
Control of electrically and optically active structural disorder in 2D
transition metal dichalcogenides

Downloaded from: https://research.chalmers.se, 2026-02-08 00:45 UTC

Citation for the original published paper (version of record):
Zeng, L., Olsson, E. (2026). Control of electrically and optically active structural disorder in 2D
transition metal
dichalcogenides. npj 2D Materials and Applications, 10(1).
http://dx.doi.org/10.1038/s41699-025-00645-2

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



npj | 2D materials and applications Review
Published in partnership with FCT NOVA with the support of E-MRS

https://doi.org/10.1038/s41699-025-00645-2

Control of electrically and optically active
structural disorder in 2D transition metal
dichalcogenides

Check for updates

Lunjie Zeng & Eva Olsson

Structural disorder affects the electronic structures of 2D TMDs, offering active control of their
electrical and optical properties. The control requires knowledge about the correlation between
structure and properties, and also techniques for introducing and stabilizing the structural disorder.
The recent significant progress shows that the tunability of the structural disorder enables new
functionalities of the 2D TMDs. Here we provide an up-to-date review of the current developments.

Initiatedby the fabricationandcharacterizationof the electronicproperties of
graphene1–3, atomically thin two-dimensional (2D) materials have attracted
tremendous research interest over the last two decades, due to a range of
fascinating phenomena and outstanding properties discovered in these
materials that arenot available in their bulk counterparts1,3–12.Atomically thin
transitionmetal dichalcogenides (TMDs) are among themostwidely studied
2D materials due to their unique physical properties, especially exceptional
electrical and optical properties6,13–20,20,21. Bulk TMDs, such as MoS2, MoSe2,
WS2, andWSe2, are crystals with layered structures in which there is strong
in-plane covalent bonding and weak inter-plane van der Waals (vdW)
bondingbetweenatomic layers.TheweakvdWinterlayer coupling allows the
separation of individual atomic layers frombulk crystals usingmechanical or
chemical means22–24. Bottom-up growth of atomically thin TMDs crystals by
thin film growth techniques has also been extensively explored25,26.

Quantum confinement plays an important role in the electronic
structure and properties of 2D TMDs6,27. Monolayer TMDs, such as MoS2,
MoSe2, WS2, andWSe2, are direct gap semiconductors with optical gaps in
the visible and near-infrared spectral range14,18,28. As the number of atomic
layers increases, the bandgap decreases and changes to indirect. TMDs also
have fascinating excitonic properties, as well as spin and valley states in their
band structures12,14,20,29–31. The unique and tunable band structures and
thickness of 2DTMDsprovide an intriguingplatform for the realization of a
range of excellent electrical and optical functionalities for applications in
electronics, optics, and optoelectronics12,14,20,30–34. Furthermore, the possibi-
lity of assembling 2D vdW structures layer by layer enables an exciting
tuning parameter for fabricating and engineeringmaterials anddeviceswith
unique and exotic performance35,36.

The high degree of crystallinity of the 2D TMDs is normally the basis
for many of their favorable mechanical, electrical, and optical properties.
However, structural disorder and defects that disrupt the ordered lattice and
bonding are unavoidable in real materials. The electrical and optical
properties of 2D TMDs sensitively depend on the form and distribution of
various structural imperfections and heterogeneities. Due to their ultimately

small thicknesses and quantum confinement effects in thin 2D TMDs,
defects play an even larger role in determining their electrical and optical
properties37–41, compared to bulkmaterials. The study of structural disorder
and defects has been an important and ingrained part of the research
endeavor on 2D TMDs since their discovery42–44, with the aim to better
understand the effects of structural disorder on the properties of 2D TMDs,
as well as to explore new functionalities40.

In this review, we will provide a comprehensive review of the up-to-
date literature concerning the control of structural disorders that are of
critical importance for tailoring the electrical and optical properties of 2D
TMDs.We first provide a survey of the characteristics of the different types
of electrically and optically active defect structures found in 2D TMDs (Fig.
1a–f). The atomic-scale structural characteristics of the structural disorder,
as well as the effect of each type of structural disorder on the electronic and
optical properties of 2D TMDs, are discussed (Fig. 1g–i). Thereafter follows
a description of the state-of-the-art techniques andmethods that are used to
create and control the structural disorder (Fig. 1j–l). Advances indeveloping
techniques for controlling structural disorder duringmaterial fabrication, as
well as post-fabrication are discussed. Finally, an outlook for future research
is provided.

Characteristics of electrically and optically active
structural defects in 2D TMDs
In this section, the structural characteristics of the different types of struc-
tural disorder, as well as the effect of each type of structural disorder on the
electronic and optical properties of 2D TMDs, are described. We focus on
the 2D TMDs that are most intensively studied. They are in the form of
MX2, withMdenoting a transitionmetal from groupVI (Mo andW) andX
a chalcogenatom (S, Se, or Te). There are differentways inwhich the perfect
crystalline order can be disrupted and reorganized in 2D TMDs. In an
analogy to 3Dmaterials, themost common intrinsic structural defects in 2D
materials are 0D (point) defects and 1D (line) defects within the 2D atomic
lattice (Fig. 1). Moreover, lattice distortion and structural disorder can also
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involve atoms in one or more atomic layers (Fig. 1). We classify these
structural disorders as 2D (planar) defects. One example is lattice strain in
2DTMDs45.When the individual atomic layers are stacked together to form
2DvdWstructures, structural disordermay emerge due to the variation and
inhomogeneity in layer stacking46–51.

Structure defects and disorder, which often originate from material
reorganization and fluctuation at the atomic scale, have been investigated
and characterized by a broad range of experimental techniques, including
Raman spectroscopy52,53, X-ray photoelectron spectroscopy (XPS)54, X-ray
diffraction55, electron microscopy42, and scanning probe microscopy
(SPM)56.While methods such as Raman spectroscopy and XPS can be used
to study extended and embedded defects, the direct observation and
monitoring of defects in 2Dmaterials have been enabled by advanced high-
resolutionmicroscopy and spectroscopy techniques, in particular, scanning
transmission electron microscopy (STEM) and scanning tunneling micro-
scopy (STM). Modern STEM instrumentation allows direct imaging of
atomic structures down to the sub-Å level thanks to the development of
spherical and higher-order aberration correctors57–60. The unmatched high
spatial resolution and versatile functionality for performing atomic reso-
lution imaging, diffraction, and spectroscopy in the same instrument make
STEM an indispensable tool for studying defect structures in 2D TMDs.
STM is a powerful technique that allows direct atomic resolution imaging as
well as electronic structure investigation of the material surface. As a result,
STEM and STM have been predominantly used to directly and unam-
biguously characterize structural disorder down to the atomic scale. In this
review, we focus on STEM and STM results when discussing the atomic-
scale structure motifs of disorder in 2D TMDs.

Point defects and their effect on electrical and optical properties
Similar as in 3D materials, point defects are probably the most studied
structural disorder in 2DTMDS. Point defectsmaymanifest by themissing

of individual atoms on certain atomic sites (vacancies), the substitution of
atomsbyother species (substitutions anddopants), interstitial atoms, aswell
as adatoms attached to the atomic sites on the 2D lattice. Themost profound
electrically and optically active point defects in atomically thin TMDs are
vacancies and substitutional atoms. In the following, we summarize the
advancement in the understanding of the structural characteristics of
vacancies and substitution atoms, as well as their effect on the electrical and
optical properties of 2D TMDs.

