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Abstract. Two-dimensional molybdenum disulfide (MoS,) has garnered significant interest
in optoelectronics due to its direct band gap, tunable optical properties and the potential for
realizing the van der Waals heterostructures. This article provides a comprehensive
overview of 2D MoS, and its applications in photonics. We begin by discussing recent
advancements in the bottom-up synthesis of MoS, using chemical vapor deposition,
focusing on novel approaches using liquid molybdenum precursors. Then, we review the
latest developments in light-based devices leveraging MoS,, including light-emitting
diodes, photodetectors, waveguides, optical cavities and single-photon sources. By
summarizing recent achievements, this review provides insights into the prospects offered
by MoS, in photonics.
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1. Introduction

Photonics refers to the phenomena in which light, instead
of electrons, is used to transmit or process information: it
has played a crucial role in recent advancements in
technology and developments in different fields, namely
telecommunications, healthcare and energy, with widely
studied and continuously optimized applications, namely
lasers, Bragg gratings, waveguides, ring resonators,
optical modulators and photodetectors [1, 2]. Several
classes of materials and compounds have reached
commercial exploitation and are currently used in
photonics applications. However, these materials usually
combine specific advantages with several drawbacks.
Silicon, for example, as a well-known material with its
robust technology, has an indirect band gap that limits
light emission and absorption efficiency, especially
within the visible range. Its centrosymmetric crystal
structure inhibits second-order nonlinear optical
interactions and the difficulty of monolithic integration in
the mid-infrared range. 111-V compounds, namely GaAs,
GaP, InP, AlGaAs, InGaP, and GaN have direct band
gaps and efficient light emission and absorption.
However, they are more expensive and exhibit
limitations within the infrared range. Additionally, in the
case of GaN, there is a lack of cheap native substrates.

Photonic crystals can conveniently manipulate light
propagation and are used to create novel optical devices.
However, they have limited operating band width,
difficulties in fabrication, and are very sensitive to
structural imperfections [3]. The necessity to integrate
different technologies and functionalities in a single chip,
the gradual approaching of fundamental limits of current
materials, the need for optimized devices, reduced
production costs and the evolving market demands cause
the research of novel solutions to overcome the
limitations of current technologies. Thus, it is imperative
to explore new materials, understand fundamental
phenomena and create new building blocks for
innovative photonic devices.

Since the discovery of graphene, many materials
have been thinned down to single or few stacked layers
and have shown properties completely different from
their bulk counterparts. The vertical dimension plays a
significant role in determining material properties since
the interactions between various layers, governed by van
der Waals forces, are much weaker than the forces that
drive the in-plane electrons.

Besides graphene, two-dimensional (2D) materials,
namely transition-metal dichalcogenides (TMD) [4],
black phosphorus/arsenic [5], and boron nitride [6] have
opened up new frontiers in material science and
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engineering, which is caused by their unique optical,
electronic, and spin properties that can significantly
enhance light-matter interaction, improve speed and
sensitivity, potentially reducing the footprint and power
consumption of optical devices. Various 2D materials
can also be stacked one on top of the other to implement
the so-called “van der Waals heterostructures”, which
virtually eliminate the lattice mismatch problems,
allowing investigations of unusual properties and new
phenomena and further expanding the possibilities of
these systems. Even more interesting is the possibility of
integration with already developed photonic structures to
create new hybrid devices that can combine the best
properties of different classes of materials [7].

