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Structural defects, such as heteroatoms or atomic vacancies, are
always present in materials and significantly affect their physical
properties, in both positive or unwanted ways. Interestingly,
defects generate an impressive range of functionalities in many
materials, such as catalysis, electrical and thermal conductivity
tuning, thermoelectricity, enhanced ion storage, magnetism,
and others. These properties enable the use of defective

1. Introduction

Defects are always present in all manufactured materials and
significantly affect their chemical and physical properties.
Interestingly, although defects have a detrimental effect on
some properties, such as a decrease in mechanical stability and
the dramatic change of the charge transport properties, they
can also generate an impressive number of functionalities, such
as catalysis, tuning of electrical and thermal conductivity,
thermoelectricity, ion storage, enhance the sensing capabilities
magnetism and other. These functionalities make defective
materials suitable for a variety of technological applications
(Figure 1)."" The most striking example of the impact of defects
on science and technology is the doping of silicon which, over
the past 70 years or so, has allowed the extraordinary develop-
ment of micro- and nano-electronics. Practically, the doping of
semiconductors consists of introducing defects in the material,
usually through the introduction of a heteroatom which
introduces a localized electronic state in the semiconductor
bandgap (midgap states).

Defects define material properties, and defect engineering
optimizes a defective material for specific applications. Almost
all papers on the study of defects invoke defect engineering as
the way to devise materials for technological applications. Many
excellent review articles are dedicated to defect engineering,
some of them devoted to atomic vacancies” and the role of
defect distribution.” However, due to the extent of the topic
and its impressive rate of development, more specific review
articles with different points of view and innovative types are
needed to inspire future research, to evaluate the state of the
art, problems and perspectives of such a stimulating topic.

Here we review atomic vacancies in low dimensional
systems (i.e, 2D compounds and films made of a few
monolayers) of transition metal dichalcogenides (TMD) as they
are the most studied system, as proved by the impressive
number of papers published weekly. In this article, we first
briefly describe, in general, the different types of atomic
vacancies in TMDs (Sect. 2), followed by a general overview of
the principal properties generated by atomic vacancies (Sect. 3).
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materials in a great variety of technological applications. Here
we review the principal properties generated by atomic
vacancies in 2D compounds and thin films of transition metal
dichalcogenides and the most consolidated methods for their
formation and engineering. Eventually, we critically analysed
the most important advantages, the limits and the current open
challenges.

Section 4 discusses the principal method developed for defect
formation and engineering and how they can be advanta-
geously exploited in various fields. The review concludes
(Sect. 5) with a summary of the most important results obtained
so far, together with a discussion on the open problems and
future challenges for the engineering of defective materials. We
aim to increase awareness in the chemistry and material science
communities that an unwanted phenomenon, such as the
formation of atomic vacancies, can be an extraordinary
opportunity to impart unprecedented functionalities to materi-
als, enhancing their efficiency and versatility in practical
applications.

2. Atomic Vacancies

The most common atomic vacancies are single atom vacancies
(V,) formed by removing a single metallic or non-metallic atom
from the crystal lattice of a material. Multi-atomic vacancies,
formed by removing more than one atom, are often present in
many materials but are not as common as V,. Multi-atomic
vacancies are also more complex and more challenging to
control, and often their detrimental effects are higher than the
beneficial-one.” Figure 2 shows some examples directly ob-
served by STEM atomic-resolution images of four different types
of atomic and multi-atom vacancies commonly observed in
MoS,: monosulfur vacancy (Vs), disulfur vacancy (Vs,), vacancy
complex of Mo near three sulfur atoms (Vy.s3), and vacancy
complex of Mo near three disulfur pairs®

Atomic vacancies, for example, in semiconductors, act as
dopants generating midgap states which alter the spatial
homogeneity of electronic states generating the functionalities
of the material.”’ Midgap states are generated by the reorgan-
ization of electron density around the vacancy. For example, in
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Figure 1. Most significant properties and functionalities generated by atomic
vacancies in transition metal dichalcogenides.
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Figure 2. Most common atomic vacancy defects in MoS.. (a) Atomic
resolution ADF images of V, V,, Mo, and V\.s; (b) Related structural models
of atomic vacancies observed shown in (a). From left to right: Vs, Vs,, Mos,
and Viys3. Purple, yellow, and white balls represent Mo, top layer S, and
bottom layer S, respectively. Figure adapted with permission from ref. 5.
Copyright 2013 American Chemical Society.

