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Interactions between lasers and two-dimensional transition metal
dichalcogenides

Junpeng Lu™®, Hongwei Liu*‘, Eng Soon Tok® and Chorng-Haur Sow*®®

The recent increasing research interests in two-dimensional (2D) layered materials have led to an explosion of discovery of
novel physical and chemical phenomena in these materials. Among the 2D family, group-VI transition metal
dichalcogenides (TMDs) represented by MoS, and WSe, are remarkable semiconductors with sizable energy band gaps.
This renders the TMDs promising building blocks of new generation optoelectronics. On the other hand, the specificity and
tunability of the band gaps could generate especially strong light-matter interactions between TMDs crystals and specific
photons. These interactions can trigger complex and interesting phenomena such as photo-scattering, photo-excitation,
photo-destruction, photo-physical modification, photochemical reaction and photo-oxidation. Here, we provide an
overview on the phenomena and observations facilitated by various interactions between lasers and 2D TMDs.
Characterizations of optical fundamentals of the TMDs via laser spectroscopies are reviewed. Subsequently, photoelectric
conversion devices enabled by laser excitation and functionality extension and performance improvement of the TMDs
materials via laser modification are comprehensively summarized in sequence. Finally, we conclude the review with a

prospect of the further developments of the research possibilities which could generate from interactions between lasers

and TMDs.

1. Introduction

As a forerunner of the 2D material family, graphene has
opened up an upsurge in research interests with enticing
prospects for future
dimensionality reinvest its novel properties in electronics,
optoelectronics and mechanics. 2 However, the gapless
feature of pristine graphene lack the capacity to provide the

applications since the reduced

“on/off” switching control for a transistor in the logic circuit.
To overcome the short coming of graphene, layered TMDs
were revitalized and attracted great attentions in recent
research due to their wide variety of chemical compositions
and unique properties, especially with the presence of the
direct band gap for monolayer.3 The 2D TMDs, denoted as
MX,, usually possess the repeated unit of X-M-X, where M is
the transition metals of Mo, W, Ta, Zr, Re etc., and X is the
chalcogens of S, Se and Te. The different filling of d orbitals in
these wide ranges of transition metals give rise to MX, crystals
with versatile properties such as superconducting, metallic,
semiconducting and insulating.4 The big library of TMDs boosts
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the development of elegant research fields of electronics,
photonics, catalysts etc.’ Among these TMDs, group-VI
candidates including MoS,, MoSe,, WS, and WSe, attract most
of the attentions at the current stage due to their
semiconducting behavior and the sizable energy band gaps
covering spectral range from visible to near infrared.® Similar
to graphene, TMDs monolayers can be fabricated through
different methods such as mechanical exfoliation,3 chemical
exfoliation’®  or vapor deposition (CVD)
approaches,m"13 and can be viewed as the semiconducting
counterpart of graphene in the 2D limit. As the focus of the
interests at the beginning stage, MoS, monolayer was firstly
created using the scotch-tape method equipped with the
fabrication of graphene.3 Subsequently, the interesting indirect
to direct band gap transition when the MoS, is thinned down
to monolayer  was experimentally  observed via
photoluminescence (PL) spectroscopy.”’ > This phenomenon
renders the monolayer TMDs as an attractive material for a
host of emerging optical and photoelectrical devices. In
addition, the reduced screening in two dimensions and the
large carrier effective mass facilitated a monolayer field effect
transistor (FET) that exhibits superior electron mobility of ~
200 cm? V' st and high on/off ratio.*® Furthermore, the 2D
nature of the materials facilitates high specific surface area.
This feature makes TMDs to be extremely sensitive to surface
and interface perturbances, ie., the surface and interface
effects can be employed to improve the performance of the
electronic devices based on 2D TMDs. As a result, the versatile

chemical
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TMDs monolayers are spectrally robust and amenable to
ultimate electrical, optical and photoelectrical devices.

Meanwhile, given the fast increasing demand upon the
exploration of 2D TMDs, deep understanding of their
fundamental properties, effective implementation of the
applications and further expansion of the potentials are
particularly desired. Synchronous in the rapid development of
the materials with micro/nano scales, various laser-based
techniques have been developed to be effective tools to meet
different kinds of demands in nanomaterial research. These
include nanomaterial charat:terization,17 18 manipulation,lg' 2
activation,ZL 2 modification® ** etc. Interactions between
laser and materials could trigger complex and interesting
phenomena such as photo-scattering, photo-excitation, photo-
photo-physical photochemical
reaction and photo-oxidation. Upon these interactions, laser

destruction, modification,
spectroscopies have been designed to characterize the optical
and electrical fundamentals of nanomaterials in an accurate
laser light beams are employed to
laser beams with

and noninvasive matter;25
excite and activate optoelectronic devices;26
high powers facilitate the structure manipulation and property
modification in a nano-scaled range.27 Considering the atomic
fineness of TMDs monolayers, the handling techniques are
required be straightforward and non-destructive
accompanied with high spatial and spectral resolution. Laser
technologies satisfy all of the requirements.

Proceed from the fast growing interest in the 2D TMDs

to

research field, this article provides a retrospective review on
the interactions between lasers and 2D TMDs with trigonal
prismatic phase (2H phase). In this review, we highlight recent

advances in the fundamental property characterizations,
optoelectronic applications, property modification and
improvements of the emerging 2D group-VI TMDs

semiconductors, facilitated by laser-based technologies. We
first begin with review of the characterizations of optical
fundamentals of atomically thin TMDs via laser spectroscopies.
Subsequently, realized photoelectric
conversion devices of TMDs enabled by laser excitation. We
put an emphasis and
performance improvement of the TMDs materials via laser

we summarize the

on the functionality extension

modification. Finally, we conclude the review with an outlook
for the challenges and further developments in the research
generated from interactions between lasers and TMDs.

2. Fundamental optical property
characterizations via laser spectroscopies

The fundamental properties of TMDs lattice structure depend
on the coordination geometry of the atoms and the electrons
in the d orbitals. Generally, layered TMDs present different
stacking orders and metal coordination geometry, including 1T
(trigonal symmetry, one layer per unit cell), 2H (hexagonal
symmetry, two layers per unit cell) and 3R (rhombohedral
symmetry, three layers per unit ceII).6 1H is the single layer
format of 2H phase with a prismatic unit cell. In such single

layer MX,, each metal atom is fixed in the center of a trigonal

2| J. Name., 2012, 00, 1-3

prismatic cage and bounded to six chalcogen atoms via
primarily covalent intra-layer bonding (Fig. la).23 This structure
of monolayer MX, facilitates the breaking of the inversion
symmetry since there are no matched positions of the
chalcogen atoms when the metal atom works as an inversion
(Fig. 1b). Different polytypes of TMDs exhibit different
basic properties, for example, the 1T phase MoS,
be 2H phase is

Therefore, the present investigations of

29
center
was

to metallic  while

7, 30

demonstrated

semiconducting.
the optical fundamentals are focused on the 2H phase of
TMDs. The metallic nature of 1T phase is caused by the partial
filling of the t,; band (d,, d,, d,;) and the semiconducting
behavior of 2H phase is originated from the complete filling of

d , with empty d,, and dxtyl orbitals (Fig. 1c, d) as explained

by the ligand field theory calculation.* Quantitatively
identifying optical fundamentals of 2D TMDs could be
achieved using laser spectroscopies such as PL and Raman
spectroscopy. Further characterizations can be provided by
various means of second harmonic generation spectroscopy,
transient absorption/reflection (pump-probe) spectroscopy
and so on. All these laser spectroscopic studies will be
addressed in this review.

