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ABSTRACT: This review discusses recent advances and future research priorities in the

transition-metal dichalcogenide (TMD) field. While the community has witnessed
tremendous advances through research conducted on two-dimensional (2D) TMD crystals,
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it is vital to seek new research opportunities beyond developed areas. To this end, in this
review we focus principally on articulating areas of need in the preparation and analysis of
TMD crystals encompassing dimensionalities and morphologies beyond 2D. Ultimately, the
development of new synthetic methods to control key structural features of low-dimensional
TMD crystals (e.g., dimensionality, morphology, and phase) will afford access to a broader
range of breakthrough properties for this intriguing material class. We begin with a brief
overview of the evolution of 2D TMD research, discussing both the synthetic methods that
have enabled the preparation of these materials and the manifold properties they possess. We focus the bulk of our review on
discussion of recent advances associated with 1D TMD crystals, which are often referred to as TMD nanoribbons, and include a
discussion of recent efforts in 0D systems. We discuss synthetic strategies that have been developed to prepare such beyond 2D
crystals and highlight their unique physical and chemical properties. After reviewing the host of analytical tools available for
characterization of TMD materials, we identify future analytical instrumentation needs. We conclude with a discussion of the
prospects of beyond 2D TMD crystals in optoelectronics, catalysis, and quantum information science.
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Figure 1. Two-dimensional materials. (a) Visual representation of the fullerene, nanotube, and graphene allotropes of carbon. Reproduced with
permission from ref 19. Copyright 2007 Nature Publishing Group. (b) Band structures for graphene and silicene with the conduction band and valence
band highlighted red and blue, respectively. Reproduced with permission from ref 11. Copyright 2014 Royal Society of Chemistry. (c) Hllustration of
the band structure of MoS, illustrating its direct and indirect band edge transitions. Reproduced with permission from ref 1. Copyright 2010 American
Physical Society. (d) Illustration of vertically stacked phosphorene layers with axial and planform views of the lattice. Experimental and theoretical data
of the band gap energy in phosphorene as a function of the number of layers. Reproduced from ref 25. Copyright 2014 American Chemical Society.

1. INTRODUCTION

1.1. Scope and Outline of this Review

This review chronicles key developments in the transition-metal
dichalcogenide (TMD) field and advances several priorities and
goals for future research.

The goal of this review will be to curate recent efforts and
continuing areas of need in the preparation and exploration of
TMD crystals encompassing dimensionalities and morphologies
beyond 2D. Of particular importance, we feel, is the need to
develop new synthetic methods to control the principal
structural features of low-dimensional TMD crystals, including,
(i) dimensionality, (ii) morphology, (iii) phase, (iv) layer
number, and (v) layer orientation. Through controlled
manipulation of these features one could elicit unique optical
and electronic responses, valley-spin coupling, and moiré
effects.'™* In general, having direct and atom-precise mastery
over these and other low-dimensional materials will provide full
access to their breakthrough properties and technological
potential.

We begin with a brief history of the recent surge in research
effort in two-dimensional (2D) TMD materials and then
provide an overview of the status of the field from the standpoint
of the scientific impact that 2D TMD crystals have had on the
physics, chemistry, and materials science communities. We
briefly discuss the synthetic methods that have enabled the
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preparation of 2D TMDs and review the manifold properties
these materials possess. By design, our discussion of 2D TMDs
will be short and we direct the reader to a number of other
excellent reviews focused on crystal growth and property studies
of these 2D materials.” "'

Our review pivots to focus on a discussion of recent advances
in the area of TMD nanoribbons, or nominally 1D TMD
crystals. We discuss unique synthetic strategies that have been
developed to prepare such crystals and highlight their intriguing
physical properties. We also discuss research in the area of 0D
TMDs to further highlight the many efforts devoted to realizing
low-dimensional TMD platforms beyond 2D.

Finally, our review takes a holistic view of the research
prospects and priorities in the TMD field. Besides emphasizing
the need for breakthroughs in synthesis, we identify critical
needs in characterization capabilities which will fuel future
property discovery and analysis. We then discuss priority
research areas for TMD materials by highlighting how future
studies can build on the vast body of effort in optoelectronics,
catalysis, and quantum information science that has thus far
focused on 2D TMDs. The intent in this latter section is to
acknowledge the great strides made to-date while providing a
focused view of research opportunities unique to 1D TMDs.

https://dx.doi.org/10.1021/acs.chemrev.0c00505
Chem. Rev. 2020, 120, 12563—12591
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2. 2D TMDs: IMPACT, SYNTHESIS, AND PROPERTIES
2.1. Scientific Impact of 2D TMDs

Chemists, physicists, and materials scientists have been
captivated by two-dimensional (2D) materials for more than a
decade. After the discovery of an ambipolar electric field effect in
graphene in 2004,"” researchers spent the ensuing years
uncovering many other exceptional, and potentially technolog-
ically relevant, features of this material, including its unique
electronic structure, high electronic mobilitg, high thermal
conductivity, and optical transparency.'”"*™*" Geim and co-
workers envisioned a scenario where graphene could in principle
serve as the parent material from which numerous graphitic
forms of varying dimensionality can be derived, including
fullerene, nanoribbons, and nanotubes (Figure la)."” Inspired
by the impressive research progress in the graphene field,
scholars began to search for other 2D materials that could serve
as platforms for the investigation of new physical and chemical
phenomena. In short order, the 2D materials field expanded
through seminal reports and investigations of crystals of
transition metal dichalcogenides (TMDs), hexagonal boron
nitride (h-BN),*'~** silicene,'">* phosphorene,””® and other
2D graphene analogs.””~*° Band structure calculations identify-
ing unique changes in bandgap as a function of material
dimensionality and layer number in silicene, TMDs, and
phosphorene motivated the rapid expansion of research into
2D materials beyond graphene (Figure 1b—d)."""**

The last ten years have seen preparatory methods for 2D
TMD:s evolve from simple bulk exfoliation to advanced bottom-
up approaches involving solution- and gas-phase synthesis. The
discovery that MoS, manifests as a direct band gap semi-
conductor when isolated as a single 2D layer spurred a focus on
band engineering in 2D TMD materials through doping,
electrostatic gating, compositional grading, and the formation
of heterostructures." In addition to having a layer-dependent,
and therefore tunable, electronic structure, 2D TMDs exhibit
strongly bound excitons,” ~*° enhanced catalytic activity of their
edge states,”*™*' and novel spin/pseudospin degrees of
freedom.”**** Suppressed screening interactions in 2D TMDs
facilitate large exciton binding energies that are an order of
magnitude greater than in conventional semiconductors and are
linked with the diverse optoelectronic properties of these
materials.” The edge sites and activated basal planes of 2D
TMDs have been shown to be highly active toward catalysis of
the hydrogen evolution reaction (HER).>”**

The diversity of properties explored and exploited within the
family of 2D TMDs bodes well for future studies on TMDs
involving further synthetic manipulation to yield new crystal
morphologies, compositions, and dimensionalities.

2.2. Synthesis and Properties of 2D TMDs

The most widely used methods for synthesis of 2D TMDs
include mechanical exfoliation,* solution exfoliation,*® chem-
ical vapor deposition (CVD),"” metal—organic chemical vapor
deposition (MOCVD), and molecular beam epitaxy (MBE).**
Mechanical exfoliation of TMD monolayers can be accom-
plished through the use of scotch tape or through the adhesion
of deposited polymer (e.g,, poly methyl-methacrylate) thin films
to TMD crystals followed by etching of the growth substrate to
release said crystals.”” Though relatively straightforward and
effective at yielding large amounts of transferred TMD crystals,
mechanical exfoliation frequently induces damage to crystals
through tearing or unwanted buckling and can introduce surface
impurities. Solution exfoliation utilizes surfactants and ionic

species to disrupt the weak van der Waals forces holding
together the layers of the bulk TMD. Though it is a rapid
preparatory route for 2D TMDs, the resulting crystals typically
exhibit significant dispersity in size and quality and disordered
edges.”**°% In contrast, gas-phase synthetic techniques such as
CVD and MOCVD typically yield 2D TMD crystals with low
defect densities and more uniform size dispersions. However,
these methods are generally more laborious than exfoliation for
the production of single monolayers of 2D crystals. While MBE
techniques generally produce 2D TMD materials of excellent
quality, long synthesis times and the use of complex
instrumentation present challenges and some reports have
suggested that MBE-grown materials contain defects and
disorder that degrade electrical performance.”’ ~* Nevertheless,
recent advances in MOCVD have enabled wafer-scale growth of
uniform Mo$S, monolayers that exhibit high electrical perform-
ance when integrated within field effect transistor devices.>

Quantum size effects owing to the restricted dimensionality of
2D TMDs are central to the exceptional properties these
materials exhibit. Notably, the fact that the atoms of a TMD
monolayer are highly exposed offers exceptional opportunities
to tune the materials’ phase, composition, and electronic
structure through chemical doping, surface functionalization,
or through application of electrostatic potentials.'’ For example,
while the 2H phase is the primary MoS, polymorph, with a unit
cell having trigonal prismatic symmetry about the Mo atom,
intercalation by alkali metals can convert this phase to the so-
called 1T phase whose unit cell has octahedral symmetry about
the Mo atom. Such phase changes are notable because they can
be used to switch MoS, between semiconducting (2H phase)
and metallic (1T phase) states. In addition, 2D TMD materials
can be doped with guest transition metal or chalcogen atoms.
Finally, crystallite morphology (e.g., triangle, ribbon, and tube)
plays a powerful role in determining TMD properties.

Given their diverse array of unique chemical and physical
properties, and the potential to tune these properties finely, 2D
TMDs have served as a rich platform for investigation of a
multitude of research questions in optics, electronics,
spintronics, valleytronics, and electrochemistry. Eda et al.
reported photoluminescence (PL) from chemically exfoliated
single-layer MoS, flakes that was similar to that reported
previously in mechanically exfoliated films of MoS,."***” Scuri
et al. demonstrated that single-layer MoSe,,”® when passivated
by h-BN, can function as an electrically switchable reflective
surface or “mirror”. Such electrically tunable reflectance enables
the use of such 2D layered architectures as building blocks for
active optical cavities, modulators, and meta-surfaces. Wang et
al. have also demonstrated the precise confinement and
manipulation of electronic and excitonic excitations in a TMD
monolayer by controlling electronic disorder in a 2D MoS,
film,* with attendant implications for quantum computing
devices. In yet another demonstration of the importance of
controlling structural features of 2D TMDs, groups have shown
that grain boundaries in 2D TMDs can regulate transistor
channel current as a function of gate voltage and that such
structure—property relations can be harnessed to yield novel
field-programmable architectures.””®" Demonstrating the
chemical relevance of 2D materials, Voiry et al. reported the
enhanced activity of 1T phase WS, nanosheets toward catalysis
of the hydrogen evolution reaction (HER).® This performance
was attributed to the presence of strain-induced lattice
distortions.

https://dx.doi.org/10.1021/acs.chemrev.0c00505
Chem. Rev. 2020, 120, 12563—12591
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Figure 2. 1D/nanoribbon crystals prepared by top-down methods. (a) Graphene nanoribbon (GNR) device and plot showing the dependence of
GNR band gap on nanoribbon crystal width. Reproduced with permission from ref 79. Copyright 2007 American Physical Society. (b) GNRs obtained

from carbon nanotubes (CNTs) exhibit a “V”-shaped I, —

Vi, transport characteristic. Inset: AFM map of device; scale bar: 200 nm. Reproduced with

permission from ref 82. Copyright 2009 Nature Publishing Group (c) Monolayer MoS, nanoribbons obtained through scanning probe lithography
(SPL) exhibit appreciable field effect mobilities. Reproduced from ref 96. Copyright 2019 American Chemical Society. (d) p-type doped few-layer
WSe, nanoribbons obtained by oxidation scanning probe lithography (o-SPL). Reproduced from ref 94. Copyright 2018 American Chemical Society.
(e) Single layer MoS, nanoribbons patterned through helium ion-beam milling exhibit noticeable anisotropy in their Raman signatures. Reproduced

with permission from ref 95. Copyright 2016 Wiley-VCH.

