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Since the isolation of graphene in 2004, two-dimensional Synthesis Defect Engineering
(2D) materials research has rapidly evolved into an entire subdiscipline  E-{i} Ty
in the physical sciences with a wide range of emergent applications. The il = ‘w:!"‘.‘::a
unique 2D structure offers an open canvas to tailor and functionalize 2D = | - X v“'::::
materials through layer number, defects, morphology, moiré pattern, Graphene and Beyond  * :

strain, and other control knobs. Through this review, we aim to t
highlight the most recent discoveries in the following topics: theory-

guided synthesis for enhanced control of 2D morphologies, quality,
yield, as well as insights toward novel 2D materials; defect engineering
to control and understand the role of various defects, including in situ
and ex situ methods; and properties and applications that are related to
moiré engineering, strain engineering, and artificial intelligence. Finally,
we also provide our perspective on the challenges and opportunities in
this fascinating field.

Applications
A

2D Materials, Defect Engineering, Theory-Guided Synthesis, Moire Engineering, Strain Engineering, Artificial Intelligence,
Magnetic and Topological Properties, Excitonic Properties

interdisciplinary efforts in this field and to enhance interactions
of theory and experiment.

This review reflects the content of the 2021 Graphene and
Beyond workshop hosted at the Pennsylvania State University,
in which a diverse group of experts discussed recent advances
in the field of 2D materials from both theoretical and
experimental perspectives. As summarized in Figure 1, we

The past decade has catalyzed the interest of the scientific
community to study atomically thin materials (also known as
two-dimensional (2D) materials). According to the Web of
Science, the number of publications related to 2D materials
have increased from ~1900 in 2004, when graphene was first

isolated experimentally, to ~49100 in 2021.° In that time, first highlight recent progress in theory-guided synthesis
interest has expanded far beyond graphene. Other 2D including substrate-directed growth, liquid exfoliation,
materials, such as transition metal dichalcogenides (TMDs: metal—organic chemical vapor deposition (MOCVD), and
WS, MoS,, etc.), topological insulators (TIs: MnBi,Te,), and confinement heteroepitaxy (CHet) of 2D materials. Sub-
recently discovered 2D non-noble metals (2D Ga, 2D In, etc.), sequently, we review methods for engineering atomic defects in
have gained substantial interest due to their tunable bandgap, these materials including in situ and ex situ methods. Next, the
surface and edge reactivity, unique electronic and optoelec- review focuses on properties including magnetism, topological

tronic properties, and the realization of multilayer architectures

incorporating atomically abrupt interfaces.”™” Their unique 2D April 4, 2022
structure offers an open canvas to tailor 2D materials through August 22, 2022
knobs such as layer number, emerging synthesis approaches, August 23, 2022
defect engineering, morphology control, moiré engineering, September 16, 2022

and strain engineering.”” As 2D systems become increasingly
complicated by controlling these knobs, it is vital to converge
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Figure 1. Overview of the scope of this paper. Focusing on the recent advancements in the field of 2D materials, we discuss theory guided synthesis
via different approaches, engineering of atomic defects, study of emergent properties, and the development of devices for functional applications.
Adapted with permission from ref 4. Copyright 2020 Springer Nature.

properties, photonics, and moiré engineering of 2D materials.
Finally, we discuss emergent applications discussed during the
conference including 2D electronics, sensors, strain engineer-
ing, and 2D artificial intelligence (AI).

As the field advances, one must consider large-scale synthesis
of 2D materials that possess desired properties, with improved
control over their morphology, degree of crystallinity, and layer
numbers via bottom-up or top-down approaches. In this case,
it is prudent to explore theoretical and experimental endeavors
to achieve this goal. On one hand, calculations and theory
predictions are performed to provide guidelines for developing
novel 2D materials with potentially high mobility and to
evaluate 2D material integration with complementary metal
oxide semiconductor (CMOS) processes. On the other hand,
experimental studies are carried out to investigate epitaxial
growth for large-area, single-crystalline films, morphological
control, and methods to develop novel 2D materials
unattainable by standard material synthesis. In this section,
we review some of these recent advances in the synthesis of 2D
materials.

Carrier mobility characterizes the average velocity of carriers
(electrons/holes) moving through a material in the presence of
an electric field. In this case, a high carrier mobility is desired
for most electronic and optoelectronic applications. The room-
temperature mobility of current 2D monolayer semiconductors
is on the order of ~107'=10% cm?® V™' s7L'*'" whereas the
electron mobilities of bulk Si, Ge, and InAs are ~1400, 3900,
and 33000 cm?® V7! s71,'>"% respectively. As a result, it is
crucial to understand what limits the carrier mobility in 2D
semiconductors and develop guidelines in the search for novel
high-mobility 2D materials.
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In a recent work, Liu et al. demonstrate that this limitation is
largely due to effects resulting from the dimensionality."* Using
first-principles calculations to study the intrinsic mobility of
various monolayer 2D semiconductors, and reformulating the
transport equations to isolate and quantify contributions of
different mobility-determining factors, it is found that the low
electron mobility originates from a high density of electron—
phonon interactions (scatterings) that naturally occur even in
perfect 2D semiconductors. Adopting a “density of scatterings”
concept leads to simple guidelines in the search for high-
mobility 2D semiconductors: one should look for a single,
deep, and sharp valley in electronic structure,'* a high phonon
frequency, and/or a high sound velocity.'> These properties
can help reduce the density of scatterings. Moreover, for some
polar 2D semiconductors such as HfS,, in addition to the
density of scatterings, another factor that limits the mobility is
the strong interaction between carriers and longitudinal optical
(LO) phonons, as a result of large Born effective charge and
poor screening.'® Thus, one should also avoid strongly polar
materials in the search for a high-mobility 2D semiconductor.

The semiconducting properties of TMDs enable the scaling of
CMOS to dimensions which would not be attainable with
silicon technology. However, several roadblocks exist that
prevent these materials from reaching their full potential
including: difficulties in maintaining their high mobility (see
previous section);"” the occurrence of intrinsic defects;
adhesion issues; and their sensitivity to the different integration
steps, such as integrating with metals to form ohmic
contacts,®'® the building blocks of a transistor. Therefore,
gaining an understanding of the chemical reactivity of TMDs is
key to their engineering.

The evaluation of the thermodynamic driving forces of
chemical reactions using first-principles simulations is a
convenient approach that allows linking the material evolution

https://doi.org/10.1021/acsnanoscienceau.2c00017
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Figure 2. Thermodynamic computation for Mo$S, synthesis at various temperatures. (a) Comparison of the equilibrium composition of different
grain size models for MoS, at 1 X 10~ Torr. An initial molar ratio of 100:1 is used for H,S and Mo(CO);. The ordinate corresponds to the
number of moles of different reactants and products present in the reaction chamber. The different MoS, grain sizes are shown in color with their
corresponding base lengths in nm, and byproducts are colored in gray; inset, evolution of the S vacancy formation energies (AH;) for different
MoS, grain sizes going from 2.2 nm to an ideal monolayer (1 ML). The blue circles depict the formation energies corresponding to the edge S
vacancy, and the red circles represent the formation energies of the middle S vacancies. (b) Evolution of the equilibrium composition of different

grain size models.

occurring through the growth, the deposition of a dielectric,
their doping, etc., while accounting for the role of grains,
defects, impurities, and device processing conditions. In this
context, a thermodynamic database was computed, including
more than 250 W and Mo volatile and solid sulfides related
derivatives, including molecules, cluster prototypes, flakes
(with lateral dimensions up to 6 nm), multiple sources of
interstitial impurities (C, N, O, etc.), and a broad range of
thermal and pressure conditions, going from 107 to 100 Torr,
to account for different possible processing conditions.
MOCVD is a highly scalable process used for the growth of
TMDs on a variety of substrates.'” This deposition method is a
high-pressure (1—700 Torr) synthesis process, and in many
cases, it relies on the reaction between, for example, M(CO),
(M = W, Mo) and H,S, in a thermal window that spans from
400 to 1000 °C. Since carrier gases such as H,, N,, and Ar are
typically used,””*" the total pressure present within the reactor
does not necessarily reflect the partial pressure of the reactants
which, in some instances, can be extremely low (e.g, 107°
Torr). As an attempt to capture the impact of a distribution of
grain dimensions” on their stability during the growth, the
evolution of the equilibrium composition during the growth of
three equilateral triangular-shaped grains with dimensions
spanning from 2.2 to 6.0 nm (Figure 2a) was simulated. It was
observed that, depending on their size, the MoS, grains tend to
undergo a self-etching process that releases gaseous MoS; with
a critical temperature that increases with their size, going from
700 °C (2.2 nm) to 1000 °C (for large systems). The growth
process is modulated with the reactor pressure as illustrated by
the ~250 °C variation obtained when going from 107 to 100
Torr (Figure 2b). This effect is attributed to the difference in
the formation energies of S vacancies (AHj) that vary from the
middle to the edge of the grains as a function of the base size
(Figure 2a inset). While AH; of the “middle grain” S vacancies
shows a minimal dependency on the grain size, the one
computed at the edge of the grain is significantly lowered and
increases gradually with the size of the grain due to the
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difference in atomic coordination. S vacancies, being more
prominent on the edges, act as etching/reactive centers for the
flakes as observed in ref 23. In a MOCVD process, the reactor
pressure and the nature of the carrier gas used drives the size of
the grains due to the modulation of the sublimation/etching
temperature.

MOCVD is a standard semiconductor synthesis process and
also a promising technique for scalable synthesis of TMD
monolayer films on wafers.'”**** It also provides the flexibility
to control the source partial pressure independently during
growth. Compared to solid source or powder-based CVD
(ssCVD or P-CVD) widely used for the synthesis of TMD
monolayer domains, MOCVD can operate at temperatures
lower than ssCVD and still deliver appreciable metal source
flux. Figure 3a provides an illustration of a MOCVD system in
a cold-wall reactor geometry for TMD synthesis.”® The
substrates for film deposition are placed on the graphite
susceptor, which is heated to high temperature by the
radiofrequency (RF) induction coil. The substrate is constantly
spinning at a constant rate during deposition to achieve good
film uniformity over the inch-size area. The MOCVD system
utilizes volatile precursors and gaseous molecules to deposit
WS,, MoS,, and other TMD films.”” W(CO)4 stored in a
bubbler is delivered into the reactor by regulating the carrier
gas flow and bubbler pressure with the mass flow and pressure
controller. H,S gas is also used to supply sulfur. C-Plane
sapphire ((0001) @-ALO;) not only has good thermal and
chemical stability but also exhibits crystallographic compati-
bility with TMDs. The lattice mismatch between WS, and
sapphire (30%) can be reduced significantly by the formation
of domain epitaxy (i.e., 3 unit-cells of WS, match with 2 unit-
cells of a-Al,O;). Therefore, it is a promising substrate for the
epitaxial growth of WS, at high temperatures.

In order to reduce high-angle grain boundaries caused by
misoriented WS, domains and the inversion domain
boundaries (IDB) that form between coalesced 0° and 60°

https://doi.org/10.1021/acsnanoscienceau.2c00017
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Figure 3. Wafer scale synthesis of epitaxial 2D WS, by MOCVD. (a) Illustration of a MOCVD system (left) and close view of reactor (right) used
for the growth of WS, monolayer films. (b) Illustration of precursor and carrier gas flow rates and substrate temperatures during the multistep
process at variable temperature. (c) AFM image of WS, monolayer grown at 1000 °C for 10 min when nucleation and ripening were carried out at
850 °C. (d) Schematic shows that well-aligned domains oriented by the substrate step edges are observed when the surface step structure is
modified less by performing the nucleating and ripening stages at 850 °C. (e) Isolated WS, domains obtained at a constant-temperature process at
1000 °C. (f) High-temperature exposure starting at the beginning of the process distorts the surface step structure, resulting in WS, domains
nucleating in various orientations. (g) Photograph of a WS, monolayer film grown on a 2 in. sapphire using the multistep process described in (b).
(h) AFM image of films deposited at a growth rate of 3 monolayer/min shows a continuous monolayer (1L) with a small amount of bilayer
domains. (i) In-plane XRD ¢-scans of the (1010) and (3030) planes of WS, and sapphire, respectively, show the coincidence of their peak
positions, indicating that the film/substrate relationship is epitaxial. (j) High-resolution Z-contrast STEM image shows that two domains with the
same orientation are separated by a line defect caused by the translational offset between the two domains. Their same orientation is highlighted by
the WS, models superimposed on the image. Adapted from ref 26. Copyright 2021 American Chemical Society.

domains, Choudhury et al. reported a multistep MOCVD coalesced, WS, monolayer film (Figure 3g) with an atomically

process for WS, that etches and modifies sapphire steps to flat surface (Figure 3h) can be achieved. Additionally, the
orient all WS, nuclei at the same direction (Figure 3b). % In growth rate is controlled at 3 layers/hour to minimize bilayer
this process, the nucleation step of WS, with a high W(CO), coverage. In-plane X-ray diffraction (XRD) Phi scans of
flow is carried out at a lower temperature of 850 °C. After the (1010) and (3030) planes of WS, and sapphire, respectively,
nucleation step, the deposited nuclei on sapphire are heated to reveal the coincidence of the WS, peak positions with sapphire

