pressure CVD chamber, which
yields vertical-stacks of 2D TMD heterolayers. Figure 2(b)
shows an image of wafer-scale vertically stacked MoS,/WS,
heterolayers [36] and Fig. 2(c) demonstrates the patternability
of this one-step metal film transformation method achieving
patterned MoS,/WS, heterolayers [37]. Figure 2(d) exhibits
Raman spectroscopy profiles evidencing a presence of both
MoS, and WS, in the heterolayers, contrast to the character-
istics obtained from mono-component 2D TMDs [37].
Figure 2(e) shows a plane-view TEM image of vertically stacked
MoS,/WS, heterolayers revealing their polycrystalline nature,

as evidenced in the electron diffraction pattern in the inset.

© Materials Research Society 2020

Figure 2(f) shows a high-angle annular dark-field (HAADF)
cross-sectional scanning TEM (STEM) image of the hetero-
layers, revealing their well-resolved layer morphology and
sharp image contrast in between each region [41]. Figure 2(g)
shows energy dispersive X-Ray spectroscopy (EDS) map
images of Mo and W corresponding to Fig. 2(f), evidencing
their spatially well-defined distribution. This one-step metal
film transformation method can be applied to fabricate
“laterally” patterned wafer-scale 2D TMD heterolayers as well,
as demonstrated in Fig. 2(h) [42]. Figure 2(i) shows EDS
elemental map images of Mo and W localized laterally-
patterned MoS,/WS, heterolayers. Figure 2(j) presents
a plane-view high-resolution (HRTEM) image obtained from
an interface of MoS,/WS,, revealing that both materials are
grown in a vertically aligned orientation in this case.

In addition to the above-discussed one-step growth
method, the two-step growth of wafer-scale 2D TMD hetero-
layers has been explored via a sequential metal film trans-
formation process that mimics the sequential stacking of
individual 2D layers in chemical or physical manners [22,
43]. Wu et al. demonstrated large-area growth of 2D MoS,/
WS, heterostructures of uniform layer number (i.e., five MoS,
layers and four WS, layers) on a sapphire substrate by
combining sequential sulfurization and metal deposition [44].
As shown in Fig. 2(k), the first layer of metal seeds (Mo: 1 nm
thickness) was deposited on the sapphire substrate via an RF
sputter and was placed inside the central zone of a tube
furnace. At the upstream of the tube furnace, a preloaded
sulfur powder was thermally evaporated and reacted with the
Mo-sapphire substrate at 800 °C, achieving the first stack of 2D
layers (i.e., five MoS, layers). Subsequently, the second layer of
metal seeds (W: 1 nm thickness) was deposited on the
pregrown 2D MoS, layers and underwent the identical trans-
formation process as the first stack, achieving four WS, layers

on top of the. Characteristic Raman peaks of these wafer-scale
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Figure 2: (a-j) One-step metal film transformation growth of 2D TMD heterolayers. (a) Schematic process for the growth of vertically stacked MoS,/WS,
heterolayers. (b) Wafer-scale MoS,/WS, heterolayers. (c) Patterned array of MoS,/WS, heterolayers. (d) Raman spectra of individual MoS, and WS, as well as MoS,/
WS, heterolayers. (e) In-plane HRTEM image of vertically stacked MoS,/WS, heterolayers. (f) Cross-sectional TEM of vertically stacked MoS,/WS, heterolayers. (g)
EDS elemental map images corresponding to (f). (h) Schematic process for the metal film transformation growth of laterally patterned MoS,/WS, heterolayers. (i)
EDS elemental images showing the localized distribution of Mo and W corresponding to the schematic in (h). (j) Plane-view HRTEM image obtained at an interface
of MoS,/WS, corresponding to (i). (k-q) Two-step sequential metal film transformation growth of 2D TMDs heterolayers achieved with two different precursors for
vaporized sulfur. (k-n) Thermal evaporation of sulfur powder. (0-q) Direct flow of H,S. (k) The schematics of the two-step metal film transformation growth
procedure based on a sequential thermal sulfurization of Mo and W seeds. (I) Raman spectroscopy. (m) Cross-sectional HRTEM, and (n) HAADF element mapping
characterization of MoS,/WS, heterolayers obtained by the sequential thermal sulfurization method. (0) Raman spectroscopy. (p) Cross-sectional HRTEM, and (q)
EDS line scan characterization of WS,/MoS, heterolayers obtained by thermal annealing of sequentially deposited W and Mo seeds under H,S gas flow. (a, b)
Reprinted with permission from Ref. [36]. Copyright 2016 Nature Publishing Group. (c, d) Reprinted with permission from Ref. [37]. Copyright © 2016, American
Chemical Society. (e-g) Reprinted with permission from Ref. [41]. Copyright © 2017, American Chemical Society. (h—j) Reprinted with permission from Ref. [42].
Copyright © 2014, American Chemical Society. (k-n) Reprinted with permission from Ref. [44]. Copyright © 2016, American Chemical Society. (0—-q) Reprinted with
permission from Ref. [43]. Copyright © 2015, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (color online)

2D MoS,/WS, layers are presented in Fig. 2(1), indicating the
presence of both targeted components. For the identification of
their crystal quality, cross-sectional HRTEM and STEM-EDS
characterizations were conducted. Figure 2(m) shows an
HRTEM cross-sectional view of 2D TMD heterostructures
composed of a well-resolved total of nine layers. Figure 2(n)
presents its corresponding HAADF STEM elemental mapping
image, visualizing a localized elemental distribution of Mo and
W, identifying the existence of five MoS, and four WS, layers.
Moreover, this TEM analysis clarifies that this sequential metal