Amongst 2D materials, molybdenum disulfide
(MoS,) has a lot of attention due to its easy synthesis and
convenient physical properties. In particular, the band
gap of MoS, switches from indirect to direct when
thinned down to the size of the monolayer, resulting in a
significant enhancement in light emission and optical
absorption. Monolayers of MoS, show a significant
photoluminescence, which can be exploited in photonics
and optoelectronics applications [8]. Despite its
atomically thin nature which somewhat limits the light-
matter interaction, resulting in low absorption within the
range 450-700 nm, MoS, was proved to be suitable as an
active material in devices, namely light emitters and
photodetectors. Resonant photonic structures were pro-
posed to overcome these intrinsic limitations [9]. MoS,
has two types of excitons: propagating excitons which
can resonate with incident photons due to their large
oscillation strength, and excitons tightly bound to defects,
which can act as single-photon emitters. The planar
exciton confinement effect can also enhance light-matter
interaction. The combination of plasmonic nanostruc-
tures and MoS, also demonstrates the enhancement in
light-matter interaction, allowing potential applications in
nanophotonic devices [10]. Despite all the progress, the
achievement of a high quantum yield in MoS, is still a
challenge [11]. A lot of work has already been done in
this field, and many research papers on the investigation
of 2D materials for photonic applications have already
been published, including several general reviews to which
the reader is addressed. Hence, in this review article, we
are focusing on the specific and more recent results
concerning only 2D-MoS, and its various applications in
the photonics field, where research is extremely active
and various device structures have been proposed. There
are excellent reviews dedicated to MoS,, but they either
cover all aspects of the material without an in-depth
analysis of photonic devices [12, 13] or discuss only
photodetectors [14, 15] without considering other possible
applications in the realm of light-based devices.

Therefore, we aim to fill a gap that can be useful for
both researchers focused on these unique materials and
scientists interested in different types of photonic devices
by giving some new insights concerning the most recent
results in the preparation of 2D-MoS, by chemical vapor
deposition (CVD) and by reviewing a different type of
photonic devices based on this material.

2. Preparation of 2D-MoS,
2.1. Synthesis by chemical vapor deposition

CVD offers a combination of low cost, uniformity,
scalability and reproducibility of TMD synthesis [16].
CVD involves the reaction of precursor gases on a heated
substrate with precise control over the thickness and
quality of the MoS, layers. Many excellent reviews on
the CVD growth of 2D materials are available in the
literature for the reader interested in the details of this
method [17, 18]. Hence, we will limit our discussion to
the most recent relevant results, in particular regarding
the use of liquid precursors.

Recently, Zhang et al. [19] built a miniaturized
CVD system capable of observing and recording the real-
time growth of 2D-MoS, crystals. Image processing
techniques convert real-time footage into digital data, and
machine-learning algorithms are employed to unveil the
significant factors influencing the growth of MoS,
crystals. The model successfully predicts CVD growth
parameters for the synthesis of ultra-large monolayer
MoS, crystals and demonstrates the potential for reverse
engineering the growth parameters by analyzing the as-
grown crystal morphology. In the synthesis of 2D-MoS,
using CVD, liquid-precursors-intermediated synthesis
(LPI-CVD) overcomes the challenge of unstable nuclea-
tion that arises from the difficulty in controlling the
evaporation of solid precursors [20], by facilitating their
transport and reaction in the gas phase. Liquid precursors
can be more homogeneously mixed with carrier gas,
resulting in a more uniform material. In addition, liquid
precursors allow for precise control over the composition
and concentration of precursor species, enabling the
tuning of TMD properties, namely thickness, crystallinity
and doping levels. These precursors offer advantages,
namely good solubility, higher vapor pressures, high
volatility and controlled decomposition under appropriate
conditions, which are essential for the controlled growth
of high-quality MoS, films. Some of the most used
molybdenum compounds include (NH,;),MoS, [21],
(NH4)6M070,4-4H,0 [22, 23], Na,M00,4-2H,0 [24], and
MoOs, which, unlike the first three, is not soluble in
water but in NH4,OH [25]. These components are then
dissolved in a specific solvent and spin-coated on a
substrate. The solution concentration, the spinning speed
and the spin time are carefully controlled to achieve the
desired film thickness and uniformity. After spin-coating,
the precursor-coated substrate is typically annealed in a
furnace under controlled temperature and atmosphere
conditions. This annealing step converts the precursor
film into molybdenum oxide or another intermediate
phase, which is subsequently sulfurized and converted
into MoS,. SCVD/LPI-CVD method enables direct
reaction and nucleation on a substrate.