The diverse structure—property relationships encompassed
by 2D TMDs motivates continued investments in the
development of synthetic strategies for control of the size,
morphology, phase, and nature of interfaces within these
crystals.

3. 1D TMDs: ACHIEVEMENTS AND FEATURES

3.1. Overview

It is well established that control over the dimensionality of
semiconducting materials provides an important pathway
toward unlocking new physical and chemical phenomena.®®
Transitioning from 2D to lower dimensionality (e.g,, 1D) can
elicit quantum confinement effects that in turn dictate key
material properties.””* For example, previous efforts have
demonstrated that 1D semiconductors (e.g, nanowires) can be
prepared using bottom-up chemical approaches and tailored to
exhibit a panoply of unique properties relevant to photonics,
electronics, spmtronlcs, catalysis, biophysics, and photovoltaic
energy conversion. 66=76 Moreover, shortly after graphene took
the condensed matter physics community by storm,'’ many
leading research groups directed their efforts to the preparation
and study of dimensionally restricted variants of graphene,
notably graphene nanoribbons (GNRs).”’~** In 2007, Han et al.
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observed that the band gap energy in lithographically patterned
GNRs can be systematically tuned by changing the GNR width,
thereby setting in motion a broad-based effort focused on
discovery of new low-dimensional condensed matter systems
(Figure 2a).”” Soon after, Dai and co-workers demonstrated a
highly tunable field-effect mobility in GNR devices (Figure 2
(b)).75082

Following the discovery that a single monolayer of 2D MoS,
exhibits a direct band gap,' many research groups developed a
keen interest in producing and examining nanoribbon-like
structures of TMDs. While the number of reports on the direct
synthesis of 1D TMD nanoribbons is significantly smaller as
compared to reports on preparation of 2D TMDs, several
theoretical analyses have indicated that 1D TMDs harbor
unique features that distinguish them from their 2D analogs.
These features result from the contribution and interplay of a
number of structural effects unique to 1D systems, including
lateral confinement effects, the strong influence of edge states
that can mediate key electronic transitions, and strain fields.
These structure-specific features have direct consequences on
the mechanical, electronic, optical, magnetic, and thermoelectric
properties of TMD nanoribbons. For example, Li et al. described
armchair MoS, nanoribbons as nonmagnetic,85 similar to single

https://dx.doi.org/10.1021/acs.chemrev.0c00505
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crystal bulk MoS,. In contrast, 1D MoS, nanoribbons with
zigzag edges exhibit metallic behavior,”® as seen in 2D MoS,
sheets.”” Notably, while 2D TMDs exhibit stable ferromagnetic
ground states, 1D TMD nanoribbons elicit an edge-dependent
magnetic behavior that renders the nanoribbons highly tunable
and therefore potentially more compelling as a platform for
magnetoresistive devices. A weak ferromagnetism has been
observed in multilayer 2D TMDs, with reports suggesting that
this magnetic behavior can be enhanced for single layers and
small grain sizes.*”’®® In light of these results, further
investigation of the magnetic features of 1D crystals is
warranted. Pan et al. demonstrated that hydrogen saturation
enhances magnetic states at zigzag MoS, nanoribbon edges and
that this strategy could be used to render the material #- or p-
type through systematic passivation of dangling bonds with H.*”
While zigzag edge-terminated MoS, nanoribbons were found to
be interesting for their tunable magnetic and electronic
properties, semiconducting armchair 1D MoS, nanoribbons
have been shown to exhibit impressive thermoelectric perform-
ance as judged by a high thermoelectric figure of merit (ZT)
value of 3.4.°°7"> Aside from the unique edge-dependent
properties that manifest in TMD nanoribbons, the observation
of dimension-dependent phase transitions in 1D TMD
nanostructures further motivates research on this class of
material. For example, Zan et al. demonstrated that the
crystallographic 1T polytype, while metastable in 2D TMDs,
is the thermodynamically favored phase in TMDs that assume a
1D morphology.”> The 1T phase is favored in 1D TMDs
because the higher coordination of edge metal atoms in this
phase reduces edge dangling bonds, whose role in increasing the
crystal energy is particularly apparent in 1D systems.

3.2. Synthesis and Fabrication Challenges

The aforementioned studies show that if crystal edge-structure
and/or dimensionality can be experimentally controlled reliably
and to atom-levels of precision, then 1D TMD nanoribbons
could emerge as a promising material testbed for electrocatalytic,
optoelectronic, magnetoresistive, and thermoelectric device
applications. It is important to note that the preparation,
manipulation, and investigation of nanoscale wide and atomi-
cally thin 1D crystals is inherently challenging. The following is a
brief survey of the existing methods for fabrication and synthesis
of TMD crystals.

Top-down. Top-down processing methods involving direct
patterning,”* ™ etching,”””® and intercalation have been used
to prepare TMD nanoribbons and other nongraphene 2D
materials with tunable properties (Figure 2¢,d).”*">”’ We direct
our readers to the review of Stanford et al. concerning progress
toward and challenges in top-down nanofabrication and
patterning of 2D materials beyond graphene.'” Lithographi-
cally patterned MoS, nanoribbons with widths ranging from 30
to 400 nm showed width-dependent field-effect mobilities and
on/off ratios of approximately 10°°“°” In addition, FETs
fashioned from MoS, nanoribbons prepared through traditional
top-down methods exhibited a clear transition from depletion-
mode to the enhancement-mode operation upon careful
manipulation of their channel width.”” MoS, nanoribbons
(width: ~50 nm) obtained through plasma etching exhibited
field-effect mobilities and on/off ratios comparable to those
measured in nanoribbons prepared lithographically.”® Helium
ion milled TMD nanoribbons showed tunable light emission
and a substantial Raman spectral anisotropy as a function of their
width (Figure 2e).”?

Although top-down techniques can achieve sub-50 nm
nanoribbon widths through the systematic removal of material
from a parent 2D TMD, there are notable challenges with
traditional processing methods. Electron-beam lithography
(EBL) and photolithography have intrinsic resolution limits
that prevent patterning of materials with the atomic precision
that is ultimately desired. Moreover, the production of large
quantities of nanoscale crystals is hampered by the intrinsically
low-throughput of electron-beam lithography. Finally, the
quality of crystal edges and basal planes can be adversely
affected by the liquid- or gas-phase etching conditions the
crystals are subjected to during top-down processing.

Bottom-up. Though bottom-up synthetic approaches are a
highly desirable alternative for the preparation of low-dimen-
sional crystals, there is a notable dearth of such methods for
explicitly controlling the size, shape, phase, and dimensionality
of nanoribbon structures. Bottom-up methods offer several
advantages compared to top-down processes. Critically, direct
synthesis can, in principle, overcome the resolution limits,
fidelity issues, and low throughput of lithography-based
approaches. Furthermore, synthesis offers a plausible approach
toward creating in-plane heterostructures and crystals with
complex hierarchies. Notably, recent efforts on the synthesis of
TMD nanoribbons have demonstrated ribbons with high-
quality edges (< ~3 nm edge deviations) that are superior to
those found on ribbons (~10—30 nm edge deviations)
fabricated via lithography and etching.”*?*'%'~"%*

The preparation, manipulation, and investigation of nanoscale
wide and atomically thin 1D crystals is inherently challenging.
Nevertheless, opportunities abound, and it is the goal of this
review to provide perspective on these challenges and on the
mandates for future research. In addition, the shortage of
mechanistic insights into the highly asymmetric and often
nonequilibrium growth modes responsible for such anisotropic
ribbon structures mandates the development of new analytical
and theoretical tools. The small lateral size of 1D TMD crystals
restricts the efficacy of some existing ex situ measurement
techniques that are widely utilized for 2D TMDs. Insights into
the critical nucleation processes and substrate interactions that
take place during synthesis of 1D materials are also lacking. For
example, Cheng et al. reported that MoSe, nanoribbons with
spatially modulated edges can be synthesized in a ultrahigh
vacaum (UHV) chamber on Au(100) surfaces, thereby
articulating the importance of considering the role of substrates
in dictating the growth of low-dimensional crystals.'""
Continued development of in situ analytical methods will be
vital for improved measurement, and perhaps even modulation,
of the growth mechanism of such 1D crystals in real time. For
example, Cho et al. have utilized an UHV reaction chamber
equipped with a quadrupole mass spectrometer (QMS) to
monitor the dissociative adsorption of gaseous species on
surfaces, the evolution of substrate morphology, and the kinetics
of film growth.'”

Despite recent progress in the TMD nanoribbon community,
there is still an extensive need for new crystal growth methods
and characterization tools that will enable the fashioning of
crystals beyond 2D sheets, the subsequent exploration of their
unique mechanical, optical, and electrical properties, and their
integration into high-performance devices.

3.3. New Synthetic Strategies for 1D TMDs
Recently a number of creative strategies have been developed for
synthesis of 1D TMD crystals.

https://dx.doi.org/10.1021/acs.chemrev.0c00505
Chem. Rev. 2020, 120, 12563—12591
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Figure 3. TMD nanobelts and wires prepared by bottom-up methods. (a) Vertically oriented MoS,/WSe, heterostructures synthesized via sequential
growth of WSe, and MoS,. Reproduced from ref 108. Copyright 2015 American Chemical Society. (b) MoS, nanobelts synthesized by an atmospheric
CVD process. Scale bars: 100 nm. Reproduced from ref 109. Copyright 2018 American Chemical Society. (c) Growth of MoSe, nanoribbons whose
widths can be tuned through adjustment of the substrate temperature during molecular beam epitaxy (MBE). Scale bars (left to right): 5,2, and 200 nm
(panels to the right). Reproduced with permission from ref 103. Copyright 2017 Wiley-VCH. (d) Growth of ultranarrow MoSe, nanoribbons on
Au(100) substrates in an ultrahigh vacuum (UHV) chamber with corresponding characterization by high-resolution scanning tunneling microscopy

(STM) at ~0.4 K. Reproduced from ref 101. Copyright 2017 American Chemical Society.