© Materials Research Society 2020

film transformation process can yield atomically sharp and
seamless 2D/2D hetero-interfaces. Chiappe et al. have reported
a similar two-step sequential metal film transformation method
using hydrogen sulfide (H,S) gas as a precursor instead of the
thermal evaporation of sulfur powder [43]. This vaporized
precursor was claimed to offer better control of the uniformity
of metal film transformation process, achieving 2D TMD layers
of higher material quality [43]. For the two-step sequential
growth, an initial layer of W was deposited on a SiO,/Si wafer
and was subsequently sulfurized under H,S gas at 800 °C in
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a lamp-based annealing system. After that, the second layer of Mo
was deposited on the pregrown 2D WS, layers and was reacted
under H,S gas for the growth of 2D MoS, layers. The formation
of 2D WS,/MoS, heterolayers was confirmed by Raman spec-
troscopy and cross-sectional TEM analysis. Figure 2(o) reveals
four distinguishable Raman characteristic peaks denoting the A,,
and E, vibration modes of MoS, and WS, layers. The dark-field
cross-sectional TEM image in Fig. 2(p) reveals obvious image
contrast between MoS, and WS, as well as their well-resolved 2D
layer morphology. Figure 2(q) shows an EDS line scan spectrum
across the 2D/2D hetero-interfaces in Fig. 2(p), further evidencing
a localized distribution of constituting elements without signifi-
cant intermixing.

Although this metal film transformation method has been
successfully applied to fabricate wafer-scale 2D TMD polycrys-
talline heterostructures, some key challenges and issues remain to
be resolved. For instance, the resulting wafer-scale 2D TMD
heterostructures generally contain a large concentration of
structural defects (e.g., grain boundaries) which lead to that their
electrical properties (e.g., carrier mobility) often do not reach the
level demanded in high-performance electronics. This limitation
results from that the deposited metal films provide enormous
heterogeneous nucleation sites contributed by a large number of
constituent metal nanoparticles, which is inevitable because of
their deposition nature. These excessive heterogeneous nucle-
ation sites suppress the continued growth of 2D layer crystals,
resulting in a large number of grain boundaries with small-sized
individually crystalline grains. This challenge at present remains
unsolved, requiring the in-depth investigation of 2D TMD

nucleation and growth mechanism at the atomistic level.

Vapor phase deposition

In addition to the metal film transformation approach, vapor
phase deposition methods that grow 2D TMD crystals through
the crystallization of molecular reactants released from gas
phased precursors have been widely employed for fabricating
large-area 2D TMDs heterostructures. Examples of these
approaches include powder vapor transport (PVT) or powder
source CVD [45, 46, 47], metal-organic CVD (MOCVD) [48,
49, 50], and molecular beam epitaxy (MBE) [51, 52, 53]. In
contrast to the metal film transformation, these vapor phase
deposition techniques offer common advantages of more pre-
cisely controlling the thickness of individual 2D layer grains
down to the monolayer-level as well as achieving higher single
crystallinity within each grain. 2D TMD heterostructures
fabricated by these vapor phase deposition methods usually
follow two distinct epitaxial growth modes, i.e., out-of-plane
vertical or in-plane edge-driven epitaxial expansion. Examples
of 2D heterostructures fabrication through above vapor phase

deposition approaches will be discussed in detail below.

© Materials Research Society 2020

PVT or powder source CVD process was initially explored
and can grow crystalline 2D TMD layer domains with small
layer numbers [45, 47]. Gong et al. reported the growth of
single-crystalline 2D WS,/MoS, heterostructures by using this
powder source CVD method and achieved the lateral di-
mension of ~20 pm for each crystalline grain [30]. Solid
powders containing W, molybdenum trioxide (MoO;), and
tellurium were simultaneously evaporated in the flow of sulfur
vapor to supply their corresponding vaporized reactants, and
the distinct nucleation and growth rates of each 2D TMD led to
the sequential growth of heterostructures rather than alloying.
However, its intrinsic limitation with precisely controlling the
vapor pressure of reactants converted from their solid powders
poses severe limitations toward wafer-scale fabrication of 2D
TMD heterostructures. Accordingly, the 2D WS,/MoS, heter-
ostructures were sparsely grown on the substrates without
entirely covering them, exhibiting a significant spatial inho-
mogeneity. MOCVD is an alternative growth technique which
supplies vapor-phased volatile metal-organic precursors with
modulated flux concentration. As it can control the stacking
and thickness of 2D TMD layers by controlled pulse sequences,
in principle, it is more suitable for the large-area growth of 2D
TMD heterostructures with improved spatial homogeneity
than the PVT method [48, 49, 50]. Lin et al. demonstrated
the sequential epitaxial growth of 2D vertical MoS,/WSe,
heterostructures on graphene by combining MOCVD with
oxide powder vaporization [54]. As shown in Fig. 3(a), 2D
WSe, layers were synthesized by reacting metal-organic
W(CO)s and (CH4),Se precursors at 800-850 °C on three-
layer graphene. Subsequently, 2D MoS, layers were grown on
top of the pregrown 2D WSe, layers at 750 °C by the PVT
method using MoOj; and sulfur powders. The Raman spectrum
in Fig. 3(b) and corresponding cross-sectional STEM images in
Figs. 3(c) and 3(d) confirm the material quality and the
stacking sequence of resulting 2D TMD heterostructures. The
sharp and clean interfaces from the cross-sectional STEM
images further verify that there is no alloying between the first
and the second 2D TMD layers during the growth. However,
the lateral dimension of the individual crystalline domains of
2D TMD heterostructures obtained by this MOCVD method
remains to be approximately a few square micrometers at
present, indicating that much efforts are needed toward their
growth parameter optimization.