2.1 Fundamental optical properties

The optical fundamentals of semiconductors are determined
by the electronic band structure. One of the key features of
group-VI TMDs is that the electronic band structures exhibits
strong dependence on the number of layers. % The multilayer
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Fig. 1 Schematic of the atomic and electronic structure of
TMDs monolayer. (a) Unit cell and (b) top view of the lattice
structure. Reproduced with permission from ref. 28. Copyright
2012, Nature Publishing Group. The position of Femi level and
Orbital filling of the d-orbitals of (c) 1T and (d) 2H phase. The
d-orbitals split into d,,,,,, and d, .. bands in 1T phase and

dyyyzr d, oy and dzz in 2H phase. These bands locate at the

bonding o and antibonding o states. Reproduced with
permission from ref. 4. Copyright 2013, Nature Publishing

Group.
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Fig. 2 (a) Calculated band structure of MoS, with different layer numbers. Red dash lines indicate the position of Fermi level.
Reproduced with permission from ref. 32. Copyright 2011, American Physical Society. Evolution of PL emissions with layer
numbers of (b) MoS, and (c) WS,. (b) From left to right, PL spectra of MoS, monolayer and bilayer, inset shows the quantum
yield as a function of layer numbers; PL spectra of MoS, with thickness of 1-6 layers; Band gap energy as a function of layer
numbers. Reproduced with permission from ref. 14. Copyright 2010, American Physical Society. (c) From left to right, PL intensity
of WS, as a function of layer numbers, inset show the PL spectra of monolayer and bilayer; PL spectra of WS, with thickness of 1-
4 layers and the bulk form; Peak positions of |, A (radiative recombination of A excitons), and B (radiative recombination of B
excitons) as a function of layer numbers. Reproduced with permission from ref. 31. Copyright 2013, Nature Publishing Group.

or bulk materials are indirect band gap semiconductors while
the band gap of the monolayer counterparts converts to direct
band gap at the 2D limit.** 31 |n multilayers, the indirect
band gap is determined by the conduction band minimum
(CBM) at the A point (A, midpoint between K and I points) and

This journal is © The Royal Society of Chemistry 20xx

Please do not a

the valence band maximum (VBM) coinciding at the ' point
(ry). When the thickness of the material is thinned down to
monolayer, the CBM and VBM shift to and finally coincide at
the K point, producing a direct band gap.33 The electronic
states at the I point are dominated by the chalcogen P,
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Fig.3 (a) Diagram of the band gaps of ternary alloyed semiconductors. (b) From left to right, A exciton peak at the PL spectra of
ternary Mo, ,W,S, monolayers; B exciton peak at the PL spectra of ternary Mo,_,W,S, monolayers; Peak position of A and B as a
function of composition x. Reproduced with permission from ref. 34. Copyright 2013, American Chemical Society. (c) From left to
right, PL spectra of MoS,Se; ;. monolayers with different compositions; Peak position as a function of composition x.
Reproduced with permission from ref. 35. Copyright 2014, American Chemical Society. (d) Schematic illustration of the growth
process, (e) Optical image, (f) TEM images and (g) Atomic model of the WSe,/MoS, monolayer heterojunction. (h) From left to
right, PL intensity and peak spatial modulation maps of WSe,/MoS, monolayer heterojunctions. (i) PL spectra collected from nine
points as labeled in (h). (d)-(i) Reproduced with permission from ref. 36. Copyright 2015, The American Association for the

Advancement of Science.

orbitals which are sensitive to layer number since their charge
density extends to the outer surface and is strongly affected by
interlayer coupling. Whilst, the electronic states at the K point
are mainly determined by the d electrons of the metal atoms.
These states are not sensitive to interlayer actions since the

4| J. Name., 2012, 00, 1-3

metal atoms are confined at the middle of the X-M-X
sandwich.*> ¥’ Therefore, the evolution of the band gap
is due to the combined contributions of the
confinement effect and interlayer orbital

interactions. Fig. 2a shows the calculated electronic band

transition
quantum

This journal is © The Royal Society of Chemistry 20xx
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structure of MoS, with monolayer and multilayers using
density functional theory (DFT) calculations.® The band gap
gradually changes from 1.2 eV to 1.9 eV with the thickness
thinning down from bulk to monolayer. Simultaneously, the
type of the band gap makes a crossover from indirect to direct.
The evolution of the transition of the electronic structure and
the facilitated optical properties of 2D MX, could be monitored
by PL spectroscopy via collecting the near band edge
emissions.” ™ ** The respective PL spectra of MoS, and WS,
with different layer numbers are shown in Fig. 2b, c. The
samples are prepared by mechanical exfoliation method. The
emission peak-shift (feature | in Fig. 2b, c) clearly
demonstrates the broadness of the band gap with thinning of
the thickness. Whilst, the quantum yield (PL intensity) provides
direct evidence to the transition of the type of the band gap.
The much higher (several orders in magnitude) quantum yield
in monolayer MX; indicates the direct band gap behavior since
the involvements of defect- or phonon- scattering which
restrict the radiative recombination are suppressed in direct
band gap materials.”’ The similar phenomena are also
observed from the sample prepared by chemical exfoliation
method.” This feature renders MX, monolayers promising
building blocks in various photonics and optoelectronics
applications.

In addition, the frequency range of the PL emission could be
further extended by physical methods.*®
Compared to the quantum confinement effect, alloying has
been demonstrated to be a convenient technique to engineer

chemical or

the band gap of semiconductors in nanostructure research.?”
3 Ternary or polynary alloys provide tunable band gaps
through controlling their compositions/stoichiometry. For
example, the band gap of ternary compound of AB,C,_./A,B1.C
could be continuously tuned from the band gap of AB/AC to
band gap of AC/BC with decreasing x. Figure 3a schematically
illustrates the tunability of the band gap of AB,C,.,. Generally,
the relationship between the band gaps and the composition x

obeys the following quadratic function
E,(x)=E,.+(E;;—E,. —b)x+bx’ (1)

where E; and Ejc/Exp are the band gaps of the ternary and
binary compounds, respectively. b is a bowing parameter
describing the miscibility of the ternary alloy. In principle, by
alloying of MX, to form alloys, the direct band gap of the
monolayer alloy could be continuously tuned from 1.55 eV of
MoSe, monolayer to 2.0 eV of WS, monolayer, covering the
frequency range of visible and near infrared light. The first
observation of the tunable direct band gap using PL
spectroscopy is realized in ternary Mo, W.,S, monolayers.34
The ternary alloys are fabricated by mixing the metallic
elements. The band gap of the alloy changes from 1.8 eV to 2.0
eV with x increases from 0—1, as revealed by the PL spectra
(Fig. 3b). The relatively lower value of the b parameter
obtained from the theoretical fitting using Eq. 1 indicates the
high miscibility of MoS, and WS,. Compared to the mixing of

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 (a) Calculated band structures of MoS, and WS,
monolayers. The blue dash-lines indicate the splitting of the
valence bands. The green arrows indicate the band nesting
region. Reproduced with permission from ref. 42. Copyright
2013, American Physical Society. (b) PL spectra (colorized
curves) and absorption spectra (gray color curves) of MX,
monolayers. (c) PL emission intensity maps of MoS, and WS,
monolayers. (b) and (c) Reproduced with permission from ref.
43. Copyright 2014, Nature Publishing Group.

metal elements, more demonstrations of the ternary TMDs
monolayers with chalcogen alloying have been reported using
CVD methods. By employing a facile one-step CVD method,
ternary MoS,,Se;1.) monolayers with tunable compositions
are synthesized.35' 4041 The direct band gap is measured to
gradually vary from 1.87 eV to 1.55 eV as revealed by the PL
spectra (Fig. 3c). The relative lower value of b (~ 0.05) obtained
from the relationship of band gap energy and the composition
factor, x, indicates the high miscibility of the group VI MX,.

In addition to tune the band gap among distinct samples, band
gap engineering within a same monolayer flake is desired to
satisfy the rapid development of the high integrated
electronics/photonics. To this purpose, in-plane altering of the
stoichiometry within a MX, monolayer has been designed and
realized. The MX, monolayer consisting of lateral
heterojunction of WSZ/MoSZ,44 MoSz/MoSez,45 WSZ/WSez,45
MoSe,/WSe,*® and WSe,/MoS,*® were synthesized by the
modified one-step or two-step CVD methods. Due to the high
miscibility of the MX,, the growth of the heterojunction is
epitaxial, realizing the growth of lateral heterojunction to
present an atomically sharp and seamless interface (Fig. 3d-i).
Take WSe,/MoS, monolayer as an example, the PL spectra
exhibit two characteristic peaks corresponding to the band gap
of WSe, (1.62 eV) and MoS, (1.85 eV) (Fig. 3i). PL emission
enhancement is found at the heterojunction interface near the
WSe, part due to the type Il band alignment of the junction.
Besides the heterojunctions with sharp interface, MoS;(;.4Sex
monolayer with continuously tunable and laterally graded
compositions were synthesized via a specially designed CVD
approach.47 Within a single monolayer flake, the composition
factor, x, could be continuously engineered from 0 to 0.68

J. Name., 2013, 00, 1-3 | 5
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from the center to the edge. Correspondingly, the direct band
gap gradually varies from 1.82 eV to 1.64 eV within the single
monolayer.