1000 °C at the ripening step without a W(CO)4 flow to peak positions, 1nd1cat1ng that (1010) WS, is parallel to (100)
minimize H,-induced sapphire surface roughening. After these sapphire (Figure 3i).”° A dark-field STEM image shows that

early steps, a smaller flow of W(CO)j is reintroduced to grow two WS, domains are unidirectional but separated by a line
WS, nuclei into larger domains and ultimately to form a defect due to translational offset between the two domains
continuous monolayer film. The multistep WS, synthesis (Figure 3j). Therefore, to push film quality to electronic grade,
recipe can regulate domain orientation such that the zigzag each domain needs to grow larger to minimize the density of
edge of each domam is parallel to the straight sapphire step such line defects in continuous films induced by the

edge (Figure 3¢,d).”® A high density of epitaxial WS, domains translational offset.

from this process that orient at the same direction is also

observed in the AFM image, which can help reduce the density

of IDB in a continuous WS, film. On the other hand, if the The morphology and dimensionality of 2D crystals determine

early stages for both WS, nucleation and ripening are many of their key physical properties.”® Recent work on the
conducted at 1000 °C, the etching of sapphire steps can synthesis of graphene and TMD nanoribbons”~** has been
proceed at a faster rate than nuclei formation and growth, motivated by an interest in constraining the dimensionality of
leading to mlsorlented WS, domains along curved sapphire 2D crystals toward the 1D limit to realize a tunable

35,36

steps (Figure 3e,f).”° By following this recipe, a 2 in., fully bandgap, enhanced thermoelectric performance,” ferro-

453 https://doi.org/10.1021/acsnanoscienceau.2c00017
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Adapted from ref 29. Copyright 2020 Springer Nature.

magnetism,”® width-dependent phase stability,” and spatially
heterogeneous electronic properties.30 However, while many
intriguing material properties are dictated by crystal morphol-
ogy and dimensionality, synthetic control of a 2D crystal’s size,
shape, phase, and layer number is still a major hurdle.
Typically, bulk and 2D TMDs are prepared by CVD during
which TMD precursors undergo surface adsorption, surface
diffusion, and bond formation/rearrangement to yield a planar
2D crystal lattice.""~* Top-down fabrication methods are
frequently used to pattern raw crystals, but these methods
involve lithography and etching processes that present some
challenges, namely, intrinsic resolution limits which complicate
efforts to tune materials to atom-levels of precision, and etch
processes which can damage 2D crystals. A number of
approaches to prepare dimensionally restricted forms of
graphene and 2D TMDs include molecular beam epitaxy,*
ledge-directed epitaxy,”” CVD growth through vapor—liquid—
solid processes,”** and highly anisotropic growth by CVD on
Ge(001) substrates.**¢

Recently, rational strategies have been demonstrated for
controlling the dimensionality of 2D TMD crystals. It was
shown that synthetic surfaces, in this case Si substrates
pretreated with phosphine (PH;), can precisely control the
lateral growth of TMD crystals. ssCVD synthesis of MoS, on
Si(001) surfaces functionalized with phosphine yields high
aspect ratio and straight nanoribbons which have uniform
widths.”” Notably, the width of these nanoribbons is
systematically controllable between S0 and 500 nm through
adjustment of the phosphine partial pressure during the Si
surface treatment process (Figure 4a). It is also notable that
this gas-phase method can significantly transform the
dimensionality (i.e, from 2D to nominally 1D) of TMD
crystals without the use of pattern and etch processes, which as
discussed above have their attendant limitations. Aberration-
corrected scanning transmission electron microscopy (STEM)
reveals that the nanoribbons are crystalline (predominantly of
the 2H phase) and exhibit an excellent edge sharpness and
uniformity that rivals that found in most graphene and TMD
nanoribbons prepared through conventional fabrication routes
(Figure 4b). Because of their restricted dimensionality, the
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MoS, nanoribbons exhibit photoluminescence which is 50
meV higher in energy than that emitted from 2D MoS,
crystals. This emission is dependent on the crystal width,
which is synthetically tunable (Figure 4c). Cluster expansion
and density functional theory (DFT) calculations suggest that
the nanoribbons preferentially nucleate within regions of the
substrate coated with Si—P surface dimers. Meanwhile,
inhibition of lateral growth in the direction of the regions
coated with P—P surface dimers manifests as heterogeneous
nucleation of the MoS, nanoribbon nuclei to yield crystal
growth which is laterally restricted in one direction (Figure

4d).

Confinement is also advantageous for developing novel low-
dimensional materials. Reducing the material dimensions from
3D to 2D can lead to band structure renormalization and novel
material properties because of quantum confinement.*’~*
While hexagonal boron nitride (hBN), graphene, and TMD
monolayers are excellent examples of insulating, semimetallic,
and semiconducting layered materials in the 2D limit, the
synthesis and properties of 2D metals remain nebulous. Metals
rarely exist in layer form, and most of their surfaces rapidly
oxidize in ambient conditions.’””' This means that making
ultrathin metals without structural and chemical degradation is
difficult outside of an inert environment. Intercalation enables
the decoupling of surface layers from the rest of bulk body or
substrates and serves to stabilize atomic species that are
sensitive in ambient conditions. Both epitaxial graphene (EG)
and carbon buffer layer grown on SiC can be physically and
electronically decoupled from the SiC by intercalatin§ atomic
species, such as F, O, H, Ge, and Lj, to their interface. 253 The
intercalation with metal had not been explored extensively
except for a few demonstrations with transition metals such as
Pd, Ay, and Cu.> Recently, 2D forms of Ga, In, Sn, Cu, Bi, Pb,
and Ag confined between EG and SiC were made possible by
CHet."** Figure 5a illustrates the CHet method for 2D metal
synthesis at the EG/SiC interface. First, SiC (0001) is
annealed at high temperature to sublime Si atoms and leave
C atoms on the surface to recrystallize into a carbon-rich layer
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Atomic structure of CHet-grown 2D In and Sn metals with two and one atomic layer, respectively. LEED pattern for EG/Ga/SiC indicating the
presence of EG and SiC with no additional spots, implying the Ga is lattice matched to top EG or bottom SiC. (f) (Left) DFT-generated, top-down
schematic of hexagonal SiC with silicon, carbon, and hollow sites labeled. (Right) Side view of DFT-predicted model shows intercalated Ga layers
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(the buffer layer) partially bound to SiC. Further annealing
leads to continued Si-sublimation, and this first layer fully
detaches from the SiC, while a second layer, underneath the
first, forms the next buffer layer (Figure Sa). Second, EG/SiC
is treated with an O,/He plasma to generate vacancies that
serve as the entry for intercalated elements. Finally, metal
precursor atoms placed in a crucible beneath the plasma-
treated EG are annealed with the EG/SiC at 700—1000 °C at
300—700 Torr to vaporize the metal onto the graphene
surface, which subsequently diffuse through the EG defects to
reach the EG/SiC interface. After intercalation, Z-contrast
STEM reveals that 2D metals (e.g., Ga) release the buffer layer
and exhibit an asymmetric bonding environment at the
interface. They are covalently bonded to SiC at the bottom,
whereas their top surface adjacent to the released buffer layer
only has van der Waals (vdW) bonds.

The C—O bonding previously detected by X-ray photo-
emission spectroscopy (XPS) and the defect-induced Raman
characteristic peak of graphene (D peak) in O, plasma-treated
EG disappear after intercalation, indicating the EG heals at
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elevated temperature in the presence of the metal intercalant
and becomes an oxidation barrier that improves the sample air
stability. These O-related functional groups are not trivial but
play an important role. The energetics based on first-principles
calculations suggest that termination of graphene vacancy with
O atoms and OH groups can facilitate metal adhesion and
transport to the EG/SiC interface prior to EG healing.
Otherwise, the metals could have passivated these graphene
vacancies and blocked the intercalating channels because C—
Ga binding energy appears to be several eV higher than those
between Ga and a few C—O terminations (Figure 5b).* Auger
electron spectroscopy results of EG/Ga samples on pristine vs
plasma-treated EG reveal that the plasma treatment is the key
to achieve a high lateral surface coverage of intercalated Ga
(Figure 5¢).* The 2D metals are found to generally be 1—3
atomic layers thick (Figure Sd) based on equilibrium phase
stabilities relative to their own bulk 3D form. The successful
intercalation of most elements suggests that they react with
graphene defects created at the early stage of CHet in a similar
way and follow similar transport kinetics during the
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intercalation, due to similar elemental properties. Low-energy
electron diffraction of EG/SiC patterns does not include any
distinct spots that belong to inserted 2D metal layers. Since the
Ga lateral spacing observed by STEM closely matches the
spacing of SiC, it was determined that SiC and Ga share the
same diffraction pattern in LEED, thereby having an epitaxial
relationship (Figure Se).* The structural optimization based on
first-principle calculations provides the top and side views of
epitaxial Ga/SiC (001) (Figure 5f).*

Other than the bottom-up approaches mentioned above, the
liquid phase exfoliation (LPE) of layered crystals such as
graphite and TMDs is a scalable top-down method to produce
novel 2D nanosheet based inks such as graphene and ultrathin
2D TMDs.> The layered crystal starting materials are stacked
by vdW forces; hence, it is necessary to peel them apart
without introducing significant structural defects on the lattice
of the 2D nanosheet. Mechanical exfoliation using the Scotch-
tape method yields the highest-quality monolayered 2D
samples, which are ideal for demonstration of high-perform-
ance devices and condensed-matter phenomena.”® On the
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other hand, the liquid-phase exfoliation has the advantages of
producing 2D materials in bulk quantities, with fairly good
crystalline quality that suits most applications at an affordable
price to industry." The manipulation of 2D materials in the
liquid phase enables their chemical functionalization which can
improve their functionality.”” These 2D nanosheet based inks
can be easily processed and can be adapted for many thin film
membranes and device fabrication techniques.”*® However,
the 2D nanosheets produced using the LPE still face some
significant disadvantages.

First, the use of ultrasonication and high shear mixing in the
LPE often introduces structural defects in the lattice of the 2D
nanosheets.” Defect healing by chemical functionalization in
LPE processed 2D nanosheets could be a viable strategy for
producing high performing 2D nanosheets in thin film devices.
For example, recent studies have shown that sulfur vacancy
defects in TMD nanosheets of the form MS, could be healed
by reacting the TMD inks with 1,4-benzenedithiol.”” The
opposite ends of the 1,4-benzenedithiol react with different
MS, flakes and, as a result, act as a covalent bridge between
adjacent flakes. This approach can be applied to thin films by
exposing them to such molecular linkers as indicated in the
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ACS Nanosci. Au 2022, 2, 450485


https://pubs.acs.org/doi/10.1021/acsnanoscienceau.2c00017?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.2c00017?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.2c00017?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.2c00017?fig=fig6&ref=pdf
pubs.acs.org/nanoau?ref=pdf
https://doi.org/10.1021/acsnanoscienceau.2c00017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(a)

HO (e)
Doped TMDs 100+
Solution 1
(NH,)sM0,05, » xH,0/ _Mix (*H :
—_— lost material e
(NH,)sH;W,,00 * xH,0 e HHHH ol
Cp4H3gNaOs » xH,0
ki Mix and Precursor film Sulfurize

spin-coat on SIOy/Si 60

H,0
Mix Solution 2

Water-soluble dopant ey

compound

V-doped in-plane W,Mo,.,S, -
Mo, W,.,S, heterostructures

(<) RS

(b)

Doped in-plane TMDs
heterostructures

ERERREEE

40+

204

In composition (%) in 2D alloy

0«

Figure 7. In situ substitutional doping and alloying of 2D materials and heterostructures. (a) Flow diagram of the liquid-phase precursor-assisted
substitutional doping approach. (b) Schematic illustration of V-doped in-plane W,Mo,_,S, — Mo,W_,S, heterostructures. (c,d) Atomic-resolution
HAADEF-STEM images from center and edge regions of the V-doped W Mo, _,S, — Mo,W,_,S, heterostructures. Examples of Mo, W, and V atoms
are marked with red, green, and blue circles, respectively. Adapted from ref 72. Copyright 2020 American Chemical Society. (e) The composition
of the 2D-In,Ga,_, alloys can be tuned by adjusting the precursor composition, with a near linear relationship between alloy and precursor
compositions. (f) Ga and In AES maps of the 2D-In (3Gay s alloy shows uniform distribution of Ga and In across the map. (g) Atomic structure of
the 2D-In,Ga, _, alloys and accompanying EELS mapping show a uniform 2D-In, sGa, s alloy bilayer confined between EG and SiC. Adapted with

permission from ref 82. Copyright 2020 John Wiley & Sons, Inc.