defective MoS,, sulphur vacancies (V), the most energetically
stable defects" cause electron distribution changes in the
surrounding Mo atoms (mainly within a 5A radius surrounding
the V) generating the localized midgap states below the
conduction band minimum.® Importantly, generally speaking,
the presence of limited density, the atomic vacancies has no
significant effects on the long-range crystalline structure of the
materials.”

Midgap states generated by the defects induce a significant
modulation of the band gap which gives rise to, or enhances, a
variety of functional properties. Figure 3 shows the evolution of
the band structure of two representative materials, such as WS,
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Figure 3. Band structure evolution of WS, (top) and WS, (bottom) on varying
Vs densities: a) 0%, b) 1.6%, c) 2.8%, d) 6.3 %, and e) 25.0% and the changes
of midgap states with respect to the conduction band of the compounds.
Figure adapted from ref. 6a with permission. Copyright 2013 Wiley-VCH
GmbH, Weinheim.

and MoS,, on varying the density of sulphur atomic vacancies
from 0% to 25%.**

3. Properties Generated by Atomic Vacancies

Atomic vacancies generate an impressive number of new
functionalities, some of the most important are summarized in
Figure 1.

3.1. Optical

The modulation of the band gap gives rise to non-linear optical
processes such as second harmonic generation,® and more
peculiar phenomena such as the formation of negative trions,”
a quasi-particle composed of two electrons and a hole which
has no analogue in conventional semiconductors. Changes in
optical properties are often detected by photoluminescence."”
Defects induce peak shifts of several tens of nanometres,
proportional to the percentage of the defect density, and lead
to new features in the spectra with significant changes in
exciton life-times."”

Moreover, the Raman spectra change dramatically due to
the modification of phonon modes."” Figure 4 shows an
example of the effects on photoluminescence and Raman
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Figure 4. Evolution of optical properties vs. Se vacancy density in MoSe,. (a)
The Raman spectra. (b) PL spectra. The samples with higher vacancy density
show a clear blue shift in their spectra with respect to the pristine samples
which is proportional to defect density. Figure adapted from ref."" with
permission. Copyright 2016 American Chemical Society.

spectra on varying the percentage of Se atomic vacancies in
MoSe, crystals. Photoluminescence and Raman spectroscopy
are used to detect both the type and mean density of defects.

3.2. In-plane electrical conductivity

The presence of V, defects strongly influences the electrical
properties of semiconductors. For example, the most common
defect in  MoS, V,, usually generates an n-type
semiconductor."""'? However, MoS, can be converted to p-type
by substitutional doping of Mo atoms with electron-acceptor
metal atoms, such as Nb,"® but also by regulating the density
of Vs in the layer.®™ Importantly, in many cases, because of a
non-uniform Vg distribution, different p- and n-type regions are
present in the same sample, often compromising the predicted
behaviour of the corresponding devices. On the other hand,
when spatially controlled, an accurate electronic structure
modulation allows the fabrication of 2D electronic devices such
as 2D transistors and logic inverters."

V, defects usually act as scattering centres which degrade
the in-plane carrier mobility. The absolute value of charge
mobility is very sensitive to the percentage of vacancies
present. For example, in MoS,, an increase in V from 0.1 to 3%
can reduce the band mobility by several orders of magnitude."”
At the same time V; defects create hopping centres activating
new channels for charge transport™ which, became highly
performant in optimized conditions, as recently demonstrated
in a MoS, monolayer based field-effect transistor.”” It has also
been calculated that in the case of spatially arranged Vs defects,
the possible formation of percolation channels can enhance
charge carrier mobilities at any given vacancy concentration,
limiting the detrimental effects of electron scattering.*® In-
plane electrical conductivity of semiconductors is usually
investigated using field-effect transistor configuration.*'”!