As described by the ligand field theory calculation, the valence
and conduction band edges at K points of 2H phase MX, is

determined by the alzZ and d,, /dxtyz orbitals of the heavy

metal (Fig. 1d). This distinct d-orbits facilitates significant
Zeeman-like spin-orbit coupling in 2D MX,. The calculated
band structures of MoS, and WS, indicates that the spin-orbit
coupling could induce obvious splitting of the valence band at
the K points (Fig. 4a).42 The splitting of the valence band
facilitates two interband optical transition paths for the
carriers. These two transitions could be monitored by the
optical spectra of PL spectra (Fig. 2) and absorption spectra
(Fig. 4b), as defined and corresponding to the A and B excitonic
transitions. The values of the splitting of group VI MX, are
measured to be ~ 0.15 eV to ~ 0.40 eV according to the
spectra,”’ 48, 49
values

which is slightly smaller than the predicted
of the DFT calculations.’” *% *' The tungsten
dichalcogenides present enhanced splitting than molybdenum
dichalcogenides due to the heavy mass of tungsten. Besides
the information of the spin-orbit splitting, the absorption
spectra also exhibits strong absorption peaks at higher energy
ranges in MX, monolayer (Peak C in Fig. 4b). However, this
peak is not observed in the PL spectra. As indicated by the
calculated band structures (Fig. 4a), the giant absorption is
caused by the resonance with the band nesting in the band
structures. The band nesting is the region in the band structure
where the valence and conduction bands are paraIIeI.42 The
existence of band nesting results in the excitation-dependence
of the relaxation paths of the photo-carriers. Since the
photoexcited electron and holes possess the same but
opposite velocities at the band nesting region, the electron-
hole pairs prefer to separate in that space. Therefore, the
radiative recombination (PL) is suppressed for absorption in
range with band nesting. The
wavelength-dependent relaxation of the photo-carriers could
be evaluated by the PL spectra and intensity mapping (Fig.
4c).43 These unique optical properties establish substantial
science bases for the applications of 2D TMDs in photonics and

resonance excitation-

optoelectronics.

2.2 Vibrational properties

Infrared and Raman spectroscopies represent effective
techniques to evaluate the low-frequency and high-frequency
phonons in solid state physics, respectively. Considering the
relatively small size of the TMDs samples, Raman spectroscopy
is the most generally used nondestructive and accurate tool to
investigate the thickness-dependent lattice vibrations. This is
rendered by the high spatial resolution of lasers which are
employed as the light sources in Raman spectroscopy. The
interlayer interactions of the van der Waals structures

facilitate the basic lattice vibrations to present distinct

6| J. Name., 2012, 00, 1-3

features in layer-number evolution of phonons, interlayer
shear, layer breathing phonons etc. Due to the versatility of
the Raman spectroscopy, all these phonon-related properties
could be clearly elucidated by Raman spectra. In bulk MX,, the
lattice vibrations obey the Dg, point group symmetry and the
corresponding modes at [ point could be described as
I'=4,+24, +E, +2E, +2E, +E, +2B,, +B, 18

b where
phonon modes are included since the “E” modes are doubly
degenerate. Among these modes, A, E;, and E,, are Raman
active, A,, and one of E;, are IR active, B,,, B;,, and E,, are
silent, and A, and the other E;, are acoustic modes. When the
MX, is thinned down to bilayer, the point group summery is
transferred to D34 and the 18 vibrational modes are expressed

as I'=34, +34, +3E,+3E, due to the inversion symmetry,

where A;; and E, are Raman active, others are IR active or
acoustic modes. For MX, monolayer, the symmetry is reduced
and belongs to Dz;,. There are only nine phonon modes which
can be described as T'=4/+24;+2E +E" where Raman

active modes include E’ (both Raman and IR active), 4, and

E" (Fig. Sa).52 Evidently, A, E;4 and E,, are Raman active in
bulk MX,. By employing the Raman spectroscopy with a back-
scattering configuration to monitor the photons of bulk MoS,,
three Raman peaks located ~ 33.5 cm'l, 383.6 cm™ and 408.7

cm™ are observed and can be assigned to Ezzg, E, and 4

2g 1g /

respectively.53 The E,, is not observed due to its Raman

tensor. Intensive research efforts have been done on
monitoring the thickness of TMDs via the Raman spectroscopy.
As discussed in Fig. 5a, the denotations of the photon modes in
bulk and monolayer MX, are different. When the Raman

spectra are used to evaluate the thickness of the material from

bulk to monolayer, the high-frequency modes Ezlg(in-plane
vibrational mode) and A4, (out-of-plane mode) are commonly

monitored as thickness indicator. The layer number

identification is favored by the relative frequency difference

between 4, and Ezlg (Aa)zAlg—Ezlg ). As demonstrated by

Raman spectra of MoSZ,SZ’ > E;g presents blue shift while A,

red shifts when the material thinned down from bulk to
monolayer (Fig. 5b). For thinner samples (layer number, N < 5),

the relationship between A® and layer number can be

described well by Aw=2.58-8.4/N (Fig. 5c).52 However, this
description is not suitable for the thickness materials. The shift
of the E;g mode with thickness may assign to the long-range

Coulombic interactions or structure changes induced by

stacking. Whilst, the shift of 4, is caused by the varying

restoring forces at different thickness.> > Similar shift trends
of the phonon modes have been also observed in MoSez,56
W5257 and WSe2.57
tungsten, the shifts of the frequencies are less significant.

Due to the heavier atomic mass of

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 (a) Schematic of each optical vibration mode for MX, monolayer, bilayer and bulk. The R, IR and silent stands for Raman-
active, infrared-active, and Raman and infrared inactive, respectively. The dash lines indicate that the corresponding in-plate and
out-of-plate modes of the bilayer and bulk merge into one in monolayer. (b) From left to right, Raman spectra of MoS, with

A,, E;

different thickness; Frequency of W

and the frequency difference of these two modes as a function of 1/N, N means the

layer numbers. (a) and (b) Reproduced with permission from ref. 52. Copyright 2015, Royal Society of Chemistry. (c) From left to

right, Raman spectra of MoS, with different thickness at low frequency collected using Z(xx)z polarization; Frequencies of

breathing modes and interlayer shear modes as a function of layer number. Reproduced with permission from ref. 59. Copyright

2013, American Chemical Society.

The determination of the thickness of MX, by monitoring A®w
is restricted to samples with N < 5. The more precise and
pertinent approach is to monitor the phonon modes at low
frequencies (< 50 cm'l). Take MoS, as an example, two obvious
modes, shear mode (C)) and

Ezg (interlayer Bzg (layer

breathing mode (LB)) are observed.” >® These phonon modes
originate from the interlayer interactions. As illustrated in Fig.
5a, the C modes are the oscillations of the adjacent layers
along the plane direction and the LB modes are the oscillations
of the layers perpendicular to the slab. The LB and C modes
are absent in MX, monolayers since there is no interlayer
interaction for one layer. Starting from the bilayer, the
frequencies of LB modes gradually increase with increasing
layer numbers while the frequencies of the C modes present
the opposite trend. Several sets of C (defined as S in Fig. 5c)
and LB (defined as B in Fig. 5¢c) modes are observed in MoS,

This journal is © The Royal Society of Chemistry 20xx

(Fig. 5c).59 The LB mode is absent in bulk MoS, since the LB
mode is not Raman active at bulk counterpart. The relationship
of the phonon modes at low frequency and the layer numbers
can be employed to evaluate the thickness of MoS, and the
applicability is extended to 18 Iayers.53
observed in tungsten dichalcogenides.59
Considering the high specific surface area, 2D TMDs are
predicted to present high sensitivity to external perturbances,
such as the changes of environment temperature, infliction of
external strains and electrical fields.

Similar results are also

Given the sensitive
vibrational property of the TMDs, Raman spectroscopy is
expected to play an important role in probing the external
perturbances by carefully analysing the spectra collected
under the perturbances. For example, the changes of the
temperature can be monitored by observing the peak shifts of
E'"and 4/ modes of WS, monolayers. The corresponding

Raman spectra of WS, monolayers at a wide temperature
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range (77 - 623 K) have been recorded by Thripuranthaka et
al.®® The peak positions of both the £’ and 4] modes shift to

lower frequency with increasing temperature. According to the
experimental data, the temperature coefficient of the WS, is
extracted to be ~ -0.006 cm™ K. In addition to the change of
the temperature, the infliction of the external electrical field
could also be monitored by the E' and 4/ modes of TMDs

monolayers.61 Applying of gate voltage is a common approach
employed to engineer carrier doping to TMDs and tune the
output of electronic devices. Simultaneously, the doping of
carriers would significantly affect the vibrational property of
the TMDs due to the enhanced electron-phonon interactions.
Recently, the evolution of E' and 4/ modes of MoS,

monolayers at different applied top-gate voltages has been
analysed. The position of the 4/ mode significantly softens

while the full wave half maximum of the peak increases with

Journal Name

increasing applied voltages, whereas, the changes of the E’
mode are inconspicuous. Since the effect of the gate voltage is
to facilitate carrier doping, the shift of the 4/ mode thus can

act as readout of the carrier concentration in electronic

devices based on TMDS.