3.3.1. Vertically Oriented TMD Crystals. Early efforts
explored new deposition modalities and the use of substrate
templates to effect control over the morphology, dimensionality,
and activity of TMD materials. In 2013, Kong et al.
demonstrated that vertically oriented MoS, and MoSe,
nanobelts can be grown on a range of substrates through a
kinetically gated growth method.'”® When oriented perpendic-
ular to their substrate, the TMD layers provide an entirely edge-
terminated surface that contributes to the high catalytic activity
of these films toward the hydrogen evolution reaction
(HER).'*'"” Following this study, Yu et al. reported the
synthesis of vertical TMD heterostructures comprised of MoS,
and WSe, and characterized the resulting diode properties of
devices fabricated from these heterostructures (Figure 3a).'”®
Recently, one-dimensional MoS, nanobelts were obtained via an
alternative atmospheric CVD growth process and were
subsequently shown to support enhanced light scattering
(Figure 3b)."”” It is important to note that the aforementioned
vertically oriented crystals consist of slabs containing many
laterally clustered layers'®™'% and that the properties of such
ensembles can differ substantially from those of single-layer 2D
TMD crystals oriented parallel to the substrate plane.®'
Moreover, vertically- and horizontally oriented TMD crystals
typically grow via substantially different mechanisms. Adding to
researchers understanding of the synthetic parameter space for
TMD growth, it has been shown that the transition metal (Mo,
W) seed layer plays a crucial role in determining the growth
direction of TMD crystals. For example, while thick (>3 nm)
metal (Mo, W) seed layers initiate vertical growth, thinner (1—3
nm) seed layers yield predominantly horizontal growth.'"’
Apart from seed layer thickness, there are other factors that can

be responsible for determining crystal growth directions. For
example, the high intrinsic strain of a TMD nucleosome can give
rise to vertically aligned nanosheets.''' Moreover, in a
demonstration of how reaction conditions can significantly
alter crystal geometry, it has been shown that a large
chalcogen:metal ratio and high chalcogen evaporation temper-
ature (to provide high chalcogen flux) yields vertically aligned
TMD flakes, while a lower ratio and lower temperature favors
the growth of horizontal TMD sheets." "

3.3.2. Horizontally Oriented TMD Crystals. More
recently, researchers have focused on the synthesis of
horizontally oriented 1D TMD crystals with exceptionally
narrow widths in order to examine the unique electrical, optical,
and magnetic properties such dimensionally restricted crystals
may support. Recent results by Cheng et al. have shown that
high aspect ratio (>100:1) MoSe, nanoribbons with tunable
widths can be grown on Au(100) substrates.'”" This growth
process involved an initial step of selenium (Se) deposition onto
pristine Au (100) to furnish a Se/Au (100) surface template.
Following this, codosing the template surface with molybdenum
(Mo) and selenium (Se) resulted in the formation of MoSe,
nanoribbons of ~1 nm width. The highly anisotropic surface
reconstruction of the Se/Au (100) template was implicated in
guiding the formation of the high aspect ratio MoSe,
nanoribbons (Figure 3d).'°" Notably, high-resolution scanning
tunneling microscopy and spectroscopy (STM/STS) studies
revealed a crossover from metallic to semiconducting behavior
when traversing the STS probe from the edge to the center,
respectively, of an ~2—4 nm wide 1D MoSe, nanocrystal.
Meanwhile, ultranarrow (~0.7 nm) nanoribbons displayed
predominantly metallic behavior. Finally, Poh et al. demon-
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Figure 4. 1D /nanoribbon TMD crystals prepared by bottom-up methods. (a) (Left) Anisotropic and width-tunable MoS, nanoribbons grown on a
Si—P designer growth substrate showing exceptional height and width uniformity. Scale bars: 250 nm (top), 500 nm (bottom). (Right) Experimental
data and DFT calculations supporting a novel growth mode for TMD nanoribbons on Si—P surfaces. 1D crystals grow following a heterogeneous
nucleation process from nanoscale 2D seeds, which are selectively stabilized on the Si—P designer surface. Blue, gray, salmon, pink, yellow, and red
spheres are Si (surface), Si (bulk), P, Mo, S, and O atoms, respectively. Scale bar: S00 nm. Reproduced with permission from ref 104. Copyright 2020
Nature Publishing Group. (b) (Left) Vapor—liquid—solid (VLS) growth of MoS, nanoribbons from NaCl catalyst droplets. (Right) DFT-MD
simulation results showing the initial (top) and the final (bottom) stages of the MoS, precipitation process from the catalyst droplet. Reproduced with
permission from ref 115. Copyright 2018 Nature Publishing Group. (c) (Left) Gas phase synthesis of MoS, on c-plane and a-plane sapphire substrates
yields anisotropic growth of rectangular (ribbon-like) MoS, domains. (Right) DFT calculated structures of MoS, seeds oriented at different angles
with respect to the a-plane sapphire substrate. A calculation of seed crystal adsorption energy as a function of orientation with respect to sapphire
substrate reveals the 0° orientation to be the most stable configuration from whence MoS, grains grow. Reproduced with permission from ref 122.
Copyright 2020 Wiley-VCH.

strated the large-area synthesis of 1D MoSe, nanoribbons with
atomically sharp zigzag edges by using molecular beam epitaxy
(MBE) (Figure 3c).'” Collectively, these and other studies on
the synthesis of 1D MoSe, nanoribbons,'*"'"* exemplify the
burgeoning interest in the development of novel synthetic
methods for preparation of high-quality nanoribbons.

The preparation of nanobelts and few-atom-wide wires of
TMDs spurred the development of other novel methods for the
preparation of tailored low-dimensional crystals. Kempa and co-
workers recently introduced the concept of using designer

12569

surfaces, which are prepared through chemical treatment of
known substrates, to control the morphology and dimension-
ality of TMD materials.'** The authors showed that a Si(001)
substrate pretreated with phosphine (PHj) facilitates the rapid
unidirectional growth of MoS, nanoribbons with high aspect
ratios of ~10:1 (Figure 4a).'%*
dimers is instrumental to the process of stabilizing incipient and

The presence of Si—P surface

nanosized TMD seed crystals from whence heterogeneous
nucleation takes place to yield the 1D crystals.'”> Notably, the
widths of the MoS, nanoribbons can be systematically

https://dx.doi.org/10.1021/acs.chemrev.0c00505
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Figure S. Physical properties of 1D/nanoribbon crystals: edges and defects. (a) Graphene kirigami involving interconnected graphene ribbons, which
were prepared through top-down fabrication from graphene sheets. Scale bar: 10 gm. Reproduced with permission from ref 128. Copyright 2015
Nature Publishing Group. (b) Scanning tunneling microscopy (STM) and spectroscopy (STS) suggest that the edges of MoSe, nanoribbons are
metallic, while the interior is predominantly semiconducting. Reproduced from ref 101. Copyright 2017 American Chemical Society. (c) STM images
of MoS, clusters on Au(111) reveal conducting edge states. Field of view (top to bottom): 470 X 470 A% 470 X 470 A%, and 60 X 60 A%, Reproduced
with permission from ref 37. Copyright 2007 American Association for the Advancement of Science. (d) Thermal annealing of single-layer MoS,
performed in situ within an ac-STEM creates atomically sharp zigzag edges. Scale bars: (top to bottom) 1 nm, 0.1 mm, S ym, and 0.5 nm. Reproduced
from ref 137. Copyright 2017 American Chemical Society. (e) MoS, nanoribbons grown by VLS adopt type 2H-stacked bilayers. Purple and yellow
spheres represent Mo and S atoms, respectively. Scale bar: 1 nm. Reproduced with permission from ref 115. Copyright 2018 Nature Publishing Group.
(f) MoS, nanoribbons grown on Si—P designer substrates exhibit edges with the zigzag atomic configuration and occupy the 2H crystallographic phase.
Notably, the nanoribbons can fold along their longitudinal edges and form visible moiré interference patterns. Scale bars: (top to bottom) 2 nm, 2 nm,
5 A. Reproduced with permission from ref 104. Copyright 2020 Nature Publishing Group.

controlled in the range of 50 nm to over 1 ym by altering the ribbons on crystalline surfaces.''> This method involves the
concentration of PHj; introduced during the Si surface crystallization of MoS, nanoribbons from molten catalyst
pretreatment step. The synthesis was shown to be general for droplets comprised of NaCl, MoO;, and dissolved sulfur (Figure
the growth of other TMD ribbons. Because of the reduced 4b).""> Na and MoO, readily form a eutectic under the authors’
dimensionality of 1D MoS, crystals, the nanoribbons exhibited reaction conditions thus facilitating VLS growth of the MoS,
photoluminescence that is blue-shifted by ~50 meV with respect nanoribbons.''® This study found a strong correlation between
to that of 2D MoS, crystals.””>'"* Other notable features the alignment of the nanoribbons and the orientation of the
included the fact the crystals exhibited edges which were nearly 1 underlying growth substrate,'"> much like previous demon-
order of magnitude sharper than those obtained through strations of in-plane VLS growth of nanotubes and nano-
conventionally processed (i.e, with lithography and etching) wires''”''® and of gas-phase synthesis of graphene nanoribbons

TMD nanoribbons. The broad range over which the dimensions (GNRs) on germanium substrates.''”~"*'
of the crystals could be controlled exceeded levels demonstrated Returning to the subject of using substrate interactions to
through previous efforts. More broadly, the development of new tailor the growth of TMD crystals, Ma et al. recently reported
classes of designer surfaces has the potential to demonstrate that gas-phase synthesis of MoS, on a-plane sapphire substrates
unprecedented levels of low-dimensional crystal growth control yields rectangular MoS, grains, while growth on the c-plane
with attendant benefits to basic science and technology. sapphire produces typical triangular MoS, crystals (Figure
Demonstrating an alternative approach to growth of TMD 4¢)."”* Growth temperature was found to play a critical role in
nanoribbons, Li et al. showed that the vapor—liquid—solid the morphological evolution of the crystals and their alignment
(VLS) growth mechanism can be harnessed to prepare MoS, with respect to the a-plane sapphire substrate. Additionally,
12570 https://dx.doi.org/10.1021/acs.chemrev.0c00505
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photoluminescence (PL) arising from the as-grown rectangular
MoS, crystals was weaker relative to the PL from triangular
MoS, grains and this effect was attributed to strong crystal—
substrate coupling.

3.4. Physical Properties of 1D TMDs

3.4.1. Role of Edges and Defects. 1D crystals and
nanoribbons obtained via bottom-up synthetic or top-down
processing methods can support mechanical, optical, electronic,
and magnetic properties that are distinct from those that
manifest in their 2D crystal counterparts. Before utilizing these
dimensionally restricted materials for new applications in
nanoscience and nanotechnology their physical properties
must be enumerated.