scheme in Figure 6a, resulting in the formation of long-range
pathways in 2D nanosheet films that exhibit superior charge-
transport characteristics. Second, the use of ultrasonication and
high shear mixing in the LPE of bulk layered crystals produces
2D nanosheets with a broad thickness distribution, which
makes it hard to assess exfoliation quality and limits the
suitability of the 2D nanosheets for applications. The chemical
intercalation followed by dispersion of layered crystals is an
effective method of preparing additive-free, ultrathin, and
uniform dispersions of 2D nanosheets, in low-boiling-point
solvents.”' " High quality thin film-based devices can be
fabricated from the deposition of 2D nanosheet based inks
prepared using the redox driven intercalation and dispersion of
layered materials.® Third, the use of stabilizing agents and high-
boiling-point solvents to assist in the LPE usually results in the
trapping of these substances between the 2D nanosheets, thus
inhibiting strong interlayer coupling in thin films.’ To achieve
compact stacking postdeposition, ultrathin, uniform, and
additive-free 2D nanosheet dispersions in low-boiling-point
solvents are required. The chemical intercalation followed by
dispersion of layered crystals is an effective method of
preparing additive-free, ultrathin, and uniform dispersions of
2D nanosheets, in low-boiling-point solvents.®' %

More recently, the LPE technique has been utilized to
produce new and exotic non-vdW 2D nanosheet based inks by
exfoliating nonlayered materials such as earth abundant
chemical comspounds composed of iron and sulfur or oxygen
(Figure 6b).> For example, the sonication-aided LPE of the
abundantly occurring minerals, hematite (a-Fe,0,)°* and
pyrite (FeS,),* yielded new 2D materials, ultrathin hematite
(hematene) and ultrathin FeS, inks, respectively (Figure 6b).
The exfoliation and formation of mono- and bilayer hematene
structures were confirmed by HRTEM (Figure 6¢c,d). The
exfoliated 2D a-Fe,O; materials exhibit ferromagnetic order, as
opposed to the bulk form which exhibits antiferromagnetic
order. The exfoliated 2D Fe,S flakes exhibit anomalous
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ferromagnetic-like behavior different from their diamagnetic
bulk counterparts. The 2D Fe,S platelets were also used to
produce Li-ion battery anodes with excellent capacities
approaching 1000 mAh/g.°*¢”

The manipulation of defects in 2D material presents important
opportunities for fine levels of material property control. 2D
materials can possess a variety of structural defects with
dimensions ranging from 0D (e.g., vacancy, adatom, and
dopant) to 2D (e.g., layer stacking faults), which significantly
influence their physicochemical properties.” As a result, if the
density and specificity of these defects can be controlled and
the properties of certain defects understood, defect engineering
can be realized for tuning properties and/or inducing new
functionalities into 2D materials. With 0D point defects taken
as an example, routes for engineering them in 2D materials can
be classified into two categories: (1) in situ approaches which
directly introduce or minimize defects during the growth
process; and (2) ex situ approaches which are based on post-
synthesis treatments that create or heal point defects. Because
of the great significance of developing robust techniques for
engineering defects in 2D materials, many efforts have been
made along this direction in recent years. In this section, we
will highlight recent advancements regarding approaches for in
situ and ex situ defect engineering of 2D materials.

Early work on in situ substitutional doping of TMD
monolayers utilized a two-step approach, in which chemical
vapor transport (CVT) was first used to synthesize doped
TMD single crystals, and monolayers were then isolated from
these single crystals by mechanical exfoliation. This method
has been reported to yield TMDs doped with Nb, Re, Au,
etc.”**” To improve the yield and simplify the preparation of
monolayers, CVD using mixed metal precursor powders was
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then developed to synthesize doped TMDs in a single step.
Recently, an alternative in situ doping approach has been
devised, which relies on the chalcogenization of mixed liquid-
phase metal precursors coated on the growth substrate (i.e.,
liquid-phase precursor-assisted approach). Since metal pre-
cursors are uniformly mixed at the atomic level in the liquid
phase and spin-coated onto the growth substrate prior to the
chalcogenization process, this method circumvents the
difficulty of controlling vapor pressures of both host and
dopant precursors to enable effective doping. As a result, by
using a liquid-phase precursor-assisted doping approach, it is
likely that the spatial variation of precursor supply can be
reduced, leading to improved spatial homogeneity of dopant
distribution when compared to the conventional CVD using
powdered metal precursors.”>”?

In a recent work by Zhang et al, liquid-phase precursor-
assisted in situ substitutional doping of Fe, Re, and V into
monolayer WS,, MoS,, and W, Mo,_.S, — Mo,W,_,S, in-plane
heterostructures, respectively, was achieved. The flow diagram
describing the substitutional doping process is shown in Figure
7a. First, water-soluble ammonium heptamolybdate
((NH,)4Mo,0,,) and ammonium metatungstate
((NH,)¢H,W,,0,) were used as Mo and W precursors,
which were mixed in the aqueous solution with sodium cholate
(C,4H3oNaOg«H,0, serving as a growth promoter) and the
water-soluble compound containing the desired dopant
element. Subsequently, the mixed solution was spin-coated
onto a clean SiO,/Si wafer, followed by a sulfurization process
carried out at 800 °C inside a tube furnace. To verify the
incorporation of Fe, Re, and V dopants, the synthesized doped
monolayers were characterized using atomic-resolution STEM.
As an example, the schematic of V-doped WMo,_S, —
Mo, W,_,S, in-plane heterostructures and corresponding high-
angle annular dark field (HAADF)-STEM images from center
(Mo-rich) and edge (W-rich) regions are demonstrated in
Figure 7b—d. Based on the atomic Z-number differences, V
dopants, Mo, and W are unambiguously identified in both
images (Figure 7c,d) according to their increasingly brighter
contrasts, indicating the successful incorporation of V dopants
into the host lattice.”” Similar liquid-phase precursor-assisted
methods have also been developed to obtain different types of
doped TMD monolayers. For example, Nb-doped WS, was
synthesized and characterized, demonstrating tunable optical
properties and p-type transport characteristics as a function of
doping level.”” V-doped MoS,, WS,, and WSe, synthesized via
similar methods were also reported by a number of separate
studies. Intriguingly, apart from V dopants-induced modifica-
tion of optical and electronic properties, room-temperature
ferromag7netic ordering was also observed in these sys-
tems.”*”"” These recent studies indicate that this doping
approach is efficient, reliable, and highly likely to be
generalized for the incorporation of other metal dopants that
are not yet explored.

Doping TMD atomic layers by MOCVD has also advanced
significantly and can control the doping range at the parts per
million (ppm) level inside a grown 2D crystal.”®”’
Kozhakhmetov et al. demonstrates controllable doping of V
and Re originally from (CsH;),V and Re,(CO),,, respectively,
into WSe, monolayers during MOCVD.”®”” Re,(CO),, which
provides Re is delivered into the MOCVD chamber through
the bubbler manifolds by H, carrier gas flow rate. By reducing
the flow rate through the bubbler manifold for Re,(CO),q,
0.07% Re in WSe, monolayer can be achieved. It is essential to
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control the doping concentration on the ppm level for bilayer,
trilayer, or thicker TMD crystals, since their electronic
properties are more sensitive to the density of dopants because
the quantum confinement effect becomes less significant on
thicker TMD.*”®' Excessive dopants can degrade the
electronic transport of a few-layer TMD device in comparison
with the field-effect transistor (FET) made of 1L TMDs.*

Beyond TMDs, in situ alloying is also possible in 2D metals.
By alloying the composition of 2D metals, the interband
contributions to dielectric properties, Fermi surface geometry
dependent on alloy composition, and both optical and
electrical response could be possibly tuned. Rajabpour et al.
reported the synthesis and characterization of 2D-In,Ga,_, via
CHet discussed in Section 1.5, and achieved near-complete
solid solubility without evidence of phase segregation.*” XPS
measurement performed on 2D-In,Ga,_, with varying
composition reveals a nearly linear correlation between the
composition of the InGa, , precursors and the resulting
stoichiometry of the 2D metal alloys, indicating the full range
of x between 0 and 1 can be achieved by tuning the precursor
compositions (Figure 7e). Additionally, Auger electron
spectroscopy (AES) mapping reveals that intercalated 2D
alloys are uniformly distributed without evident in-plane
segregation, as evidenced by the uniform spectral intensity of
Ga and In across the mapped area (Figure 7f).*” This unform
dispersion of Ga and In inside the 2D alloy was also confirmed
by Z-contrast STEM image of a 2D In; ;Ga, s bilayer film at the
EG/SiC. Electron energy-loss spectroscopy (EELS) mapping
indicates a unform distribution of Ga-L2,3 and In-M4,5 EELS
signals within the bilayer without oxygen, and the ratio of Ga/
In close to 1 (Figure 7g).**

Atomic dopants can also be substitutionally incorporated into
2D TMDs via post-synthetic treatments. In a recent work, a
plasma-assisted approach was applied to achieve C doping in
monolayer WS,. During the doping process, an inductively
coupled plasma was used to decompose methane (CH,), the
gaseous dopant precursor, into reactive radicals (possibly
carbon and hydrocarbons), which were likely to be
incorporated into the lattice of as-grown WS, through sulfur
vacancies. Through aberration corrected high-resolution
STEM (AC-HRSTEM) in combination with DFT calculations,
it was identified that carbon—hydrogen units at sulfur sites
(CHg) are the most stable dopant structure within WS,.
Interestingly, electronic transport measurements of CH-doped
monolayer WS, reveal the emergence of p-branch that is
tunable by varying CH doping concentrations, demonstrating
that CH units can effectively modulate electronic properties of
2D TMDs.*’ Plasma-assisted CH doping was further
performed on WS, grown on EG/SiC substrate, and scanning
tunneling microscopy and spectroscopy (STM/S) were
employed to further characterize CHg defect properties. The
CH; defect is negatively charged detected by a significant
upward band bending in the unoccupied states (positive
sample bias) and the presence of hydrogenic bound states in
the occupied spectrum (at negative bias).*** Notably, such
negatively charged defects were also observed by STM/S in as-
grown pristine WS, and WSe, samples, which unambiguously
indicates that CH units at chalcogen sites are a common type
of charged impurity in nominally undoped CVD-grown TMDs.
This work not only corroborated the previous finding that CH,,
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associated with charge state transitions of CRI. Electron/hole attachment to the unoccupied/occupied defect state in monolayer (1 ML) and
bilayer (2 ML) WS,, respectively. Adapted with permission under a Creative Commons CC-BY License from ref 91. Copyright 2021 Springer

Nature.

plasma-assisted approach could selectively introduce CH units
into TMDs, but also demonstrated STM/S as a powerful tool
to characterize atomic defects in 2D materials.®

Atomic manipulation using the STM tip is a novel route to
defect engineering of 2D materials. This technique has
previously been used to create complex patterns on surfaces
using adatoms.*® Lateral manipulation relies on weak forces
between the tip and sample to pull or push atoms around. In
covalently bonded materials, this is extremely difficult to
realize, given their significantly higher bond strengths.
Alternatively, voltage pulses from the STM tip can be used
to break weak bonds. Thereby electrons are injected at a
comparably high energy of usually a few eV, which can
transiently populate antibonding orbitals and excite lattice
vibrations that lead to bond cleavage.”” Typical examples of
tip-induced bond dissociation include hydrogen—carbon and
halogen—carbon bonds in organic molecules.”’~** In solid-
state systems, voltage pulses can desorb individual hydrogen
atoms from a hydrogen-terminated silicon surface.””*” This
so-called hydrogen resist lithography can be used, for instance,
to build single-atom transistors.”

By a chemical methane plasma treatment of the TMD
surface described in the preceding section, it is possible to
introduce CHg defects in the TMD lattice. Using a scanning
probe tip, one can apply a local voltage pulse to desorb
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hydrogen from an individual CH-dopant in monolayer WS,.
This process exposes the dangling bond of the carbon atom
remaining at the sulfur site.”’ Thereby, the STM contrast at
positive bias changes from a circular dark depression to a
bright threefold symmetric protrusion superimposed on the
dark depression (see Figure 8a). The hydrogen depassivation
process is highly selective and can be targeted at a single
defect.”" After hydrogen depassivation, the defect exhibits two
in-gap resonances in scanning tunneling spectroscopy (STS),
one at positive and one negative bias (see Figure 8b). These
defect resonances correspond to the electron attachment/
detachment from a singly occupied orbital. Because it is singly
occupied and the defect still carries a negative net charge, this
defect can be denoted as a carbon radical ion (CRI) or C$™.
DFT calculations show that the CRI has a spin-polarized
ground state (see Figure 8c) with a magnetic moment of 1
up”" Despite the rather directional bonding, the magneto
crystalline anisotropy energy is only 0.3 meV with an easy-axis
perpendicular to the WS, plane.

The defect resonances exhibit a striking oscillatory fine-
structure with equidistant peaks, as seen in Figure 8d. One can
assign these peaks to inelastic excitations of local lattice
vibrations in response to the transient electron/hole attach-
ment process. The vibronic satellite peaks can be modeled by
considering the electron—phonon coupling between the
electronic defect state and a small number of local vibrational
modes. Using density functional perturbation theory, three
contributing modes are identified at iw = 75 meV, hw = 22
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electron diffraction patterns of the WSe, films grown at 700 and 770 °C. (d) Atomic structure of a WSe, domain grown at 500 °C has various point
defects dominated by Se vacancies. (e) Atomic structure of a WSe, domain grown at 800 °C has a better quality. The defect density can be reduced
from >1014 cm™ at 500 °C to 1012 cm™ at 800 °C. (f) STM image of 1L WSe, grown on epitaxial graphene without a post-growth anneal with
H,Se. (g) Defect density and nanoscale clusters on the surface of WSe, was reduced after a post-growth anneal with H,Se (10 min) was included.