Vacancies and their effect on electrical and optical properties. A
vacancy is one of the most prevalent intrinsic defects found in 2D
TMDs38,43,61–66. Both chalcogen and transition metal atoms can be miss-
ing, forming vacancies in 2D TMDs39,61,64. Four distinct types of intrinsic
vacancies have been identified: mono-chalcogen vacancies (VX), di-
chalcogen vacancies (VX2), vacancy complexes of a transition metal (M)
and nearby three chalcogen atoms (VMX3), vacancy complexes with a
transition metal and nearby three di-chalcogen pairs (VMX6) (Fig.
2a)43,61,67. Antisite defects, where a transition atom occupies a chalcogen
site or vice versa, can also be associated with the creation of vacancies.
Among these variations, VX vacancy has the smallest forming energy,
making it the most observed point defect in 2D TMDs38,43,61,63,66. The
methods and techniques used for fabricating 2D TMDs strongly impact
the type and density of vacancies38,39,43,61,63,63–65. The density of vacancies is
normally quite high in the as-prepared 2D crystals, in a range from1012 to
above 1013 cm−2 (Fig. 2b)61,63,64.

Vacancies significantly affect the electronic properties of 2D TMDs by
altering their band structure and introducing localized states (Fig. 2c)68.
Single vacancies can induce doping in 2D TMDs, increasing charge carrier
concentration69,70. It is normally believed that chalcogen vacancies in 2D
TMDs introduce unpaired electrons into the lattice, n-doping the material,
while transition metal vacancies cause p-doping39,66,70–72. In the presence of

Fig. 1 | Electrically and optically active structural disorder in 2D TMDs. The left
panel shows schematics of common electrically and optically active structural dis-
order and defects in 2D TMDs35,40: a Vacancy, b substitution, c grain boundary,
d edges, e strain, f stacking disorder. Vacancy and substitution are classified as 0D or
point defects. Grain boundary and edge belong to the category of 1D or line defects.
2Dor planar disorder includes lattice strain and stacking disorder35. Themiddle panel
shows examples of effects of disorder on electrical andoptical properties of 2DTMDs:
g band structure tuning by substitution (left)86 and lattice strain (right)188.hQuantum
states, including single photo emitters (SPE), created at edges (left)150 and by atomic
scale vacancies and strain (right)200. i Effects of vacancies (left)70 and lattice strain
(right)189 on conductivity and charge mobility in 2D TMDs. The structural char-
acteristics of the disorder and their effects on the electrical and optical properties of

2D TMDs are described in the section “Characteristics of electrically and optically
active structural defects in 2D TMDs.” The panel to the right shows three repre-
sentative methods to control structural disorder in 2D TMDs: j control disorder
during the fabrication of 2D TMDs. Chemical vapor deposition (CVD) is a widely
used technique to grow 2D TMDs210. Growth parameters such as temperature, gas
flow, substrate, and precursors can be used to tune the structural disorder. k Post-
fabrication processing methods, such as irradiation, are often used to generate and
manipulate structural disorder in 2DTMDs264,288,289,290,291. The irradiation sources can
be energetic electrons, ions, plasmas, or photons. l Strain engineering, using for
example, a scanning probe microscope (SPM), has been utilized to apply and control
lattice strain in 2D TMDs200. More details of the techniques used for controlling
structural disorder are discussed in the section “Control of structural disorder”.
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single vacancies, charge conduction is believed to be realized by hopping
between the localized states introduced by vacancies (Fig. 2d, e)70,72. How-
ever, when vacancy density is high, vacancy-induced local potential varia-
tion and charge states enhance charge scattering, degrading charge
transport properties64.

Chalcogen vacancies are optically active, giving rise to spectrum fea-
tures at an energy slightly below the natural exciton peak in photo-
luminescence (PL) of MoS2, WS2, MoSe2, and WSe2 monolayers (Fig.
2f)73,74. Defect-bound excitons in monolayer WSe2 exhibit exceptional
optical properties, including a recombination lifetime approaching 200 ns
and a valley lifetime longer than 1 μs75. Vacancies can also subtlymodify the
dielectric functions at low dimensionality, causing renormalization of

quasiparticle binding energies76. Quantum optical phenomena, such as
single photon emitters (SPEs), have been widely observed in 2D TMDs77–80.
Though the precisemicroscopic structure origin of SPE is still under debate,
many studies strongly indicate that chalcogen vacancies are an important
source for SPE81–84.

Atomic substitution and its effect on electrical and optical proper-
ties. Atomic substitution is commonly found in 2D TMDs, where both
the transition metal and the chalcogen atoms can be replaced by other
elements85. The most common way of incorporating substitution atoms
in 2D TMDs is using the atoms in the same group of the periodic table
with similar radius, valence, and coordination (Fig. 3a)86–97. The choice of

Fig. 2 | Vacancies in 2D TMDs. a Atomic resolution STEM annular dark field
(ADF) images of various point defects present in monolayer MoS2, including
monosulphur vacancy (VS), disulphur vacancy (VS2), vacancy complex of Mo and
nearby three sulfur (VMoS3), vacancy complex of Mo nearby three disulphur pairs
(VMoS6), and antisite defects where aMo adatom substituting a S2 column (MoS2) or
a S2 column substituting a Mo atom (S2Mo)

41. b Statistics of various point defects in
physical vapor deposition (PVD), chemical vapor deposition (CVD), and
mechanical exfoliation (ME) MoS2 monolayers. ME data are in green, PVD data in
red, and CVD data in blue61. c Left: scanning tunneling spectroscopy (STS) spectra
recorded on a sulfur bottom vacancy and the pristine WS2 monolayer on bilayer
graphene. The valence bandmaximum (VBM), conduction bandminimum (CBM),
the Fermi level (EF), the filled-state defect resonance, and the unoccupied in-gap

defect states are indicated. Right: Zoom-in view of the STS spectra of the deep
unoccupied VS defect states. The two zero-phonon lines (ZPLs) and the subsequent
vibronic satellite peaks are labeled68. d Schematics of the electron transport
mechanism in perfect and defectiveMoS2. In perfectMoS2, transport is band-like. In
MoS2 with vacancies, however, electrons are localized near the defects and transport
is through hopping70. e Arrhenius plot of normalized conductivity (symbols) of
monolayer MoS2 and the fitting results by the hopping model (lines). From top to
bottom, carrier density n = 25, 20, 15, 10, 5, 1 × 1011 cm−2, respectively. The two
hopping regimes are separated by T* (dashed vertical line)70. f PL spectra of proton
beam irradiatedWS2,MoS2,WSe2, andMoSe2monolayers73. Normalized PL spectra
of MX2 monolayers before (gray plots) and after (color plots) irradiation.
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dopant elements has been extended to transition metal elements in other
transitionmetal groups of the periodic table as well. For example,Mn and
Re from groupVII have been used to dopeMoS2 (Fig. 3b)

98–100. Nb andV,
from group V of the periodic table, have been added into theWS2 lattice,
replacing W atoms101–105. Though less common, other transition metals,
such as Cr, Fe, Ni,Mn, andCo, have also been used to substituteWorMo
in 2DTMDs99,105–107. Both the transitionmetal and chalcogen dopants are
often randomly dispersed in the 2D lattice93,94, but clusters have also been
observed in some systems, especially at high dopant concentrations108.

Rare-earth elements have also been used as substitution elements for
2D TMDs, replacing the transition metal atoms. Er- and Yb- substitution
has been introduced in MoS2 and WS2 nanosheets, as well as
monolayers109–116. Ce-substitution has been realized in WS2 monolayers117.
Er/Ybco-dopedWS2monolayershavebeen fabricated118. Substitutionof 2D
TMDswith other lanthanoid atoms, such as La, Pr,Nd, Sm, andEu, has also
been realized119.