Though the term 1D TMD could be used to encompass both
nanoribbons and nanotubes, our review focuses on the
chemistry and physics of nanoribbons. Nanoribbons are
essentially atomically thin 2D TMD sheets wherein one lateral
dimension has been reduced substantially enough to give rise to
confinement phenomena. Given this definition, we will use the
terms 1D TMD and nanoribbon interchangeably through this
review and aim to differentiate nanoribbons as a class of 1D
TMD from TMD nanotubes, which are cylindrical cage-like
structures, akin to carbon nanotubes. Seminal work from Tenne
et al. has elaborated on the structure and properties of TMD
nanotubes, many of which can be prepared throu%h annealing of
2D TMD films under reducing atmospheres'*”'** to yield
multiwalled tubes whose diameters typically range between 30
to 150 nm."*’ The structural distinctions between nanoribbons
and nanotubes can be expected to endow each material with
unique properties and uniquely accessible phenomena. Because
of their open structure, nanoribbons, unlike closed cylindrical
TMD nanotubes, can present “free” and well-defined crystalline
edges (eg, zigzag or armchair) that impose interesting edge-
dependent chemical and physical properties. Furthermore,
nanoribbons are, in principle, capable of showing both 1D and
2D confinement effects as a result of their significantly restricted
lateral dimensions and atomically thin nature. Though TMD
nanotubes predominantly reveal only 1D confinement, they can
exhibit intriguing chirality and curvature-dependent correlated
properties (e.g., superconductivity) and hence serve as a distinct
model system for studyin$ pairing mechanisms in non-
centrosymmetric systems. 126,127

The micro/nanostructure and dimensionality of layered
materials has been shown to play a crucial role in determining
many of their physical properties. For example, the structure and
ordering of edge sites influences the selectivity and activity of
TMD catalysts. Moreover, the size and shape of 2D materials
dictates how readily they may undergo folding or other
mechanical distortion. As an example of the unique mechanical
properties encompassed by 1D crystals derived from 2D
materials, Blees et al. used top-down fabrication to prepare
graphene ribbon-based devices that could be remotely actuated
to induce reversible crumpling (Figure 5a).'*® This study
demonstrated how mechanical folding of low-dimensional
crystals can be harnessed and, more broadly, motivates the
search for strategies to create functional devices whose
properties are responsive to externally applied optical, thermal,
magnetic, or chemical gradients.

The edges of nanoribbons can assume zigzag or armchair
configurations, each of which endows the nanoribbon with
distinct electrical and magnetic properties.*”*>'**7"%* In
addition, the higher stability of nanoribbons relative to 2D

layers offers advantages for studying nanoribbon properties
under a wide range of experimental conditions.'*” Interestingly,
calculations suggest that few unit-cell wide TMD nanoribbons
having zigzag edges are of metallic character, whereas bulk 2D
TMD crystals are predominantly semiconducting.'*” This
calculation agrees well with the experimental findings of
Cheng et al, who showed that the electrical properties of
MoSe, nanoribbons switch from metallic to semiconducting
character as a function of ribbon width (Figure 5b).'! Edge sites
also participate in and define the catalytic activity of low-
dimensional atomic crystals. Jaramillo et al. demonstrated that
the edge sites in MoS, nanocrystals are catalytically more potent
than are terrace sites, and that the extent of hydrogen evolution
is directly proportional to the number of edge sites (Figure
5¢).”7*® Given the non-negligible fraction of edge to basal plane
sites in nanoribbons, especially ultranarrow nanoribbons, it is
reasonable to assume that TMD nanoribbons could serve as
attractive catalysts for HER.*®'1!0%

In addition, it has been shown that the magnetic behavior of
TMD nanoribbons can be systematically tuned by altering their
width. Density functional theory (DFT) calculations carried out
by Chen et al. predicted that ferromagnetism can be induced in
1T’-phase MoS, nanoribbons through the incorporation of edge
reconstructions. > Importantly, the magnetic moment in these
nanoribbons has been predicted to vary between 0.1 and 1.2 piy
(up: Bohr magneton) as a function of the nanoribbon width.
Moreover, a recent study showed through calculation that
monolayer 1T°-phase MoS, exhibits insulating behavior arising
from topological and excitonic phenomena that cooperatively
increase the bulk gap by breaking crystal inversion symmetry."**
More research is needed to flesh out the extent to which the
optical absorption and emission spectra of TMD nanoribbons
exhibit a topological dependence.

Given the importance of using edge modification as a route
toward manipulation of a 1D crystal’s mechanical, electronic,
and magnetic properties, recent efforts have focused on
demonstrating exceptional control over the structure, uni-
formity, and composition of these crystal edges. Already,
researchers have demonstrated the sensitivity of the physical
properties of phosphorene nanoribbons on their edge
termination.'*>*® Chen et al. used aberration corrected
scanning transmission electron microscopy (ac-STEM) to
confirm that atomically abrupt zigzag edges are formed when
MoS, nanoribbons are subjected to annealing at 800 °C on an in
situ heating stage within the microscope."”” This study revealed
that the zigzag edge exists in a unique Mo-terminated
configuration that may be exploited to further tune quantum
mechanical phenomena extant in such nanoribbons (Figure
5 d).]37

Increased focus on direct synthesis of atom-precise TMD
crystals has led to experimental work showing that MoSe, and
MoS, ribbons with nearly atomically sharp zigzag edges can be
synthesized through gas-phase methods (Figure
Se,f). > 1OLIOBISIST Butyre research efforts would benefit
enormously from having not only a detailed structural and
electronic understanding of edge terminations within 1D
crystals but also the means to manipulate these edges at will
using physical and/or chemical means.

Defects in 2D TMDs play an imoportant role in determining
their electronic,®”*>® optical,l‘?’g’14 magnetic,141 and electro-
chemical features, and it is anticipated that the defects will play
an equal potent role in defining and modulating the properties of
lower dimensionality (eg, 1D) crystal systems.’”'** Intrinsic
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structural defects, such as point defects, dislocations, edges, and
grain boundaries have been shown to enhance the optical and
electronic responsivity of a number of devices based on 2D
TMDs. Sangwan et al. showed that the resistance of specifically
oriented grain boundaries in single-layer MoS, memristors can
be tuned through application of set voltages in an electroforming
process.”” Interface and defect engineering have been utilized to
modulate the electrical and optoelectronic properties of layered
TMD materials,"*>'** including the realization of enhanced
photoluminescence in single-layer MoS,."*”

Interface Engineering. Various strategies, such as surface
charge transfer doping (SCTD), TMD-metal contact engineer-
ing, and dielectric—=TMD interface engineering have been
utilized to develop high performance, functional TMD devices.
SCTD involves the manipulation of quasi-Fermi levels at metall
semiconductor junctions through charge transfer between a
donor species and the surface to which it is attached.'* Some
degree of contact engineering is required in order to lower the
Schottky barrier at metal-TMD interfaces and, thereby, to
enhance device performance. As usual, metal electrodes having
appropriate work functions must be chosen in order to allow for
facile electron and hole injection.l%_149 Notably, Cui et al.
reported on the use of cobalt in conjunction with monolayer h-
BN as a contact to MoS, and showed that this contact
architecture exhibits two distinct properties: (i) it modifies the
work function of Co, and (ii) it yields a flat-band Schottky

barrier of 16 meV and a carrier density of 5.3 X 10"2/cm® 8 1t

12572

should be noted that in other MoS, devices utilizing h-BN as a
buffer layer, Coulomb impurities could be attributed to charge
carrier scattering.150

Defect Engineering. Point defects, line defects, and phase
transitions also play a crucial role in tuning the optical and
electronic properties of 2D TMD crystals.'*”">' Chalcogen and
transition metal vacancies are the origins of point defects leading
to n-type (cf. MoS,) and p-type (cf. WSe,) doping,
respectively.'”””">* In addition, 1D line defects and phase
transitions were found to be responsible for dramatic changes in
the optical, electronic, and catalytic properties of CVD-grown
layered TMDs. Chen et al. recently reported the use of ion
implantation to introduce lattice defects into CVD-grown
MoS,.'** The resulting lattice defects modify the electronic
energy levels in MoS,, rendering the material a more active
catalyst for HER. In a similar approach, Zhang et al. have shown
that potassium ion (K") incorporation into single-layer WSe,
leads to the formation of midgap defect states.'>* Moreover,
their calculations suggested that charge transfer from K to
surrounding W and Se atoms influences the local magnetic
moment with attendant implications for the design and
implementation of gate-programmable magnetic moments at
defect sites. Finally, Voiry et al. demonstrated that phase
engineering of monolayer TMDs can be achieved through
covalent functionalization and that this process yields an intense
and tunable photoluminescence in metallic 1T MoS, crystals.">
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Future research must likewise examine what defects
principally manifest in and how they are responsible for
inducing exotic physical and chemical properties in 1D TMDs.

3.4.2. Optical and Electronic Effects. Single layer thick
TMDs are direct bandgap semiconductors with optical and
electronic characteristics distinct from their bulk counterparts.’
Nanoribbons provide an additional, namely lateral, level of
confinement for excitons. Several attempts have been made to
study the consequence of lateral confinement on the optical and
electronic properties of TMDs. Bao et al. utilized a Campanile
nano-optical probe to perform subwavelength imaging of
exciton recombination in monolayer MoS,."> Interestingly,
nano-optical PL mapping of single 2D MoS, crystals identified
two distinct regions: an ordered region in the interior of the
crystal with an edge length of ~1—4 ym and an energetically
disordered region of width ~300 nm localized at the edge of the
crystal (Figure 6a)."*° The PL quantum yield was found to be
weaker in the peripheral edge region relative to that in the
interior region and was attributed to increased nonradiative
Auger recombination arising from enhanced formation of trions
in the edge region.31 In this work, it was reported that exciton
quenching takes place within ~150 nm of the periphery of the
2D MoS, crystal, suggesting that crystals with widths
approaching this length-scale will be subject to similar effects
on their PL."*° Recently, Chowdhury et al. reported that as-
grown and transferred MoS, nanoribbons (width: ~150 nm)
exhibit PL at 660 nm, which represents a substantial blue-shift of
PL energy relative to 2D MoS, crystals (Figure 6b)."** In this
work, far-field PL mapping revealed a monotonic increase in the
PL energy as a function of decreasing nanoribbon width. Near-
field optical characterization revealed that this blue-shifted PL
emanates uniformly from the entire sub-200 nm width of the
MoS, nanoribbons, implicating the aforementioned mechanism
of edge-boundary exciton quenching.