Adapted from ref 24. Copyright 2018 American Chemical Society.

meV, and Aiw = § meV, corresponding to a local out-of-plane C
vibration, an out-of-phase breathing motion involving the C—S
bond and the neighboring three W atoms, and a low-frequency
resonant flexural mode.” The difference in coupling strengths
to these modes is what ultimately gives rise to the very
different sideband structure shown in Figure 8d.

Interestingly, the electron—phonon coupling strengths
described by the Huang—Rhys factors S, critically depend
on the spin state (cf. left column vs. right column in Figure
8d). The considerable spin—phonon coupling originates not
only from differences in the exchange-correlation potential that
depends explicitly on spin density but also from small
differences in the charge density distributions.”’ The coupling
to a certain vibrational mode is in general stronger if the wave
function of the defect state is more localized at the lattice sites
where the vibration occurs. Moreover, it is observed that the
vibronic coupling is in general stronger for monolayer WS, as
compared to bilayer WS, (cf. top row vs. bottom row in Figure
8d), because the defect wave function in the bilayer spreads
across both layers, reducing the degree of localization. This
first demonstration of atomic editing of the TMD surface via
STM-induced hydrogen depassivation opens new avenues for
defect engineering of 2D semiconductors.

2.4. Defect Control by MOCVD

As stated above, MOCVD utilizes chemical compounds with
low to moderate vapor pressure and gases as precursors for
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large-scale TMD synthesis.”> It provides a wide window of
growth pressures and growth temperatures and can be
conducted in an intermediate growth regime that off-limits
to other thin film methods (Figure 9a).”” For example, in the
low-temperature regime below 600 °C (Figure 9b), TMD
domains and defect density synthesized by MOCVD are more
tunable than those from atomic layer deposition (ALD) and
molecular beam epitaxy (MBE).”> The precursor ratios
between chalcogen and transition metals are controllable
during MOCVD and can be tuned to provide a chalcogen-rich
or -poor environment to form or suppress the point defects in
the resulting TMD films.'¥****

The growth temperature can serve as a tuning knob for
defect engineering in vapor phase synthesis. At low growth
temperatures, reactant surface adsorption is high, and lateral
growth rate is low. This kinetically controlled process that
occurs at low growth temperatures typically produces small
domain size and numerous domain boundaries in TMD films.
On the other hand, at higher growth temperatures, reactant
surface adsorption/desorption rates become similar, which
reduces nucleation density and increases adatom surface
mobility. In addition, higher growth temperatures also lead
to larger domains due to higher lateral growth rates and also
better film/substrate epitaxial relationship. Figure 9c shows
dark-field STEM images of WSe, films grown in increased
growth temperatures and the corresponding results.”* At 650
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Copyright 2021 American Chemical Society.

°C, WSe, domains are randomly oriented on sapphire,
resulting in high-angle domain boundaries that host numerous
large-size vacancies. Once the growth temperature increases to
700 °C and above, however, WSe, film crystallinity and
domain boundaries are improved.

In addition to temperature dependent reduction and healing
of domain boundaries, a high density of point defects
dominated by chalcogen vacancies such as single- and
double-Se vacancies in WSe, films grown at 500 °C were
reduced by two orders after the temperature was increased to
800 °C due to increased Se adatom mobility (Figure 9d,e).”*
Finally, post-growth annealing with a chalcogen gas flow can be
utilized to control the defect density and impurity density in
as-grown films. It was found that without in situ post-growth
annealing with H,Se, Se vacancies and O substitutional
dopants at the anion sites are ten times more than the sample
with the post-growth annealing (Figure 9fg).”*”* Based on
these examples, the utilization of the intrinsic parameters of
MOCVD can be a means to in situ engineer defect density and
type in 2D TMDs.
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3. EMERGING PHYSICS IN 2D MATERIALS

The controllable synthesis of novel 2D materials with
engineered morphology and defects are key facets for the 2D
community. A fundamental understanding of the structure—
property relationships of 2D materials themselves are also of
paramount importance. This section highlights work related to
emergent properties in 2D materials and their interfaces. In
particular, we review recent works in intrinsic magnetic TTs,
single photon emission (SPE), excitons in heterostructures,
and twist angle dependent moiré heterostructures.

3.1. Intrinsic Magnetic Tl (MnBi,Te,): From Bulk to 2D

VAW solids have widely varied electronic properties including
T1 behavior (Bi,Se;/Bi,Te;) and ferromagnetism in 2D (CrLy).
However, these materials are distinct (i.e., they possess
topological or magnetic properties but not both). The intrinsic
magnetic TI MnBi,Te, (MBT) was recently proposed””” and
experimentally verified as a bulk antiferromagnetic TI that
hosts both intrinsic magnetism and topological protection.”
As the first intrinsically magnetic TI, MBT offers new

https://doi.org/10.1021/acsnanoscienceau.2c00017
ACS Nanosci. Au 2022, 2, 450485


https://pubs.acs.org/doi/10.1021/acsnanoscienceau.2c00017?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.2c00017?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.2c00017?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.2c00017?fig=fig10&ref=pdf
pubs.acs.org/nanoau?ref=pdf
https://doi.org/10.1021/acsnanoscienceau.2c00017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

possibilities to realize exotic quantum states;”’ as a vdW
compound, MBT also constitutes a model system to study
layer dependent phase transitions.”> Notably, a series of
ternary chalco%enides can be derived from MBT (e.g,
MnBi,Te,,”*~'" MnBi, ,Sb,Te,'""'*?), greatly expanding the
materials space to explore the interplay between magnetism
with topology. In this section, we will start discussing the
magnetic properties of bulk MBT, followed by highlighting
recent advances in studying the correlated magnetism and
topological properties of ultrathin MBT with a few septuple
layers (SL).

Magnetization and transport measurements performed on
bulk MBT by different groups largely agree.'”>™'%® A phase
diagram has been compiled from these field- and temperature-
dependent measurements (Figure 10a'*’). The magnetic
ground state of bulk MBT is A-type antiferromagnetic
(AFM): intralayer coupling is ferromagnetic (FM) along the
out-of-plane direction, while interlayer coupling is AFM. At
base temperature, applying a perpendicular magnetic field
above 3.5 T induces a spin-flop transition. Upon this
metamagnetic transition, the system enters a canted AFM
state. Further, increasing the field to 7.7 T aligns all the spins
and eventually turns the system into a FM state. The Neel
temperature (Ty = 24—25 K) is consistent among reports and
has almost no dependence on sample details (such as carrier
density or mobility).

Neutron diffraction has been performed to investigate the
magnetic structure of bulk MBT.'”*™""" Neutron diffraction
data confirms the overall A-type AFM order with a Ty = 24 K,
in accordance with bulk magneto-transport and magnetization
data. The magnetic space group is assigned as P3cl in a
powder diffraction study'®® and assigned as R;3c in another
crystal diffraction study.''® Independent works have found that
the magnetic moments of Mn>' ions are lower than the
expected value (5 pp/Mn**) by about 20%."%""" Comparing
diffraction data with a Heisenberg model allows quantitative
estimation of the exchange parameters: within a Mn triangular
layer, the next-nearest-neighbor AFM interactions are not
negligible and are competing with the nearest-neighbor FM
interactions. The competition introduces frustration to the
exchange interactions and renders the magnetic order
potentially tunable by external perturbations.'"

For a TI with A-type AFM order, the massless Dirac cone is
expected to open a finite gap below the Neel temperature. To
probe the correlation between magnetism and band topology
in bulk MBT, angle-resolved photoelectron spectroscopy
(ARPES) experiments have been performed by several groups
to measure the gap size."*"'*>""*~""7 The results fall into two
classes. In some cases, a finite gap is observed below Ty, but
this gap does not close above Ty.'"*'*>""*""” The exact size of
the gap varies among reports, ranging from tens to hundreds of
meV, depending on experimental conditions (sample, temper-
ature, wavelength, etc.). In other cases, clear §ap opening is not
observed either below or above Ty.''””'" In all cases, the
observations differ from theoretical expectations. Multiple
mechanisms have been proposed, such as local magnetic
moments in the paramagnetic states, instantaneous spin
polarization, or reconstructed surface magnetism.'®”''*!"
More work may be needed to fully address the discrepancy.

MBT samples of a few septuple layers (SL), mechanically
exfoliated from bulk crystals grown via a flux method,'*® offer a
platform to explore exotic topological states by controlling
layer number, magnetic states, and Fermi level. Quantum
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transport performed in atomically thin devices revealed an
intricate interplay between magnetism and topology. Zero-field
quantum anomalous hall effect (QAHE) has been observed in
a SSL device.'”” In this system, Anderson localization is
proposed to play a key role.””’ In 6SL devices, applying
magnetic field can drive a quantum phase transition from an
axion insulator phase to a Chern insulator phase.'””'** Under
high magnetic field, 7SL devices can enter a helical Chern
insulator phase with a pair of counterpropagating chiral edge
states.'”* High Chern number quantum hall effect without
Landau levels have also been seen in 9SL devices.'*

A material with out-of-plane magnetization may exhibit
magnetic circular dichroism (MCD). Thus, MCD has been
used to probe the surface magnetism of thin MBT flakes of
varying thickness exfoliated on gold substrates.'”” It is found
that the critical field of spin—flop transitions differs
significantly in even and odd SLs. This even—odd effect can
be understood using an AFM linear-chain model and serves as
an alternative guide to identify layer numbers. MCD
measurements provide information on layer number and
magnetic states—both are essential to interpret transport
measurements. A recent work combines electrical with
magneto-optical measurements in fabricated transport devi-

'*® The even—odd effect of the spin-field transition field is
confirmed in transport devices by MCD. Magneto-transport
measurements show that both odd (SSL) and even (6SL) layer
devices behave as a Chern insulator in the FM state, while the
odd layer (SSL) device is likely a trivial magnetic insulator in
the AFM state.

Now we discuss thin layers of MBT grown via molecular
beam epitaxy (MBE). Regarding the electronic band structure
of MBT thin layers, to date, it has only been examined above
the Néel temperature where it appears gapless. Hence, there
has been no direct observation of the size or magnetic nature
of the energy gap that would correspond to a temperature
dependent topological phase transition from QAH insulator to
paramagnetic gapless T1. Moreover, there has been no direct
confirmation of the crossover from ferromagnetic (FM)
insulator to QAH insulator with increasing layer thickness.
In a recent report, 1-=5 SL MBT were grown by MBE, and
temperature-dependent ARPES above and below the Neéel
temperature was performed to understand the thickness-
dependent gap size and magnetic nature of the gap.'* In
Figure 10b, the ARPES spectrum of 1 SL MBT shows only a
broad M-shaped valence band, with the valence band
maximum &780 meV below the Fermi level, with no signature
of the conduction band and a strong intensity bulk Si (111)
band observed below 1.1 eV. The overall band shape confirms
an indirect bandgap ferromagnetic insulator in excellent
agreement with DFT results shown in the lower panel of
Figure 10b. The gap size is comparable to other 2D
ferromagnets, such as monolayer Crl;. Moving to $ SL in
Figure 10c, there is a clear thickness-dependent transition from
2D ferromagnetic insulator (Dgap > 780 meV) in 1 SL to an
evolution to nearly Dirac-like dispersion in S SL, evidence of
evolution toward nontrivial topological features. An EDC peak
fitting analysis and a massive Dirac model were employed to
analyze the ARPES spectra and determined the gap in 5 SL to
be 70 + 15 meV at 8 K. The evolution of the bandgap with
thickness is plotted in Figure 10d.

To confirm that the gap in 5 SL MnBi,Te, is magnetic in
origin, additional temperature dependent ARPES measure-
ments were conducted.'”® Figure 10e shows the energy
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Figure 11. SPE in defect induced TMDs. (a) GW band structure and (b) BSE optical spectrum of point defect O;,; in WSe,. Adapted from ref 153.
Copyright 2019 American Chemical Society. (c) HRTEM image of redoped WSe,, with yellow hexagons highlighting Rey, substitutional sites.
Adapted with permission from ref 78. Copyright 2020 John Wiley & Sons, Inc. (d) DFT-SOC band structure and (e) BSE optical spectrum of Reyy,
dopant in WS,. Adapted from ref 155. Copyright 2021 American Chemical Society.

distribution curves at k; = 0 measured at temperature T = 8
and 13 K for § SL MBT (measurements were performed up to
33 K). A clear broadening upon cooling from 13 to 8 K is
observed, and the right flank of the peak develops a clear
shoulder. EDC peak fitting analysis (shown in Figure 10f)
reveals a marked transition between 8 K that possesses a gap of
70 + 15 meV to the 13 K data where the bandgap is
significantly diminished and D < 15 meV. This reflects at 13 K
a nearly gapless T1 system that is now paramagnetic. This clear
emergence of a magnetization induced gap with decreasing
temperature provides a definitive signature for a temperature-
dependent topological phase transition from large bandgap
QAH insulator to a near gapless TI paramagnetic phase.