2.3 Carrier dynamics

Given the prominent optical properties of 2D TMDs, they are
expected to present superior performance in optoelectronics
with high efficiencies and fast response. To realize the
photoelectrical devices with rapid response rate, it is a
prerequisite to understand the ultrafast optical phenomena of
the semiconductors at ultrafast time scale. Good performance
of TMDs in optoelectronics critically depends on the efficient
light absorption and excited carrier relaxation dynamics.
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Fig. 6 (a) TRPL spectra of MoS, monolayers measured at different temperature. Reproduced with permission from ref. 62.
Copyright 2011, AIP Publishing LLC. (b) PL spectra of monolayer WSe, measured at 50 K and excited using fluences of 0.8 and 12
W cm™. (c) PL spectra of monolayer WSe, at 10 K and excited with different fluences. The identified peaks are same as (b). Only
P, peak changes with fluences. (d) P, emission strength as a function of exciton emission (X peak) strength. (e) TRPL spectra of
different peaks labeled in (b). (b)-(e) Reproduced with permission from ref. 63. Copyright 2015, Nature Publishing Group. (f)
Differential reflection of WSe, monolayer as a function of time delay and spatial position. Reproduced with permission from ref.
64. Copyright 2014, American Chemical Society. (g) Differential reflection of MoS, monolayer pumped using different fluences.
The right axis is the density of excitons. The upper and bottom panels show the different time scale ranges. Reproduced with
permission from ref. 65. Copyright 2014, American Chemical Society. (h) From left to right, density of excitons as a function of
probe delay measured using different fluences (increasing from top to bottom); The quantity N, /N(¢) -1 as a function of time

delay. N is exciton density. Reproduced with permission from ref. 66. Copyright 2014, American Physical Society.
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Fig. 7 (a) From left to right, optical image of WS, flake with domains with different thicknesses; PL map of the same flake; SHG

image of the same flake; SHG intensity as a function of layer numbers. Reproduced with permission from ref. 31. Copyright 2013,
Nature Publishing Group. (b) From left to right, optical image of CVD-grown monolayer MoS, film; SHG image of the same film,
grains and grain boundaries are clearly shown; Crystal orientation image of the same film, the crystal orientations are clearly
identified; Schematics of the crystal orientations of the regions labeled in the images. Reproduced with permission from ref. 67.
Copyright 2014, The American Association for the Advancement of Science. (c) Optical images (upper panel) and SHG maps of
stacked MoS, bilayers with different stacking angle. (d) Angular dependence of the quantitative SHG effects ( x(8) ) of homo-
stacked MoS,/MoS, and hetero-stacked WSe,/MoS, and WSe,/WS, bilayers. x(f)is a defined dimensionless parameter as

described in Ref 68. The histogram at the bottom right panel shows the SHG intensity of MoS,, WS, and WSe, monolayers. (c)
and (d) Reproduced with permission from ref. 68 Copyright 2014, American Chemical Society.
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Taking the full advantage of the highly temporal resolution of
the ultrafast (femtosecond) pulse laser techniques, ultrafast
spectroscopies have been devised to directly monitor the
carrier dynamics where the decay time of the carriers in each
path (carrier the
fundamental loss from the

lifetime) could be evaluated while
mechanisms of the energy
interactions of electron-exciton, exciton-exciton, electron-
phonon, etc. could be comprehensively determined. The
general ultrafast spectroscopies include time-resolved PL
(TRPL) spectroscopy and pump probe spectroscopies (e.g.,
transient absorption/reflection spectroscopies). As described
above, since the excitons in monolayer MX2 dominate their
optical properties, it is critical to investigate the corresponding
excitonic dynamics. Among those ultrafast spectroscopy
techniques, TRPL is the most frequently used tool to probe this
property. As monitored by the TRPL spectra at different
temperature, the PL decay of MoS, monolayer is very fast (~ 5
ps) at low temperature while an additional slow recombination
process emerges at higher temperature (Fig. Ga).62 The slow
decay process

scattering.

may originate from the exciton-phonon
Besides the classic excitonic behavior as a
traditional direct band gap semiconductor, the carriers in 2D
TMDs presents strong Coulomb interactions due to the co-
existence of the reduced dielectric screening and quantum
confinement effects. The strong Coulomb interactions could
facilitate tightly bound excitons and additionally lead to
higher-order excitonic states such as the observation of
charged excitons (trions) and many-body states. Biexciton, a
representative four-body state is observed and identified by
low temperature PL and TRPL spectroscopies.63 According to
the excitation fluence-dependent analysis, the P, peak in Fig.
6b presents different trend with other peaks. The intensity of
P, grows superlinearly with increasing excitation densities (Fig.
6¢c) while the strength of emission from P, also presents
superlinear relationship with respect to exciton emission (X in
Fig. 6b), as shown in Fig. 6d. Consequently, the P, peak is
identified as the emission from the biexciton (XX) states. As
further evidence, TRPL spectra are carried out to characterize
the dynamics of the biexciton state (Fig. 6e). The life time of
biexciton is comparable to those of exciton and trion (X). It is
around tens of ps. However the lifetime of the emissions from
defect related features (P; and P,) is much longer (> 100 ps).
Therefore, the emission of P, is excluded from the defect
related states. The binding energy of the biexciton is defined
as A, =2E,-E, , where E,/E, is the energy of free

exciton/biexciton. During the decay process, if the radiative
decay of the biexciton is assumed to produce an exciton, the
biexciton can be

energy of expressed to be

E, =hwy +E, =ho,, +ho,, where fio is the energy of the

radiative emission and can be extracted from the spectra.
Therefore, the biexciton binding energy (A, =ho, —lhao,, ) is

10 | J. Name., 2012, 00, 1-3

calculated to be 52 meV. This value is much higher than those
observed in conventional quantum-wells.

the TRPL spectroscopy,
spectroscopy is another ultrafast technique usually employed

Besides transient absorption

to monitor the carrier dynamics in semiconductors. As
compared to the TRPL spectroscopy, the characterizations
taken by transient absorption spectroscopy would not be
effectively affected by the low quantum vyield of the
materials.®® In addition to the measurement of carrier lifetime,
it is quite straightforward to extract other crucial physical
parameters such as mean free path, mobility, diffusion length,
etc.

exciton diffusion coefficient, from analysis of the

experimental spectra. By employing this technique on
characterization of 2D TMDs system, the lifetime and diffusion
WSe, monolayer is directly
measured.®* Combining the high resolution of pulse lasers in

temporal and spatial domains, the transient absorption

coefficient of exciton in

spectroscopy could be designed to be an effective approach to
investigate the transport property of exciton in WSe,
monolayer. Fig. 6f depicts such spatiotemporally resolved
spectra. This measurement is carried out following a low-
density exciton system where the exciton-exciton interaction is
not a significant contribution factor to the exciton dynamics. In
this case, the exciton transport in WSe, monolayer could be
described by the classic diffusion equation. Under this
description, the exciton diffusion coefficient can be extracted
to be 15+5cm?/s via theoretically fitting the experimental
data. Based on this value, the mean free time, mean free path
and mobility are deduced to be 0.24 ps, 17 nm and 600
cmz/Vs, respectively. Associated with the measured lifetime,
the diffusion length is calculated to be 160 nm. All these
parameters on exciton dynamics could provide theoretical
support to fabrication and optimization of optoelectronics
devices based on WSe, monolayers. In contrast to the low-
density exciton system, the high-density exciton process would
exhibit more complex dynamics due to the involvement of
exciton-exciton interactions. For instance, another four-body
interaction, efficient exciton-exciton annihilation, in MoSZ65
and MoSez66 monolayer have been observed and identified
experimentally via pump-probe spectroscopy. Exciton-exciton
annihilation can be counted as the excitonic analog of Auger
recombination. It is a four-body interaction process. During
this process, one of the excitons is annihilated and transfers its
energy to the other exciton. The dynamics of the MX,
monolayers present strong dependence on the initial exciton
density. Under excitations with high injected density, a fast
decay component is observed both in MoS, (Fig. 6g) and
MoSe, (Fig. 6h) monolayers. The decay dynamics of the
excitons involving the exciton-exciton annihilation process can
be theoretically modeled as
dN

o —k,N? (2)
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where N is the exciton density and k, is the rate of exciton-
exciton annihilation. Derived from Equ. 2, the solution is
expressed to be
— NO
14k Nt

initially photoexcited exciton density.