Besides single-layer TMDs, multilayer TMDs are a promising
platform on which to exert unique control of excitonic states.
The demonstration by Zhang et al. that top-down fabricated
multilayer WS, resonators intrinsically support both excitonic
and photonic cavity modes opens up possibilities for the use of
such architectures in the integration of various emitting
media."*”"** Notably, multilayer TMD nanoribbons obtained
via bottom-up synthesis displayed comparable PL behavior to
that of monolayer ribbons under ambient conditions, which
should stimulate future research efforts investigating the
interplay between exciton-polariton modes, photonic cavity
modes, and decay channels in 1D crystals.'**

The electrical transport properties of TMD nanoribbons are
also anticipated to be a sensitive function of the degree of lateral
confinement within them. For context, confinement effects in
graphene nanoribbons (GNRs) with widths of less than S nm
have been well documented.®*'?7!%! However, unlike
graphene, which hosts massless Dirac Fermions recalcitrant to
confinement due to high probability of Klein tunneling through
potential barriers, TMDs host massive Dirac Fermions which are
amenable to in-plane quantum confinement. It has been
proposed that isolating a few-nm wide TMD “dot” within the
matrix of another 2D TMD monolayer could afford such in-
plane confinement.'®® Realizing lateral confinement and
heterostructuring with the requisite atom-level precision will
require substantial synthetic advances. To-date top-down
methods have been used routinely to generate narrow ribbons
that are then integrated into devices. Recent work demonstrated
MoS, and WSe, nanoribbon-based field effect transistors

(FETs) showing high field-effect mobilities (Figure
6¢).”%7>1%3 Chen et al. fabricated FETs from p-type MoS,
nanoribbons of widths and lengths ranging from 30 to 370 nm
and 0.16 to 2.1 um, respectively, and showed field-effect
mobilities in the range of 0.36—8.53 cmz/(V s), with on/off
ratios on the order of ~10°—10°"° Similarly, few-layer WSe,
nanoribbon-based FETs showed predominantly p-channel
behavior following oxygen plasma treatment.”* It is important
to note that while the aforementioned top-down methods
yielded p-type TMD nanoribbons, efforts using bottom-up
synthetic approaches were able to produce MoS, nanoribbons
with n-type behavior.'”*''® These results reinforce the key role
that preparatory routes can play in dictating material electronic
properties through the, sometimes unintentional, introduction
of sulfur-vacancies, impurities, or strain.'®*

As discussed earlier, lateral confinement of parent 2D TMD
crystals has the potential to unearth a multitude of hybrid 1D—
2D confinement modes and dimensionality is progressively
reduced. The imposition of lateral confinement and hetero-
structuring with finesse and at atom-levels of precision is a
profound synthetic challenge that should inspire continued
research and development. Although top-down techniques are
customarily used to obtain TMD nanoribbons, the spatial
resolution limits and harsh etching conditions associated with
these methods impose significant restrictions on the quality of
the obtained nanoribbons, especially with regard to realizing
atomically sharp edges (cf. section 3.2). Consequently,
researchers are developing bottom-up synthetic methods better
suited to producing TMD nanoribbons with well-defined clean
edges that dictate key electronic properties of these low-
dimensional materials. In this vein, Loh and co-workers used a
specialized scanning probe technique to prepare <5 nm wide
TMD nanoribbons under ultrahigh vacuum conditions and at
extremely low temperatures.101 Moreover, bottom-up synthesis
affords unique opportunities to manipulate crystalline quality
and environment through the passivation of surface and edge
states, through dopin%, and through the imposition of strain
during crystal growth, %%

Realizing the full optoelectronic potential of 1D TMDs will
require addressing and/or mitigating the stability issues of these
and indeed all low-dimensional crystals. The highly exposed
surfaces and edges of TMD nanoribbons are susceptible to
degradation (e.g, oxidation, molecular contaminant adsorption
to under-coordinated atoms) under ambient conditions. These
issues can not only give rise to unwanted artifacts which would
confound attempts to identify the intrinsic properties of these
materials but also hamper the reliability of devices. Recent
efforts have made progress in overcoming synthetic bottlenecks
toward achieving precise lateral confinement, while producing
chemically stable, high-quality, width-tunable TMD nanorib-
bons. VP> 19 We are confident that the development of
new designer synthetic methods will progress alongside new
strategies targeting improved crystal stability through surface
passivation, edge modification, and encapsulation.

4. PROSPECTS AND PRIORITIES FOR TMDS: 2D AND
BEYOND

Section 2 of our review summarized the diverse structure—
property relationships encompassed by 2D TMDs and set the
stage for our subsequent discussions. Section 3 of our review
sought to highlight some of the exciting research efforts
underway in beyond 2D TMDs with a focus on 1D
(nanoribbon) motifs. A significant portion of this section was
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Figure 7. In situ observation of TMD properties and their evolution. (a) AFM micrograph of a MoTe, layer on SiO,. Scale bar: 200 nm. I-V
characteristics were collected in situ during deposition of Al metal on the surface of the MoTe, FET, and these data were used to determine the electron
mobility as a function of Al thickness. Reproduced from ref 175. Copyright 2019 American Chemical Society. (b) False-colored STEM images showing
the in situ evolution of TiS, to NaTiS, (green) and Na,S + Ti (orange). These data were used to construct a plot of the expansion of the nanoflake
under Na* intercalation and a proposed model for this process. Reproduced from ref 176. Copyright 2019 American Chemical Society. (c) Schematic
of the experimental setup for in situ optical and electronic characterization; optical micrograph of a MoS, flake and its characteristic Raman spectrum.
Reproduced from ref 178. Copyright 2019 American Chemical Society. (d) Schematic and optical image of the experimental setup for in situ electrical
characterization of MoS, during the intercalation of CTAB. Reproduced from ref 179. Copyright 2019 American Chemical Society.

devoted to a discussion of synthetic breakthroughs. We reached
the critical conclusion that while the preparation, manipulation,
and investigation of nanoscale wide and atomically thin 1D
crystals is challenging, the mechanical, magnetic, electronic, and
optical phenomena that uniquely manifest in these beyond 2D
TMDs is well worth the future scientific investment required.
From a synthetic standpoint, the grail would be to have a
method that affords selective control over the crystal
dimensionality, edge morphology, and phase with atom-levels
of precision and at a scale to render device fabrication practical.
Moreover, our discussion suggested a number of distinct
features of 1D TMDs that contribute to the exceptionally
tunable and in some cases anomalous properties these materials
exhibit. These features include (i) a lateral confinement
potential that can influence electron and/or exciton transport,
(i) a non-negligible contribution of edge states to the total
material response, and (iii) mechanical properties providing for
new strain/defect modes.

As discussed in our introduction, the principal goal of this
review is to provide perspective on the challenges in and

12574

mandates for future research in TMDs. Therefore, section 4 will
now take a holistic view of the research prospects and priorities
in the TMD field. Besides again emphasizing the need for
breakthroughs in synthesis, we identify critical needs in
analytical tools. New instruments and methods are needed to
fuel future property discovery and analysis. We then discuss
priority research areas for TMD materials by highlighting how
future studies can build on the vast body of effort in
optoelectronics, catalysis, and quantum information science
that has thus far focused on 2D TMDs. The intent in this latter
section is to acknowledge the great strides made to-date while
providing a focused view of research opportunities unique to 1D
TMDs.

4.1. Analytical Tools for Characterizing and Manipulating
TMDs

4.1.1. Current Status of Probe-Based Techniques. The
manifold dimension-dependent optical and electronic phenom-
ena exhibited by TMD nanoribbons motivate the need for
continued development of powerful analytical tools. We note
that the tools discussed in this section are equally applicable to
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from ref 188. Copyright 2013 Nature Publishing Group.

all classes of TMDs. The most commonly used characterization
techniques for identifying the morphology, chemical composi-
tion, physical and electronic structure, and optical properties of
TMD crystals include atomic force microscopy (AFM),
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), Raman spectroscopy, photoluminescence
(PL) mapping and spectroscopy, energy dispersive X-ray
spectroscopy (EDS), and X-ray photoelectron spectroscopy
(XPS).!>7*81677197 We note that other advanced microscopy
techniques, such as scanning atomic electron tomography, will
aid in the investigation of TMD materials.'”’

The imaging and spectroscopy of 1D TMDs does present
unique challenges.lm‘171 First, the smaller size and, in some
cases, greater mechanical flexibility of nanoribbons may render
them more susceptible to electron beam damage or Joule
heating during prolonged TEM or energy loss spectroscopy
(EELS) sessions. Second, methods (eg, Raman and PL
mapping and XPS) relying on optical means to seek out TMD
samples or sample areas prior to detailed spectroscopic
investigation will be limited in their utility for investigating
nanoribbons. Besides these challenges, we envision new tools
that could leverage recent breakthroughs in in situ TEM,
cathodoluminescence techniques, and real-time surface analysis
methods to enable high-resolution monitoring of a TMD
nanocrystal’s structure and property evolution during syn-

thesis."”>~'7* Such methods may not only provide powerful
insights into TMD crystal growth mechanisms but also lead to
the discovery of new properties that may emerge during the
course of material formation. Another intriguing possibility is to
use such in situ probes to directly manipulate crystal growth in
real time.

4.1.2. In Situ Probes to Monitor TMDs. In recent years
there has been increased attention focused on the application of
in situ methods to monitor the formation and evolution of TMD
materials and their heterostructures. In situ electron microscopy
has been used not only to reveal the effects of electron irradiation
on the phase and structure of TMDs but also to investigate the
temporal evolution of heterointerfaces and dopant distributions
within these materials.** In situ experiments utilizing optical and
electrical probes have also been carried out. Studies have focused
on understanding the morphological and optical changes that
TMDs undergo when intercalated with alkali metals, as is
commonly done to transform TMDs from their semiconducting
2H phase to their metallic 1T phase. Demonstrating the
potential of in situ techniques to modulate the properties of
TMD crystals in real-time, Qi et al. showed that in situ
evaporation of Al onto MoTe, FETs leads to significant
modulation of the character (p- to n-type) and magnitude of
their electronic transport properties (Figure 7a)."”> Comple-
menting these in situ electronic property measurements within
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their high-vacuum system, the authors also monitored the
composition of their materials through in situ XPS and UPS. In
situ electron microscopy was used by Wang et al. to identify a
cascade of intermediate phase changes in TiS, nanoflakes
subjected to intercalation by Na* ions (Figure 7b),"’® while Ren
et al. showed that in situ optical absorption measurements can
likewise yield insights regarding the rate of electrically driven Li*
(de)intercalation within similar TiS, nanoflakes.'”” In situ
Raman spectroscopy was used by Li et al. to determine the
degree of reversibility of K" intercalation into MoS, flakes
(Figure 7¢).!”® Other studies have expanded on these ion
intercalation studies to examine the intercalation of molecular
species into layered TMD crystals. For example, He et al
investigated the intercalation kinetics of cetyltrimethylammo-
nium cations (CTA") within MoS, through in situ electrical
measurements and also monitored phase transitions during the
intercalation process (Figure 7d)."”” In another study, Kumar et
al. used in situ spectro-electrochemical techniques to monitor
the thinning of TMD flakes during electroablation.'®’ The
authors monitored changes in the extinction spectra of TMD
crystals as a function of applied electrochemical potential.
Finally, Sang et al. used scanning transmission electron
microscopy (STEM) to observe changes in the edge structure
of 2D TMDs subjected to in situ heating within the
microscope.'®' The authors observed characteristic reconstruc-
tions at the edges of pores formed within Mo, W, Se,
monolayers subjected to various thermal treatments.

The foregoing examples of in situ characterization reinforce
the importance of having techniques that can provide insight
into the evolution of TMD materials as they respond to external
stimuli or potentials. Crucially, as more attention shifts to the
synthesis and characterization of 1D and hierarchically
structured TMD crystals, it is hoped that many existing, and
newly developed, in situ tools will be applied to uncover their
unique growth mechanisms and mechanical, optical, and
electronic properties.