MBE relies on the molecular reaction of high purity metal
sources under ultrahigh vacuum conditions and has been
utilized for the growth of ultrathin, highly crystalline 2D
TMD layers such as 2D MoSe, [55] and 2D WSe, [56].
Recently, Dai et al. grew 2D WSe,/MoSe, heterostructures
using a customized MBE reactor equipped with reflection high-
energy electron diffraction (RHEED) which monitors the
whole growth process [57]. 2D WSe, layers were first grown
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Copyright © 2019, American Chemical Society. (color online)

in the MBE reactor by mixing the flux of W and Se elements at
a constant temperature of 500-550 °C followed by an addi-
tional annealing process which removes residual W. Sub-
sequently, 2D MoSe, layers were grown by supplying the flux
of Mo element only, which resulted in 2D WSe,/MoSe, lateral
heterojunctions. The atomic-resolution scanning tunneling
microscopy (STM) image in Fig. 3(e) and the ADF-STEM
image in Fig. 3(f) reveal the atomically sharp, lateral interface
of 2D WSe,/MoSe, heterolayers, evidencing their in-plane
stitching growth.

Although all these vapor phase deposition methods are
generally desirable for achieving high crystallinity and small
thickness of individual 2D layer grains, it is noteworthy that
resulting 2D heterostructures suffer from several issues at
present, e.g., incomplete coverage of the entire growth wafer
because of unevenly grown 2D layers, a spatial inhomogeneity
of chemical compositions over a large scale, as well as
complications in preparing for vapor-phased precursors and
precisely optimizing their material parameters (e.g., vapor
pressure). Accordingly, wafer-scale 2D TMD heterolayers with
their targeted material quality have not been produced yet.

Transfer- and integration-based fabrication of
wafer-scale 2D TMD heterolayers

Although some of the above-discussed direct synthetic
approaches have successfully demonstrated the growth of
wafer-scale 2D TMD heterolayers, several technical challenges

remain unresolved. Examples of characteristic limitations

© Materials Research Society 2020

include difficulties in achieving uniform layer number and
spatial homogeneity avoiding chemical variations at 2D/2D
interfaces over an entire wafer-scale, as well as complications in
controlling the stacking order/orientation of distinct 2D layer
components limited by high-temperature growth conditions.
Solutions to resolve these issues have been pursued by
exploring viable “post-growth” approaches that can individu-
ally transfer pregrown 2D layers of distinct chemical compo-
nents from initial growth substrates and integrate them into
secondary target substrates in a scalable and controllable
manner. In this section, we will overview up-to-date progress
in achieving 2D TMD heterostructures by post-growth trans-
fer/integration methods in detail. Some representative
approaches include thermal release tape (TRT) enabled pro-
grammed vacuum stack (PVS), mechanical crack enabled
transfer/integration, water-assisted transfer/integration, and

polymers assisted transfer/integration.

TRT enabled PVS
Kang et al. adopted the MOCVD technique and succeeded in

depositing a variety of wafer-scale 2D TMD monolayers (i.e.,
MoS,, MoSe,, and WS,) [58]. Then, they employed a TRT to
as-grown 2D layers of various components and subsequently
detached/integrated them under vacuum utilizing a custom-
built layer stacking system, termed a PVS method. In this
method, a TRT/adhesive film is conformally attached to the
first layer (LO) and then peeled off from the growth substrate.

cambridge.org/JMR

Issue 11 © Jun15, 2020 www.mrs.org/jmr

Volume 35

Journal of Materials Research

1355


http://www.cambridge.org/JMR
http://www.mrs.org/jmr
https://www.cambridge.org/core
https://www.cambridge.org/core/terms
https://doi.org/10.1557/jmr.2020.27

Downloaded from https://www.cambridge.org/core. University of Central Florida, on 26 Jul 2020 at 23:33:48, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1557/jmr.2020.27