(3)

where N, is the

According to these equations, the exciton-exciton annihilation
rate of MoS, and MoSe, monolayers can be extracted to be
(43£1.1)x107° cm’/s and (33+6)x107° cm’/s, respectively,
from the experimental spectra. More complicated dynamics
process could also be identified by the ultrafast spectroscopy.
As described in Section 2.1, the spin-orbit splitting gives rise to
two interband transition paths and facilitates two excitons of A
and B. Given the affinity of the A and B excitons, a strong A-B
interaction is observed in an ultrathin MoS, film by analysis of
the spatiotemporally resolved measurements. The interaction
is evaluated by a similar temporal evolution of the transient
blue shift and wide broadening of their absorption Gaussians.
The identification of these carrier dynamics processes would
provide fundamental support to the implementation of 2D
TMDs in ultrafast optoelectronics.

d

1(nA)

Chemical Society Reviews

2.4 Non-linear optical effects

As discussed in Section 2.2, structure symmetry is a critical
factor to engineer the light-matter interactions. The inversion
symmetry of monolayer MX, is broken and reduced to Dj,
space group. The inversion asymmetry is an underlying reason
to facilitate interesting optical properties such as the finite
nonlinear optical response in these materials. The optical
nonlinearity is important in light-matter interactions. It can
facilitate new applications in optoelectronics and photonics
where lasers with high intensity are employed. Due to the
inversion asymmetry in MX, monolayers and odd-numbered
second harmonic
7072 WSe231

. SHG is a typical nonlinear optical process where

layers, second order
generation (SHG), has been observed in MoS,
WS 31, 73
2
photons with same frequency interact with a nonlinear

material to generate new photons with half wavelength. The

nonlinearity, i.e.
and

observations of SHG in MX, are identified via the laser
spectroscopy and imaging techniques. The efficiency of the
SHG is quantified by the second-order nonlinear susceptibility
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Fig. 8 (a) Photocurrent map of MoS, monolayer device. Scale bar = 5 um. Reproduced with permission from ref. 74. Copyright
2013, Nature Publishing Group. (b) PL (upper panel) and photocurrent map of MoS, monolayer device. Greed dash-lines indicate

the positions of the electrodes. (c) Photocurrent line-scan profiles along the device channel at different applied biases (upper
panel); Photocurrent amplitude as a function of applied bias measured at the positions labeled in the upper panel. (b) and (c)

Reproduced with permission from ref. 75. Copyright 2015, American Chemical Society. (d) Upper panel from left to right:

schematic illustration of the stacking device architecture; Optical image of the device; Optical image of a device placed on the
flexible substrate. Bottom panel, Photocurrent maps of the stacking device the different applied biases. Reproduced with
permission from ref. 76. Copyright 2013, The American Association for the Advancement of Science.
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7. When the inversion symmetry is broken, y® =0 . Based
on the different efficiencies of SHG from MX, with different
layer numbers, the measurement of SHG can be employed as a
sensitive approach to evaluate the thickness of TMDs. Only the
samples with odd numbered layers present SHG signal and the
intensity of the SHG gradually decreases with increasing
(Fig. 7a). In addition to the layer
determination, the SHG imaging can be employed to figure out
the crystal grains and grain boundaries, crystal orientations

thickness number

and electronics states variation at the edges of MX, monolayer
(Fig. 7b).67‘ %7 The crystal grains and grain boundaries could
be directly imaged by the SHG microscopy. The observation of
the grain boundaries is enabled by the suppression of SHG at
the boundaries. The suppression is arisen from the destructive
interference and annihilation of the nonlinear waves from
neighboring grains with different The
determination of the crystal orientations is facilitated by the
polarization resolved feature of the designed SHG microscopy.

orientations.

The polarization resolved SHG signal is highly dependent on
the crystal orientation. The electronic structure variation at
the 1D edges is monitored by the enhancement of the SHG
intensity at the edges. This SHG technique based on laser
spectroscopy demonstrates an easier way in observation of
the grains and crystalline orientations in crystals which are
thought to be only realized via high-resolution electron
microscopes. characterizations, the SHG
technique is also demonstrated to determine the stacking
orientation of heterostructures consisting of artificial stacking
8 The SHG of stacked MX,/MX,
twisted bilayers is investigated to be a coherent superposition
of the second harmonic fields of each component monolayers.
Therefore, it is very sensitive to the stacking angle but

Besides these

. 6
noncentrosymmetric MX,.

insensitive to the component materials. As a result, the SHG
technique is efficient to identify the stacking orientation in
both homo-stacked and hetero-stacked MX, bilayers. The
evolution has been demonstrated on homo-stacked
MoS,/MoS, and hetero-stacked WSe,/MoS, and WSe,/WS,
bilayers (Fig. 7c,d).

3. Photoelectric conversion via laser excitation

Invariably, the unique optical properties exhibited by the 2D
TMDs could be employed to enable photoelectric conversion
in optoelectronic devices. Optoelectronic devices can be
employed to detect, manipulate, interact with or generate
light. Traditional semiconductors have been widely explored as
the building blocks in optoelectronics devices such as
photodetectors, solar cells, lasers, optical modulators etc.
Given the special requirements (such as wearable, lighter and
transparent) of the next generation optoelectronic devices,
flexible and transparent features become essential conditions
of the semiconductors. Comparing with the traditional 3D
semiconductors, 2D TMDs possess absolute predominance in

12 | J. Name., 2012, 00, 1-3

such context of optoelectronic devices due to the features of
flexibility, transparency advantages in
fabrication processing. Additionally, the quantum confinement

mechanical and
effects in the 2D limit facilitate novel advantages. For instance,
the tunable band gap with varying layer numbers leads to the
response to photons with different wavelength. Moreover, the
high surface to volume ratio of the nano-scaled material
provides larger working area for light absorption. Whilst, the
surface of the 2D TMDs are naturally dangling bounds free.
This leads to the capacity to easily integrate with other
components such as cavities and waveguides in optoelectronic
systems.

3.1 Photocurrent

The operation of the optoelectronic devices relies on the
generation of photocurrent due to photoelectric conversion.
The capability of generating photocurrent in 2D TMDs
their blocks in
optoelectronics. With the rapid progress in material synthesis
and increasing interests in 2D device fabrication, insight of the
photoresponse mechanism and photocurrent origins are

strengthens potential as building

important in optimization of the performance of the devices.
The origins of the photocurrent in a 2D optoelectronic device
are contributed from several factors including light absorption
efficiency, photocarrier excitation, free carrier generation, free
recombination.”’

carrier collection, charge trapping and

Remarkably, the junction at the TMDs-metal electrode
interface could also contribute to the photocurrent generation
due to the existence of the rectifying Schottky barrier.
Therefore, to apply 2D TMDs

optoelectronic devices, a clear insight into the underlying

in order in functional
mechanism of photocurrent generations is desirable. A deep
understanding on the mechanism would efficiently guide the
device design and optimization. Considering the high spatial
resolution of a focused laser beam, the scanning photocurrent
microscope (SPCM) can be easily designed to investigate the
photocurrent origins.zz’ 7 The SPCM has been demonstrated to
be well-suited to probe various parameters
photoresponse in nanostructures, such as carrier diffusion

related to

length, electrical field distribution, barrier height and local
band bending by monitoring the local photocurrent of the
nano-scaled devices.”*®*
The first time observation of the photocurrent from MX,
monolayer is based on the investigation of the MoS,
monolayer phototransistors.85 In this early report, a broad
laser beam was employed to globally irradiate onto the entire
device. In doing so, the contributors to the photoresponse
could not be clearly identified and a lower photoresponsivity
of 7.5 mA W' was measured. The lower conductivity and
mobility offset the intrinsic advantage of the direct band gap
of the MoS, monolayer and give

photoresponsivity. Subsequently, the photodetection device

rise to the lower

based on MoS, monolayer was optimized and achieved a 10°-

This journal is © The Royal Society of Chemistry 20xx
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fold improvement in the photoresponsivity (880 AW'l).74 The
characterization of the photocurrent is carried out by
employing a standard SPCM setup. A microscope objective is
used to focus the laser beam. A nanopositioning stage is
employed to obtain photocurrent map. The spatially resolved
photocurrent distribution could be clearly figured out by
scanning the focused laser beam over the device (Fig. 8a). The
photocurrent map depicts that the highest photocurrent is
generated at the center of the device. This indicates that the
MoS, monolayer to the
photocurrent generation rather than the junctions of the

is the dominate contributor
material and electrodes. On the other hand, the difference of
the work functions of the material and metal electrodes would
also play an important role in the photocurrent generation.
When different metal electrodes are used in a device, the key
contribution of the photocurrent would be different. Different
from the generation of the photocurrent from the MoS,
monolayer, the highest photocurrent could also be generated
at the interface of the MoS, monolayer/metal electrodes
junctions (Fig. 8b).75 The formation of the current is dominated
by the Schottky contacts. By rastering the focused laser beam
across the device and, the line profile of the photocurrent

s Reviews

ARTICLE

could be obtained at a constant bias. After analysis of the
profiles at different applied biases, the Schottky barrier height
at the MoS, monolayer/electrode contact can be estimated to
be ~ 210 meV (Fig. 8c). In addition, by combining different 2D
materials in vertical stacks, heterostructures based on 2D
crystals would be formed. These heterostructures represent a
instance, the
heterostructure consisting of graphene/TMDs/graphene is
demonstrated to present superior in

new paradigm in optoelectronics. For

performance
photocurrent generation.76 The improvement arises from the
Van Hove singularities in the density of states of TMDs
monolayers. These Van Hove singularities facilitate stronger
light absorption and more electron-hole pairs due to the
light-matter The  significant

photocurrent generation from the graphene/WS,/graphene

enhanced interactions.
stacks is observed and mapped by SPCM measurement (Fig.
8d).
unambiguously identify the mechanism of the photocurrent
This
optimization of the optoelectronic devices based on 2D TMDs.