Yet, there is still further work needed to understand why
given the reported large bandgap (>70 meV) 126 that the QAH
effect observed in MBT is limited to 6.5 K.'*’ Clearly,
improvements in sample crystalline quality are needed and the
role of magnetic disorder better understood. In particular, an
understanding of whether there are spatial variations in the
bandgap due to magnetic disorder, which has been previously
observed in dilute magnetically doped TI’s,"** is required.

Recently, SPEs have been observed and investigated in
atomically thin 2D materials, such as hBN and TMDs."*""**
Tran et al. first reported SPEs at 2.1 eV in hBN,"** which gave
rise to substantial interest in characterizing and controlling
SPEs in 2D hBN."”*"** SPEs in hBN are particularly
advantageous due to their high brightness, room temperature
operation, high stability, and tunability."** However, the large
number of SPEs with varied spectral energies and photo-
physical properties has made it challengin% to establish a clear
understanding of the nature of these SPEs."”* A very promising
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development in the field of hBN-SPEs is the ability to optically
initialize and control the spin state of SPEs in hBN, as
demonstrated by recent optically detected magnetic resonance
(ODMR) signals.mé’137 Together with first-principles calcu-
lations, the ODMR signals can also be used to help identify
individual defect centers,">® which is critical to advancing our
understanding of how to control and manipulate defects. A
recent theoretical work has elucidated the magneto-resonance
parameters and optical absorption spectra for a number of
boron vacancy derived defects in hBN,"*® and comparison has
been made to ODMR and photoluminescence excitation
spectra in experiments.

SPEs in 2D TMDs were first experimentally observed in
monolayer WSe, in 2015."*”~'* Subsequently, SPEs were also
detected in WS, and MoSe,,'""'* and recently in
MoS,. ™% It is generally accepted that SPEs in these
TMDs arise from a strain-induced funneling of excitons to
point defects.'*”"*® Employing semiconducting TMDs as host
materials for solid state SPEs offers several advantages
compared to diamond NV centers>' or SPEs in hBN."*
SPEs in semiconducting TMDs can be more easily controlled
with a gate voltage and also may display novel spin—valley
coupling characteristics. However, SPEs in TMDs are less
stable and are generally detected at low energies."*” Optically
addressable spin-polarized defects in TMDs have also not been
reported so far." ">

Combined experimental and theoretical characterizations
have identified the most prevalent point defects in CVD-grown
monolayer WSe, as O/Se substitution Og,, O adatom O,4, and
O interstitial Oy, due to incorporation of O atoms during the
synthesis or processing steps.'”’ Another work has also
identified substitutional O as the most common point defect
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Figure 12. Signatures of a degenerate interlayer exciton ensemble in MoSe,/WSe,. (a) Scheme of a MoSe,/WSe, heterobilayer encapsulated in
hBN with the Coulomb-bound electron localized in MoSe, and the hole localized in WSe,. (b) Photoluminescence spectra taken at an excitation
power of 200 nW displays only peak (1) and for 420 W two redshift peaks (2) and (3). Peak (1) is interpreted as a many-body-state emission
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corresponding coherence time 7. in the many-body state (1) indicating a critical temperature of around 10 K (c) and a critical exciton density of 2
X 10" cm™ at T = 7 K. Adapted with permission under a Creative Commons CC-BY License from ref 171. Copyright 2020 American Physical

Society.

in MoSe, and WS,.">* State-of-the-art first-principles GW-BSE
(Bethe—Salpeter equation) calculations show that, among the
most plausible point defects responsible for SPEs in WSe,, Oy,
presents a defect band very close to the conduction band edge,
and the resulting defect band-valence band maximum optical
transitions exhibit spectral features very close to those of
experimentally observed SPE sources (Figure 11ab).'>

There has also been recent experimental progress in the
intentional incorporation of defect atoms within the TMD
lattice.”>”>7%'5 Re dopant induced optical emission is
observed there with spectral energy ~150 meV below the
free exciton energy.155 From GW-BSE calculations, this
localized emission is attributed to a transition from a re-
induced defect band to the valence band maximum in one spin
channel (Figure 11c-e)."** Although single photons were not
detected due to the high density of defects, the emission was
present at room temperatures, and controlling the defect
density is critical for intentionally creating stable SPEs in
TMDs.

Excitons in TMDs present unique opportunities for
applications in optoelectronics. Semiconducting TMDs are
vdW materials that are highly air stable even in the monolayer
limit."*° The strong exciton dominated light matter interaction,
tunable valley physics in mono- and heterobilayers, as well as
defect engineering makes them promising candidates for
applications in the areas of optoelectronics, photovoltaics,
photocatalysis, and quantum technologies.l‘w_159 2D-based
vdW materials can be combined in an arbitrary fashion into
homo- or heterobi- and multilayers. An additional and highly
relevant degree of freedom is the rotational alignment resulting
in twist an(gle dependent and valley selective hybridization
effects'®°™'%* as well as moiré superlattice structures.'®®
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VAW heterobilayers are not only interesting to study moiré
flat-band induced strongly correlated electron phases, which
we will discuss in Section 3.4, but also offer access to study
correlation phenomena in dense exciton ensembles. Excitons
are electron—hole pairs coupled by strong Coulomb
interaction. These two-body complexes are bosonic quasipar-
ticles and are therefore able to form degenerate exciton fluids
and to condense to a macroscopic ground state—a Bose—
Einstein condensate.'®* Increasing the interaction strength
between quasiparticles can cause strong correlations, collective
phenomena, and transition to emergent quantum phases.
Atomistic vdW heterostacks are ideal systems for high-
temperature exciton condensation because of large exciton
binding energies, an interfacial dipole moment, and long
lifetimes of the interlayer (IX) excitons also known as charge
transfer excitons.'®>'*>' Light emission and electron energy-
loss spectroscopy showed first evidence of excitonic many-
body states in such 2D materials."*””'*® Pure optical studies
also enable exploration of the phase diagram of photo-
generated excitons. For the study of correlation phenomena of
exciton ensembles in TMD heterobilayers, the absence of
disturbing, superimposed moiré effects, in particular of moiré
trapped exciton is desired. Atomic reconstruction allows the
formation of commensurate R-type or H-type stacking orders
in closely AA- or AB-stacked heterobilayers (0° or 60° twist
angle) with a deviation in the twist angle of less than +3°.'*
Moreover, the combination of the TMD monolayers forming a
heterobilayer needs to be carefully selected to ensure exciton
ensembles formed by just one kind of interlayer excitons that is
robust under external stimuli such as moderate changes in the
exciting photon flux or static electric fields. For this reason,
MoS, /WS, heterobilayers embedded in field effect structures
are less capable for correlation studies of IX ensembles but
nevertheless highly intriguing structures, since layer index,
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John Wiley & Sons, Inc.

orbital character, lifetime, and emission energy of indirect
excitons can be controlled by the electric field due to valley
selective hybridization and multivalley physics.'®” This kind of
heterostructure might be suitable for the realization of a new
type of charge qubits.'”’

Several criticalities with respect to photoluminescence
intensity, line width, and temporal coherence are reported
for photogenerated exciton ensembles in MoSe,/WSe,
heterobilayers.'”' These phenomena are found for exciton
ensembles hosted in nearly commensurate H- and R-type
stacked MoSe,/WSe, and hBN encapsulated structures. No
signatures of moiré excitons in the emission spectra even for
lowest excitation powers have been found indicating
commensurate stacking. The described criticalities are found
for a narrow emission line appearing for low to intermediate
excitation densities and are interpreted as pointing toward the
transition to a coherent many-body quantum state, consistent
with the predicted critical degeneracy temperature on the
order of a few-tens-of-Kelvin (see Figure 12). For this state, the
estimated occupation is approximately 100% and the
phenomena survive above 10 K. For larger excitation
intensities with incoming photons and for higher temperature,
the IX emission spectrum is dominated by a doublet emission
peak that are blueshifted with respect to the degenerated
emission line and that is fully consistent with multivalley
emission as previously reported.'*'”*
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As mentioned above, layers of 2D materials can be selectively
stacked together, and new artificial vdW solids with novel
emergent properties that were not present in the original host
materials could be designed and fabricated. Moiré superlattices
are generated when two stacked monolayers with different
lattice constants or the same lattice constant but with a twisted
angle are stacked together. The induced moiré potential results
on one hand in deep periodically arranged potential traps for
moiré excitons' > that might be interesting for the generation
of arrays of quantum light sources. On the other hand, moiré
superlattices can induce flat electronic bands (mini-band
structures) that result in twist angle and filling dependent
correlated electronic phases as shown initially for magic—an%le
graphene bilayers.'”* As demonstrated by Tang et al,'”> 76
twisted TMD heterobilayers are suitable as simulators for the
Hubbard model, a theoretical model of interacting quantum
particles in a lattice. The model is used to theoretically
describe the essential physics of strongly interacting electrons,
where strong correlations results in quantum phase transitions
to many-body ground states such as high-temperature
superconductors or magnetic insulators and other complex
quantum many-body ground states.'”

Magic-angle twisted bilayer graphene has emerged as a
versatile experimental platform that combines metallic, super-
conducting, magnetic, and insulating phases in a single
crystal.””’='”? In particular, the ability to tune the super-
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conducting/insulating state with gate voltage opens pathways
to novel device functionality. Recently, a nanodevice based on
the interplay between two distinct phases in adjustable regions
of a single magic-angle twisted bilayer graphene crystal has
been built.'* The superconducting and insulating regions of a
Josephson junction are electrostatically defined and tunable
DC and AC Josephson effects are observed. This work is an
initial step toward devices where separate gate-defined
correlated states are connected in single-crystal nanostructures.

Enhanced Coulomb interactions and flat bands in TMD
moiré heterostructures, such as MoSe,/WSe,, provide another
rich platform to explore correlated quantum phases of matter.
Unlike their monolayer counterparts, excitons in heterobilayers
feature an electric dipole which can be used to tune their
emission energy electrically. For example, dipole—dipole
interactions between electric field-tunable, localized interlayer
excitons in MoSe,/WSe, has recently been studied,'®" the
result of which can be exploited for quantum nonlinearity.
Moreover, it has been recently reported that many-body
interactions among interlayer excitons in WSe,/MoSe,
heterobilayers can result in a steady-state valley Zeeman
splitting that corresponds to an exchange field with the
strength of ~6 T."**

And with all the exciting reports of magic-angle twisted
bilayer graphene and twisted TMD bilayers, there are always
more tuning knobs to play with, such as different layer
numbers of materials (twisted trilayer graphene'®’ and twisted
double bilayer graphene'®*), and the strength of interlayer
coupling (which could be modified by inserting an atomically
thin hBN layer between the two flakes) or the twisted material
(for example, twisted hexagonal boron nitride'*'%). In
addition, there has not been much study on the twisted
doped-TMD heterostructures. It is intriguing to synthesize
high-quality doped TMD materials by CVD/CVT and then
build homo/heterostructures with different twist angles, which
can potentially build a solid ground for further band
engineering and artificial excitonic crystal engineering.

Air-stable 2D metals exhibit distinctive properties from their
3D counterpart. The overlying graphene layers serve as a seal
to prevent the oxidation of ultrathin non-noble metals and
enable extensive ex situ characterization of these materials.
Their novel properties include some of the highest nonlinear
susceptibility values recorded for a single material (Figure
13a), high second harmonic generation intensity due to
extreme bonding asymmetry (Figure 13b and inset), and
superconductivity in 2D-Ga with a transition temperature (T.)
4x higher than bulk Ga (Figure 13c).* The band structure and
properties of 2D In,Ga,_,, such as complex dielectric function
and T, can be tuned as a function of composition.”” Figure
13d—f provides the results of ARPES performed on 2D
In,Ga;_, alloys (x = 0, 0.5, and 1). Figure 13d shows the
ARPES-measured band dispersion (Left) and Fermi surface
(Top right) along with the DFT-calculated Fermi surface for
2D Ga (Bottom right). The experimental Fermi surface
indicates that the graphene Brillouin zone is 30° twisted from
the underlying Ga/SiC Brillouin zone. With increasing In
concentration in In,Ga,_, alloys (Figure 13e(f for x = 0.5 and
1, respectively), both ARPES and DFT calculations show the
Fermi level shifts downward and the pocket of states located
around the K point also shrinks. Additionally, the correspond-
ing interband transition energies along the K—M high-
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symmetry path, which are marked with black arrows in the
band structures, decreases as the In concentration increases.

One of the ultimate goals of 2D materials research is to realize
their ;)ractical applications, such as elegtrocatalysis,159 sens-
ing,'""’~'" and photodetection.'”*”""> All 2D materials
inherently have large surface area to volume ratios granting
them relatively high sensitivity to adsorbed molecules. This
makes them good candidates for sensing devices as well as
electrocatalysis.”>” In addition, 2D materials are generally
flexible, and several interesting properties can be observed
when these systems are put under strain. The ultimate
thinness, dangling bond free surfaces, and unique electronic
and optoelectronic properties of 2D materials offer an excellent
platform for ultrasmall and energy-efficient devices. This opens
the door to interesting applications in neuromorphic
computing and information security. Thus, in this section we
review recent advancements in straintronics, 2D transition
metal oxide (TMO), and its role for devices, sensing, and
artificial intelligence related applications.