4.1.3. In Situ Probes to Manipulate TMDs. Researchers
have also used the optical and microprobe techniques otherwise
employed for in situ characterization to manipulate the structure
and phase of TMD materials. Beams of electrons, ions, and
photons, in addition to scanning probes, have been used to alter
TMD materials into 1D (e.g, nanoribbon) morphologies. Chen
et al. combined thermal treatment with irradiation by a focused
electron beam to produce an array of 5 nm wells in bilayer WS,
through removal of a single layer of WS,."** Though these wells
did not assume significant aspect ratios, the technique could be
used to create arrays of highly confined 1D—2D vertical
heterostructures. A KrF laser was used by Vasu et al. to unzip
TMD nanotubes into nanoribbons.'® Such control over
intradimensional material transitions must be expanded to
build a more complete repertoire of methods for the
manipulation of TMD and other low-dimensional materials.
Tapaszto et al. utilized STM probes to directly tailor graphene
nanoribbons (GNRs) into aspect ratios suitable for their
integration into devices and other architectures (Figure 8a)."**
Though the fine structural alterations realized with GNRs have
not yet been accomplished with TMDs, Kods et al. did use a
STM-based method to carve 1D regions out of 2D TMD
materials (Figure 8b)."*> The exceptionally small probe sizes
realizable in STM allow for the creation of extremely narrow
nanoribbons with A level precision. Besides lasers and scanning
probes, ion beams have been used to sculpt 2D materials into
other morphologies, including 1D or nanoribbon forms. Abbas

et al. employed a helium ion beam to trim graphene into sub-5
nm graphene nanoribbons.'*® Fox et al. likewise used He* beam
milling to manipulate a variety of 2D TMDs into materials of
significantly reduced dimensionality (Figure 8c).'®” It was found
that He" irradiation induces significant changes in the
composition and phase of the irradiated TMD material, causing
it to convert from the semiconducting to metallic state.
Moreover, ion beam milling can be used to modify the edge
structure of low-dimensional materials. Liu et al. demonstrated
the formation of subnanometer wide nanoribbons from electron
beam irradiation of a 2D MoS, nanosheet and noted that these
irradiation conditions alter the TMD structure from the nominal
MoS, to MosS, (Figure 8d)."*" In a related approach, Huang et
al. used electron beam irradiation to selectively modify the edges
of a MoS, 2D sheet to form a 1D chain of MogSs.'*” In a more
recent study by Kumar et al., aberration-corrected electron
microscopy was utilized to obtain real-time insights into the
nonequilibrium structural transformations of 2D TMD films,
with concomitant identification of crystalline quantum-confined
regions in the 2D crystals.'” These studies point out that the use
of highly energetic in situ probes to tune crystal morphology may
be accompanied by substantial structural and compositional
changes.

Though the aforementioned methods reveal the promise of
using nonchemical probes to alter the structure of TMD
materials, the development of solely chemical or hybrid
chemical-physical methods to effect control over the morphol-
ogy, dimensionality, phase, and order of low-D materials is of
great interest. Ultimately, the realization of highly selective and
massively parallel strategies to exert such control is desired.
Moreover, the integration of in situ probe-based measurement
and manipulation techniques within reactors would offer the
tantalizing opportunity to observe and control crystal growth in
real-time. Such approaches may allow for the identification and
stabilization of complex metastable phases currently overlooked
due to the prevalence of postsynthetic characterization methods.
High-resolution probes compatible with a range of gas-phase
synthetic conditions will be crucial in order to uncover principal
intermediates (e.g, incipient crystal growths) formed on
pathway to the growth of complex phases, such as 1D materials.

4.2. 0D TMDs: Emerging Synthetic Routes and Properties

In keeping with the theme of exploring TMD crystals beyond
2D, significant effort has recently been devoted to study of 0D or
quantum dot TMDs because of the strong light absorption and,
in some instances, single photon emission these materials can
exhibit."”"'*?> To maintain the cohesion and focus of our review,
we define 0D TMDs as predominantly atomically thin TMD
crystals which have been restricted substantially in their
dimension with respect to their 1D counterparts.

Mechanical sonication is currently the primary method for
production of 0D TMD crystals. Zhang et al. demonstrated the
versatility of sonication by usin§ it to isolate a range of 0D TMD
quantum dot (QD) materials.'”” Though the authors succeeded
in achieving cluster diameters of generally less than S nm, size
dispersity within this range was still a concern. Tan et al. used
ball-milling in conjunction with Li-intercalation to prepare
TMD quantum dots and demonstrated enhanced electro-
chemical activity for HER catalysis.'”* MoSe, QDs dispersed on
MoS, and WSe, monolayers exhibited modified photo-
luminescence and Raman spectra consistent with QD-to-
monolayer charge transfer.'”> After exploiting sulfur vacancies
in ZnIn,S, monolayers to seed growth of MoS, QDs within the
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parent monolayer, Zhang et al. showed that the resulting 0D/2D
heterostructure produces more electrocatalytic hydrogen as
compared to bulk ZnIn,S,."”® Such mixed-dimensional hybrids
of OD with 1D and/or 2D TMDs may prove a viable route
toward realizing more complex functional materials. Laser
ablation is another route toward production of 0D TMDs. In
this vein, Wu et al. prepared fullerene-like MoS, nanoparticles
between 20—100 nm in diameter by pulsed laser ablation of
pressed MoS, powder pellets in water."”” These materials were
shown to be biocompatible in cell viability studies. Finally,
pushing the limits of laser ablation, Ou et al. prepared less than 3
nm wide MoS, quantum dots, which exhibited enhanced
electrocatalytic activity toward hydrogen production due to
their high surface area and conductivity.'”®

0D features confined within 2D TMD crystals have attracted
interest as possible quantum emitter sources. Srivastava et al.
identified 0D regions in monolayer WSe, that exhibited
quantum emission characteristics (e.g,, photon antibunching)
and suggested that these emissive sites may be associated with
defects or vacancies.'”” Reports by Chakraborty et al., He et al,,
and Koperski et al. show both 0D defect and edge features in 2D
WSe, that are associated with quantum emission.””*~*"* More
recently, Lu et al. were able to induce optically a spin-valley
within a charged WSe, quantum dot, providing important
progress toward use of beyond 2D TMD crystals in
valleytronics.””* These reports indicate the promise of utilizing
0D defect centers as optically active emitters in 1D and 2D
TMDs. Going forward, we emphasize the need to not just
identify and exploit adventitious 0D defects in TMDs but to
develop the means to control their size, boundary conditions,
and location explicitly.

4.3. Research Areas and Opportunities

As discussed in the opening to this section, 1D TMDs or
nanoribbons offer a multitude of favorable chemical and physical
attributes that render them an attractive platform for studies in
catalysis, optoelectronics, and quantum information science
(Figure 9). For example, the combination of a large ratio of edge-
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Figure 9. Potential research areas involving 1D TMDs. Schematic
illustrating some of the many application opportunities for 1D TMDs.
Dimensionally restricted and atomically thin TMD crystals are
compelling candidates to advance studies in catalysis, optoelectronics,
and quantum information science (QIS).

to-basal sites in TMD nanoribbons, especially ultranarrow
nanoribbons, with the propensity for these materials to support
unique edge reconstructions is likely to increase the catalytic
activity of these crystals. Moreover, new approaches to
controlled growth of 1D TMDs on designer substrates raises
the prospect for direct synthesis of complex in-plane and out-of-
plane heterostructures with intriguing optoelectronic properties.
Furthermore, through judicious tuning of edge states, atomic
defects, and dislocations in strained 1D TMDs, one may be able
to engineer spectrally pure emitters and perhaps even photo-
stable single photon emitters (SPE). Such a result would hold
tremendous promise for future quantum information processing
technologies.

This section discusses four possible research directions,
catalysis, heterostructures, optoelectronics, and quantum
information science, for TMD crystals beyond 2D. We note
that while the majority of optoelectronic and quantum
information applications have to-date utilized 2D materials as
their platform, we nevertheless discuss them here to motivate
the reader to recognize the many opportunities available if
related studies are performed with beyond 2D crystals. As
highlighted in earlier sections, there are also many research
opportunities unique to 0D and 1D TMDs that are waiting for
the willing and courageous scholar.

4.3.1. Catalysis. The catalytic performance of a low-
dimensional material can be substantially tuned by controlling
the extent of strain, defects, and vacancies in the material and by
employing phase engineering and heterostructuring strategies to
further alter the parent lattice.”*~*°” TMDs exhibit appreciable
activity toward catalysis of the hydrogen evolution reaction
(HER).”****” The catalytic role of TMD edge sites was
estab!ished through STM experiments conducted by Jaramillo
et al.”

While 2D TMDs present with competitive catalytic activity
for HER and for the hydrodesulfurization reaction, their basal
plane, the majority of the material surface area, is catalytically
inert. This drawback has been overcome by introducing defects
into the basal plane of TMD and mixed transition metal crystals
through doping, strain, and defect- and hole-engineering.zw_214
There has been ample work on the activation of edge sites in 2D
TMDs.** For example, Voiry et al. strained WS, nanosheets to
induce their conversion to the more catalytically active 1T
metallic polymorph (Figure 10a).°> This result is a canonical
example of the use of strain to modulate material phase in a
manner that manifests in improved catalytic performance.

One can intuit that TMDs with reduced dimensionality, such
as 1D nanoribbons, could exhibit enhanced catalytic perform-
ance because of the greater ratio of edge-to-basal plane atoms
they contain and also because of their inherently higher
flexibility and therefore susceptibility to modification by applied
strain. Nevertheless, efforts to explore the catalytic features of
1D TMDs have lagged behind those focused on 2D TMDs.
Early efforts focused on preparing heterostructures comprised of
TMDs alongside their corresponding TM oxides. For example,
Chen et al. prepared MoO;/MoS, nanowires wherein the two
materials are disposed in a core/shell arrangement.”’> They
found that this geometry, with the core providing a conductive
scaffold for the MoS, catalyst shell, yielded an architecture with
appreciable stability during HER catalysis (Figure 10b).*"
Finally, Li et al. prepared MoS, nanoparticles on a reduced
graphene oxide (RGO) support.”” The electronic and chemical
coupling of the RGO and MoS, was found to yield improved
electrocatalytic activity toward the HER when compared to
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Figure 10. Catalytic properties of TMD materials. (a) AFM topographical map of WS, flakes. Scale bar: 500 nm. STEM-HAADF images of 2D WS,
crystals are used to identify their 1T (left) and 2H (right) phases. Scale bars: 1 nm. Plots of current-density versus applied voltage and turnover
frequency (TOF) versus applied voltage for a set of WS, electrodes prepared under different conditions. These data reveal an ~900 mV lower
overpotential (for onset of HER catalysis) and higher TOF for as-deposited WS, material compared to bulk WS,. Reproduced with permission from ref
62. Copyright 2013 Nature Publishing Group. (b) Electron microscopy images of MoO; (core)—MoS, (shell) nanowires and plots showing the
excellent stability of these heterostructured nanowires during HER catalysis over 10,000 cycles. Reproduced from ref 215. Copyright 2011 American
Chemical Society. (c) Current—voltage plots attesting to the lower overpotential and smaller Tafel slope of MoS, crystals when supported on reduced
graphene oxide. Reproduced from ref 209. Copyright 2011 American Chemical Society. (d) Micrographs of layered WS, decorating WO, nanorods
(top) and layered MoS, decorating MoO, nanorods. Reproduced from ref 216. Copyright 2016 American Chemical Society.