Doping can be introduced by substituting elements in 2DTMDs using
elements from different groups than those in the original materials, influ-
encing carrier type and concentration. Substitutionally dopedGroupV (e.g.,
Nb) and Group VII (e.g., Re) elements result in p-type and n-type doping,
respectively85,120. The electrical conductivity of MoS2 monolayers can be
tuned directly through substitutional doping of Nb and Re (Fig. 3c)121.
Similarly, the S, Se, and Te substituted with Group XV (e.g., N and P) and
Group XVII (e.g., F and Cl) elements show p- and n-doping,
respectively122,123. Controlled doping by substitution is essential for realizing
functional semiconducting devices using 2DTMDs, such as transistors and
p-n junctions124–126.

Substitutional atoms can also alter the band structure of 2D TMDs.
Pure 2D TMDs phases have a fixed bandgap value in the range of ~1 to
~2 eV127. When forming alloys by substituting the transition metal or
chalcogen atomsusing the atoms from the samegroups in theperiodic table,

the bandgap of 2D TMDs can be continuously tuned86,88,89,93,95,97. For
instance, by adjusting the composition, the bandgap of 2D MoS2xSe2(1-x)
alloy can be changed between that of pure MoS2 ( ~1.85 eV) and of pure
MoSe2 (~1.56 eV) (Fig. 3d)

86.
The tuning of the band structure by substituting elements in 2D

TMDs directly affects their optical properties. Combining 2D TMD
crystal phases to formalloysnormally only shifts the intrinsicPL spectrum
peak position, without introducing new active luminescence centers86,93,95.
Apart from luminescence, the tunability of the bandgap by substitution
has important implications for light absorption, which plays a critical role
in photovoltaics and photodetectors. The absorption spectrum of 2D
TMDs can be modulated by engineering the bandgap to make use of the
different regions of the solar spectrum128.When substituting the transition
metal atoms in 2D TMDs with elements from a different group, more
nuanced effects on the optical properties can be introduced104. Doping
with rare-earth elements introduces energy levels with unique intra-4f
electronic transitions in 2D TMDs, enabling the tuning of PL and elec-
troluminescence, as well as photoabsorption from the UV to infrared
region110,111,116,118. It is found that the electrons in the split energy levels of
the Ce dopants’ f orbital can bind the holes in the valence bandmaximum
of the Ce-doped WS2, forming optical bright excitons117. These excitons
collide with the free A excitons when increasing the pump fluences,
reducing the A excitons’ lifetime.

Line defects and their effect on electrical and optical properties
Line defects are 1D structure features at which there is a discontinuity of the
ordered atomic network in 2D materials. These line defects can be the
boundaries between two adjacent crystalline grains with different crystal
orientations (grain boundaries), the addition or removal of a semi-infinite
wedge of materials (dislocations), or the physical boundaries between the
structure and the air/vacuum or other mediums the 2D structure is in

Fig. 3 |Atomic substitution in 2DTMDs. aAtomic resolution STEMADF image of
MoS2xSe2-2x (left) and atom-by-atom structural model (right) obtained from the
STEM image97. b Experimental STEM ADF image (left) of RexMo1-xS2 alloy
monolayers and the corresponding atommapping image (right)98. c Left: I–V curves
of representative undoped-MoS2 and Nb-MoS2 (4% Nb). Inset: Optical micrograph
of a representative device. Scale bar: 200 μm. The as-fabricated undoped-MoS2
monolayer devices do not show notable electrical conduction121. Right: Transfer

curves of Nb-MoS2 devices at different Nb concentrations. Without doping, the
measured sheet conductance, σS, is below 10−5 μS/□. With Nb doping, the devices
exhibit a much higher conductance (σ > 10−2 μS/□) for a doping concentration of
4%.DopedMoS2 shows a p-typeVBG (back gate voltage) dependence

121.dPL spectra
of the complete compositionMoS2xSe2(1−x) nanosheets and a typical PLmapping of
a single ternary nanosheet (the inset, scale bar, 7 μm), excited with a 488 nm argon
ion laser86.
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(edges). The most widely studied line defects in 2D TMDs are grain
boundaries and edges. In the following, the structural characteristics of grain
boundaries and edges and their effect on the electrical and optical properties
of 2D TMDs are discussed.

Grain boundaries and their effect on electrical and optical proper-
ties. Grain boundaries are commonly formed during the synthesis of 2D
TMDs129. During the CVD growth of monolayer MoS2, individual small
crystalsmerge to form faceted tilt andmirror boundaries that are stitched
together by lines of 8- and 4-membered rings with a periodic 8-4-4
pattern130. Boundaries formed of 5- and 7-membered rings or a string of
4-fold rings have also been commonly observed (Fig. 4a–c)43,131,132. At the
micrometer scale, these grain boundaries follow a zigzag direction,
exhibiting nanometer-scale facets (Fig. 4d, e)130. Both low-angle andhigh-
angle grain boundaries exist in 2DTMDs133,134. There are alsomirror twin
boundaries where two MoS2 crystals intersect with a relative in-plane
rotation of 180° that effectively swaps the positions of Mo and S lattice
sites135–137.

In traditional 3D semiconductors, grain boundaries are considered as
scattering sites for the majority carriers and degrade transport through the
formation of electrostatic barriers. Such degradation is expected to be
amplified in low-dimensional materials due to a reduction in Coulomb
screening (Fig. 4f). A systematic electrical transport study on the effect of
misorientation angle of grain boundaries reveals that charge transport in
monolayer MoS2 sensitively depends on the grain boundaries and the tilt
angle between grains (Fig. 4g)131. In monolayer MoS2, mirror twin bound-
aries slightly increase themeasured in-plane electrical conductivity, whereas
tilt boundaries slightly decrease the conductivity130. Grain boundaries can
even act as electrical conduction channels in polycrystalline 2DWS2

138.
The changes in atomic arrangement and the broken symmetry at the

grain boundaries modulate the electronic band structure, which could
induce exotic electronic properties at the boundaries.Gap states at low-angle
grain boundaries in monolayer WSe2 have been detected by STM134. But-
terfly features are observed along the grain boundaries with misorientation
angles of 3–6°, with the periodicity depending on the misorientation
angle134. In single-layerMoS2, an unexpected bandgap tunability (as large as
0.85 ± 0.05 eV)with distance from the grain boundary has been observed139.
In twin boundaries of monolayer MoTe2, a one-dimensional Peierls-type
charge density wave is also directly observed140.

Grain boundaries also actively modify the optical properties of 2D
TMDs. Spatial variations in PL are attributed to the change in optical
bandgap due to growth-induced thermal strain at the grain boundaries in
polycrystalline MoSe2

141, though it could be related to bandgap broadening
at the boundaries142. In single-layer MoS2, mirror twin boundaries cause
strong PL quenching, whereas tilt boundaries cause strong enhancement
(Fig. 4h)130.

Edges and their effect on electrical and optical properties. Both
armchair and zigzag edges can exist in 2D TMDs143. The zigzag edge
structure consists of atoms arranged in a zigzag pattern with alternating
bonds pointing in opposite directions, resulting in a high density of
unpaired electrons. In contrast, the armchair edge structure has atoms
arranged in a straight line, with all bonds pointing in the same direction.
Zigzag edges are themost often observed edge structure in atomically thin
TMDs (Fig. 5a–c)144–146. More complex reconstructed edge structures,
such as Klein edge, have also been directly observed in atomically thin
MoS2 (Fig. 5d)

145. The TMDs edges can be terminated by either transition
metal or chalcogen atoms.

In 2D TMDs, similar to other 1D defects, the discontinuity of polarity
at the edges is believed to cause metallic behavior at the edges147. In MoS2,
theory predicts that the zigzag edge is metallic, while the armchair edge is
semiconducting146,148,149. Experimentally, themetallic states at the edges have
been observed in single-layerMoS2 grownon anAu substrate by using STM
(Fig. 5e, f)150. Edge-induced band bending and electronic transition in
atomically thin MoS2 have also been found

151,152. Using 4D STEM, atomic-

scale oscillations have been detected in the electric field of a 1D edge state,
with spatial variations that depend on the specific periodic edge recon-
structions (Fig. 5g–i)153. Furthermore, edges play a critical role in estab-
lishing high-quality electrical contacts on 2DTMDs.When contactmetal is
deposited on the top surface of 2D TMDs, the existence of a vdW gap or
Fermi level pinning by interface states results in a strong Schottky barrier at
the contact. In contrast, because of the in-plane covalent bonding and
metallic edge states, edge atoms strongly hybridizewithmetal atoms, greatly
reducing the tunnel barrier and giving rise to Ohmic contacts154–157.