Plasma cleaning is often employed as a pre-treat-
ment step before the growth, particularly when liquid
precursors are used, for the following reasons. (i) Surface
cleaning: plasma cleaning effectively removes organic
residues, contaminants and surface oxides. (ii) Improved
adhesion: plasma treatment can improve the adhesion of
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Fig. 1. (a) Plasma cleaning treatment of the surface before the CVD growth. Reprinted with permission from Ref. [26]. Copyright
2021 American Chemical Society. (b) Difference between the vertical growth in the absence of the —OH groups (up) and the lateral
growth enhancement in the presence of —OH (bottom) in MoS, synthesis; (c) Calculated binding energy on sapphire (001) without
(left) and with (right) the —OH groups. Reprinted with permission from Ref. [27]. Copyright 2019 American Chemical Society.

MoS, films to the substrate surface by modifying the
surface chemistry and creating strong chemical bonds
between the MoS, layer and the substrate. (iii) Surface
activation: plasma treatment activates the substrate
surface by creating reactive species, namely radicals,
ions, and excited atoms or molecules. These species can
enhance the surface energy and reactivity of substrate,
facilitating the adsorption and decomposition of
precursor molecules. Hence, plasma cleaning improves
MoS, quality, including better uniformity, crystallinity
and electrical/optical properties, by creating a clean and
well-prepared substrate surface. Fig. la shows very
different contact angles with and without this treatment.
Adding a growth promoter to the molybdenum precursor
solution before spin-coating in MoS, synthesis can
enhance the growth process and improve the quality of
the resulting MoS, films. Growth promoters are
compounds or additives that facilitate nucleation and
promote uniform growth [28, 29].

For example, alkali metal ions (e.g., potassium,
sodium) or surfactants can be added to the precursors
solution to promote a uniform MoS, film formation.
NaOH, specifically, can act as a complexing agent to
stabilize the molybdenum precursor solution, enhancing
its homogeneity and promoting uniform deposition
during MoS, synthesis. NaOH can also modify the
surface chemistry of the substrate, facilitating nucleation
and growth of MoS, films [30]. The approach called
MoS,—OH bilayer-mediated method involves the
preferential attachment of hydroxide groups —OH to the
(001) surface of MoS,, forming a MoS,—OH bilayer
structure during the growth (Fig. 1b) [27]. This technique
promotes the growth of inch-sized monolayer MoS, on
substrates like sapphire, mica, amorphous SiO,, quartz

(Fig. 1c) and various crystalline materials, including Si,
SiC, SisN4 and graphene, by inhibiting vertical growth
along the [001] axis, thereby encouraging lateral
expansion into larger areas. Additionally, the presence of
hydroxide groups reduces sulfur vacancies and defects
while protecting the MoS, surface from oxidation in air.
This results in high-quality monolayer MoS, with a
carrier mobility of up to ~ 30 cm®V *s %, Hydroxides are
not the only option designed for growth promoters, and
other common choices are the halide salts. Ji Qingging
et al. [31] present experimental evidence indicating that
the dynamics of MoS, growth are influenced by
halogens, which is explained using the Bronsted—Evans—
Polanyi relation. They propose a growth model that
considers MoS, edge passivation by halogens, and this
model theoretically replicates the observed experimental
trends. In [22], the halogens present in the density
gradient medium were shown to affect the lateral
dimensions of the flakes.