3.3. Resistive switching states
Besides the in-plane electrical conduction, V, are responsible

for resistive switching states in vertical junctions obtained by
sandwiching the active material between metallic cross-bars or
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electrical nano-contacts.'® This property has been exploited in

memristors'"” and atomistors (i.e. a memristor based on an
atomically thin nanomaterial such as MoS, monolayers)."® In
these devices the resistive switching is caused by the replace-
ment of a Vs with a metal atom during the application of an
appropriate pulsed bias and, remarkably, the filling of a V, with
consequent change in resistance can be non-volatile, but
reversible.'”? The process is very efficient, but it is very sensitive
to the Vs density and distribution, and this characteristic causes
variations in the resistive states in different devices.

3.4. Tuning of thermal conductivity

The presence of V, defects induces the formation of localized
phonon states which strongly reduce thermal conductivity in
defective materials."” This effect is particularly relevant in 2D
compounds and thin films consisting of only a few monolayers.
Although the scattering strength of each phonon mode remains
similar to that of the defect-free structure, localized phonon
states reduce the phonon relaxation time® and significantly
enhance the Umklapp scattering."”*” As a consequence the
thermal conductivity of the defective material is strongly
reduced by the presence of V, defects. For example, in MoS,
single layers a 0.5% concentration of Mo vacancies can reduce
the thermal conductivity by 60 %.2"

3.5. Thermoelectricity

Acting upon both electrical and thermal conductivity to differ-
ent extents, atomic vacancies strongly influence the perform-
ance of thermoelectric materials which can transform differ-
ences in temperature into changes in voltage.”? The efficiency
of thermoelectric materials can be expressed by the figure of
merit ZT=0S2T/(xe+«L), where S is the Seebeck coefficient, o
the electrical conductivity, T the absolute temperature and ke
and kL are the electronic and lattice thermal conductivity,
respectively. ZT maximization requires a large S, a high o, and a
low k. However, these parameters are inter-dependent, thus ZT
maximization is always challenging. Among the proposed
approaches to improve ZT, V, engineering has been considered
by several theoretical articles as one of the most promising
approaches,™ predicting a possible value of ZT higher than 6
even for defective MoS, monolayers. However, to date,
experimental work has only reached a ZT of one order of
magnitude lower than the predicted value. This discrepancy is
attributed to the fact that the introduced dopants deteriorate
the charge carrier mobility much more than expected, thus
hindering the magnitude of ZT.

3.6. Catalysis
The presence of V, defects can also produce materials for

electrocatalysis.”? For example, defective transition metal
dichalcogenides (TMDs) can be efficient and durable non-
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precious metal electrocatalysts for a variety of important
electrochemical reactions such as hydrogen or oxygen evolu-
tion through water splitting, the oxygen reduction reaction for
polymer electrolyte fuel cells,”® or CO electroreduction.”
Chalcogenide vacancies generate localized electronic states in
the lattice which act as sites for catalysis.””

Besides the generation of catalytic sites, V, defects also
decrease the energy of hydrogen adsorption with a clear
benefit for catalytic activity producing an excellent per-site
turnover frequency for hydrogen evolution reactions (HERs).>*®
Figure 5 shows an example in which electrochemically fabri-
cated Vs defects in MoS, enhance of one order of magnitude
the HER catalytic activity with respect to pristine MoS,.””!

In general, electrocatalytic activity is proportional to the
density of active sites and thus to V, density, but V, defects
significantly reduce the electrical conductivity which has a
detrimental effect on the kinetics and thus on the turnover rate
of the electrochemical reactions.”®