Such characterizations carried out by SPCM could

generation. would clearly guide the design and
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Fig. 9 (a) Photocurrent map and line-scan profile of an electrically tuned p-n junction WSe, monolayer device measured without
bias. Reproduced with permission from ref. 86. Copyright 2014, Nature Publishing Group. (b) I-V curves (with and without laser
illumination) of an electrically tuned p-n junction WSe, monolayer device under the PN configuration. Inset shows the curves
under NP configuration. (c) I-V curves of the device under PN configuration with illuminations with different powers. Inset shows
the generated power P,, P, =V, I, . (b) and (c) Reproduced with permission from ref. 87. Copyright 2014, American Chemical

el ?
Society. (d) Schematic illustration of the band diagram of the p-n junction within MoS, monolayer. (e) I-V curves of the
chemically doping induced p-n junction MoS, monolayer device under laser illuminations with different powers. (d) and (e)
Reproduced with permission from ref. 88. Copyright 2014, American Chemical Society.
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3.2 Photovoltaic effect the built-in potential at the p-n junction and flow to opposite

The photoelectrical conversion based on photovoltaic effect is contacts. The separated carriers are collected by the

facilitated by the separation of photoexcited electron-hole
pairs by the built-in electric fields. Such electric fields generally

electrodes to form photocurrent. The photocurrent spatial
map and line profile indicate that the maximum photocurrent
is measured when the laser is irradiated onto the junction (Fig.

locate at the junctions between the regions with different ot
9a).”” Given the configuration of p-n junction, the presented

potentials. Among these junctions, p-n junction is one of the
photovoltaic effect shows promising potential of MX,

monolayers in solar cell applications. Under the laser

most versatile aspects and is considered as foundational
component in various optoelectronic devices. Formation of p-n
junction requires tightly jointed negatively doped (n-type) and
positively doped (p-type) materials. The different doping

illumination, the open-circuit voltage (V,.) and short-circuit
current (l) of the photovoltaic device based on a WSe,
monolayer could be clearly measured (Fig. 9b).87 With
illumination of increasing laser powers, both V.. and I

status in 2D TMDs could be induced by local electrostatic
gatingss’ 8990 4r chemical doping.88 By using the electrostatic
gating method, the doping can be flexibly tuned to be n- or p-
via controlling the applied gate voltages. As an ambipolar
semiconductor, p-n junctions could be flexibly configured wavelength of 640 nm, the power conversion efficiency of the

86,8990 ypon device is calculated to be ~ 0.01% according to n=P/P,,

increase accordingly and realize higher output electrical power
(Per, P=V,1, ) (Fig. 9c). Under the illumination using laser with

within WSe, monolayers via electrostatic gating.
this  electrically ~ controlled p-n junction, significant where P;, is the incident effective power upon the work area.
photocurrent could be generated without applied bias due to  Besides electrostatic gating, chemical doping is another
the built-in potential. Under the SPCM characterization, the effective approach to facilitate the n- and p-type behavior
photocurrent is measured when the laser spot scans over the  conversation of MX,. Chemical doping of MoS, monolayer and
device. The generation of the photocurrent at zero bias is the  multilayers via surface modification using Au nanoparticles

result of photovoltaic effect and obeys the following process. have been realized to control the properties of the materials in
The electron-hole pairs are excited within WSe, monolayer by
the injected photons. The electron-hole pairs are separated by
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Fig. 10 (a) The schematic diagram of K valleys in MX, monolayer. (b) Schematic of the selection rules at the *K valleys.
Reproduced with permission from ref. 91. Copyright 2012, Nature Publishing Group. (c) PL spectra of MoS, monolayer excited
using circularly polarized laser. The red, blue and black curves corresponds to the ¢*, o~ polarizations and the net degree of
polarization, respectively. Reproduced with permission from ref. 28. Copyright 2012, Nature Publishing Group. (d) Diagram
illustration of the VHE. (a) and (d) Reproduced with permission from ref. 92. Copyright 2014, Nature Publishing Group. (e)
Schematic of the photoinduced VHE working principle and optical image of a MoS, monolayer device. (f) Hall voltage as a
function of applied bias. (g) Angle-dependence of the anomalous Hall resistance. (e)-(g) Reproduced with permission from ref.
93. Copyright 2014, The American Association for the Advancement of Science.
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optical,94 electrical”® and thermoelectrical®® respects. The
occurrence of the surface charge transfer between MoS, and
AuCl,” ions lead to the easy decoration of Au nanoparticles
onto MoS, surface.®® During this charge transfer process, . XTh
ions attract electrons from MoS, and enable significant p-type
doping in MoS, monolayer or multilayers. Therefore, the
lateral p-n junction could be fabricated within a MoS,
multilayer in such a method via converting half of the material
from n-type to p-type.88 The mechanism of the photovoltaic
effect induced photoelectrical conversion is schematically
illustrated in Fig. 9d. The device based on the p-n junction is
demonstrated to present photoresponse to multispectral
covering the UV and visible regions (Fig. 9e).

3.3 Valleytronics

The working of traditional electronic devices is based on the
movement of electric charge. In addition to electric charge,
electronic devices could also be realized by means of other
internal degrees of freedom of electrons. Spintronics is a
representative example. The working of spintronic devices is
facilitated by manipulating the spin angular momentum of

/ Reviews

ARTICLE

electrons. With the observation of graphene, the robust spin
states of electrons in the monolayers promote abundant
investigations and demonstrations of spintronic devices.”’
Compared to graphene, the hexagonal lattice structures and
absence of an inversion center of MX, monolayers give rise to
additional degree of freedom (DOF) of electrons, valley, upon
spin. As described in Section 2.1, the shift of the VBM from T
point to K points facilitates direct band gaps at the K and —K
points in MX, monolayers (Fig. 1Oa).92 The K and —K valleys are
separated by a big momentum space and related to each other
by time reversal. This makes them a binary value state system.
The manipulation of the DOF of the valleys (K and —K) can be
realized by controlling the occupation of them. Since the
operations of the manipulation are similar to the spintronics,
the concept of “valleytronics” is proposed. Owing to the robust
excitons in the K valleys, it enables the manipulation of valley
DOF by optical approaches.zs’ 919899 1t is predicted that the +K
valleys obey optical selection rules induced by the hexagonal
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Fig. 11 Optical images of a MoS, (a) before and (b) after laser thinning. (c) PL map of the same as shown in (b). The monolayer
region created using laser presents higher PL intensity. (a)-(c) Reproduced with permission from ref. 100. Copyright 2012,
American Chemical Society. (d) Schematic of a focused laser beam pruning setup. (e) Optical bright field and dark field images of
a micropattern created on a MoS, film. Scale bar = 20 um. (f) Optical bright field and dark field images of a monolayer domain
fabricated via laser thinning within a MoS, four-layer film. Scale bar = 20 um. (g) Raman and (h) PL spectra of the created
monolayer (red curves) and pristine regions (black curves) of the MoS, film. (d)-(h) Reproduced with permission from ref. 13.
Copyright 2014, American Chemical Society.
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lattice with inversion asymmetry. The interband transitions at
the *K valleys follow the optical excitations with opposite
circular helicity, namely, left/right-hand circularly polarized
light (o_)/( o, ) will only excite electrons at the K/—K (defined

as K’ in Fig. 10b) vaIIey.91 This selection rules offer a protocol
to realize the valley polarization in MX, monolayers and the
exciton valley polarization has been demonstrated in MoS,
monolayers by the polarization-resolved PL (Fig. 10c).28 The PL
results demonstrate the optical circular dichroism, that is,
when the monolayers are excited with circularly polarized
light, the resulting exciton PL is found to retain the same
circular polarization as the excitation light.