B NN 22 enncs

Subsequently, the TRT/adhesive film with LO is pressed onto
the next layers (L1, L2, ...) by making intimate contact
between LO and them under vacuum, and this stacking step
can be repeated until targeted stacking sequences are com-
pleted. Lastly, a heating step is carried out to weaken the
adhesion between the TRT/adhesive film and L0, resulting in
the integration of 2D TMD heterostructures (LO/L1/L2/...)
onto receiver substrates [59]. Figure 4 presents the wafer-scale
manufacturing of various 2D heterolayers achieved by the
application of TRT-enabled PVS method [58]. Figure 4(a)
depicts the schematic of vertically stacked wafer-scale 2D
heterolayers composed of nine alternating monolayers of
MoS, and WS, to be realized by the TRT-enabled PVS method.
Figure 4(b) demonstrates a cross-sectional STEM image veri-
fying the experimental realization of these targeted 2D hetero-
layers, revealing spatially uniform composition and atomically
abrupt interfaces formed by adjacent individual 2D layers. The
annular dark field (ADF)-STEM image in Fig. 4(b), left
portrays five layers of MoS, and four layers of WS, with
alternating dark and bright contrast, respectively. Furthermore,
the interlayer spacing between MoS, and WS, is observed to be
6.4 A, which is in agreement with the previously reported
interlayer spacing of MoS,/WS, with a nonzero rotation angle
[60]. The electron energy loss spectroscopy (EELS) character-
ization in Fig. 4(b) right reveals the localization of Mo peaks
within the MoS, layers as well as a low concentration of
impurity carbon, indicating the high material quality of the
achieved 2D heterolayers. Figure 4(c) exhibits Raman fre-
quency map images of E,,' frequency over a 40 pm X
40 pm area of one-, two- (top), and five (bottom) 2D MoS,
layers, revealing their spatial homogeneity. Figure 4(d) sche-
matically elucidates the TRT-enabled PVS process steps for the
wafer-scale fabrication of 2D TMD heterolayers. It is noted that
this PVS method seems to be viable if the adhesion of
monolayer-to-TRT film is stronger than that of monolayer-
to-growth-substrate. The success of 2D layers integration is
also strongly dependent on the environmental conditions (e.g.,
humidity) under which individual layers are stacked as well as
their intrinsic surface states. Since this PVS method avoided the
involvement of chemical etchants or solvents for stacking 2D
layers, this method was able to achieve 2D/2D hetero-interfaces
of superior quality compared with other approaches, which can
be evidenced by combinational characterization of the optical
image, atomic force microscopy (AFM), XRD, and cross-
sectional TEM. Figure 4(e) shows the optical image of wafer-
scale 2D MoS, layers (LO) on TRT after initial peeling (left) as
well as two additional MoS, layers (L1 and L2) after final
integration (right). Figure 4(f) compares the AFM topography
of 2D MoS; layers whose transfer and integration was carried
out in vacuum (left) and air (right). The results highlight the

clean surface of the samples prepared by the vacuum-based

© Materials Research Society 2020

PVS method, unlike those prepared in the air which contain
a large degree of surface defects [61, 62, 63]. The material
quality of the wafer-scale 2D MoS, layers integrated by the PVS
method was further characterized by X-ray diffraction (XRD).
Figure 4(g) compares the XRD peak intensities of the samples
prepared by the vacuum-based PVS method versus by the
conventional mechanical-exfoliation, indicating fiver times
higher intensity for the former approach attributed to the
clean interface of prepared 2D layers (inset). Given their
intrinsic vdW bonding nature, it has been projected that
individual 2D layers can be assembled in a layer-by-layer
manner avoiding the lattice-match constraint prevailing in
thin-film epitaxial growths [21, 22]. Figure 4(h) presents the
cross-sectional STEM image of vertically stacked heterolayers
based on three different 2D TMDs, ie., MoSe,/MoS,/WS,,
directly evidencing the projected vdW-enabled assembly de-

spite their large lattice mismatch and interlayer rotation.

Mechanical cracking-enabled transfer and
integration

Another transfer-based technique that has been developed for
the wafer-scale integration of 2D TMDs is the layer-resolved
splitting (LRS) method [64, 65]. Compared to other previously
developed methods mainly adopted for the transfer of small-
sized 2D layer flakes [22, 66, 67], this LRS method reported by
Shim et al. allows for the wafer-scale isolation of individual 2D
monolayers from a variety of as-grown thick 2D TMDs in
a chemical-free manner. Individually isolated 2D monolayers
can be subsequently stacked up, achieving wafer-scale 2D
heterolayers [23, 65, 68]. This process is based on the interfacial
toughness (I') difference of as-grown 2D layers versus growth
substrates, employing nickel (Ni) film as an atomic-scale
adhesive. Figure 5(a) shows the schematic depiction of the
LRS transfer process. Following the growth of initially thick 2D
TMD layers on a growth substrate (e.g., sapphire), Ni adhesive
film is deposited on top of the as-grown material, and the entire
stack of wafer-scale Ni/2D TMD layers is subsequently de-
tached from the original substrate. This separation step is
possible because the I" between Ni and 2D TMD layers (I';p_ni)
[69] is greater than that of the vdW interfaced individual 2D
TMD layers (I';p_»p) [70] which is in turn greater than the I"
between the 2D TMD layers and the substrate (I';p_sapphire)>
i, Ioponi > Tapoap > Tap_sapphire- Once the entire stack of
2D TMD multilayers is removed from the sapphire wafer, the
LRS process is repeated until the continuous 2D TMD layers on
the bottom can be split into many monolayers which become
transferred to secondary host substrates. Figure 5(b) illustrates
the schematics of crack progression during LRS for the initial
exfoliation of entire 2D TMD stacks from the growth substrate
(left) and the exfoliation of the bottom monolayer 2D TMD
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monolayers of MoS, and WS,. (b) Cross-sectional ADF STEM image of 2D heterolayers (left) and their EELS characterization (right) corresponding to (a). (c) Raman
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the three 2D MoS, layers assembled in a vacuum (left) and air (right). (g) XRD peaks obtained from four 2D MoS, layers assembled by the PVS (solid curve) versus
non-PVS (dashed curve) method. (h) Cross-sectional STEM image of vertically stacked MoSe,/MoS,/WS, heterolayers (a-h) Reprinted with permission from Ref. [58].