either MoS, nanoparticles or the RGO alone (Figure 10¢).2”?
The solvothermal synthesis method used in this study allowed
the one-dimensional structures to retain their porosity and
conductivity while maintaining the catalytic activity of the TMD.
Wang et al. prepared porous nanorods incorporating MS,/MO,
(M: W or Mo) heterointerfaces and found that these materials
show a reduced overpotential and increased current density
when operated as catalysts for HER, as compared to nanorods
comprised solely of MoO, or WO, (Figure 10d).”"¢

Besides creating heterostructures, researchers have consis-
tently employed doping of 1D TMD materials as a strategy
toward increasing their catalytic activity. Recent work has shown
that P atom doped WS, requires only —98 mV (versus the
reversible hydrogen electrode) of overpotential to generate a
current density of —10 mA cm > during HER catalysis, a result
which is comparable to the performance seen in corresponding
2D TMD materials.”'” Li et al. prepared WTe, nanoribbons with
a distorted octahedral (1T°) phase and observed that these
materials exhibit a lower overpotential and smaller Tafel slopes

12578

for HER catalysis as compared to other WX, (X = S, Se) TMDs
with the naturally occurring 2H phase.”'® It was argued that the
higher conductivity of the 1T° phase over the 2H phase
facilitates higher charge-transfer rates through the nanoribbons.
Explicit phase selection by doping has also been explored to
introduce electronic states more activating for HER catalysis.
The native cubic structure of CoSe, shifts under the influence of
P doping to an orthorhombic phase yielding a coordination
environment that facilitates enhanced catalytic activity toward
HER 2"

The strategies discussed here represent some of the diverse
approaches toward utilizing or improving 1D or nearly-1D
TMDs for catalysis. However, the catalytic properties of high
quality, single-layer, nanoribbon-like morphologies have yet to
be investigated in detail.

4.3.2. Heterostructures. Heterostructuring is a broadly
employed strategy for incorporating new functional interfaces in
multicomponent TMD materials. Laterally”*°™>** and verti-
cally'%%**%*** disposed heterostructures have been realized in
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Figure 11. Heterostructure assemblies of 2D and 1D TMDs. (a) Generalized schematic for the synthesis of 2D TMD lateral superlattices and STEM
image of a heterostructured 2D lateral superlattice comprised of WSe, and WS, segments. Reproduced with permission from ref 236. Copyright 2018
American Association for the Advancement of Science. (b) Optical image of a vertical heterostructure comprised of stacked MoSe, and WSe, layers
and photoluminescence spectra highlighting emission from interlayer excitons of this vertical assembly. Reproduced from ref 33. Copyright 2018
American Chemical Society. (c) TEM and STEM images identifying the discrete core-WO; and shell-WS, domains in a mixed-dimensional
heterostructure. Schematic illustrations and STEM images of a WO; nanowire under axial and longitudinal perspectives. Reproduced from ref 239.
Copyright 2016 American Chemical Society. (d) Schematic of the fabrication process of metallic-semiconducting TMD heterostructures. Periodically
spaced defects are formed by laser etching. These defects then seed the growth of metallic TMDs. Reproduced with permission from ref 227. Copyright
2020 Nature Publishing Group. (e) TEM micrographs of dislocation-catalyzed filaments of MoS, within WSe,. Reproduced with permission from ref
240. Copyright 2018 Nature Publishing Group.

2D TMD crystals through the application of diffusion-mediated features often targeted through heterostructuring include
techniques,””" sequential edge-e};itaxy,224 sequential vertical increased catalytic performance,”****" the introduction of
223 . 2225226 . . . - 33,34,230 -
growth, thermal annealing, and sequential lateral interlayer exciton transport physics, and the realization
growth.'?**°7*** While most TMD heterostructures prepared of unique quantum-engineered transistor architectures.”>**"***
to-date constitute a homologous series wherein the transition- In the context of 1D TMD crystals, it has been proposed that
metal or chalcogen is altered (e.g, MoS,/MoSe, and WSe,/ compositionally heterogeneous nanoribbons of MoSSe could
MoSe,), mixed van der Waals heterostructures (e.g, those support enhanced thermoelectric performance raising the
comprised of graphene and a TMD) are also common.””" van possibility that nanoribbons bearing explicit heterointerfaces
der Waals heterostructures comprised of 2D metallic and may likewise exhibit improved ZT values.”** Electron transport
semiconducting TMDs (e.g, NiTe,/WSe,) have also been and other device figures of merit may be rendered highly tunable
realized.””’ by utilizing heterostructured 2D and quasi 1D
The primary goal of heterostructuring is to impart new TMDs, 0232734235

properties or functions through the combination and interplay Given that 1D TMD crystals are the topological analog of a
of multiple 2D layered materials such as TMDs, h-BN, graphene, wire, and that they can support unique transport physics because
or any of the extensive family of group IV graphene-analogs. The of their restricted dimensionality, they represent a compelling
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Figure 12. Optoelectronic devices based on TMDs. (a) Optical images of a single-layer MoS, photodetector and its current—voltage transport
characteristics under different illumination powers. Scale bars: (left) 10 ym, (right) S um. Reproduced with permission from ref 250. Copyright 2013
Nature Publishing Group. (b) Schematic illustration of the photoinduced anomalous Hall effect (AHE) driven by valley polarization (left). Singe-layer
MoS, Hall bar device (middle). Plot of the change in conductivity as a function of incident photon energy. Reproduced with permission from ref 43.
Copyright 2014 American Association for the Advancement of Science. (c) Photodetection in a single-layer WSe, device. Schematic illustration of a
typical scanning photocurrent instrument setup and the TMD device. Plots of drain current as a function of drain-source bias (V. gate = T10V, Vi oare
=—10V) for the WSe, device while illuminated with a $32 nm laser diode at powers of 0—10 yW. Reproduced with permission from ref 253. Copyright
2014 Nature Publishing Group. (d) Single- and multiple-quantum well devices comprised of stacked layers of MoS, and WS, exhibit substantial photo-
and electro-luminescence (PL and EL). Reproduced with permission from ref 264. Copyright 2015 Nature Publishing Group. (e) Schematic
illustration of a TMD-based electric double-layer transistor (EDLT) subject to ambipolar charge accumulation (left). I-V characteristics of a WSe,
EDLT. Reproduced with permission from ref 265. Copyright 2014 American Association for the Advancement of Science.

platform on which to explore new quantum and optoelectronic Though the preparation of laterally heterostructured 1D
device concepts, provided that advances in heterostructure TMD crystals presents unique growth challenges, for example
synthesis continue apace. the maintenance of an asymmetric growth front, the growth of
Rational heterostructure synthesis requires precise control of mixed-dimensional materials (eg, hybrids of 2D and 1D
the extent, structure, and composition of TMD domains. There crystals) has captured attention. For example, Chen et al.
is significant precedent for controlled growth of lateral and demonstrated seeded growth of 2D TMD nanosheets (e.g,
vertical heterostructures of 2D TMDs. For example, Zhang et al. MoS, and MoSe,) from nanowires of Cu,_,S, a typical transition
used CVD techniques to achieve several lateral heterostructures, metal monochalcogenide (TMM).”*® Work by Choudhary et al.
such as WS,/MoS, and WSe,/MoSe,,”** while Xie et al. prepared mixed-dimensional composites comprised of WO,
demonstrated WS,/WSe, lateral 2D superlattices with coherent nanowires sheathed by WS, nanosheets and noted the
heterointerfaces (Figure 11a).”*° Hanbicki et al. utilized CVD superlative charge—discharge retention of these supercapacitor
and transfer techniques to assemble WSe,/MoSe, hetero- architectures (Figure 11c).”* Tang et al. used CVD techniques
structures on h-BN and probed the interlayer exciton response to synthesize graphene-WS, heterostructures for use in
in the heterostructures (Figure 11b).* Zhang et al. demon- transistors and noted an enhancement in the on—off current
strated doping of MoS, with Re at high concentrations using a ratio and unipolar electrical characteristic.*® Li et al. patterned
powder vaporization technique and showed that the Re-doped semiconducting 2D TMD layers to seed the growth of periodic
material exhibited optical properties substantially different from arrays of mixed semiconducting—metallic TMD vertical
those of the parent material.”>” These advances highlight heterostructures (Figure 11d).”*” In an interesting example of
progress toward exerting exceptional control over crystal growth self-driven heterostructure formation, Han et al. identified that
and present a path toward the realization of more complex and dislocations in 2D WSe, can catalyze the growth of 1D-like
functional 2D TMD heterostructures. MoS, filaments (Figure 11e).”** This method yields in-plane
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Figure 13. Applications in quantum information science (QIS). (a) Hexagonal (unstrained) and quasi-1D (strained) moiré patterns in a twisted (twist
angle = 2°) WSe,/MoSe, heterobilayer assembly. Polarized PL spectra obtained at T = 4 K divulge sharp PL peaks. Reproduced with permission from
ref 270. Copyright 2020 Nature Publishing Group. (b) Nano-PL imaging and spectroscopy revealing distinct localized excitonic (LX) states within a
WSe, nanobubble. Scale bars: 100 nm. Schematic of the nano-PL imaging setup with simple energy-level diagram illustrating energy ordering (top right
and inset). Relative peak position and intensity of localized and primary exciton (LX and PX) states (bottom right). Reproduced with permission from
ref 272. Copyright 2020 Nature Publishing Group. (c) Single quantum emitter (SQE) behavior in single-layer WSe, is characterized by ultrasharp
spectral line features. Reproduced with permission from ref 201. Copyright 2015 Nature Publishing Group. (d) Photoluminescence from single-layer
WSe, flakes exhibits intense peaks with a narrow energy spread. These features are typical of quantum emitters. Reproduced with permission from ref
199. Copyright 2015 Nature Publishing Group. (e) PL and EL spectral peaks obtained from monolayer WSe, flakes exhibit narrow bandwidths.
Reproduced with permission from ref 273. Copyright 2016 Nature Publishing Group. (f) Schematic of a strategy to create well-defined single-photon
emitters through the introduction of atom-precise defects by scanning probe lithography. Reproduced with permission from ref 276. Copyright 2019
Nature Publishing Group.

grown 1D TMDs that remain confined within a 2D parent described as quasi-1D in nature.”*' Theoretical predictions of
crystal. Although the emergence of significant lattice mismatch is anomalous electronic transport and possible spin filtering in
necessary to catalyze the formation of the 1D filaments, this laterally heterostructured TMD nanoribbons has spurred
method is capable of producing impressively narrow nanorib- interest in such architectures.”*>***>*>**! In this context, we
bons with widths below 2 nm. Calculations by Deng et al. envision that recent breakthroughs in direct synthesis of width-
suggest that heterostructures comprising graphene interfaced tunable TMD nanoribbons may be adapted to prepare 1D
with compositionally alloyed MoSSe nanoribbons can support a crystal platforms with prescribed heterointerfaces.

higher ZT at higher temperatures.”*” These reports suggest the The preparation and study of truly 1D crystals with atomically
need for continued development of mixed dimensional TMD sharp and finely controlled heterojunctions merits serious future
heterostructures. effort.