3.7. lon storage

Low-dimensional TMDs possess great potential as materials for
Li and Na storage owing to their unique layered structures
which can efficiently facilitate ion intercalation/de-
intercalation.” The midgap states created by atomic vacancies
(both Viera aNd Vyon-meta) @Ct as active sites for substantial alkali-
metal adsorption improving the specific capacity of the
material. In addition, the rearrangement of atoms in the region
of the vacancies not only promotes the adsorption positions of
both Li and Na atoms at the defective site but also at sites
around the atom vacancies. This effect, studied in MoS,, is
caused by the local rearrangement of the lattice from a 2H
configuration to a trigonal 1T configuration around the defects
which further improves the storage capacity.”***® One major
problem for ion storage is the reduction in electrical con-
ductivity created by the vacancies and limits to the density of
active sites which can be introduced in the materials without
compromise its mechanical stability.
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Figure 5. Linear sweep voltammetry of MoS, before (P-MoS,) and after (V-
MoS,) sulphur vacancy formation. The current density increment is defined
as AJ/J,, where J, is the current density at —0.32 V versus RHE before
desulfurization. Figure adapted from ref. 25 with permission. Copyright ©
2017, The Authors.
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3.8. Electrochemical supercapacitors

Defective TMDs have also been tested as electrochemical
supercapacitors. Compared to pristine materials, defective
materials proved to be more suitable electrode materials for
electrochemical capacitors as the defects contribute to extra
capacitance by introducing additional faradaic pseudo-capaci-
tance or more exposed electrochemically active sites. In
addition, in layered materials defects increase the surface area
by increasing the interlayer distance.””®*" As in the case of ion
storage for batteries, major problems are related to the
reduction of electrical conductivity due to the vacancies and
limits to the number of active sites which can be introduced
without compromising material stability.

3.9. Magnetism

Defect-induced magnetism is attracting interest for the produc-
tion of ferromagnetic (FM) order in materials with only s and p
electronic bands (most current FM order comes from d and f
orbitals).®? Defect-induced magnetism is based on exchange
interaction, which is a quantum mechanical mechanism
between electron spins from nearest neighbours in the atomic
lattice which determine the probability of alignment (or anti-
alignment). The exchange interaction, whose strength is usually
given by the exchange constant J, is basically a Coulomb
interaction including the Pauli principle, thus it is very sensitive
to spatial defect distribution. In 2D systems, the exchange
interaction is extremely powerful and has stimulated a renais-
sance in the field of atomically thin magnets.®® Very few papers
have investigated defective MoS,, in which FM is caused by the
electronic states introduced by Vi in a 2H-MoS, ultrathin
nanosheet host, which prompts the transformation of the
surrounding 2H-MoS, local lattice into a trigonal (1T-MoS,)
phase.?? Calculations suggest that vacancy-doped MoS, mono-
layers can exhibit a high Curie temperature not too far from
room temperature. However, although experiments confirm
qualitatively theoretical predictions, the overall saturated mag-
netization measured is too low for use in practical applications.’

4. Defect formation and engineering

Customizing atomic vacancy defects to modulate the properties
of defective materials can be achieved by controlling the
synthesis parameters to obtain stoichiometry deviations during
crystal growth or applying post-growth treatment to selectively
create atomic defects.

4.1. Synthetic Methods

4.1.1. Chemical vapour transport

Chemical vapour transport (CVT) is the most common method
used to grow crystals and films."™** CVT involves the transport

© 2022 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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of vaporized precursors in a sealed ampoule with a high
temperature gradient (c.a. 1000 C°) along its length. CVT syn-
thesis usually requires several days to obtain high-quality
crystals which have to be exfoliated to be reduced to low-
dimensional systems. The density and the nature of defects
(atomic vacancies or substitutional atoms)®* is tuned by adjust-
ing the initial loading of precursors and the experimental
parameters (Temperature, flux, etc...). CVT allows a uniform
statistical distribution of the point defects, but also generates a
large number of edges, whose density can be inhomogeneous
in the sample.®¥

4.1.2. Chemical vapour deposition

Chemical vapour deposition (CVD) occurs by the chemical
reaction of transition metals and non-metal gaseous precursors.
It is used to produce and engineer both atomic vacancies and
substitutional atoms. CVD synthesis occurs on a several-hours
timescale and at lower temperatures compared to CVT.2¥ CVD
provides a statistical distribution of defects. Typical problems
consist of in-plane defect density gradients, or phase segrega-
tion. The quality of the defective crystal produced is very
sensitive to experimental conditions and to the quality of the
substrates (flatness, lattice constants, thermal stability and
cleanliness) as they affect the orientation, size and shape of
crystalline domains.