Copyright © 2017, Springer Nature. (color online)

(right) based on the interfacial toughness correlation of
constituting components. The external force applied when
lifting the adhesive Ni deposited top layer results in torque
across the sample which initiates a fracture, leading to that the
crack propagates downward [64, 71]. Application of a bending
moment during the lift-off of a Ni/2D TMD stack supplies
elastic strain energy to the bottom interfaces. Figure 5(c)
presents modeling results that show that the strain energy
per unit area is released on 2D TMD layers delamination once
reaching the desired strain release rate, further justifying the
working principle. This method has been utilized in the
fabrication of wafer-scale heterostructures of h-BN, MoS,,

and WS, with uniform properties across the wafer [64].

Water-assisted transfer and integration

In addition to the abovementioned “dry” transfer method, Kim

et al. developed a water-based “wet” transfer method which can

© Materials Research Society 2020

transfer and integrate wafer-scale 2D TMD layers of various
components onto virtually arbitrary substrates [72]. The main
advantage of this water-assisted method is in that it utilizes
water only avoiding any other chemical etchants or polymeric
protective materials previously developed for 2D layers de-
lamination processes which may decorate their material prop-
erties [73, 74, 75]. Accordingly, it ensures chemically benign
and structurally clean transfer and integration of various 2D
TMD layers, greatly broadening their versatility for realizing
wafer-scale 2D TMD heterolayers. Figure 6(a) illustrates the
schematic procedure of the water-assisted transfer and in-
tegration of 2D TMD layers. First, metal (e.g., Mo) seed layers
are deposited on a SiO,/Si wafer with a hydrophilic surface
wettability. Subsequently, the metal-deposited wafer undergoes
the previously established CVD thermal reaction [20, 38, 72,
76, 77, 78, 79, 80, 81] which converts the metal to desired 2D
TMD layers (e.g., Mo to 2D MoS, layers). Then, the prepared

sample is immersed in water, which causes the spontaneous
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delamination of 2D layers floating on the water surface, = Accordingly, it is possible to grow and integrate a series of
retaining their original shape and size. The delaminated 2D  distinct 2D layers from a single wafer in an unlimited manner,
layers are manually integrated onto secondary substrates inside ~ offering a significant advantage of material and process
water, and the remaining SiO,/Si wafer can be repeatedly  sustainability. The success in this water-assisted 2D layer
reused for the subsequent growth of other 2D TMDs layers.  delamination is attributed to the surface energy imbalance in
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between 2D TMD layers versus SiO,/Si. Figure 6(b) shows an
experimental demonstration of the water-assisted delamination
of wafer-scale 2D MoS, layers (left) and describes its un-
derlying principle (right). The surface of SiO,/Si wafers in their
pristine form intrinsically exhibits high hydrophilicity because
of the disordered nature of amorphous SiO, [82]. This surface
hydrophilicity can be drastically pronounced to be “super-
hydrophilicity” on controlled irradiation of Ar or O, plasma
which further promotes the structural disorder and/or intro-
duces OH™ functional groups [76, 83, 84]. Accordingly, this
highly hydrophilic SiO, surface presents very large surface
energy, whereas high-quality 2D TMD layers intrinsically
exhibit high hydrophobicity with small surface energy, owing
to their defects-mediated sp® covalent bonded basal planes [85].
These distinct surface states are confirmed by the significant
difference in the contact angles of liquid droplets deposited on
each surface, as demonstrated in Fig. 6(b), right. The validity of
this working principle is further analyzed by the following
thermodynamic consideration based on the interfacial energy
difference of each component participating in the 2D layer
delamination event. Figure 6(c) illustrates the two different
configurations of 2D TMD layers/growth wafers, highlighting
the requirement for thermodynamic conditions; (i) The sum-
mation of interfacial energies for when 2D layers become
delaminated (right) should be smaller than that for when 2D
layers do not get delaminated (left); i.e., ysi, + Ywr + Ywa >
Ysw + Ywr T Yra, where W, A, L, S represents water, air,
2D layers, and growth wafer, respectively. (ii) The penetra-
tion of water in between the 2D layers and the underlying
growth wafers should be exerted by a sufficient amount of
driving force, i.e., work of adhesion, W,q = ysw + YwrL — VsL
> 0. By considering these two conditions, we can conclude
that 0 < W,q < ywr + Ywa — Yra> which indicates that
the 2D layers/air interfacial energy (yp,), i.e., the surface
energy of 2D layers, should be minimized to ensure a large
enough driving force to facilitate water penetration. Given
that this method involves water only for processing 2D TMD
layers, they perfectly preserve their initial structural and
chemical integrity throughout the delamination, transfer,
and integration procedures. Figure 6(d) compares the
Raman characterization spectra of 2D MoS, layers before
and after their transfer and integration, which reveals nearly
identical characteristics [72]. These combined advantages of
facile transfer and integration processes, as well as the
preservation of materials properties, have been utilized to
assemble vertically stacked wafer-scale 2D TMD layers of
distinct components. Figure 6(e) shows a cross-sectional
TEM image of 2D TMD heterolayers fabricated by vertically
assembling 2D MoS, layers on top of preprepared 2D WSe,
layers, exhibiting sharp imaging contrast from each region.
Figure 6(f) interfacial