The electronic structure and lattice symmetry changes at the edges of
the 2D TMDs result in strong resonant nonlinear optical susceptibilities,
which can be used for direct optical imaging of the atomic edges and
boundaries of a 2Dmaterial158. InMoS2 nanoribbons, the edge states cause a
shift in PL to higher energy than that from 2D crystals159. A strong
enhancement of PL has been found at the edge ofWS2 islands

160. The edges
of TMDmonolayers also give rise to enhanced nonlinear optical properties,
particularly in second-harmonic generation (SHG) (Fig. 5j–l)158,161. SPEs
have been discovered at the edges of bothmonolayer andmulti-layerWSe2
flakes and have been attributed to quantum-dot structures formed at the
edges79.

Planar defects and their effect on electrical and optical
properties
Lattice distortion and structural disorder can involve atoms in one or more
atomic layers in 2D TMDs. We categorize these structural disorders as 2D
(planar) defects. One example is lattice strain, which is ubiquitous in 2D
TMDs and strongly influences their electrical and optical properties. Fur-
thermore,when the individual atomic layers are stacked together to form2D
vdW structures, structural disorder may emerge due to the variation and
inhomogeneity in layer stacking. Stacking disorder is unique to 2D vdW
materials andnormally doesn’t exist in 3Dbulk crystals. In the following, the
latest development in the study of structural characteristics of stacking
disorder and strain, as well as their effect on the electrical and optical
properties of 2D TMDs, is discussed.

Stacking disorder and its effect on electrical and optical properties.
The stacking and alignment between the constituting atomic layers in
2D materials are characterized by the relative twist and in-plane dis-
placement between the layers. In both 2D homostructures and hetero-
structures, the stacking disorder of atomic layers is ubiquitous due to the
local variation and inhomogeneity in the alignment and registry between
the adjacent atomic lattices, as well as lattice relaxation50,162–165. It con-
stitutes a type of disorder not found in conventional materials. Stacking
disorder in in-plane shift/sliding between the individual atomic layers
has been directly observed in pristine exfoliated MoTe2 thin flakes (Fig.
6a, b)166. MoTe2 nanoflakes show highly disordered stacking, with
nanoscale 1T’ and Td domains, as well as alternative stacking arrange-
ments with in-plane displacement not found in the bulk (Fig. 6a, b)166. In
twisted bilayer or multilayer TMDs, the twist angle between the atomic
layers is often inhomogeneous at the nanometer scale, which can distort
the local moiré lattice (Fig. 6c)47,48,50,163,167. In addition, the interaction
between atoms in the adjacent atomic layers could cause lattice relaxa-
tion in TMD homobilayers and heterobilayers, resulting in domain
structure and strain (Fig. 6c)47,48,168–170.

The electrical and optical properties of 2D vdW structures sensitively
dependon the stacking of the atomic layers. In homostructures, the disorder
in the in-plane shift between the atomic layers effectively changes structural
phases in the original lattice, resulting in a large variationof the electrical and
optical properties within the 2D TMDs. In twisted homo- and hetero-
bilayers of the TMDs,MoS2 andWS2, STMmeasurements show that lattice
reconstruction creates strong piezoelectric textures48. The variations in
valence and conduction band edges due to non-uniform moiré lattice in
twisted heterobilayer WSe2/MoSe2 have been observed (Fig. 6d–f)50.
Moreover, the indirect bandgap size varies appreciably with the stacking
configuration. Reconstruction of moiré patterns in twisted WSe2/WSe2 as
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well as MoSe2/MoSe2 bilayers results in variation in moiré periodicity and
symmetry, which is correlated with the emergence of new exciton species
(Fig. 6g, h)165,168,171.

Stacking disorder in 2D TMDs has often been overlooked, though it
strongly affects their electrical and optical properties. The characterization
of stacking disorder at the nanometer and atomic scales is still rudimentary
and needs to be further established using advancedmicroscopy techniques.

Adetailed and comprehensive investigationof local stackingdisorderon the
electrical and optical properties of 2D TMDs is critical for the further
development of TMD vdW structures.

Strain and its effect on electrical and optical properties. Strain is
another type of structure imperfection commonly found in 2D TMDs
and can be used to actively tune their electrical and optical

Fig. 4 | Grain boundaries in 2D TMDs. a STEM
ADF image of a MoS2 grain boundary with false
color depicting the grains on both sides of the
boundary132. b, c Zoom-in images of the regions
highlighted in (a). The purple circles areMo, and the
yellow ones are S2 columns132. d Color-coded TEM
dark field (DF) image shows a tilt grain boundary as
a faceted line connecting the two triangles130.
e Color-coded TEM DF image shows multiple
polycrystalline monolayer MoS2 flakes with varied
grain sizes. The grains are all connected by faceted,
abrupt grain boundaries130. f Schematic of carrier
transport across a grain boundary in monolayer
MoS2, where there is a potential barrier for
electrons131. g Statistical distribution of the intra-
and inter-grain mobilities with
μFE(inter) < 16 cm

2 V−1 s−1 < μFE(intra)
131. h Optical

measurements of a monolayer MoS2 island con-
taining a mirror twin boundary and an island con-
taining a tilt boundary. In PL quantum yield, there is
a 50% quenching at the mirror twin boundary and a
100% enhancement at the tilt boundary. For the
peak position, there is an upshift of 8 meV at the
mirror twin boundary, and amuch stronger 26 meV
upshift in the tilt boundary. The peak broadens from
55 to 62 meV at the boundary in both samples130.
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properties172–175. The intrinsic lattice defects, such as point defects and line
defects, can result in localized lattice distortion and strain surrounding
the structural defects (Fig. 7a–h)176–178. Strain can also be applied to the 2D
TMDs externally. The ultimately small thickness and the large degree of
freedom in the out-of-plane direction of 2D TMDs make them easy to
deform and buckle. The high crystalline quality and strong in-plane
covalent bonding between the atoms allow atomically thin 2D TMDs to
withstand large strain179,180.

Different types of strain, including uniaxial, biaxial, and hydrostatic
strain, as well as bending, buckling, and rippling, can be introduced in 2D
TMDS172. Though the fracture strain of a monolayer MoS2 membrane is
demonstrated to be around 10%181, the magnitude of the highest strain that
hasbeenrealized in2DTMDs isusually around2–3%.The theoretical strain
limit of atomically thin TMDs is expected to be around 20%179,180.