2.2. Intentional doping of MoS,

Liquid precursors allow a better control of the doping
concentration than solid precursors. A dopant can be
added to the molybdenum precursor solution to obtain
specific functionalities or modify the properties of the
synthesized MoS,. These dopants can introduce addi-
tional electronic states, alter the band structure and thus
influence the optical and electrical properties of MoS,.
Doping can also be carried out after MoS, synthesis by
post-growth treatments, namely ion implantation [32] or
plasma treatment [33]. The choice of doping method
depends on the dopant species, the desired doping
concentration and the synthesis conditions together
with the compatibility with the overall CVD process.
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Recently, the most common doping strategy is the
addition of compounds to liquid molybdenum precursors.
The kind of dopant depends on the desired modifications
to the MoS, properties and the specific application
requirements. 2D-MoS, has a heavily natural n-type
conductivity attributed to the native sulfur vacancies
[34]. The most common dopant for p-type doping is
niobium available in the form of NbCls, soluble in
nonpolar organic solvents, with a low melting point and a
high solubility compared to Nb,Os [35]. Another
possibility to implement p-doping is the use of tantalum,
even if until now the works reported in the literature
concern only solid precursors, using Ta,Os as in [36]. In
contrast, for vanadium-based p-type doping, a diffuse
water-soluble component is NH,VO; [37]. Rhenium is
mostly used to increase the conductivity by exploiting
n-type behavior in reverse, especially as NH;ReO, [38].

3. Photonic applications

As discussed above, the strong interest in 2D-MoS,
application in photonics is due to its unique optical and
electrical properties, namely a direct band gap, strong
light-matter interaction and high quantum vyield [39]. We
will further review the main classes of light-based
devices that have been proposed and developed in these
last 10 years, also discussing their different ranges of
applications.

3.1. Light-emitting devices

Due to the light emission of 2D-MoS, layers, the very
first photonic device to be developed has been, quite
obviously, the light-emitting diode (LED): almost ten
years have passed since the fabrication of a vertical
heterojunction composed of n-type monolayer MoS, and
p-type silicon, which shows a low emission threshold
power [40]. Following this achievement, other
architectures for 2D-based LEDs have been reported,
including metal-insulator-semiconductor junction, metal-
semiconductor junction, and heterojunctions composed
of various 2D materials. The advantages of this material
for light-emitting devices concern its relatively strong
photoluminescence and the possibility of controlling its
action on the structural parameters, namely the number
of layers and the scalability, as well as easy integration
with other materials. However, one of the challenges for
this type of device is related to insufficient emission
performances, due to the low electroluminescence power
of 2D materials, therefore, consistent research efforts are
devoted to designing effective structures for increasing
the external quantum efficiency, which is still limited to
12% [41]. Quite interestingly, MoS, monolayers have
been used in other LED designs, exploiting the advantage
of their high carrier mobility rather than their light
emission. 2D-MoS, has been used for driving individual
micro-LEDs by integrating thin film transistors based on
this 2D material with other materials, which emit light,
namely nitride micro-LEDs and organic LEDs [42]. The
addition of MoS, to such device structure has been
shown the significant improvement in the current density,

brightness and carrier transport efficiency of the LED
devices. Furthermore, the combination of MoS, with
other materials, with the ability to generate the surface
plasmons, allows for the modulation of its optical
properties, enabling advanced applications, namely
controlled light emission and ultrafast optoelectronic
devices [43, 44]. These characteristics highlight the
potential of MoS, for enhancing the performance and
functionality of light emission devices, positioning it as a
valuable material in the field of optoelectronics.

3.2. Photodetectors

Photodetectors based on 2D-MoS, have shown great
potential in various applications, including sensing,
communication, light-emitting diodes and optical
modulators [45]. Their performance can be improved
using metallic structures to take advantage of plasmonic
effects [44, 46, 47] and by construction of heterojunc-
tions [48]. Research has also focused on the development
of large-scale 2D-MoS, photodetectors, demonstrating
their feasibility for practical implementation. MoS,-based
photodetectors have been reviewed regarding their main
performance metrics, namely responsivity, detectivity
and response time, highlighting their potential for high-
performance optoelectronic applications [49]. The first
MoS, photo-transistor was demonstrated in 2015 [50],
when, by using MoS, layers of different thicknesses,
photodetection was tuned to different wavelengths with
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Fig. 2. (a) Electrical transport under different strains in the dark
(top), with a low light intensity (middle) and a high light
intensity (bottom). (b) Strain dependence of the dark current
(top) and photocurrent (middle and bottom) under —2 V drain
bias. Reprinted with permission from Ref. [51]. Copyright 2016
John Wiley & Sons.
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very low dark current noise, one of the factors
determining the detection limit of photodetectors. In
2016, a MoS, flexible photodetector based on single-
layer material was reported, and the superior mechanical
properties were coupled to a very efficient light
detection [51].