Strain engineering has long been used in 3D-bonded materials
like silicon to engineer higher mobilities into commercial
transistors. 7 71%% In fact, strain engineering in electronics is so
widely utilized in modern micro/nanoelectronics that almost
all transistors since the 2004-era have some amount of strain
engineering built into them.'”” Despite the ubiquity of
engineering strain in Si-based electronic devices, there is
much less focus on using the strain degree of freedom to
engineer favorable properties into 2D-bonded materials in
devices. To date, most strain in 2D materials utilizes
macroscale techniqoues such as stretching 2D materials on
flexible substrates,”’"">%* inducing controlled buckling,zo‘}"zo4
or bulge testing.””> Many of these techniques are incompatible
with the large-scale integration of 2D devices on-chip or may
not have the level of device-by-device strain tunability that
exists in industrial CMOS processes today. One crucial
example from CMOS is the selective application of either
tensile or compressive strain to enhance electron or hole
mobility in n-channel MOS (NMOS) or p-channel MOS
(PMOS) transistors. Additionally, early works on 2D focused
on a narrower set of materials such as semiconducting TMDs
and graphene for bandgap engineering or optical engineering
applications.

Recently, there has been significant effort from both
directions to find more sophisticated techniques to strain
engineer 2D materials at the device level, as well as finding new
types of applications unique to 2D strain engineering.
Particularly, there has been a drive to add a level of strain
controllability that reaches the level of sophistication that
already exists in modern transistor processes. This includes
utilizing the same techniques available to 3D strain engineering
processes, such as lattice mismatch epitaxy or process induced
stressors, but similarly can encompass other techniques like
nanopillar induced strain that can only exist in 2D materials.
Engineering for large and controllable strain magnitudes, large
strain gradients, and controllable strain directionality, all while
being able to implement these techniques on the device-by-
device basis will become highly important as more densely
integrated 2D device applications begin to emerge. On the
applications side, the underutilized strain degree of freedom
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Figure 14. 2D Straintronics. (a) SEM and AFM imaging of nanopillar induced strain on graphene, leading to large on-chip defined pseudomagnetic
fields. Adapted from ref 212. Copyright The Authors, some rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 license
http://creativecommons.org/licenses/by-nc/4.0/. Reprinted with permission from AAAS. (b) Optical micrograph and corresponding Raman
spectroscopic mapping of strain induced by thin film stressors applied to MoS,. Adapted with permission from refs 208, 215. Copyright 2021 IOP
Publishing and 2021 American Physical Society. (c) SEM imaging of MEMS-based actuation device for on-chip induced strain engineering of
MoS,. Corresponding Raman and photoluminescence spectroscopic evidence of strain induced by device. Adapted with permission from refs 217,
222. Copyright 2019 IEEE Xplore. (d) Device schematic of 2D piezoelectric field effect transistor, along with conceptual representation of
combining static and dynamic strain. Corresponding gate controlled electrical measurements showing strain induced phase transitions induced by
piezoelectric gating. Adapted with permission from ref 225. Copyright 2019 Springer Nature.

has significantly more power in 2D-bonded systems than in
conventional 3D-bonded strain engineered systems. For
example, the number of materials available to engineer is
larger, since we do not have substrate epitaxial constraints to
consider. Similarly, the potential for dynamic control of strain
in 2D systems is significantly easier for the same reason,
utilizing MEMS-based devices or piezoelectric materials
constructed through vdW epitaxy instead of traditional epitaxy.

Static strain of 2D materials now differs from previous
generations in that a higher degree of strain control is
necessary to achieve some of the desired effects. Two recent
methods highlight this higher de(gree of control well:
nanopillar-induced strain (Figure 14a)*°**°” and process-induced
strain engineering with stress capping layers (Figure 14b).*%°
In nanopillar induced strain engineering, 2D materials are
transferred onto nanometer scale pillars prepatterned into the
substrate to induce a large amount of strain at well-defined
locations on-chip.”>**” This was a necessary innovation for
certain applications such as 2D single photon emitters, where
strain localizes excitonic behavior.””~*'' In this method, a
large amount of control is given to exactly where strain is
applied, and large strain gradients are generated to be used for
applications. Nanopillar induced strain gradients have also
been used to generate large pseudomagnetic fields in
transferred graphene,”'””"? leading to device scale control
over valley selective transport. The fundamental hurdle this
technique overcomes is the well-defined placement of strain
on-chip, which can now be prepatterned into substrates for on
demand use in applications.

Similarly, recent results have shown that depositing stressed
thin films onto 2D materials can induce strain transfer into the
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2D material itself (Figure 14b).>**'**'> This technique relies
on the fact that thin films typically have some amount of
process induced stress from deposition, and this stress can
relax by transferring strain into the 2D material. This has been
shown to be controllable in magnitude by varying film stress as
well as controllable in type (uniaxiality vs biaxiality) and
directionality through lithographic patterning.”'® Process
induced strain engineering was one of the first methods used
in the 90 nm technology nodes to strain engineer Si-based
MOSFETSs, which shows that these concepts are directly
transferrable to integrated 2D systems (including the benefits
of device-by-device application and nanometer scale scal-
ability). These concepts can be used in a similar way to
nanopillar induced strain to induce strain gradients which also
have an excitonic funneling effect as well. Electronic devices
such as 2D field effect transistors have also been demonstrated
using this strain engineering technique.216

A significant benefit of using 2D materials for strain
engineering is the ability to create devices where dynamic
control of strain is available, by using either MEMS-based
devices”'”~*** (Figure 14c) or piezoelectric gating”* ~***
(Figure 14d). These concepts were available in 3D-bonded
systems, but the epitaxy constraint for growing high quality
single crystalline versions of these 3D-bonded materials limited
the number of materials available to dynamically tune strain.
Many past experiments focused on macroscale dynamic
control by bending flexible substrates with attached 2D
systems, but these are global techniques that involve
macroscale actuation. Recently, MEMS-based devices have
offered both dynamic and device-level control over strain in
2D materials. MEMS resonators have been used to
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Figure 15. Atomic structure and characterization of MoO;_, monolayer (1L). (a) side view of MoO;, layers grown on HOPG. The height of 1L
MoO; including vdW gap is marked (6.9 A). (b) HRTEM image and typical fast-Fourier transform pattern of a single-domain MoO+_, sheet. Red
solid and dashed circles indicate first and higher order diffraction spots of orthorhombic MoO5_, (3.89 X 3.67 A?), respectively. Blue circles mark
first order diffraction spots of HOPG flake. (c) Reduction of 1L MoOj;: Mo 3d core-level XPS spectrum measured at an exit angle of 60° wrt the
surface normal; experimental data (points) and a curve-fit with a two-component Gaussian-Lorenzian profile (black line and shaded areas)
corresponding to Mo®" (blue) and Mo>* (red) in approximately a 95:5 ratio. (d) Electronic properties of monolayered MoO;.,: He I UPS,
secondary electron cutoff region of HOPG (black), and MoO,_,/HOPG (blue and red, the latter taken after air exposure). The arrows indicate
work function increase after MoOj5_,, deposition (blue) and reduction after air exposure (red). LDOS varying with number of MoOj_, layers: (e)
STM topography (top panel)/LDOS map (bottom panel) show a MoO,_, island containg monolayer (1L), bilayer (2L), and trilayer thickness
(3L) (Vi = 1.5V, I = 100 pA; LDOS displayed at —1.3 V). At LDOS map, black color corresponds to low value of LDOS, while yellow color
corresponds to high LDOS. The lateral profile in the inset corresponds to dashed line across the topography and reveals a thickness of ~6.8 A for
each MoOj_, layer. (f) dI/dV curves for 1L (black), 2L (blue), and 3L (red) recorded in three square regions marked by respective colors at LDOS
map; and dI/dV curve for 1L taken after air exposure (dashed line). Adapted with permission from ref 250. Copyright 2021 IOPScience.

demonstrated strain induced magnetic effects,”® and other

MEMS devices have demonstrated the strain tunability of 2D
single photon emitters.””* More sophisticated MEMS-based
devices using microscale actuators have been used to
dynamically control strain in transferred MoS, up to strains
as high as 1.3%.”"” Another technique that allows for device
level control of dynamic strain is combining 2D materials with
piezoelectric materials. The piezoelectric serves as the gate
dielectric in a transistor-like structure, where gate voltages
would be able to control strain in any attached 2D material.
This is convenient due to the scalability and the wide-scale
adoption in piezoelectric and ferroelectric dielectric device
materials in Si-based processes such as HfO, based ferro-
electrics,*>7>*° as well as advances in 2D membrane
piezoelectrics and ferroelectrics (Figure 14d).”*'~*** Piezo-
electric gating has been used in the past to control the optical
properties of MoS,,”*° but recently it has been used in more
applications such as the strain tuning of single quantum
emitters in 2D materials.”””*****'7*** A disadvantage of
piezoelectric or ferroelectric gate control of strain is that the
magnitude of controllable strain is small (~0.2%). Recently,
the combination of the previous sections’ static strain
engineering techniques with piezoelectric strain has signifi-
cantly extended the range of 2D strain tuning. Process induced
strain from thin film stress capping layers can be combined
with piezoelectrics to move to the most strain sensitive point in
the 2D phase diagram, where dynamic control of strain can
induce large effects. This has been demonstrated in MoTe,
where a combination of static and dynamic strain was able to
induce a phase transition from the semimetallic 1T phase of
MoTe, to a semiconducting phase with respect to strain
applied dynamically with a ferroelectric gate.”*> This concept
of “strain-biasing” may be applied to more 2D materials to
create a wider set of strain tunable 2D systems.
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Many TMOs belong to a group of materials with high work
function, including MoO; (6.9 €V), MoO, (5.9 eV); ReO; (7
eV), Re,0; (5.0 eV); WO, (6.8 eV), W0, (6.4 eV); or
V,0; (6.8 eV), and lower work function of V,0; (4.9
eV).”*7**7 Naturally layered TMOs such as @-MoOj; possess
practical attractiveness and potential technological benefits as
they retain their bulk properties while in the 2D form.”**~***
Additionally, the properties of layered TMOs can be strongly
modified by defects, which can turn TMOs from wide gap
insulators to conductors by reducing oxidation state of
metal.”*® Molybdenum oxide plays an important role in
numerous applications, ranging from catalysis, gas sensors,
batteries, nanoelectronics, to future twistronics.”**** Its high
work function is also desirable for flexible organic electronics,
such as utilizing a MoOj thin film as a hole injection layer
(HIL) on graphene-based anodes.**>*** The synthesis of
mono- or few-layered MoOj films has been achieved by several
bottom-up methods. Among them, the most common one is
thermal evaporation, either in air’*** or in UHV,****? as
well as oxidation of Mo metal films.”>'~**° Stoichiometric
MoO; ultrathin film can also be made by carrying out post-
growth anneal in an oxygen environment on Mo and MoOj_,
films.”*”**" Due to the prospective applications of MoOj_,/
graphene heterostructures in flexible electronics, the studies of
the electronic structure of monolayer (1L) MoO;, on
graphene at the nanoscale in a controlled environment (e.g.,
ultrahigh vacuum vs air) are essential to understand their
versatile properties. Monolayered MoOj is defined as a single-
layer of octahedrons, which corresponds to half of a unit cell of
bulk a-MoOj (in b direction) with a thickness of 6.9 A (Figure
15a). A recent study that investigated a-MoOs;_, by Kowalczyk
et al. shows that crystalline 1L MoOj; in orthorhombic phase
can grow directly on highly oriented pyrolytic graphite
(HOPG)™° (Figure 15b and e), which is in stark contrast to
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Figure 16. Atomically thin MoO,., fabricated by top-down oxidation for memory device and FET. (a) UV—ozone oxidation of wafer-scale MoS,:
atomic oxygen produced during ozone generation and decomposition reacts with MoS, and converts it to MoOs_,. (b) Optical image of a 1L MoS,
film grown on a 2 in. sapphire before 30 min of UV—ozone oxidation at 120 °C. (c) The same MoS, film becomes transparent after UV-ozone
oxidation. (d) Schematic of nonvolatile resistive switching memory based on 1L MoOj_,. (e) Representative I-V curve of the device. Top electrode
area is 15 X 15 um? (f) Energy band diagrams showing the transition in the Ey toward the valence band after oxygen plasma treatment since the
TMO is an electron acceptor that introduces p-type doping in TMD. (g) Schematic of a FET of TMO/TMD heterostack. Top two layers of TMD
are converted into TMO by oxidation. (h,i) The transfer characteristics of 3 nm MoS, flake and 7 nm WS, flake before and after oxygen plasma for
75 s is applied show that p-type conduction is enhanced for both cases with TMO capping. (a—e) Adapted from ref 259. Copyright 2022 American
Chemical Society; (f—i) adapted from ref 258. Copyright 2021 American Chemical Society.