shows their corresponding

© Materials Research Society 2020

morphology, revealing the well-preserved morphology of indi-
vidual 2D layers. Figure 6(g) presents the corresponding
ADF-STEM elemental map images, revealing that individual
constituting elements are well localized in the targeted locations
throughout the vertically stacked layers. Figure 6(h) shows the
corresponding EDS spectra obtained from the MoS, (left) and
WSe, (right) regions, evidencing their stoichiometric existence.
The previously explored one-step or two-step metal film trans-
formation growth methods (discussed in Fig. 2) are limited to
achieve 2D TMD heterolayers sharing identical chalcogen atoms
in each layer (e.g., S in MoSy/WS, [30, 43, 86, 87] and Se in
MoSe,/WSe, [54, 88, 89]) due to the thermal degradation of
materials which happens when dissimilar chalcogen atoms are
reacted during CVD growths [90, 91]. As this water-assisted
method is intrinsically not limited by the chemical composition
of 2D TMD layers, it can achieve 2D TMD heterolayers of

arbitrary stacking orders offering improved versatility.

Polymer-assisted transfer and integration

Previous works on the transfer and integration of mechanically
exfoliated or chemically grown individual 2D flakes have
mainly employed polymeric adhesives to lift them off from
their growth substrates. Some of these approaches include
methyl/n-butyl methacrylate copolymer (Elvacite® 2550
acrylic resin) [92], poly(dimethylsiloxane) (PDMS) [93, 94,
95, 96], PDMS and water-assisted hybrid (wedging transfer
method) [97], as well as poly(methylmethacrylate) (PMMA)
[98, 99, 100, 101, 102, 103, 104, 105]. The PMMA-assisted
transfer and integration method is one of the most extensively
explored approaches and has been adopted for fabricating
various 2D vdW heterostructures [98, 99, 100, 101, 102, 103,
104, 105]. However, it still presents a variety of adverse
attributes such as the introduction of residual impurities
because of the incomplete removal of PMMA and mechanical
damage of 2D layers because of its nonconformal contact
between them and target substrates [106, 107], as well as
limited transferability toward hydrophobic 2D layer surfaces
[98, 108]. Accordingly, wafer-scale fabrication of vertically
stacked 2D TMD heterolayers has remained as a nontrivial
issue. Boandoh et al. developed a modified polymer-assisted
transfer and integration method to fabricate wafer-scale 2D
TMD heterolayers employing a freestanding viscoelastic poly-
mer support layer (VEPSL) [108]. Figure 7 illustrates the
schematic procedure of the VEPSL-enabled 2D layer transfer
and integration. Dissolved polyethylene (PE) in cyclohexanone
is spin-coated onto the topmost 2D TMD layer followed by
curing at 90 °C which is above its glass transition temperature.
A stack of TMD/VEPSL layer is spontaneously detached from
its growth substrate, and it was attached to separately prepared
additional 2D TMD layers for the integration of 2D
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heterolayers [108]. This cycle of 2D layer detachment and
attachment is repeated until desired materials are achieved. The
construction of random-sequence 2D vdW heterostructures
(e.g.» M0S,/WS,/MoSe,/WSe,/h-BN) is projected to be possible
through their manual stacking via the aid of a freestanding
VEPLS. Figure 7(b) shows an image of freestanding VEPSL
attached 2D layer detached from its growth substrate.
Figures 7(c)-7(e) demonstrate the fabrication of complex
vertically stacked 2D TMD-based heterostructures of well-
defined layer numbers, i.e., h-BN (32 layers)/WS, (4 layers)/
graphene (1 layer)/h-BN (8 layers) as shown in Fig. 7(c).
Figures 7(d) and 7(e) show representative cross-sectional TEM
images of the assembled vdW heterostructure, i.e., annular
bright-field (ABF) and ADF STEM images, respectively. The
structure of four-layer WS, and one-layer graphene sand-
wiched between multilayer 4-BN films (top and bottom layers)
is clearly visible. Because only the topmost h-BN layer came in
contact with the VEPSL, all the interfaces in the vdW
heterostructure remain clean over the whole region [108].
Figure 7(f) shows the EDS spectrum obtained across the yellow
dotted line in Fig. 7(e), further supporting the successful
construction of the targeted vdW heterostructure. Compared
with the conventional employed PMMA method [98, 99], this
freestanding VEPLS method is claimed to achieve an easier and
more conformal transfer of 2D layers to the substrates of any
geometry including rough, groove, and terrace-like surfaces
[108].

© Materials Research Society 2020

Properties and applications of wafer-scale 2D
TMD heterolayers

The above-discussed wafer-scale strategies for the growth,
transfer, and integration of 2D TMDs heterolayers have paved
the way for exploring unusual yet exciting properties and
applications on them at a technologically relevant length scale.
The following subsections will discuss recent research progress
toward such endeavors.