Fig. 2 shows the strong strain dependence of the
photocurrent, highlighting how it can be further
modulated under different light intensities (Fig. 2a).

The authors discuss how these changes in transport
and photodetection are caused by two following effects.
The first one is the piezophototronic effect that manifests
in the influence of strain-induced polarization charges on
the transport of the charge carriers (Fig. 2b). The second
one is the piezoresistive effect, where strain changes the
band structure and the density of states of carriers,
resulting in very different dependences of photocurrent
on strain for different illumination conditions [51].
Furthermore, the integration of MoS, with other mate-
rials, namely oxide layers, has enabled the realization of
high-performance monolayer MoS, photodetectors,
displaying the potential for enhanced optoelectronic
functionality. In particular, using a thin Al,Oz layer to
induce tensile strain allowed for a strong improvement in
both the photocurrent and responsivity [52]. The optical
properties of MoS, photodetectors play a crucial role in
determining their performance characteristics, namely
band gap, which depends on the number of layers. The
number of layers influences the optical absorption
properties and, therefore, the efficiency of photo-
detection. The photonic properties of the 2D material,
namely absorption characteristics, band gap modulation,
and response to incident light, also affect the photo-
electric performance of the photodetector in terms of
detectivity, responsivity and response time. By
leveraging and tailoring these optical properties,
researchers can advance the development of high-
performance MoS,-based photodetectors for a wide range
of optoelectronic applications.

Single-photon
emission

3.3. Waveguides and optical cavities

2D-MoS, has gained attention due to its potential
applications in elements for photonic circuits, namely
waveguides and optical cavities. Its unique optical and
electronic properties make it suitable for guiding and
manipulating light at the nanoscale. Integrating 2D-MoS,
with such photonic structures offers advantages, namely
enhanced light-matter interactions, improved collection
efficiency of emitted photons, and easy routing and
manipulation of optical signals [53, 54]. In waveguides, a
high refractive index of 2D-MoS, allows for strong light
confinement and low loss, making it suitable for passive
tunable coupling effects and loss tuning in resonators
[65]. It can also be used to construct ultra-compact
cavities with high-quality factors, enabling the control of
spontaneous emission rates and the increase of exciton-
photon coupling. Research has focused on engineering
the photonic environment surrounding 2D materials,
including 2D-MoS,, to enhance their capabilities. This
involves integrating 2D materials with nanocavities,
metamaterials and metasurfaces to manipulate optical
environments and improve light-matter interactions [39,
56]. The results obtained in this area of research have
already allowed to design and develop flexible integrated
photonic platforms where 2D-MoS; have been coupled to
plasmonic nanocavities, planar photonic gratings and
photonic waveguides [57, 58]. The integration of the
MoS, layers on photonic structures has practical
advantages for optoelectronic circuits, with large
responsivity and tailored emission spectrum. This is
critical for their use in optoelectronic and nanophotonic
devices due to enhanced light-matter interactions, low-
loss waveguiding and the construction of ultracompact
cavities with high-quality factors. Therefore, strong
research efforts are currently devoted to these hybrid
systems, which is caused by a high potential for future
advanced nanoscale optical devices and systems offered
by the integration of 2D-MoS; with photonic structures.
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Fig. 3. Schematic illustration of the MoS, structure where single photon emission is obtained by generating defects using the
focused ion beam (left) and the second-order correlation g®®(z) function demonstrating emission of single photons (right). Reprinted
with permission from Ref. [63]. Copyright 2021 American Chemical Society.
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3.4. Single photon sources