A large variety of defects can be generated and engineered
in CVD-grown of materials: i) the tuning of precursor composi-
tion determines the type of defects produced (vacancies and
atom replacement); ii) by adjusting the flow of precursor vapour
and temperature, it is possible to control the orientation of
domains and the overall density of vacancies; iii) by varying the
pressure and temperature, one can control the morphology of
the sample (homogeneous thin films versus separated islands).

4.2. Post-growth treatments

Besides the defect generation during material- syntheses,
several post-synthesis treatments have been developed for
defect engineering. Post-growth treatment provides a greater
degree of freedom for atomic-defect engineering and, in some
cases, the spatial control of defective regions of the sample.*
Importantly, to obtain substitutional doping, the vacancies can
be recovered by depositing different non-metallic atoms on the
defective sample, as described below. There is a significant
number of publications on various methods for post-growth
treatments for defect generation and engineering, but here we
discuss only the most common.

4.2.1. Thermal annealing
Thermal annealing is the simplest method of creating chalc-

ogen atomic defects. Defect density can be regulated by acting
upon the annealing temperature® and on the environment.”!

ChemPlusChem 2022, 87, €202100562 (6 of 10)

When performed in an appropriate environment it can be
directly used for atom replacement.”® There are some spatially
controlled techniques which exploit thermal effects by locally
heating a sample. For example, laser irradiation® allows a
spatial control on the micrometric scale and scanning thermo-
chemical microscopy even at sub-micrometric levels.*® The
ability to produce micropatterning using these techniques is a
great advantage over thermal annealing, as it allow a spatial
control of material functionalities, however upon the heating
the atomic vacancies are mobile, migrating and agglomerating
into vacancy lines or more complex defect aggregates.

4.2.2. Plasma treatment

Plasma treatment is an emerging strategy which can be
conveniently exploited for engineering defects in materials. For
example, the electrical properties of single-layer MoS, can be
tuned from the semiconducting to the insulating regime
through controlled exposure to oxygen plasma as the energetic
oxygen molecules lead to the formation of insulating MoO;-rich
defect regions.”® On the other hand, treatment of TMD
monolayers, such as WS,, MoS, and WSe,, with argon plasma
creates atomic-scale defects with modification of their optical
and electrical properties”” and in some cases a phase
transition.*" Similarly, the introduction of selenium (Se) vacan-
cies, following plasma treatment, leads to the phase conversion
of semiconducting PdSe, to the metallic Pd,,Se;s phase.*” The
plasma experimental conditions allow a partial control of the
defect density.

4.2.3. Electrochemical Methods

Electrochemical desorption has been demonstrated to be an
efficient process for creating atomic vacancies in many
conductive materials. For example, in MoS, the process occurs
via proton and electron transfer to the sulphur atoms in the
basal plane, with desorption of H,S(g), leaving behind an S-
vacancy.”™ On changing the applied potential, the extent of
desulfurization and the resulting activity can be varied. The
method is very simple because it can be performed in a
conventional electrochemical cell, by simply applying an
appropriate ramp of potential at the electrode. The process
allowed the fabrication of up to ca. 25% V; defects in the basal
plane of MoS,. Above this percentage the conductivity of MoS,
is compromised and desorption became difficult. Moreover, the
S-vacancy density was not spatially uniform across the surface,
due to the clustering of S-vacancies. The electrochemical
process for sulphur desorption has been used in various
systems such as II-VI semiconductors,”? but is particularly
efficient in the case of adsorbed layers.*” In addition, when
combined with electrochemical lithographic techniques,* such
as the parallel local oxidation“® or reduction,”” electrochemical
methods allow a spatial control with a resolution of a few tens
of nanometres.