Explicit preparation of heterostructured axial 1D TMD 4.3.3. Optoelectronic and Neuromorphic Devices. As
crystals has not been realized. Though Guo et al. did realize discussed above, single-layer TMD crystals hold significant
axially modulated CdS/CdS,Se,_, nanowires as high perform- promise for use in novel optoelectronic devices due to their
ance photodetectors, these TMM architectures can be best diverse exciton physics and broken in-plane inversion
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symmetry.’ Moreover, the substantial mechanical flexibility and
electronic structure tunability of 2D TMDs bodes well for their
integration into flexible and reconfigurable devices. Most 2D
material-based devices take the form of photodetectors or light
emitting diodes (LEDs) fashioned from graphene'®***~*** or
TMD crystals.”*®~>*° In this section, we will limit our discussion
to 2D TMD-based optoelectronic devices.

2D TMD photodetectors function primarily through the
photovoltaic effect and exhibit a high responsivity and low dark
current.”*° A single-layer MoS, transistor with responsivities as
high as 880 A W' when subjected to electric fields of ~4 V
um~' was demonstrated by Lopez-Sanchez et al. (Figure
12a).*° In a seminal study, Mak et al. first reported a 2D
MoS, transistor operating in photoconduction mode, in which
photoexcited carriers enhanced the device conductance (Figure
12b).* In this study, the authors illuminated their MoS, Hall bar
device with circularly polarized light to break time-reversal
symmetry and generate a valley polarization that contributed to
the enhanced photoconduction observed. This and many other
studies have since nucleated the field of valleytronics. Nearly
concurrently, photodetectors operating in photocurrent mode,
wherein photoexcited carriers are subjected to drift in the
presence of a built-in electric field, were demonstrated. Single-
layer WSe, devices with electrostatically induced p—n junctions
were shown to exhibit ambipolar transport character-
istics.”*7***** Baugher et al. demonstrated that WSe, diodes
illuminated with a 532 nm laser exhibit a photodetection
responsivity of 210 mA W' (Figure 12¢).”*” Although these
devices perform well under large bias, their comparatively low
external quantum efficiency is a consequence of their low optical
absorption and unoptimized device geometry. Improvements in
the latter would require efficient exciton migration and eventual
dissociation in the presence of the large built-in electric fields
supported within these diode devices.”>” In contrast to the
foregoing examples of p—n junctions disposed in the in-plane
direction, out-of-plane charge separating junctions formed
between stacked 2D layers offer potential advantages vis-a-vis
support for lar%e built-in electric fields and more eflicient optical
absorption,>*>**°

In addition to recent progress in studying the photoresponsive
properties of 2D TMDs, interest has emerged in explorin§
TMDs in the context of integrated neuromorphic computing.”
Memtransistors, multiterminal device hybrids of memristors and
transistors, can mimic salient features of neuronal function and
thereby be used to perform complex calculations.””” 2D MoS,
memristors and memtransistors are promising candidates for
information storage and processing because of their low ON-
state resistance, high-frequency switching,”*’ and low leakage
current.**"*%*

LEDs emit light due to electron—hole recombination that
takes place at p—n junctions or Schottky junctions.”*”>3>>%?
Recently, Withers et al. demonstrated the implementation of
tunnel junctions in vertically stacked van der Waals hetero-
structures and showed that these architectures produce emission
(with EQEs of ~10%) whose frequency could be substantially
tuned by appropriate ordering of the constituent MoS, and WS,
layers and appropriate configuration of contacts (Figure
12d).*** Valley-dependent optoelectronic transitions manifest
in 2D TMDs but have been difficult to realize in device
applications. Zhang et al. reported a WSe,-based ambipolar
electric double layer transistor (EDLT) which produces
circularly polarized electroluminescence when subjected to
high electrical bias (Figure 12¢).**® This electroluminescence

was ascribed to the electron—hole overlap dictated by the in-
plane electric field and valley-dependent optical selection rules
in 2D WSe,. These demonstrations of electronic and optical
property control in 2D TMDs open the pathway for
investigating lower dimensional or mixed-dimensional TMD
crystals in these and other applications.

4.3.4. Quantum Information Science. Quantum infor-
mation science (QIS) seeks to harness quantum mechanical
phenomena to define new directions in computation,
communication, cryptography, and precision measurements.
2D materials, because of their wide range of synthetically tunable
properties and capacity for supporting artificial quantum states
are promising candidates on which to realize QIS goals.

Strong spin—orbit coupling and large exciton-binding
energies render single-layer TMDs ideal candidates for
optoelectronic” and valleytronic applications.”*® Structural
imperfections in TMD crystals, such as ripples, grain boundaries,
or atom vacanciesfs’zm’268 can function as trap sites which, if
properly isolated, can serve as sources of single photon emission.
Single-photon emitters (SPEs) are essential pieces of hardware
with which one could construct optical qubits for efficient
quantum communication and quantum key distribution.

Strain engineering can be employed to tailor optical emission
from 2D materials.””” Strain-based strategies have recently
demonstrated success in inducing QD-like emission from 2D
TMDs and their heterostructures. In this context, Bai et al. have
demonstrated modulation of the moiré potential landscape,
from one comprised of arrays of quantum dots (0D) to one
comprised of stripes of quantum wires (1D), through
modulation of the uniaxial strain in an h-BN encapsulated
WSe,/MoSe, twisted heterobilayer (Figure 13a).””® In another
study employing a microscopic model, Carmesin et al. predicted
highly localized QD-like emission from MoS, nanobubbles and
ascribed this effect to confinement arising from an interplay of
surface wrinkling and strain.””" Building on this concept for
manipulating carrier confinement in 2D TMDs, Darlington et al.
recently reported strain-induced exciton localization in WSe,
nanobubbles under ambient conditions by hyperspectral
nanophotoluminescence mapping.”’” In this study, the authors
identified and directly probed localized excitonic (LX) emission
appearing at an energy lower than that of the primary exciton
(PX) in monolayer WSe, (Figure 13b).””* Realizing full control
over the location and addressability of excitonic states in low-
dimensional TMDs will have far-reaching consequences for use
of these materials in QIS applications.

Researchers have also exploited defect centers in 2D materials
as candidate sites for single-photon emission. The identification,
via multiple reports in 2015,'””~*°* of single-photon emission at
cryogenic temperatures from defect-localized excitons in single-
layer WSe, catalyzed interest in TMD-based SPEs (Figure
13¢,d,e)."””??"*7> Single photon emission has also been
observed in single-layer WS,,””> and MoSe,,”’* and it has
been suggested that TMD materials could be systematically
integrated into spin qubit systems. In order to realize fully
functioning quantum computers or communications devices it is
necessary to define the spatial position of SPE sites precisely. In
this respect, scanning probe nanolithography (SPL) has recently
been suggested as a method to introduce point defects in layered
materials and thereby define SPE sources with atom-scale levels
of precision (Figure 13f).””>*” Finally, the ability to electrically
stimulate single photon emission in TMDs presents substantial
advantages. Electrically driven single-photon emission has been
demonstrated in vertically layered heterostructures comprised of
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WSe, or WS, flakes separated by h-BN layers to facilitate
tunneling of electrons and holes (Figure 13e).””**”

In the midst of rapidly evolving efforts in quantum
information processing, it is crucial to consider the unique
structural features and properties of TMDs beyond 2D and
other van der Waals solids that may lead to additional
breakthroughs. Several features uniquely position 1D and 0D
TMD crystals to impact this growing field, including (i) the
ability to incorporate electrically active and laterally confined
heterojunctions, (ii) the potential to support distinct strain and
defect states, and (iii) the susceptibility and tunability of the
crystal to edge states. Interfacing 1D crystals with materials of
higher- or lower-order dimensionality (e.g., nanotube, nanowire,
or quantum dot) may introduce additional and unusual strain
centers or topological defects. As discussed in section 3.4, the
nature and quality of edges and defects in 1D TMDs shape the
crystals’ optical, electronic, and magnetic properties. More
research is needed to clearly understand how changes to the 1D
crystal edges and defects can be directly linked to modulation of
key properties. Only then will the community have access to
design rules enabling the engineering of coherent quantum
states in confined TMD architectures.'”' ' Finally, the
remarkable advances in tuning moiré landscapes in the context
of 2D materials presents a wealth of opportunities for the
investigation of 1D moiré potentials in TMD nanoribbons.””’
Future research efforts will focus intensively on the bottom-up
synthesis and assembly of dimensionally restricted layered
TMD:s to realize new device schemes for quantum information
science and technology.

CONCLUSION

This review discussed recent advances and future research
priorities in the transition-metal dichalcogenide (TMD) field.
Our primary goal was to articulate areas of need in the
preparation and analysis of TMD nanoribbons encompassing
dimensionalities and morphologies beyond 2D.

In Section 2 of our review, we summarized the diverse
structure—property relationships encompassed by 2D TMDs
and used these points to set the stage for our subsequent
discussion. In Section 3 of our review, we highlighted the many
exciting research efforts underway in beyond 2D TMDs with a
focus on 1D (nanoribbon) motifs. Given that major innovations
in rational synthesis are required to nucleate new work in this
area, we devoted much of our discussion to synthetic
breakthroughs. While the preparation, manipulation, and
investigation of nanoscale wide and atomically thin 1D crystals
presents many challenges, the mechanical, magnetic, electronic,
and optical phenomena that uniquely manifest in these beyond
2D TMDs is well worth the future scientific investment required.

In Section 4, we endeavored to present a holistic view of the
research prospects and priorities in the TMD field. Aside from
again emphasizing the need for breakthroughs in synthesis, we
highlighted the fact that new analytical instruments and methods
are needed to fuel future property discovery and analysis. We
focused the bulk of our discussion in this section on providing a
critical view of the priority research areas in TMD materials. We
emphasized how future studies in beyond 2D materials can build
on the vast body of research in optoelectronics, energy science,
and quantum information science that has thus far focused on
2D TMDs. Our intent was to acknowledge the great strides
made to-date while providing a clear perspective on the exciting
research opportunities unique to beyond 2D TMDs, 1D
nanoribbons serving as a benchmark.

This review leaves our community with several key insights
and goals to work toward. First, from a synthetic standpoint, the
grail would be to have a method that affords selective control
over the crystal dimensionality, edge morphology, and phase
with atom-levels of precision and at a scale to render device
fabrication practical. Second, 1D TMDs have several unique
features that contribute to the exceptionally tunable and in some
cases anomalous properties they exhibit. These features include
(i) a lateral confinement potential that can influence electron
and/or exciton transport, (ii) a non-negligible contribution of
edge states to the total material response, (iii) mechanical
properties providing for new strain/defect modes. Third,
harnessing atomistic control of edges and defects and
implementing electronically active and laterally confined
heterojunctions, some of which can be done in a 1D crystal
platform, is key to realizing the potential of TMDs in photonic,
electronic, and quantum information processing applications.

In conclusion, once outstanding challenges in the preparation
and understanding of TMD materials encompassing all manner
of topologies and phases are addressed, the transformative
potential of these materials in optoelectronic, energy conversion,
and quantum information science applications will be realized.
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