Strain changes the lattice symmetry, bond length, and angle, pro-
foundly affecting the bonding and electronic band structure in 2DTMDs.
Strain can cause the shift, split, and warp of the conduction and valence
bands in semiconductors45,182–188, and modify charge distribution and
electronic states close to the Fermi level. Strain induces an indirect to
direct bandgap transition in few-layer WSe2 with a uniaxial tensile strain
up to 2%187. The optical bandgap of MoS2 decreases approximately line-
arly with strain, ~45meV/% strain formonolayerMoS2 and ~120meV/%
strain for bilayer MoS2 (Fig. 7i, j)

188. Moreover, strain-induced changes in
resistivity and charge mobility have also attracted interest184,189–191.

Interestingly, the carrier mobility in 2D MoS2 can be improved with
rippled materials192. The mechanical properties and the strong tunability
of the electronic properties by strain of 2D TMDs hold great promise for
realizing 2D straintronics127.

Lattice strain impacts the optical properties of 2D TMDs. The change
of bandgap by mechanical strain directly results in a continuously tunable
PL signal188,193–197. A bandgap modulation of 0.2 eV is believed to be the
origin of strain-engineered high-responsivityMoTe2 photodetectors, which
are otherwise photo-inactive without strain198. Dark and localized excitons
inmonolayerWSe2 are brought into energetic resonance by strain, forming
a new hybrid state199. Quantum emitters, including SPEs, have been created
by localized strain in WSe2 and WS2 monolayers (Fig. 7k, l)81,200,201. SHG
sensitively depends on the crystal symmetry and dielectric function of the
material system, which are affected by strain. More than an order of mag-
nitude enhancement in SHG intensity is observed from high-qualityMoSe2
monolayers by controlled biaxial strain202.

Control of structural disorder
Controlling the type, density, and distribution of the aforementioned
structural disorder and defects in 2D TMDs is essential for understanding
their effects on electrical and optical properties and for realizing functional
devices by exploiting the unique properties of the defects. The defects can be
produced and controlled during the fabrication and growth of the 2D
TMDs, but can also be introduced by post-fabrication methods.

Fig. 5 | Edges in 2D TMDs. a Atomic resolution STEM ADF image of a Mo-
terminated zigzag edge in monolayer MoS2

144. b Simulated STEMADF image at the
zigzag edge144. c Atomic resolution STEM ADF image of a S-terminated zigzag
edge145. d STEM ADF image of a Mo-terminated Klein edge. Changes in lattice
distance are labeled145. e STM image (278 × 282Å2) showing triangular MoS2
nanoclusters dispersed on a reconstructed Au(111) surface150. f Single MoS2
nanocluster (48 × 53Å2). The nanoclusters show a brim of very high conductance
extending all theway around the edge, giving rise tometallic edge states150. g,h STEM
ADF image showing the Mo reconstructed zigzag edge structure and the corre-
sponding projected electric field map calculated from a 4D-STEM data set153. S and

Mo atoms are indicated by yellow and green markers, respectively. i Intensity line
profiles of the areamarked by a box in (h), color-coded for different atoms. The twin
peaks indicate the splitting of the electric field on opposite sides of the atom. Var-
iation of the electric field at the edge at the atomic scale is visible153. j Secondary
harmonic generation (SHG) image pumped at 1280 nm158. k SHG image of the same
sample pumped at 1300 nm158. The brim of crystal shows a strong nonlinear optical
(SHG) edge state. l Profile of SHG signal (white dashed lines in j, k) compares the
SHG of the same crystals under pump wavelengths of 1280 nm (black) and 1300 nm
(red), respectively. The enhanced edge responses are clearly shown158.
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Defect engineering and manipulation have been extensively explored
in bulk and nanoscale semiconducting materials and devices to achieve
tailored or enhanced properties. The traditionally adopted defect engi-
neering techniques include in situ substitution203, high temperature thermal
annealing204, ion implantation204,205, chemical passivation205, and strain
engineering206, just to name a few. These strategies and methods have been

applied for controlling structural disorder and defects in 2D TMDs, but the
material response and effect in 2DTMDs are often quite different compared
to traditional semiconductors due to the 2D morphology and ultimately
small thicknesses of the 2DTMDs. For example, thermal annealing is often
used to reduce point defects in traditional semiconductors204, while
annealing is commonly found to create chalcogen vacancies in 2DTMDs207.
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The 2D morphology also demands tailored and novel methods for con-
trolling structural disorder in 2D TMDs.

In this section, some widely utilized techniques that show promise in
effectively and efficiently controlling structural disorder in 2DTMDswill be
discussed. Structural disorder can be introduced and controlled both during
material fabrication and after fabrication. Techniques for controlling
structural disorder during material fabrication and growth are first descri-
bed. In situ engineering of point defects, control of grain boundaries and
edges, as well as introducing lattice strain by substrates during fabrication,
are discussed. Then, advances in post-fabrication engineering of structural
disorder are reviewed. Important and promising techniques that are dis-
cussed include externally applied strain/stress, irradiation and implantation
using charged particles, photon illumination, and electric field manipula-
tion, as well as mechanical stacking.

Disorder control during material fabrication
In situ control of point defects. A range of thin film growth techniques,
such as PVD, vapor phase transport, CVD, molecular assembly, atomic
layer deposition, etc., have been applied to grow atomically thin TMDs.
CVD is one of the most widely used techniques to realize controlled
growth of 2D TMDs208,209. The CVD approach has demonstrated great
potential in the synthesis of high-quality TMD monolayers, due to its
excellent controllability and scalability (Fig. 1j)132,210,211,212. The growth
temperature, gas flow, precursor, and substrate all affect the resulting
atomic layers and can be used to tune the crystallinity, grain size, stoi-
chiometry, type, and density of defects in 2D TMDs210,213.

A common way of doping and forming alloys in 2D TMDs is to
introduce a dopant precursor into a CVD system during material
growth97,214. Examples are alloy MoS2xSe2(1−x) triangular nanosheets with
complete composition tunability86 and “in situ" transition-metal (such asNb
and Re) substitution doping in TMD monolayers101,121. Doping with rare-
earth elements in 2D TMDs has also been frequently realized by CVD
growth111,116. The complete composition MoS2xSe2(1−x) nanosheets were
synthesized through a tailored CVD route, where a temperature gradient
was applied for the composition selection. An alumina boat loaded with
MoO3 powder was placed into the heating zone of a quartz tube, and
another two boats loaded with sulfur and selenium powder were placed at
the upstream. Several pieces of Si substrates (with 300 nmSiO2) were placed
on the alumina boat withMoO3 powder. The furnace was rapidly heated to
830 °C and maintained at this temperature for 8 min, keeping the pressure
inside the tube at 8 Torr. MoS2xSe2(1−x) nanosheets with gradually changed
compositionwere deposited ondifferent positions of SiO2 surfaces along the
length of the tube86. For introducing and controlling substitutional dopants
such as Nb and Re, NbCl5 and Re2(CO)10 were used as precursors that were
introduced into the reactor in the gas phase in aCVDprocess. Theflow rates
were precisely regulated using Ar carrier gas and temperature control. The
flow rates are 0.1 sccm for Mo(CO)6, 0.3 sccm for C4H10S, 1 sccm for H2,
and 800 sccm for Ar. The growth was performed at 750 °C for 4 h. In this
manner, continuous MoS2 monolayers were synthesized over the entire
substrate, where the concentration ofNb or Rewas reproducibly tuned over
a wide range up to 20%121.

The dominant point defects in CVD-grownTMDCs are the chalcogen
vacancies, with densities on the order of 1012–1013 cm−261,215,216. Alternative
precursors such as sulfur-containing thiol solution andhydroxideWspecies

have been employed to provide an energetically favorable route for the
chalcogenization process in the TMDC growth, reducing the defect density
by approximately an order of magnitude217,218. In addition, a chalcogen
monomer supplymethod has been developed as a defect-healing strategy to
achieve stoichiometric TMD films219.