© 2022 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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4.2.4. Electron-beam treatment

Electron-beam treatment is a serial method in which electron
irradiation can be used to create precise nano-patterns of
atomic defects in many materials. For example, e-beam
irradiation at a few tens of keV were used to produce V and V,¢
in MoS, layers."® Defect formation in 2D can originate from
various mechanisms which contribute synergistically to defect
formation: mechanisms include ionization, beam-induced
chemical etching, and ballistic displacement.*®* Careful regu-
lation of experimental conditions allows the selective ejection
of chalcogen atoms or, with greater irradiation, also of metal
atoms. Figure 6 shows an example of Vg and V., fabricated on
MoS, layers. When using state-of-the-art electron microscopes,
e-beam treatment allows nanometric control of defect position.
However, e-beam treatment can heat the sample locally which
can create nano-holes, line defects or cracks in samples.
Although this effect can compromise the spatial resolution of e-
beam effects on the sample, it can be limited using an
encapsulation procedure.®

4.2.5. Scanning Probe Microscopy

Besides the method previously described for the generation of
V,, most atomic scale engineering studies on surfaces have
been performed via Scanning Probe Microscopy (SPM) in which
atoms are handled individually in the fabrication of atomic
vacancies™ or through the arrangement of surface atoms.”™ All
these experiments were performed in ultra-high vacuum and,
apart from one case,”™ under cryogenic conditions, producing
atomic patterns stable under the same experimental conditions
used in the manufacturing process. In all cases the atoms are
manipulated one by one, patterning areas of only a few
hundred nanometres wide. SPM allows a real deterministic

Figure 6. HR-TEM images MoS, layer. Atoms are dark and white spots which
correspond to the holes in the hexagonal structure in which an increasing
number of S vacancies is observed after e-beam irradiation. Both single
vacancies and double vacancies can be found. Figure adapted from ref.[48a]
with permission. Copyright © 2012, American Physical Society.
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arrangement of V, defects. Despite their absolute control in
atom manipulation, SPM techniques have been hindered by the
difficulties of experiments which can only be performed using
sophisticated instrumentation and are limited by their intrinsic
low throughput and the instability of the patterns produced,
often stable only under the same experimental conditions used
for their fabrication (i.e, ultra-high vacuum and cryogenic
conditions).

4.2.6. Wet chemical methods

To date, despite their simplicity, wet chemical etching is not
usually used for single-atom vacancy formation because of the
practical difficulty in controlling the defect density and their
distribution. As defects tend to aggregate during the process-
ing, it isn't easy to obtain single-atom vacancies and uniform
distributions. Only recently, Gao et al."” demonstrated in MoS,
that accurate control of etching agent concentration allows
efficient management of defect density. Using a H,O, aqueous
solution, numerous single atom Vs were produced by the
sulphur oxidation process, preserving the lattice stability.
Although a systematic analysis of V¢ density versus H,O,
concentration and treatment time was not directly reported,
the evidence that the charge mobility of MoS, monolayer
decreases with concentration and process duration of the
treatment indirectly confirms the control of Vs density acting on
these parameters.

4.2.7. Molecular-assisted vacancy formation

In a very recent work, we have demonstrated a new method for
the electrochemical generation of single atomic vacancies at
specific positions.®” The method consists of the electrochemical
desorption of a non-metal atom assisted by a coordination
compound molecule (CC). The CC works as a “molecular drone”:
it lands on a substrate (deposited or self-assembled on the
surface), bonds to a specific atom on the surface forming a
surface complex in which the surface atom bonded with the
metal of the CC acting as its ligand, then upon the application
of an electrochemical potential, much lower than the potential
normally used for defect formation but capable of desorbing
the CC with the surface atom, which then leaves the surface
along with the extracted atom, thus creating an atomic vacancy
in a specific position on the surface. Figure 7 shows the scheme
of the process and the typical vacancies fabricated by
molecular-assisted vacancy formation observed in-situ by STM.
The feasibility of the process has been demonstrated under
electrochemical control and with stability of the fabricated
pattern at room temperature, under ambient conditions.