The valleytronic devices are aimed to confine electrons to
DOF in
optoelectronic devices. As theoretically predicted, the tight

individual momentum valleys as additional
coupling between spin and valley DOF in TMDs would host a
combination of valley and Hall effects.>’ Owing to the broken
inversion symmetry in TMDs monolayers, there are magnetic
moments with equal magnitudes but opposite signs at +K
valleys. Such presented magnetic fields could generate an
anomalous velocity to charge carriers excited in the valleys,
i.e., the electrons excited from different valleys will undergo
Lorentz-like forces with opposite directions and move toward
opposite directions perpendicular to the applied bias in the
device (Fig. 1Od).92 This phenomenon is called valley Hall effect
(VHE). The so-called VHE is demonstrated in a MoS, monolayer
device.”® Based on a Hall bar device (Fig. 10e), photo-
generated anomalous Hall effect could be observed under the
excitation of circularly polarized light. The magnitude of the
VHE is evaluated by the Hall conductivity ¢, , expressed as

o~ hrAn, ei
" 2mE, h

(4)

where m, is electron band mass, 7 =h/2z where h is Planck’s
constant, e is elementary charge, n, is the difference of the

photoexcited carrier density between K and —K valleys, and £,
is the band gap of the monolayer. As illustrated in Fig. 10e,
under the illumination of circularly polarized light and applied
bias along horizontal direction, Hall voltage (V4) could be
obtained along the vertical direction. As a demonstration,
anomalous V,, is observed to present linear relation with
applied bias under the illumination of light with polarization at
the critical point changing from right to left (R-L), whilst, Vv,
with opposite direction is observed under L-R modulation (Fig.
10f). However, no V4 is observed in MoS, monolayer under the
linear (s-p) polarized light modulation. For MoS, bilayer, the
VHE is not applicable due to the inversion symmetry. The
polarization dependence of the VHE in MoS, monolayer is
revealed by the Hall resistance (R, =V, /I ) as a function of

6 which is the angle between the incident linearly polarized
light and the fast axis of the quarter-wave plate (Fig. 10g). Sine
relationship is exhibited in the monolayer under circularly

16 | J. Name., 2012, 00, 1-3

polarized modulation. In addition, the dichroic spin-valley-
coupled photogalvanic current is demonstrated in the devices

101, 102 extending the

based on MoS, and WSe, monolayers,
applications of the valleytronics of TMDs monolayers. These
demonstrations open up new avenues for photoelectrical

conversion in optoelectronics.

4. Functionality extension/improvement via laser
modification

Once the materials of TMDs are prepared or synthesized, the
range of the potential applications of these materials is
restricted by their discrete intrinsic properties. In light of
increasing interests to widen the range of applications, it is
worthwhile to develop post-treatment techniques. These
techniques are desired to have the capacities to improve the
properties of the as-synthesized materials and extend their
application potentials. Furthermore, to miniaturize functional
devices based on TMDs, it is also desirable to develop
techniques with the ability to fabricate micropatterns with
controlled functionalities on the as-synthesized TMDs. These
techniques are required to directly pattern the TMDs as well as
alter their properties. Considering the features of high
resolution, fast speed and controllable disruption of a scanning
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focused laser beam, it is rational to develop this technique as a
simple, efficient and flexible tool to post-treat the as-
synthesized TMDs with the aim to extend and improve their
functionalities.

4.1 Direct laser thinning/patterning of TMDs

Considering the increasing demands and wide range of
applications shown by the TMDs monolayers, the lower
productive rate of the exfoliation approaches is hard to meet
the requirement of the fast development. To resolve this issue,
considerable efforts have been made to synthesize large area
and high quality TMDs monolayers based on different bottom-
up strategies. On the other hand, top-down methods based on
the postsynthesis procedures have also been developed to

further control the thickness of the TMDs. For example, a

method based on plasma technique was employed to achieve
To

layer by layer thinning of multilayer MoS, to monolayer.104

b oo

ARTICLE

achieve a better control, techniques based on focused laser
beams were designed as a straightforward and effective
approach to “on-demand” fabrication of TMDs monolayers.
laser thinning method was firstly applied upon
190 After scanning the

Such a
mechanically exfoliated MoS, multilayers.
focused laser beam on the multilayered sample with an
optimized power density and scanning speed, a uniform
monolayer region could be created (Fig. 11a,b). The created
monolayer region presents higher PL intensity than the pristine
region (Fig. 11c). To extend to the large area MoS, films grown
by CVD method, the direct thinning and micropatterning could
be simultaneously achieved.”® The as-grown sample is
subjected to a focused laser beam setup (Fig. 11d). The sample
can absorb the photons and converts the energy to thermal
energy. The generated heat facilitates the sublimation of the
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Fig. 13 (a) SEM images of the Au NPs-MoS, hybrids. Au NPs only assembled onto the laser modified regions. Bottom right panel is
the AFM image of the Au NPs on MoS, film. (b) SEM images of the Au nanoparticles on MoS, films with different thicknesses. i-v:
MoS, thicknesses are 1.34, 2.2, 3.5, 6.8, and 9.8 nm, respectively. Reproduced with permission from ref. 94. Copyright 2015,

John Wiley and Sons.
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upper layers to realize the direct thinning. The sample is
controlled to move with respect to the laser beam in a
programmable manner to achieve the patterning (Fig. 11e). In
such a way, versatile functional junctions and components
could be fabricated on MoS, thin film based on the layer-
dependent band gaps.
surrounded by multilayer region can be fabricated (Fig. 11f).

For instance, monolayer domain
The formation of the monolayer domain is identified by the
Raman and PL spectra (Fig.11g,h). This “on-demand” method
has been demonstrated to be applicable to directly thin and
pattern other TMDs (W5e2103
such as black phosphorus (phosphorene).

) and even other 2D materials
105
Moreover, laser

patterning technique could also be employed to fabricate
106

Journal Name

to the thinning and patterning, this method possesses the
capability to modify or alter the property of the samples.

4.2 Photochemical reaction of 2D TMDs

Naturally, the TMDs are chalcogen-deficient due to the higher
volatility of the chalcogens.107 The chalcogen vacancies
contribute to the free carrier trapping and scattering. To
achieve materials with higher quality, healing the defects with
chemical passivation is proposed. Isoelectronic substitutional
oxygen defects in TMDs are theoretically demonstrated to be
electrically neutral.*®® Therefore, passivation of the chalcogen
vacancies using oxygen is a feasible approach to improve the

quality of TMDs. The DFT calculations have been carried out on

micro-supercapacitors using paintable MoS, film.” In addition
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Fig. 14 (a) I-V curves and (b) Photoresponse characteristics of the WSe, monolayer device before and after laser modification. (c)

Photocurrent map of the device after laser modification. (a)-(c) Reproduced with permission from ref. 103. Copyright 2015,
American Chemical Society. (d) |-V curves (with and without laser illumination) of the pristine MoS, multilayer device and the

device with laser created monolayer-multilayer junction. Inset shows the optical image of the device with laser created junction.

(e) Photocurrent profile across the junction measured using SPCM. (d) and (e) Reproduced with permission from ref. 13.
Copyright 2014, American Chemical Society. (f) Raman spectra of rhodamine 6G; methylene blue; rhodamine 101 (from left to
right), respectively, on Si, MoS,/Si and Au NPs-MoS, substrates. Reproduced with permission from ref. 94. Copyright 2015, John

Wiley and Sons.
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WSe, monolayers.103 The significant unoccupied gap state

originating from the Se vacancies could be effectively healed
by the oxygen substitution (Fig. 12a). Experimentally, the
oxygen substitution has been realized using the focused laser
beam technique. The substitution process is controlled by the
photochemical reaction between the WSe, monolayers and
oxygen in atmosphere. The degree of the substitution could be
controlled by altering the oxygen concentration of the
environment. The XPS scans clearly indicate that more oxygen
into the WSe, monolayers at the
environment with higher oxygen concentration (Fig. 12b). In
the W 4f scans, the two doublets are ascribed to W* in W-Se
environment and WSJ'/W6+ in W-O environment, respectively.
The
IW W AW+ I W)

increases when the WSe, monolayers are modified by focused

can be introduced

oxidization ratio is defined as

The ratio gradually

laser beam in environment with higher oxygen concentration.
The stoichiometric ratio of W** and Se could be tailored from ~
1:1.8 of the pristine sample to be ~ 1:2.0 after the modification
of focused laser beam.