Engineering grain boundaries and edges during growth and fabri-
cation. The CVD approach has shown promise for TMD edge engi-
neering (1H, 1T or 1T’-zigzag or armchair edges) as well as achieving
diverse edge morphologies (1D nanoribbons, 2D dendrites, 3D spirals,
etc.)143. For example, a universal route for synthesizing arrays of uni-
directionally orientated monolayer TMDs ribbons (e.g., MoS2, WS2,
MoSe2, WSe2, MoSxSe2−x), by using the step edges of high-miller-index
Au facets as templates, has been demonstrated220. Synthesis of MoS2 on
Si(001) surfaces pre-treated with phosphine yields high-aspect-ratio
nanoribbons of uniform width159. By adding minor H2 carrier gas in Ar,
the shape of monolayer WS2 flakes can be controlled from jagged to
straight edge triangles221. Grain boundaries and twin boundaries are also
commonly present in CVD-grown 2D TMDs and can be controlled by
growth parameters such as gas flow, temperature, and substrate130,133,222.

Theweak interlayer vdWbonding enables the fabrication of atomically
thin 2DTMDsbymechanically exfoliating bulk crystals22.Micromechanical
exfoliation of TMDs single crystals, using the so-called “scotch tape"
method, is still one of the most popular methods that produce 2D TMDs
with a high degree of crystallinity and cleanness3,16,22,223. The exfoliation
results in flakes with varied thickness and size. Atomically thin flakes pro-
duced thisway are usually relatively small, with a size in the range of a few to
tens of μm2. Amore recent variation of themethod, Au-assistedmechanical
exfoliation, can produce monolayer TMDs with a size up to a centimeter
scale224–228.

The defects and structural disorder, such as vacancies, dopants,
and grain boundaries, in mechanically exfoliated 2D TMDs are
inherited from the original bulk crystals. Normally, when natural or
synthesized single crystals are used, the most common defects are
chalcogen vacancies. The exfoliation process results in the breaking of
the atomic layers along the principal crystallographic directions42,67.
The resulting edges of TMD flakes are expected to be terminated with
either armchair or zigzag edges. The type and distribution of the edge
are more difficult to control during mechanical exfoliation. Patterning
by chemical etching of the exfoliated flakes has been demonstrated to
be capable of precisely creating and controlling edge size and orien-
tation in exfoliated 2D TMDs229. In this process, TMDs can be etched
along certain crystallographic axes, and the obtained edges are nearly
atomically sharp and exclusively zigzag-terminated.

Substrate-induced strain. The atomically thin 2D TMDs often need to
be grown on or transferred to dedicated target substrates to be char-
acterized and studied, or to be integrated in device fabrication. The
substrate that supports the thin flakes can induce strain in 2D TMDs,
either intentionally or unintentionally.

SiO2 on Si is themost used substrate for investigating 2DTMDs.When
transferring monolayer or few-layer TMDs on SiO2, ripples or bending are
often induced in the layers due to surface corrugation on the substrate
surface.A largebandgapmodulationof 1.23–2.65 eVinmonolayerMoS2on

Fig. 6 | Stacking disorder in 2D TMD vdW structures. a Cross-sectional STEM
ADF image of bulk MoTe2, with overlaid arrows indicating the inter-layer shift166.
b Cross-sectional STEM ADF images of a MoTe2 flake exfoliated onto amorphous
SiO2 with a protective carbon overlayer166. The scale bar is applied to all images in
(a, b). c Low-magnification STEM ADF image of patterns of domain structure in
MoS2 homobilayers with a nominal twist angle of 0.25°, showing the inhomogeneity
in twist stacking order48. The inset atomic schematic illustrates the antiparallel (AP)
orientation of the atomic layers, disregarding the local stacking configuration. Colors
highlight different types of domains. d STM topograph (in pm) of a non-uniform
moiré region in twisted heterobilayerWSe2/MoSe2

50. Valence (e) and conduction (f)

band edge maps (in eV) obtained from the area marked by the dashed box shown in
(d)50. g SEM image of WSe2/WSe2 homobilayers showing a reconstructed moiré
pattern. Themoiréwavelength λm increases from<10 to 60 nm from left to right. The
moiré pattern is not visible left of the vertical dashed line. The dashed circle indicates
the optical beam spot size, and the crosses indicate the beam spot centers for PL
measurements168. h PL spectra collected from the locations marked with crosses in
(g). The spectra are offset for clarity, and the intensity is multiplied by 10 below
1.58 eV. The higher-energy exciton peak emerges with increasing λm, and the
interlayer exciton emission is blue-shifted for λm < 10 nm168.
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Fig. 7 | Strain in 2D TMDs. a–d STEM ADF images of point defects at chalcogen
sites in monolayer WSe2-2xTe2x with two-dimensional displacement vector field
overlaid. The vectors are enlarged for visibility176. e–h Experimental dilation fields
calculated from the displacement fields. The dilation corresponds to the local pro-
jected area change. Double substitutions (2Te) and single substitution (SeTe) exhibit
local expansion, while single vacancy (Vs) and double vacancies (DV) exhibit local
contraction176. The scale bar is the same in (a–h). i Schematic showing strained

monolayerMoS2
188. j PL spectra showing the bandgap of monolayerMoS2 shifts as a

function of applied strain188. k Schematic of SPE fabrication by nanoindentation in a
WSe2 monolayer transferred onto a substrate with an alignment pattern200. l PL
spectrum from a selected SPE. The spectral part detected in the experiment is
highlighted in red color. Spectral peak of the free bright neutral exciton X0

b at
λ = 710.5 nm is scaled up by 103. The inset a shows typical polarization-resolved
spectrally integrated PL signal from an SPE200.
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a SiO2/Si substrate has been found, due to the inherent local bending strain
induced by the surface roughness of the substrate45. Atomically flat sub-
strates, such as graphite or hBN, are thus often used to diminish substrate-
induced strain for high-quality device fabrication of 2D TMDs. However, it
has been observed that tensile strains in bilayer and trilayerMoS2 can also be
caused by the typical experimental process of hBN encapsulation230.
Intrinsic strain and structureheterogeneity have also been observed inMoS2
atomic layers grownbyCVDonSiO2 substrates

222. Controlled biaxial tensile
strain up to 3% in MoSe2 monolayers can be created by substrates in PVD
synthesis202. Such substrate-induced strain originates from the difference in
thermal expansion between 2D TMDs and the substrate during the cooling
process after high-temperature growth (Fig. 8a).

Various target substrates have been adopted to introduce and control
strain in2DTMDflakes,makinguseof theproperty that 2Dflakesareusually

attached strongly to the substrates and follow themorphologyof the substrate
surface. Flexible substrates are frequently utilized for this purpose. Local
strain up to 2.5% is introduced in MoS2 and WSe2 flakes due to wrinkles
created by pre-stretching and releasing an elastomeric substrate194,231. Sub-
strates with prefabricated patterned surface structures have also been used to
control localized strain in atomically thin TMDs (Fig. 8b)192. SPE arrays have
been demonstrated inmonolayerWSe2 transferred onto substrates with pre-
patterned dielectric nanopillar structures81,82,232. Substrate-directed strain is
also observed in bilayerMoS2 on amorphous holey silicon nitride substrates,
which are widely used for TEM study of 2D materials233.