metastable MoOs . layers”**** previously seen in the

literature. The thermally evaporated 1L to few-layer MoO;._,
domains were subsequently used with various surface
techniques in UHV to elucidate their intrinsic properties on
the mono- to few-layer level (Figure 1Sc—f). The chemical
composition measured by XPS shows slightly reduced MoO;_,
x &~ 0.03 (Figure 15c). Such a small change in the oxygen
content can change their electronic properties significantly by
creating gap states within the intrinsic MoO; bandgap (~3.3
eV). Figure 15e depicts scanning tunneling microscopy (STM)
topography in the top panel with thickness profile in the inset
(~6.8 A for each layer) and a corresponding scanning
tunneling spectroscopy (STS) map in the bottom panel that
reveals the local density of states (LDOS) in each thickness.
Although the apparent bandgap is narrower (0.4 eV) due to
the presence of gap states for the first three layers of MoO;_,,
on HOPG (Figure 15f), the electronic structure of 1L MoO4.,
remains distinguishable from those of the thicker layers,
indicating that the 1L MoO;_, suffers from a higher defect
density (likely oxygen vacancies in this case) due to inferior
structural stability. Furthermore, the air exposure leads to
closing of the apparent bandgap due to physical absorption
and/or chemical reaction with the ambient molecules. The
effect of air exposure is also clear in reduction of the work
function from 5.7 to 4.7 eV (Figure 15d). To conclude,
nonstoichiometric MoO; (MoO;_,) can be simply grown on
graphene and other vdW substrates to provide their high work
function and good electrical conductivity to relevant
applications without growing more than 1L thickness.
Needless to say, 2D TMOs will be technologically important
for nanoelectronics, memory, sensors, and heterogeneous
integration with other 2D materials because their high
surface-to-volume ratio and thickness-independent electronic
properties are essential for device scaling, low-power
electronics, and high photon and gas sensitivity.”**”>*" To
realize its practical applications, it is necessary to have
techniques that can prepare scalable and highly uniform 2D
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TMOs. So far, standard thin-film depositions (PVD, PLD,
CVD, and MBE) can synthesize large-area MoOj_, atomically
thin films. However, it is challenging to produce uniform 1L
MoO;_, films larger than a few tens of micrometers using these
bottom-up approaches.”*” This scalability issue for 1L MoOs_,
can be addressed by the conversion of 1L MoS, into 1L
MoO;_, using oxygen-plasma and UV-ozone oxidation.
Oxidation is a common way for the functionalization of 2D
materials that can be achieved in ambient conditions. Recently,
Alam et al. Report the conversion of a wafer-size MoS, film
grown on sapphire by MOCVD into MoO;_, film using atomic
oxygen generated by UV-ozone to strip off sulfur constituents
and fill oxygen atoms into the vacancy (Figure 16a).”>” A
uniform 1L MoO;_, film across the entire 2 in. wafer can be
made by this way within 30 min based on the optical image
contrast (Figure 16b,c) and other characterization performed
in the paper.”” Besides as HIL for organic electronic
components, MoO; has been widely used as an active layer
in nonvolatile memory devices utilizing resistive switching
phenomena.”*”*" It can switch between a high-resistive state
(HRS) and a low-resistive state (LRS) with an external bias for
information storage. The authors transfer 1L MoS, onto a
prefabricated bottom electrode and convert MoS, into 1L
MoO;_, before deposit the top electrode to complete the
resistive-switching device (Figure 16d).>*° The switching
behavior shows SET voltage at ~1 V where the device
transitions from HRS to LRS and RESET voltage at ~ —0.5 V
where the device is switched back to HRS from LRS (Figure
16e), confirming the resistive-switching property is intrinsic to
MoO;_..>*" Unlike its bulk TMO device counterpart, nano-
meter MoO;_, based nonvolatile devices does not need the
forming process to establish a conductive filament. Addition-
ally, its small switching voltage (<1 V) and large ON/OFF
ratio (>107) can inspire further investment on ultrathin flexible
memory and neuromorphic computing. The same oxidation
approach can also be used for modifying TMD-based field-
effect devices in the form of channel property modification,
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Figure 17. Laser writing of electronic devices in MoS,. (a) Schematic depicting the laser process of converting amorphous MoS, film on a glass
substrate, (b) phase map illustrating laser intensities and exposure times at which the various phases are prevalent, where the intensity of the color
refers to the relative intensity of the most prominent Raman peak, (c) optical image of laser-written lines, (d) conductivity of S mm? regions of each
phase using four-point resistance measurements, (e) laser-written serpentine resistor and (f) comb capacitor using MoO, and MoOs, and (g) laser-
written gas sensor with 2H-MoS, channel region, MoO, contacts, and MoOj insulating regions. Adapted with permission from ref 267. Copyright

2021 Elsevier.

dielectric interface engineering, and contact engineering, to
name a few.”**>*’ The high work function (5.8 eV or above) of
2D TMOs can compensate the intrinsic n-type device behavior
of MoS,, MoSe,, and WS, field-effect device caused by a high
density of sulfur or selenium vacancy.”***°**** For example,
the Fermi level (Eg) of a pristine MoS, device can shift toward
the valence band after its channel is treated with oxygen plasma
and covered with TMOs (Figure 16f).>***® Wali et al. showed
that TMO/TMD hybrid field-effect transistors (FET) can be
fabricated on existing TMD FET with 7S s oxygen plasma
treatment (Figure 16g). With a mild plasma operating at room
temperature, oxygen diffusion usually stops in the second layer
where a diffusion barrier forms. The preplasma transfer
characteristics of MoS, and WS, FET show largely n-type
behavior with very little p-conduction. On the other hand, the
data of post-plasma transfer characteristics shows the threshold
voltages for both p-and n-conduction have shifted toward 0 V
and the transfer characteristics become ambipolar, indicating
their Eg. shifts toward the midgap and valence band after MOj_,
and WO, _, form on the remaining MoS, and WS, channels
(Figure 16h,i).”>® In this section, we briefly discuss the
synthesis, fundamental properties, and device applications of
2D TMOs using MoOs_, as an example. More about its usage
for sensor and artificial intelligence application as well as a
different preparation approach will be introduced in the
following sections.

The rapid development of electronics for wearables and
Internet of Things (IoT) has pushed forward the need for all
types of sensors to detect chemical exposure, physiological
conditions, exposure to viruses, and other environmental
factors.'"”’~'"* In sensor platforms, graphene and other 2D
materials have become an increasingly interesting candidate
due to their multifunctional and tunable properties. Namely,
the high surface to volume ratio, mechanical strength and
flexibility at the ultimate materials scaling limit, unique
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transport characteristics, tunable optical properties, control-
lable surface sites, and the potential for simple device
fabrication in contrast to 1D and 3D counterparts have
captivated researchers and engineers alike.”**

Sensor systems and components built around 2D nanoma-
terials rely on both commercially viable manufacturing
strategies, as well as the development of new processes to
take advantage of low cost or single use sensor platforms.
Techniques such as laser-induced graphene*® have pushed the
electronics fabrication community to consider laser-based
synthesis and transformation methods that can even be
performed beyond the visible limit.”® One technique
pioneered by Austin et al,**” refers to a “transformative”
manufacturing approach in which a 514 nm laser is used to
locally modify the chemistry and structure of amorphous MoS,
as depicted in Figure 17a. By adjusting the laser power and
exposure time, a phase diagram can be constructed which
results in the controllable formation of 2H-MoS,, MoO,,
Mo,O,;, noncrystalline MoO;, and crystalline MoO;, as
depicted in Figure 17b. The chemical or structural trans-
formation occurs locally wherever the laser spot has interacted
with the sample (Figure 17c), and the resultant electronic
properties exhibit insulating (MoOs;), semiconducting (2H-
MoS,), and conducting (MoO,) behavior (Figure 17d).
Similar to additive manufacturing, these phases can be easily
patterned to create devices that are critical in constructing
electronics circuits. Passive resistor and capacitor elements
shown in Figure 17ef utilize the conductive MoO, and
insulative MoOj; to construct serpentine resistors and comb
capacitors with tunable device performance based on the
device geometry. Active circuit elements such as gas sensors
(Figure 17g) are also possible with this method by
incorporating a semiconducting 2H-MoS, channel region,
with devices able to detect sub-10 ppm concentrations of
ammonia gas. This manufacturing approach is an example of
new strategies that create devices fabricated via unconventional
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Figure 18. Real-time impedance approach toward ultrasensitive TMD nanoflake sensors. (a) Schematic and SEM top-side view of TMD nanoflake
devices, (b) schematic of flake interactions including interflake resistance, intraflake resistance, and interflake capacitance; (c) intraflake resistance
(blue) and interflake capactitance (red) at various NO, concentrations with image of solution processed MoS, nanoflake film on a multiplexed
sensor chip; (d) empirical 1 ppb response to NO,; and (e) demonstrated flexible device with inset image of drop-casted MoS, flakes and patterned
graphene electrodes. Adapted with from ref 270. Copyright 2021 John Wiley & Sons Inc.
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Figure 19. Overview of hardware-based neuromorphic, smart sensing, and security applications for 2D materials. (a) Schematic representation of
an artificial neural network (ANN) architecture, where neurons (computing primitives) are connected using synapses (memory elements), and
schematic of a graphene memtransistor which can be used as an artificial synapse to realize ANNs. Adapted with permission under a Creative
Commons CC-BY License from ref 283. Copyright 2020 Springer Nature. (b) Schematic representation of a Gaussian synapse, based on dual-gated
MoS, and BP, and its transfer characteristics, which is used to implement a probabilistic neural network (PNN). Adapted with permission under a
Creative Commons CC-BY License from ref 277. Copyright 2019 Springer Nature. (c) Schematic representation of the auditory cortex of a barn
owl mimicked using split-gated MoS, FETs, following the Jeffress model of sound localization. Adapted with permission under a Creative
Commons CC-BY License from ref 278. Copyright 2019 Springer Nature. (d) Schematic representation of a collision detector using
multifunctional MoS, FET used to sense looming objects and mimic the nonmonotonic escape response of the lobula giant movement detector
(LGMD) neuron in locusts. Adapted with permission from ref 279. Copyright 2020 Springer Nature. (e) Optical image and corresponding transfer
characteristics of graphene-based physically unclonable function (PUF). The analog currents obtained from 8 graphene field effect transistors can
be used to construct challenge response pairs (CRPs) for encrypting information. Adapted with permission from ref 280. Copyright 2021 Springer
Nature. (f) Schematic showing the oxidation of a TMD to a TMO when exposed to mild oxygen plasma. Though this process will alter the
electrical properties of the TMD/TMO heterostructure, the optical appearance will not change. Resistors, diodes, and transistors fabricated from
camouflaged TMO/TMD heterostructures will thus be indistinguishable from one another, obfuscating attempts to reverse engineer integrated
circuits composed of these devices. Adapted from ref 258. Copyright 2021 American Chemical Society.

ways, and techniques including additive and laser manufactur-
ing will continue to push the boundaries of low cost,

multifunctional device design.
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While manufacturing strategies can provide for 2D material-

based devices at scale, rethinking sensor constructs to take
advantage of these new paradigms will be increasingly
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important. Traditionally in 2D chemical sensors, the
interaction between the 2D material and analyte is monitored
using DC resistance, which is then correlated to device
concentration. In recent work by Moore et al,>’® a real-time
impedance approach was developed that demonstrates an
absolute limit of detection of 63 ppt in an unannealed solution-
processed MoS, nanoflake film, as depicted in Figure 18a. The
impedance approach relies upon performing a frequency sweep
at every data point and fitting the signal to a circuit model that
accounts for three key elements within the nanoflake system:
intraflake resistance, interflake capacitance, and interflake
resistance (Figure 18b). In doing so, the real-time impedance
approach bypasses the traditionally dominant interflake
interactions and specifically extracts intraflake doping effects
due to the analyte bound to the surface. By isolating just the
individual components, as depicted in Figure 18c, an empirical
detection limit of 1 ppb is easily measured with an extrapolated
limit of detection of 63 ppt (Figure 18d). Additionally, an all-
solution processed printed 2D sensor was demonstrated on a
flexible Kapton substrate with graphene contacts and an MoS,
active layer (Figure 18e), highlighting the utility of unconven-
tional processing in fabricating low cost, high performing, and
versatile sensors from 2D nanomaterials.

Physical separation of logic and memory, fundamental to
traditional von Neumann computing, has slowed the growth in
computation power of state-of-the-art Si processors. This
struggle has been further aggravated by the demise of energy
and size scaling of Si-based CMOS technology, prompting
investigation of alternate computing methods. Neuromorphic
computing has emerged as a potential game changer, deriving
inspiration from biological neural networks where neurons
(computing primitives) and synapses (memory elements) are
colocated in a massively parallel and distributed architecture to
perform complex computation with unprecedented energy
efficiency.””"”’* Transformations are already taking place
within the semiconductor industry to support neuromorphic
computing, with the success of IBM’s TrueNorth®”* and Intel’s
Loihi*”* demonstrating the efficacy of these efforts. Integration
of sensing platforms with such neuromorphic computing
platforms can potentially lead to the development of so-called
“smart” sensors (i.e., sensors capable of receiving stimuli as
data, interpreting it, and acting on it), a key step in the
realization of hardware-based AL

2D materials have captured significant attention as viable
candidates for realizing neuromorphic computing. They
possess an ultrathin body nature that enables aggressive
scaling, pristine surfaces without dangling bonds that enable
near ideal interfaces for tight electrostatic gating, and unique
electronic and optoelectronic properties that enable energy-
efficient, bioinspired computing primitives.””* Additionally,
these multifunctional materials are transparent, flexible, and
printable, making them attractive for smart wearable
electronics and optoelectronics,275’276 a significant area of
interest for the implementation of low-power neuromorphic
hardware.