Shim et al. employed the above-introduced LRS method to
fabricate wafer-scale 2D h-BN/WS,/h-BN heterolayers and
explored their optoelectronic and electrical properties for
device applications [64]. Figure 8(a) shows the transfer curves
of gate voltage versus drain current, evidencing the encapsu-
lation of h-BN over WS, significantly reduces hysteresis as it
efficiently suppresses deleterious trap charges from the sub-
strate [109, 110, 111]. Wu et al. also fabricated FETs employing
wafer-scale 2D TMD heterolayers by the sequential two-step
metal film transformation growth of 2D MoS, and 2D WS,
layers introduced in the previous section [44]. Figure 8(b)
compares their performances to standalone 2D MoS,-based
devices showing a significant increase in their drain current.
Opto-electrical properties of the MoS,/WS, heterolayers
achieved by the sequential metal transformation method were
also evaluated via ultraviolet photoelectron spectroscopy (UPS)
together with absorption measurements, and compared to
those of standalone MoS, and WS, layers. Figure 8(c) shows
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Figure 8: Properties and applications of wafer-scale 2D TMD heterolayer-based devices. (a) FET performance comparison of the LRS-enabled wafer-scale 2D MoS,
layers with (h-BN/WS,/h-BN heterolayers) and without h-BN. (b) FET transfer characteristics of standalone MoS, and WSe,/MoS, heterolayers. (c) UPS spectra of
standalone MoS, and WS, layers in low-binding energy tail (left) and their corresponding absorption spectra (right). (d) Band alignment of MoS,/WS, heterolayers

determined by the UPS measurements in (c). (e) Spectral plots of IPE quantum yield

measurements on various 2D TMD standalone and heterolayers. (a) Reprinted with

permission from Ref. [64]. Copyright © 2018, American Association for the Advancement of Science. (b—d) Reprinted with permission from Ref. [44]. Copyright © 2016,
American Chemical Society. (e) Reprinted with permission from Ref. [43]. Copyright © 2015, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (color online)

UPS characteristics of standalone MoS, and WS, in low—(left)
binding energy tail, and their corresponding absorption spectra
(right), determining their work function and bandgap energy
values. With these experimentally obtained parameters, the
Type II band alignment of MoS,/WS, heterolayers is depicted
in Fig. 8(d), which is in agreement with theoretical predictions
[44]. Moreover, Chiappe et al. explored the band alignment of
wafer-scale MoS,/WS, heterolayers obtained by the similar
executed sequential metal film transformation method [43].
Figure 8(e) shows the internal photoemission (IPE) spectral of
MoS; (top), WS, (mid) and WS,/MoS, heterolayers (bottom),
determining their quantum yields. It is observed that the
valence bands of the MoS, and WS, are nearly aligned owing
to the similarity between their spectral thresholds. Besides, the
quantum yield obtained from the heterolayers shows little
difference as compared to those obtained from the standalone
2D layers, suggesting that the sulfides possess the same valence
band top energy, also affirming the common anion rule for
sulfides of metals [43, 112].

Wafer-scale 2D TMD heterolayers based on vertically
stacked distinct 2D layers (e.g., MoS,/WS,) have also presented
interesting electrical properties for emerging device applica-
tions. Kang et al. fabricated wafer-scale tunneling devices
employing an array of vertically stacked MoS,/WS, patterns

sandwiched between Au electrodes, as shown in Fig. 9(a) [58].

© Materials Research Society 2020

Figure 9(b) illustrates three different tunneling devices based
on MoS,-only, WS,-only, and MoS,/WS,, all of which are in
a cross-bar geometry possessing identical 2D layer numbers;
i.e, six layers for both MoS,- and WS;-only and three/three
layers for MoS,/WS,. The inset schematics in the bottom
column present the zero-bias band diagrams corresponding to
each device. Figure 9(c) elucidates the tunneling band diagram
obtained with Au electrodes with these devices, indicating an
efficient transport of electrons through the vdW gaps within
constituting 2D layers. Figure 9(d) shows the current density
(J)-voltage (V) characteristics of 2D MoS, layers sandwiched
within top/bottom Au electrodes with varying layer numbers
(denoted by Nip). The results show a significant increase of
tunneling resistance with increasing layer number (e.g., >10*
with the layer number change from three to seven), as
anticipated from the band diagrams in Fig. 9(b). Figure 9(e)
shows -V curves measured from MoS,, WS,, and WS,/MoS,
devices with identical layer number (i.e., Ny = 6.) in a low bias
range of —0.02 V to 0.02 V. Figure 9(f) exhibits J-V curves
obtained from WS,/MoS, heterolayers in a larger bias range of
—1.5V to 1.5 V, specifying characteristics under reverse bias (V
< 0), zero-bias (V &~ 0) and forward bias (V > 0) as well as
their corresponding barrier-height offset diagrams. The results
show that the device presents diode-like asymmetric J-V

characteristics, which is attributed to the enhanced electron
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Figure 9: Electrical properties of wafer-scale 2D TMD heterolayers. (a) Schematic of wafer-scale vertically stacked 2D TMD heterolayer-based tunneling devices. (b)
Cross-bar geometry of the devices where 2D layers are sandwiched in between Au electrodes. (c) General band alignment of the tunnel devices where ¢g is the
barrier height. (d) J-V characteristics from three Au/N -layer MoS,/Au devices (N, = 3, 5, and 7). (e) Low voltage range J-V curves measured from MoS,, WS,, and
WS,/MoS, devices, all with N = 6. (f) J-V curve obtained from the WS,/MoS, device in a large voltage range and the band diagrams corresponding to reverse bias
(V < 0), zero-bias (V =~ 0) and large forward bias (V > 0). (g) I~V curve obtained from vertically stacked MoS,/WS, heterolayers with Au top/bottom electrodes
exhibiting current rectification. The inset shows the corresponding device geometry and the /-V curve in the log-scale. (a—f) Reprinted with permission from Ref.
[58]. Copyright © 2017, Springer Nature. (g) Reprinted with permission from Ref. [41]. Copyright © 2017, American Chemical Society. (color online)

tunneling under the forward bias because of the lowering of the
tunnel barrier as depicted in the diagrams. Islam et al. also
demonstrated similar current rectification from vertically
stacked MoS,/WS, heterolayers, shown in Fig. 9(g). The 2D
heterolayers were fabricated via the one-step metal film trans-
formation growth method and were subsequently transferred
onto a secondary substrate followed by Au electrode contacts.
The inset in Fig. 9(g) illustrates the device geometry as well as
the corresponding current (I)-voltage (V) curve in the log-scale
[41].