Post-fabrication control of structural disorder
Externally applied strain/stress. Lattice strain cannot only be intro-
duced during the growth and fabrication of 2D TMDs, but can also be

Fig. 8 | Techniques for strain engineering of 2DTMDs. aThe difference in thermal
expansion of the 2D TMDs and their growth substrate causes strain during CVD
growth of 2D TMDs292. b Patterned substrate used to induce strain in 2D TMDs: i
SEM image of a SiO2 substrate fabricated with nanopillars on the surface. ii Sche-
matic of the transfer of a 2D TMD layer onto the substrate. iii Schematic showing
that the transferred 2D TMD is strained by the nanopillars81. c Strain introduced by
bending a flexible substrate that the 2D TMDs are attached to: i Strain transfer

improved by anchoring the 2D flake by a spin-coated polymer. ii Conventional
approach with significant slippage239. d AFM probe for introducing local strain184.
e SPM-TEM setup for in situ straining 2DTMDs in TEM247. fDiamond anvil cell for
applying high (up to 100 GPa) hydrostatic pressure on 2D TMDs251. g Push-to-pull
microelectromechanical system (MEMS) device for applying uniaxial tensile
strain257. h Thermal actuator-based MEMS for applying uniaxial strain293. i Piezo
device for applying uniaxial or biaxial strain on 2D TMDs258.
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applied externally. Themost straightforwardway to apply in-plane strain
in 2Dmaterials may come from transferring them on a flexible substrate
and directly stretching, compressing, or bending the substrate (Fig.
8c)173,188,189,196,197,234. Such an approach is versatile. Polymer substrates such
as Polydimethylsiloxane (PDMS) and Polypropylene (PP) have been
commonly used235. The deformation of the substrates can be controlled
by mechanical or heating actuators195,235–238. However, there can be sig-
nificant slippage of the 2D flakes on the substrates during the stretching
or bending of the substrates, if the 2D flakes are not anchored239. As a
result, the strain introduced in the 2Dmaterials in many studies could be
overestimated (Fig. 8c). Clamping of the 2D atomic layers on the flexible
substrates has been achieved using techniques like metal contact fabri-
cation and polymer encapsulation (Fig. 8c)240.

Nanoprobe-enabled straining has also been used as an effective way of
creating precisely controlled strain in 2DTMDs. A sharp tip in a SPM, such
as an atomic force microscope (AFM), can be used to indent an atomically
thinTMDmembrane (Fig. 8d)181,184,241–243.Auniquedesign that integrates an
SPM in a TEM or SEM sample holder can also be used for studying strain-
induced effects (Fig. 8e)244–246. Such a setup allows a combined and simul-
taneous measurement of structural response at high spatial resolution and
electrical/optical characteristics of nanomaterials, providing unique infor-
mationon strain and stress-induced effects in 2DTMDs.The setuphas been
used to investigate atomic-scale structural evolution in 2D materials under
stress in TEM247,248. It has also been utilized to investigate strain-induced
structural as well as optical and electrical response of 2D TMDs249. Shear-
stress-induced interlayer sliding, as well as atomic layer cleavage and
bending inMoS2, has been introduced using the nanoprobe in the setup and
observed in the cross-section view in situ in a TEM250.

Hydrostatic compression through a diamond anvil cell (DAC) has
been applied to study the effect of high pressure on 2DTMDs (Fig. 8f)251–256.
The DAC can produce a pressure (>100 GPa) that is orders of magnitude
higher than other commonly used stressing techniques. It is found that
interlayer interaction in 2H-stacked WSe2-MoSe2 heterostructures can be
effectively tuned by hydrostatic pressure. An evolution and transition of
interlayer excitons in WSe2-MoSe2 heterostructures with a pressure-
induced band changeover has been observed252.

Microelectromechanical systems (MEMS)deviceshavebeenutilized to
induce and control strain in a wide variety of nanomaterials, including 2D
materials (Fig. 8g–i)182,257–260. TheseMEMS straining devices have appealing
advantages such as high precision, high controllability, stable and small
footprint, but the application of the MEMS devices to study strain intro-
duced changes in lattice structure and physical properties of 2D TMDs has
not been extensively explored yet. One challenge is the reliable and efficient
transfer of ultrathin 2D TMDs onto specific locations on the devices261.

Irradiation and implantation. Irradiation and implantation using
energetic charged particles, including electrons and ions, are an effective
way to create and control defects in 2D TMDs after their fabrication. The
high resolution and precision of this approach make it attractive.

An electron beamwith an energy in the range from tens of keV to a few
hundred keV can create defects in atomically thin TMDs. One of the most
common defect-generation processes in the interaction between a high-
energy electron beam and 2D lattices is knock-on damage262,263. Defects
created in 2DTMDshave been commonly observed and extensively studied
in TEM (Fig. 9a)262–264. The typical beam energy in a TEM (tens to a few
hundred keV) is high enough to create defects in 2D TMDs, and modern
TEMs with aberration correctors have sub-Å spatial resolution, making
them ideal tools to directly observe and quantitatively study electron beam-
created defects in 2D TMDs. The most common defects generated by
electron beam illumination are chalcogen vacancies, which have much
lower knock-on threshold energies than the transition metal atoms
(Fig. 9a)262,263,265. Vacancies generated by high-energy electron beam have
been found to facilitate phase transitions in ReS2

266. SPEs in monolayer
WSe2 have been created by electron beam illumination82. Atomically thin
TMDs can also be sculptured, creating nanoscale structures such as ribbons,

wires, and pores, using a focused electron beam in TEM267. Energetic ion
beams, such as helium ion and gallium ion beams, can also sputter atoms in
2D TMDs, creating vacancies (Fig. 9b, c)268.

Plasma treatment is a mature surface modification and doping tech-
nology in silicon-based semiconductor processes. It can be utilized for
precise regulation of carrier type and concentration, band structure, and
contact of 2D TMDs71,269,270. Both cationic and anionic elements can be
replaced by external impurity atoms during plasma modification271–276. For
instance, N plasma was used to heal the S vacancies in 2DWS2 (Fig. 9d)

277.

Controlling structural disorder using light and electric field. Photon
and electric field can also be utilized to generate defects, as well as modify
atomic structure and stacking order in 2D TMDs.

It is demonstrated that ultraviolet photons in vacuum generate
vacancies in MoS2 monolayers, exhibiting single-photon-emitter char-
acteristics, whereas those created in air lack quantum emission attributes
due to oxygen passivation278. The reversible photo-induced doping of few-
layerMoTe2 andWSe2 has been reported

279. The 2DTMD channel polarity
can be reconfigured from n-type to p-type, and vice versa, with laser light at
different frequencies. This reconfigurable doping is attributed to selective
light-lattice interactions, such as the formation of Te self-interstitial defects
under ultraviolet illumination and the incorporation of substitutional
oxygen in Te and Mo vacancies under visible illumination (Fig. 10a–f)279.
Laser irradiation can also generate chalcogen defects in 2D TMDs. For
instance, laser irradiation introduces Te vacancies, which trigger the phase
transformation from 2H to 1T phase in MoTe2 (Fig. 10g)

280. The elevated
temperature by laser irradiation (400 °C) is themain factor that generatesTe
vacancies. While the structure change in MoTe2 caused by laser is irrever-
sible, light-induced reversible phase transition has been observed in mono-
and bilayer ReS2

266. In addition, lasers have been used to locally etch 2D
TMDs, creating edges281.

An electric field can be used to tune the electronic and crystalline
structure of 2D TMDs. Structural phase transition in monolayer MoTe2
driven by electrostatic doping via an ionic liquid has been observed282.
Atomic-scale structure modification and novel structural phases in MoTe2
andMo1-xWxTe2 induced by a static electric field have been reported

283. An
out-of-plane electric field can cause the rearrangement of moiré domains
and tune stacking disorder in twisted bilayerWSe2, as revealed by an in situ
TEM investigation (Fig. 10h–k)284. The tuning effect originates from the
interaction between the electric field and the ferroelectric domains in the 2D
stacks.