Simply put, neuromorphic computing entails replicating the
complex chemical behavior of synapses and neurons. Arnold et
al. successfully captured various aspects of neurotransmitter
release, including quantal, stochastic, and inhibitory/excitatory
release, in a synapse using hysteresis engineering in back-gated
MoS, field-effect transistors (FETs).””' From these inter-

472

actions, synaptic plasticity (i.e., the ability for the strength
(weight) of a synapse to be modulated upon experiencing
synaptic activity) can be observed. This phenomenon serves as
the basis for most forms of artificial neural networks (ANNs),
which learn by modulating the synaptic weights assigned to the
connections between various artificial neurons and thus
reconfiguring the overall connectivity of the network, as
shown in Figure 19a.”** The programmable conductance/
resistance states of analog resistive random access memory
(RRAM) devices, or memristors, have already been used to
mimic synaptic weights, with voltage pulsing taking the place
of biological synaptic activity. However, these are two-terminal
devices based on physical mechanisms and thus suffer from
issues such as destructive read operations and inherent
stochasticity. Through the addition of a modulatory gate
terminal, synaptic transistors (memtransistors) fabricated from
2D materials have demonstrated several advantages over
typical memristors, such as read/write decoupling, greater
wei £13t 2ggntrollabi]ity, and more complex neuron mimi-

Successfully mimicking the chemical behavior of synapses
and neurons enable replication of the neural architecture using
various ANN architectures. An ANN based on 2D ReS,
synaptic charge-trap FETs demonstrated long-term potentia-
tion (LTP) and long-term depression (LTD) with 120 distinct
conductance states and was successfully able to implement
facial recognition operations.”””> Note that while most ANNs
draw inspiration from the hierarchical structure of biological
neural architecture, there are key differences between them.
Biological neural architecture encodes analog information
using stochastic binary spike trains, while the traditional ANNs
work with analog information in continuous time. Con-
sequently, spiking neural networks (SNNs) that operate with
stochastic binary spike trains have gained significant attention.
A key aspect of SNNs is to encode analog information into
spike trains, which has been demonstrated using a dual-gated
MoS, FET.” This versatile encoder can replicate neural
encoding algorithms such as rate-based, spike timing-based and
spike count-based encoding, with low energy consumption.
The encoder was also used to implement a SNN to classify
MNIST data sets. Probabilistic neural networks (PNNs) are
another class of ANNs, albeit inspired by mathematical
algorithms rather than neural functions. Here, probability
density functions (e.g., Gaussian function) are used to define
the probabilities of various classes, which can be used for
classification tasks. A Gaussian synapse has been demonstrated
using heterogeneous integration of dual-gated MoS, and black
phosphorus (BP) FETs, as shown in Figure 19b, for the
realization of a PNN to classify brainwave patterns.”’” The
Gaussian synapse demonstrates dynamic tunability of the
amplitude, mean, and standard deviation, enabling complete
control over the Gaussian function.

Tapping into the full potential of the brain also involves
mimicking unique functionalities of complex systems in the
brain such as the visual and auditory cortex. They work as
coherent units combining highly efficient sensory organs and a
powerful cortex to gain information and perform computations
for decision making and other relevant tasks. The superior
auditory cortex of a barn owl which enables it to hunt in
complete darkness is mimicked by implementing the Jeffress
model of sound localization, as shown in Figure 19¢ with a
MoS, FET with nanogapped split-gates.””® The unique
geometry for the nanogapped split gates is used for the path-
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length based coincidence detection of the signals from the
right and left terminals (representing ears), to determine the
direction of the signal. Optical detection can be achieved in a
similar manner by exploiting the photosensing capabilities of
2D materials. In 2020, Jayachandran et al.””’ successfully
demonstrated a 2D collision detector, shown in Figure 19d,
utilizing a MoS, photodetector to mimic the escape response
of lobula giant movement detector (LGMD) neurons in
locusts when presented with looming visual stimuli. Dodda et
al.”*® later demonstrated that optical detection via 2D (MoS,)
photodetectors can be enhanced through stochastic resonance,
a mechanism utilized by organisms such as paddlefish to locate
obscured food sources. In this work, the addition of Gaussian
white noise to a signal allows for otherwise undetectable signals
to surpass a given detection threshold, enabling accurate, low-
power signal detection.

Even with a shift toward neuromorphic computing
architectures, the security of everyday devices will remain a
paramount concern. With increasing device connectivity and
the advent of the IoT, most of these devices will communicate
wirelessly through the Internet, where malicious adversaries
can easily intercept communicated information due to
advancements in computing power, machine learning attacks,
etc.’°>%® However, for these devices to retain the desired
energy efficiency of neuromorphic computing, similarly energy-
efficient security approaches are necessary. For decades,
physically unclonable functions (PUF) have been proposed
as a promising solution to support secure and reliable security
solutions in information security.””” PUFs exploit natural
variations in the physical microstructures of the actual
hardware component and their complex interactions with
various physical stimuli, such as voltage, magnetic field, light,
etc, to produce a unique and unpredictable result, which
repeats every time the same stimulus is applied to the same
microstructure but varies drastically among different micro-
structures. Uncontrollable and unavoidable physical process
variations that exist in Si CMOS fabrication have also been
used to generate unique signatures for integrated circuit (IC)
authentication. PUFs that are based on Si CMOS technology
are slowly saturating in development and are vulnerable to the
new machine learning models due to their sufficiently low
entropy and lack of reconfigurability. Novel material-based
PUFs such as carbon nanotube (CNT),**>**" organic block
polymers,”*>~°* phase change materials,***** and memris-
tors’**% have gained much attention due to their intriguing
properties, but they are still limited in terms of energy
efficiency, ease of fabrication, reliability, and reconfigurability.
A recent report on graphene-based PUF, shown in Figure 19e,
demonstrates a highly reliable, robust, energy-efficient,
reconfigurable, machine learning resilient security solution by
harnessing the inherent disorders associated with carrier
transport originating due to the transfer and growth of the
CVD graphene.”*

Apart from information security, an emerging challen%e that
is affecting IoT systems is “hardware security”.”?”*""
Aggressive scaling of the semiconductor to deep submicron
levels has led to the globalization of IC manufacturing due to
the complexity and multifunctionality of the IC chip. In turn,
this has led to the physical intervention of untrusted entities
directly or indirectly during the life of the manufactured IC,
thus hampering chip security. One of the magor hardware
security threats is reverse engineering (RE),309’3] a process to
identify the device technology, extract gate-level circuit layout,
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and infer the functionality of an IC. To thwart RE, IC
camouflaging has emerged as a hardware obfuscation method
that hides the circuit functionality. IC camouflaging primarily
involves fabrication of dummy contacts or threshold engineer-
ing through the alteration of channel doping. However,
camouflaging through CMOS results in either significant area
overhead or the risk of decamouflaging by satisfiability solver
(SAT)-based or automatic test pattern generation (ATPG)
attacks.>'13!? Acknowledging these limitations, Wali et al.
exploited the material properties of TMDs and their
corresponding TMOs to obfuscate device and circuit level
functionalities, as shown in Figure 19f, using TMO/TMD
heterostructures. Logic gates based on TMD/TMO hetero-
structures demonstrated resilience to SAT and ATPG attacks
laying a foundation for the next generation area and energy-
efficient security primitives.258

As discussed in the previous sections, recent research efforts
have been made on theory-guided synthesis of high
crystallinity, morphology-controlled novel 2D materials. Defect
engineering approaches have been demonstrated to control-
lably modulate their properties. Studies of emergent physical
properties and functional applications based on these beyond-
graphene 2D materials and heterostructures have also been
conducted, and it has been shown that 2D materials are not
only fundamentally attractive but also capable to serve as an
ultrasmall-scale platform for emergent device applications.
Although the studies summarized in our review only constitute
the tip of the iceberg, it is apparent that many exciting
breakthroughs have been achieved and are being achieved in
this field, and the combination of theoretical and experimental
studies has exhibited excellent capabilities for designing new
materials, optimizing material synthesis, and understanding
their properties and device performances. However, consider-
ing the relatively short history of 2D materials research and the
continuing emergence of novel 2D materials, many challenges
remain to be solved, which will require the continuing
collaboration of interdisciplinary efforts. Here we provide a
perspective on the research directions that may be pursued in
the future.

Computational studies have been conducted to predict the
intrinsic mobility in perfect and free-standing 2D materials, as
shown in Section 1.1. However, in reality, 2D materials possess
defects and are often in contact with environmental materials
such as dielectrics. Therefore, it is necessary to develop and
apply first-principles methods to study the defect scattering
and the environmental effects on the carrier transport and
other related properties. In addition, accurate calculations of
the mobility are computationally very expensive as they require
the evaluation of numerous scattering processes. Thus,
developing more efficient computation methods will be
valuable, especially for studying materials with many atoms
in the primitive cell.

As highlighted in Section 2, in recent years, a variety of in situ
and ex situ approaches have been designed to introduce atomic
dopants into 2D materials. Many of those approaches have
shown great robustness and generalizability, and thus can be
employed for incorporating a variety of dopants into 2D
materials. However, due to a wide range of potential atomic
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dopants (and even a combination of several types of dopants)
that can be selected, a huge amount of work and cost are
required to search for ideal doped 2D systems with desired
properties using the trial-and-error experimental approach. As
a result, theoretical calculations and material databases are
expected to play very important roles in screening doped 2D
materials with optimal physicochemical properties in fields
such as electronics, optoelectronics, catalysis, and spintronics,
which will further guide the experimental realization of novel
doped and codoped systems with intriguing properties.
Moreover, future work can be carried out toward a more in
depth understanding of the experimental process of doping, so
that the type, density, and spatial distribution of dopants can
be controllably tuned, and the capability of patterning dopants
within 2D materials can also be realized. With the joint effort
of theoretical and experimental scientists, it is anticipated that
controllable and on-demand doping of 2D materials can be
achieved in the near future.

The realization of next-generation optoelectronic devices,
memory elements, energy conversion platforms, and quantum
devices stringently demands material purity, complexity, and
scalability. For example, 2D materials and their derivatives
need to be synthesized and processed into appropriate
geometries over suitably large areas with extreme control
over interface and edge quality. Such demands present
scientists with a daunting task. Addressing these needs will
likely require not only rational chemical transformations but
also advanced in situ tools for manipulating material structure.
Ideally, these tasks should not be developed or carried out
separately but rather integrated as part of a dynamic platform
for on-demand materials “evolution”. In the future, materials
with tailorable chemistries are desired to be manipulated with
in situ optical, electronic, or thermal probes, for example, in a
gas-phase reactor with fiber-coupled laser source or in a
scanning transmission electron microscope.*’ Protocols for and
outcomes from chemical or physical manipulation of these
materials should be documented and curated in a database for
future mining and materials discovery by genetic algorithms.
New platforms for accelerated materials discovery are urgently
needed to catalyze the next frontiers of scientific discovery and
technology development.

As discussed in Sections 2.3 and 2.4, the numerous works on
the exploration of bilayer TMDs demonstrate the rich physics
behind those structures ranging from localized moiré excitons
acting as quantum light sources, correlations and emerging
quantum phases in flat moiré bands over hybridization, and
multivalley phenomena over correlations in degenerate exciton
ensembles. Minor changes in the structure such as twist angle,
material combination, dielectric environment, strain, and also
external stimuli such as electric fields, temperature, or optical
excitation power can completely change the material’s
properties. As an example, the manifold behavior (described
in detail in Section 3.3) is a result of various nearly degenerate
ground states and the coexistence of (classical) phases. Those
various phases make the interpretation of the experimental and
theoretical results challenging and the comparison of various
reports in literature difficult. At first glance some results and
interpretations might appear contradictory; however, those
discrepancies could be explained by the rich ground states and
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phases existing in TMD bilayer structures. Further studies on
improved interfacial quality, as well as fully charge- and field-
tunable heterobilayers, seem to be required to further explore
the fundamental properties of the many-body and correlation
physics to those artificial vdW crystals. Furthermore, interlayer
excitons and their ensembles hosting gate-tunable vdW
heterostructure are expected to be an interesting platform for
exciton-based programmable quantum technological applica-
tions in the future.

While the recent research advances highlighted in this review
are mainly from academic research, it is noted that several
industrial companies, such as Intel, IBM, TSMC, and Samsung,
have started to focus on 2D materials. Progress has been made
toward the wafer-scale growth of single-crystalline monolayers
interface,”*'>?'* contact engineering of 2D semiconductor-
based devices,”>™>'” and applications of 2D semiconductors
in electronics,”'®*'? optoelectronics,®*® and triboelectric nano-
generators (TENG).**! Considering that there are still barriers
for transforming 2D materials to commercially available
products, it is anticipated that joint efforts of academic and
industrial research will be continually made in the following
years. Possible directions include developing cost-effective and
scalable synthesizing techniques for electronic grade 2D
materials, establishing rapid, nondestructive methods for the
evaluation of material quality and production yields, and
continuing the 2D device research until the device perform-
ance meets the industrial and commercial standards, etc. These
efforts are very important for bridging the gap between
academia and industry and eventually moving 2D materials
from the laboratory to practical applications.
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