The last decade has witnessed the inception and development
of various 2D TMD heterolayers, which has significantly
enriched the ever-expanding library of 2D materials by
judiciously combining their existing components of tailored
optical and electrical properties. Because of their intrinsically
anisotropic vdW bonding nature, arbitrarily stacking individual
2D TMD layers can realize the atomically thin device circum-
venting the major limitation of crystallographic lattice match
demanded in conventional thin film growth technologies.

Therefore, 2D TMD heterolayers render unique structures

© Materials Research Society 2020

inaccessible in any natural or man-made materials, offering
unprecedented opportunities not only for the fundamental
investigation of near atomic-scale 2D interlayer interactions
but also for customized design of electronics and optoelectron-
ics devices with unconventional functionalities. A substantial
amount of effort has been driven to explore strategies to
fabricate 2D TMD heterolayers on a large industrially com-
patible wafer-scale, including direct CVD growth, mechanically
or chemically driven transfer and integration of 2D layers, and
many others. Despite the impressive advancements enabled by
these approaches thoroughly discussed in this review, several
major challenges remain hindering that the achieved 2D TMD
heterolayers satisfy their projected true technological potential.
Below, we discuss these issues in both terms of CVD growth-
and mechanical integration-based preparation methods.

In the first place, the scalable fabrication of 2D TMD
heterolayers begins with the preparation of individual large-
area 2D TMD layers with atomically well-defined structure and
chemistries. The precise control and retention of highly
uniform lateral dimension, vertical thickness, and layer num-
bers in individual 2D TMD building blocks are critically
important, thus is demanded in their initial growth stages.

Despite the devoted efforts to investigate the fundamentals of
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the CVD process, mature procedures for producing wafer-scale
2D TMD layers with structural and chemical quality compa-
rable to those of their mechanically exfoliated flake forms
remain unestablished. Further explorations of 2D TMD growth
mechanisms through diverse in situ experimental techniques
and theoretical calculations will be beneficial to gain insights
into understanding the interfacial interaction of individual 2D
layers at near-atomic scales, providing technical guidance
toward their optimum growth conditions.

Secondly, the assembly of individual 2D TMD layers
enabled by both sequential growth and mechanical transfer/
integration approaches involves two critical issues. While each
preassembled or grown constituting 2D layer should retain
structural integrity, the sequential stacking of secondary 2D
layers either by chemical or physical means should preserve
atomically flat and clean interfaces exposing well-defined 2D/
2D interfacial vdW gaps to avoid unwanted scattering events
for electron transports. The previously discussed two-step
sequential CVD method is disadvantageous in terms of yielding
an inevitable inter-diffusion of existing elements in between
pre- and secondarily grown 2D layers, potentially leading to
undesired material properties. While the one-step metal film
transformation method intrinsically circumvents this problem,
it is limited to grow 2D TMD layers sharing identical chalcogen
elements only thus fails in achieving 2D TMD layers based on
“arbitrary” components. Moreover, precise control of the 2D
layer number over the entire growth wafer is still a major
challenge common in both approaches. Physical approaches
based on mechanical transfer and integration of separately
prepared 2D TMD layers are intrinsically versatile as they can
stack up arbitrary layers in a sequentially controlled order.
However, most of these approaches rely on employing external
chemicals to separate the initially prepared 2D TMD layers
from their growth substrates, which often results in unavoid-
able residual chemicals at 2D layer interfaces [113]. Hence,
innovative experimental designs that can comprehensively
combine both these chemical and physical approaches accom-
panying atomic-level chemical precision and wafer-level struc-
tural scalability are imperative.

Last but not least, recent studies have verified that the
controlled alignment and stacking of adjacent 2D layers
achieving specifically targeted misorientation angles can make
considerable impacts on their resulting electronic and optical
properties [114, 115, 116]. Notwithstanding that the currently
prevailing epitaxial chemical growth and manual stacking
methods can produce 2D heterolayers of targeted orientation
misorientation angles, the reproducible and precise control of
sequentially stacked arbitrary 2D layers with programmable
orientation alignment at wafer-scale is yet unavailable to date.
It is anticipated that wafer-scale 2D heterolayers with encoded
alignment profiles will bring forth a large set of exotic

© Materials Research Society 2020

properties that have never been unveiled in conventional 2D
heterostructures with random stacking alignments.

Despite the many challenges faced in their manufacturing
aspects, the unusually superior material properties (e.g., high
mechanical adaptability and exceptional heat dissipation) of 2D
TMD heterolayers are extremely appealing that should not be
overlooked in moving toward next-generation electronics and
optoelectronics. With further advances of mass-production
manufacturing strategies creatively enabling their desired
stacking profiles, clean interfaces, and controlled orientations,
the conceptually projected bright prospects of 2D TMD
heterolayers are believed to be realized and significantly

contributing to foster the revolution of emergent technologies.
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