Structural disorder via mechanical transfer. Mechanical transfer can
also introduce structural disorder in 2D TMDs. The exfoliated and as-
grown atomically thin TMD flakes or films often need to be transferred
to a target substrate for characterization and device fabrication272,273,285.
Mechanical transfer and stacking have been among the most popular
ways to transfer the TMD atomic layers, as the method largely
maintains the pristine structure and intrinsic properties of 2D TMDs
(Fig. 11a)274,275,285. Moreover, artificial 2D TMDs heterostructures are
predominantly produced by mechanical transfer and stacking due to
the relatively high degree of controllability and precision of the
methods40,47,48,163.

Mechanical transfer could induce strain, as well as ripples and folds in
2D TMDs. Moreover, stacking disorder in 2D vdW structures pre-
dominantly originates from the mechanical transfer process40,47,48,163. Such
disorder has a strong impact on the reproducibility of the 2D vdW
structures163,275,276. The fabrication of the 2D heterostructures often remains
a manual process, making the structures prone to stacking disorder. Any
variations in in-plane sliding and twist between the atomic layers during
transferwill cause stackingdisorder at thenanometer and atomic scales.The
fabrication of homogeneous and highly reproducible devices remains a big
challenge and themain limiting factor of the advancement of the field of 2D
vdW heterostructures. Although progress has beenmade towards reducing
or controlling stacking inhomogeneity, for example, by the standardization
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and automatization of the stacking process or developing assembly pro-
cesses in high vacuum for improved cleanliness (Fig. 11b)271,275,286,287, novel
transfer approaches with a more precise control of vdW interactions
between atomic layers need to be developed.

Outlook
Structural disorder and defects are inherent features in 2D TMDs, and they
often profoundly affect the electrical and optical properties of the 2D
structures. In this review, we have shown that a comprehensive under-
standing of the electrically and optically active structural defects has been
gained over the last two decades. These defects modify the local electronic
band structure and bonding characteristics, impacting charge transport,
charge distribution, as well as light absorption and emission in 2DTMDs. A
control of the defects can be realized via material fabrication, transfer,
irradiation, implantation, and engineered strain. The utilization of the
unique electrical and optical properties of 2D TMDs in future-generation

device applications, for example, transistors, photodetectors, photovoltaics,
and quantum information processing, relies on a detailed knowledge of the
correlation between the defect structure and properties, as well as a
knowledge of how to control the introduction of defects and structure
distortions.

Despite the progress so far, applications of 2D TMDs still require a
deeper understanding of the disorder-property relationships and technical
issues related to a reproducible control of the disorder. For example, even if
2DTMDsare often found tobe intrinsicallyn-doped,which is believed to be
due to the ubiquitous presence of chalcogen vacancies, a direct correlation
between the defect structure and doping characteristics has not been
established. Moreover, SPEs have been observed in several 2D TMDs and
appear to be a joint product of local strain and defects. However, a con-
clusive and detailed connection between the structure and SPE has not yet
been established. The experimental observations regarding the effect of
grain boundaries and edges on charge transport are not consistent. The

Fig. 9 | Irradiation for controlling defects in 2D TMDs. a The effect of a high-
energy electron beam. From top to bottom: as-recorded STEM ADF image of
monolayer MoS2, Gaussian-blurred image of the as-recorded STEM image, an
atomic model overlayed on the image indicating the positions of the atomic sites
(solid purple circles indicate Mo atoms while solid yellow and dotted orange circles
highlight a column of two S atoms and a single S atom/single S vacancy, respec-
tively.), histogram showing the corresponding S site intensities and the number of
single S vacancies (NS1) measured from the image. The density of the vacancies can
be controlled by electron beam energy and dose262. b From left to right: atomic
resolution STEM images of single-layer MoSe2 when it is pristine, irradiated at

1 × 1015 He+/cm2 and 1 × 1016 He+/cm2, respectively294. c Left: STEMADF image of a
sample area with pristine single-layer MoS2. Middle: STEM ADF image of the same
area after being Ga+ ion irradiated at 2.5 × 1013 Ga+/cm2. Right: Atomic resolution
STEM images showing the ion beam created vacancies with different atomic
configurations295. d Left: atomic resolution STEM ADF image of WS2 without
nitrogen plasma treatment. The S vacancies are highlighted by yellow arrows. Inset:
zoomed-in view of part of the image to show the individual vacancies. Vacancy
density is quantified using STEM images. Right: atomic resolution STEM ADF
image of WS2 after nitrogen plasma treatment. Inset: the corresponding electron
diffraction pattern. The plasma treatment reduces the chalcogen vacancy density277.
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effect of stacking disorder on local charge distribution and correlation in 2D
vdW heterostructures also remains to be explored, where unconventional
properties due to local stacking disorder might emerge. To address these
aspects, it is essential to perform correlative and in situ studies on the
relationships between lattice structure, charge transport, and optical prop-
erties at the nanometer and atomic scales of the individual structure defects.

Moreover, our ability to accurately control the introduction of elec-
trically and optically active defects in 2D TMDs is still limited and requires

further development. The precise control of defect type, density, and dis-
tribution, which is critical for the applications of 2DTMDs in electronic and
optoelectronic devices, has largely not been realized yet.Methods to remove
anionic vacancies and accurately create and control their location and
densities in the 2D crystals are yet to be established. Similarly, the possibility
to accurately tune the dopant type and concentration in 2DTMDs via atom
substitution in CVD growth or by ion implantation at the nanometer scale
also needs to be further explored. Moreover, the mechanical stacking

Fig. 10 | Controlling structural disorder using light and electric field. a Atomic
resolution STEM image of UV-light-illuminated 2H-MoTe2 crystals, where the
representative point defects are marked with different colored arrows279. b STEM
image of pristine MoTe2

279. c STEM image showing a Te vacancy (red arrow)279.
d STEM image showing a Te interstitial (Teint) on a Te site (blue arrow)279. e STEM
image showing a Teint at a hollow site (green arrow)279. f STEM image intensity line
profiles along the marked directions (arrow heads) in (b–e)279. g Schematic of the
process of laser-induced phase transition from 2H to 1T' inMoTe2

280. h Schematic of

the 2D material stack used for in situ TEM investigation of electric field-induced
domain dynamics in twisted bilayer WSe2 (TBWSe2)

284. The TBWSe2 is encapsu-
lated between two h-BN layers. Graphite layers and h-BN act as an electron-beam-
transparent gate electrode and insulating layer, respectively. The material stack is
placed on an electron-transparent SiN window for TEM observations. Vg, gate
voltage. i–k Dark field (DF) TEM images of twisted bilayer TMD taken at three
different gate voltage conditions284.
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approach for fabricating 2D heterostructures needs to be improved to
increase the controllability and reproducibility, as well as to decrease
stacking disorder. Novel transfer approaches with a more precise control
of vdW interactions between individual atomic layers need to be devel-
oped. Regarding strain engineering, it is important to establishmethods to
apply strains up to the elastic limit of 2D TMDs in a reproducible, stable,
and accurate manner. Local manipulation of strain gradients could pro-
vide a new way to create exotic electrical and optical properties in 2D
TMDs. Reliable and quantitative strain measurements need to be com-
bined with electrical and optical analysis with high spatial resolution to
fully understand the strain effects. Strain effects on more complex struc-
tures thanmonolayers, such as heterostructures, have not been extensively
exploited.

In conclusion, the effect of structural disorder and defects on the
properties of 2D TMDs offers the potential of tailoring them for the next-
generation devices in a wide range of applications. However, the knowledge
about the defects and how they can reproducibly be introduced and con-
trolled still needs to be further developed. Once established, the knowledge
platform will initiate a new era in the fabrication of designed materials and
devices. Moreover, the techniques and methods established for controlling

structural disorder in2DTMDscanbe readily applied toother 2Dmaterials,
such as MXenes and 2D magnets.
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