5. Atomic Vacancy Filling

As described above, atomic vacancies can be fabricated by
various methods to obtain a wide variety of functional proper-

© 2022 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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Figure 7. Concept of molecular-assisted vacancy formation. (a) A molecule of
a Fe(lll) phthalocyanine chloride is adsorbed on to the surface (an iodine-
modified Ag surface), (b) it bonds to an atom of the surface forming a
surface complex, and (c) it then leaves the surface along with the extracted
atom. d-e) The process results in the creation of an atomic vacancy at the
point where it had landed. In-situ STM images of the pristine I-modified Ag
surface before (d) and after (e) the process. Bars are 2 nm. Figure adapted
with permission from ref.51. Copyright 2021 Wiley.

ties. However, in some cases, atomic vacancies are unwanted as
they can be detrimental for some desired properties of the
materials. Thus, in parallel with the studies for their fabrication,
strategies to fill atomic vacancies have been developed.'"*?
Vacancy filling methods exploit the higher thermodynamic
stability of defect-free materials compared to the defective
ones. For example, in a recent work, Mahjouri-Samani et al.
demonstrated that in Se-defective MoSe,,, exposition of the
sample to laser evaporated Se atoms leads to seleniation, filling
the Se-vacant sites, thus recovering the properties of the
pristine crystals."" Recently, Zhao, X. et al. demonstrated that in
the case of defective MoS, (both in the case of V¢ and oxygen-
substituted sulphur atoms) thermal annealing in H,S remove
almost quantitatively the V5% Vacancy filling has also been
performed in solution. Recently, X. Zhang et al. established a
powerful wet method for Vs filling in monolayer MoS,.*?' The
authors showed that treatment in poly(4-styrenesulfonate)
solution led to spontaneous Vs filling by the sulphur adatom on
the MoS, surface. These techniques for the filling of atomic
vacancies are very simple and efficient and can be used to
introduce heteroatoms in vacancy-rich materials. Remarkably,
using a thiol in substitution of dichalcogenides species, the
process allows filling the atomic vacancy by the thiol itself,
obtaining in a single step the surface functionalization.**

6. Conclusions and Outlook

In this minireview we have considered the principal function-
alities generated by the atomic vacancies of defective materials

ChemPlusChem 2022, 87, 202100562 (8 of 10)

for a variety of technological applications. We have summarized
various pathways for fabricating atomic vacancies both during
materials growth/synthesis and by post-growth treatments. The
present methods are relatively simple and usually do not
require advanced instrumentation. In addition, some post-
growth treatments allow spatial control at the micrometric and
sub-micrometric scales of the defective areas within the same
sample. This extraordinary opportunity significantly expands
opportunities for defective materials beyond conventional
applications allowing, for example, the fabrication of devices
fully fabricated within a single substrate modified locally.*”

Major problems include the limited number of defects
which can be introduced in a material without altering their
structure or compromising their mechanical stability and
electrical conductivity. These are often the major drawbacks
caused by the introduction of a high density of atomic
vacancies. There are many open challenges of atomic vacancy
engineering and more in general for defect engineering to be
addressed: i) It is propaedeutic to defect engineering to be
capable of fabricating defect-free materials in order to exercise
real control of successive steps. To date, this is possible only for
a limited number of materials, often using complex and
expensive procedures; ii) Maximizing the density of defects
without compromising the integrity of the material, thus
moving toward customized defect distribution for specific
devices; iii) Developing efficient deterministic control at sub-
nanometric scale of the position of vacancies (defects) over
large areas.

Once these problems have been addressed, we expect that
defective materials can be a novel class of highly efficient
materials and with programmed functionalities free of critical
elements. In this context, theoretical calculations, including
deep-learning and machine-learning configurations, are, and
will be more and more in the future, a crucial tool in
interpreting the properties generated by the defects, predicting
their roles in material properties and stability and in optimizing
their spatial distribution for specific applications. To date, the
only technique which can obtain a real deterministic control of
atomic vacancies on the atomic scale are SPL (Scanning Probe
Lithography)-based techniques which, in some cases, have
demonstrated the extraordinary potential of a real deterministic
control of defect positioning. Unfortunately, SPL-based techni-
ques are limited by low throughput in terms of time and very
small areas. In the near future, we expect the development of
novel deterministic processes for defect (vacancy) formation
based on parallel approaches.

In conclusion, defect engineering and in particular atomic-
vacancy engineering, is only at the beginning of their life, and
thus there is an enormous amount of work to be done in order
to reach an appreciable understanding of the techniques
involved and a greater spatial control over much larger areas.
Once reached, we expect an enormous impact of the develop-
ment of defect-containing materials in science and technology,
opening new opportunities in materials science.

© 2022 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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