Besides the simple photochemical reactions, more complex
chemical reactions could be facilitated based on the
modification of TMDs using the focused laser beam technique.
The 2D configuration of ultrathin TMDs presents a superiorly
high surface-to-volume ratio. This feature offers robust surface
states since all chemical bonds are exposed upon the surfaces.
These surface states make the TMDs extremely sensitive to
extraneous perturbations. Therefore, altering the properties of
2D TMDs via surface modification would be pronounced and
effective. An effective way to enable the surface modification
is the decoration of the surfaces with other nano/micro-
structures to form functional interfaces. Interfacing with metal
nanoparticles (NPs) provides an access to extend the
functionality of TMDs. Under the help of a focused laser beam,
selective self-assembly of Au NPs on MoS, has been
obtained.”® The focused laser beam is employed to create
micropatterns with active nucleation sites onto the MoS,
surface. Reduction reaction can occur upon the activated
surface in AuCl; solution whereby Au NPs can be selectively
assembled onto the modified domains (Fig. 13a). Moreover,
the density and size of the Au NPs particles could be easily
controlled by tuning the MoS, thickness (Fig. 13b), reaction
time and laser powers. Such a reaction gives rise to localized
of as-grown MoS, and creates

functionalization films

functional hybrid materials.

4.3 Superior photoelectrical/optical devices

2D TMDs have been successfully demonstrated as good

functional materials in various optoelectronic devices.
However, the practical applications are constrained by their
comparatively low conductivity and photoconductivity. As

described in Section 4.2, the lower conductivity of the TMDs is

This journal is © The Royal Society of Chemistry 20xx
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generally due to the trapping or scattering of free carriers
induced by chalcogen vacancies. To heal these vacancies,
oxygen substitution controlled by a focused laser beam setup
has been demonstrated to be a feasible approach.
Consequently, the modification via the focused laser beam
pruning is expected to improve the performance of the
optoelectronic devices built on TMDs. Photodetection devices
based on WSe, monolayers have been demonstrated and
characterized by  different The
photoresponsivity, one of the most important parameter of a
photodetector, was measured to be in the range of 0.7-210
mA W-1.86, 87, 90, 103
architecture as an example,10

research  groups.

Take the standard two-probe device
® the photoresponsivity and
external quantum efficiency (EQE) of a device based on as-
grown WSe, monolayer are calculated to be 25 mA w? and
5.8%, respectively, at the medium level of the reported
devices. Once the working area (WSe, monolayer) of the
device is globally modified by the focused laser beam, the
performance of the device is found to be significantly
improved (Fig. 14a-c). The output dark current is measured to
be ~ 400-fold higher at the same applied bias than before
modification. The corresponding photoresponsivity and EQE
are improved to be 3717 mA w? and 860%, respectively.
Therefore, the modification based on the focused laser beam
pruning could improve the performance of the optoelectronic
devices to be more than two-order higher. Similarly, the
enhanced device performance is also achieved on MoS,
transistors after a selectively laser annealing process.108
As described in Section 4.1, focused laser beam could be
employed as an “on-demand” approach to create functional
junctions within MoS, film. The optoelectronic device built on
the monolayer-multilayer junction is demonstrated to present
superior performance (Fig. 14d). The difference of the band
gaps of the MoS, monolayer and multilayer enable a
significant built-in potential barrier at the junction. The built-in
potential would promote the separation of photoexcited
electron-hole pairs and generate higher photocurrent. The
contributions of the different functional domains are identified
by means of SPCM (Fig. 14e). The improvement of the output
is ascribed to the synergy of the built-in junction and the
introduced defects by laser modification.

Besides the improvement of the optoelectronic devices, the

focused laser beam technique could also facilitate optical
devices with superior performance. Such a technique has been
demonstrated to enable the selectively self-assemble Au NPs
onto the surface of MoS, film to form functional hybrid
materials (Fig. 13). Considering the strong coupling of Au NPs
to Raman signal and the efficient adsorption of aromatic
organic molecules onto MoS,, the obtained Au NPs-MoS,
hybrid is demonstrated as superior surface enhanced Raman
scattering (SERS) substrates for the detection of aromatic
organic molecules. These SERS substrates present sensitive
detection ability to molecules of methylene blue, rhodamine
101 and rhodamine 6G even at the resonance excitation
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wavelength (Fig. 14f). With the extensive applicability of the
laser techniques, the focused laser beam pruning is expected
to play important roles in extending the functionalities of
wider 2D materials than TMDs.

5. Conclusions and prospects

In this review, we provide an overview into the use of laser-
based technologies as effective tools for the characterization,
analysis, modification and manipulation of group-VI 2D TMDs
films. Our current understanding on the fundamental optical
properties identified via various laser spectroscopies is
summarized. In particular, the emerging PL is observed by PL
spectroscopies, vibrational phonon modes are identified by
Raman spectroscopes, dynamics of excitonic carriers are
established by various time-resolved spectroscopies, and the
non-linear optical behaviors of these TMDs are demonstrated
by SHG spectroscopy. Subsequently, the demonstrations of the
optoelectronic devices operated by laser excitation are
reviewed. Laser excitations could facilitate photoelectric
energy conversion within TMDs through different pathways
with different mechanism. Finally, the review on the post-
synthesis treatments of the TMDs using lasers with subversive
energy is presented. The laser beam offers a means to achieve
direct thinning and patterning of TMDs for creating monolayer
domains. During the fabrication processes, it was also
observed that the photoelectrical and optical properties are
altered under the effects of induced photochemical reactions.
The modified TMDs are demonstrated to present improved
fabricated to be
photoelectrical/optical devices with superior performances.

Moving beyond this review, it is worthwhile to believe that the

functionalities and can be

techniques based on lasers has yet to attain their full potential
in the research field of 2D TMDs. Although many optical
fundamentals have been studied, the understanding of the
fundamental properties related to the complex and unique
of TMDs incomplete.
example, the exciton binding energy, one of the key
parameters to affect the optical properties, has not been
established directly on experiments. Besides the
exciton-related investigations, more research efforts are also

electronic structures remain For

robust

encouraged to focus on the investigation of free carriers rather
than excitons because the separated free carriers are the key
factor determining the performance of the optoelectronic
devices. To this end, laser spectroscopy with frequencies in the
terahertz (THz) range might be an effective tool to reach this
requirement since THz waves have been demonstrated to be
sensitive to free carrier dynamics in semiconductors.’® *° On
the other hand, higher order many-body interactions in the
TMDs monolayers are expected to be observed. The binding
energies of the higher order many-body interactions are
predicted to be present at higher frequencies. This can extend
TMDs roles in optoelectronics with extended response range
even to far infrared. Considering the high degree integration of

20 | J. Name., 2012, 00, 1-3

next generation optoelectronic devices, miniaturize the size of
the
components on a single TMDs sample are desirable. To this

functional domains and created multifunctional

end, techniques based on lasers are expected to remain very
the
techniques would be flexible to create functional domains as

useful. Given site selectivity, focused laser beam
versatile components on the TMDs. Simultaneously, the laser
beams can be employed as the control switches to operate the
working of the devices. The high spatial resolution of the
focused laser beam facilitates the precisely control of every
functional component on the device. Since the components
could be individual operated, very complex logic circuits could
be achieved. In doing so, more functionalities can be enabled
by these devices. In addition, laser technique is an effective
tool to construct hybrid nanostructures by combining 2D TMDs
with other OD or 1D nanomaterials. By precisely controlling the
architecture of the combination, the hybrids are expected to
present the

architecture, the laser beams could also be employed to

superior properties. Based on designed

effectively control the optical and thermal interactions
between the beams and the materials to engineer the device
performance.

Despite admirable properties have been shown by the typical
2D TMDs, the featured band gaps (1.6 eV - 2.0 eV) of the
group-VI MX, restrict their light-matter interactions within the
visible light range. To pave an avenue for optoelectronic
devices working under the control of invisible light (UV or IR),
2D semiconductors with extended band gap ranges would be
exploited. As the solid nonmetal monotypic 2D crystal besides
graphene, black phosphorus (phosphorene) has been
demonstrated to present encouraging properties. The direct
band gap of the material can be flexibly tuned from 0.3 eV to

2.0 eV with the thickness reducing from bulk to monolayer.lu'

12 This facilitates considerable light matter interactions in the
visible and IR light ranges. In addition, the focused laser
modification technique could realize in situ oxidization of the
phosphorene to form phosphorene oxides. By controlling the
oxygen concentration, the band gap of the material can be
extended from 2.3 eV to 5.0 eV."® This
photoresponse of the material covering the spectrum range
from UV to IR. phosphorene,
antimonene has been theoretically predicted to present the

makes the

Besides arsenene and
indirect band gaps of 2.5 eV and 2.3 eV, respectively. This also
extends the photoresponse of the materials to shorter

113
wavelength range.
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