The efficient light emission of single layers of MoS, is
also attractive for developing one of the fundamental
devices of quantum photonics technologies: the single-
photon emitter that provides on-demand, deterministic
photonic qubits. Various methods are available for
obtaining light quanta, but solid-state devices are of par-
ticular interest due to their scalability and easy integration
into current photonic platforms. Nanostructures, namely
guantum dots, isolated defects in semiconductors, and
color centers in diamonds are some of the most success-
ful systems proposed so far [59, 60], with many 2D
materials currently being explored for these applications,
considering the emission of single photons by isolated
defects in hBN, WSe, and other van der Waals materials
[61, 62]. Concerning MoS,, recent research has made
significant progress in the development of single-photon
sources based on atomically thin MoS,. The generation
and control of single photons has been demonstrated by
considering isolated defects in this material that can be
deterministically realized by external irradiation by a
focused ion beam (Fig. 3) [63].

Another interesting option for the realization of
isolated quantum emitters is related to the ascertainment
of quantum confinement of electrons in the 2D semi-
conductor layer. This confinement has been claimed to
be realized by strain gradients applied to the 2D mono-
layer [64], however, very recently it has been
demonstrated that single photon emission from such
strained 2D layers might be related to the generation of
defect states [65]. On the other hand, it has been argued
that quantum confinement can be realized in 2D
nanostructures of very small sizes, leading to the
effective realization of MoS, quantum dots (QDs),
although the emission of single photons from such
structures is yet to be reported [66, 67].

These results highlight many interesting advantages
of 2D materials for the development of single-photon
sources, namely the possibility of room-temperature
operation, high-photon count due to the high brightness,
electrically triggered generation, low excited-state
lifetime, polarized emission, and optically addressable
electron spin state. The mentioned features, already
demonstrated by single photon emitters in 2D materials,
indicate that these devices should have great potential for
many applications in quantum photonics.

4. Conclusions

This work provides a comprehensive overview of the
current research on 2D-MoS, for photonics. We have
highlighted the peculiar properties of 2D-MoS,, namely
direct band gap and tunable optical properties that
motivate the development of photonic devices based on
this material. Additionally, we have presented the most
recent results in preparing this material by CVD,
focusing on the most impactful breakthrough achieved in
these last years, including the introduction of metallic
liquid precursors and the options to tackle another

relevant issue, the control of doping. Furthermore, we
have provided a complete scenario of the development of
various types of light-based devices with account of the
advantage of the peculiar properties of MoS, to improve
the performances for various applications. It is
foreseeable that this material will continue to attract
strong research interest and that the mass production of
2D-MoS; photonic devices might be established quite
soon. Despite significant advancements in the field,
challenges remain, including material quality, reliable
doping, device scalability, and integration issues.
Overall, it can be argued that its potential in photonics is
extensive, foreseeably driving advancements within a
wide range of technological applications.
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JBoBumipHuii MoS; 1/ 3acrocyBanb y GoToniui
F. Esposito, M. Bosi, G. Attolini, S. Golovynskyi, L. Seravalli

AHoTauis. [IpoBumipHuil aucynedin momidmeny (MoS;) BUKIMKAaB 3HAYHHN IHTEpeC y Traiy3i ONTOENEKTPOHIKA
3aBJSIKM CBOIM TIpsiMili 3a00pOHEHIH 30HI, PEryJibOBaHMM ONTHYHUM BJIACTUBOCTSM 1 MOTEHIHANTy ISl peaizarii
rerepocTpykTyp Bau-nep-Baanbca. ¥V 1iil craTTi Mu nponoHyemMo KoMiutekcHuit oriig 2D MoS; i1 fioro 3actocyBaHHs
y ¢oroHini. Mu mounHaEMO 3 OOTOBOPEHHS IMporpecy B cuHTe31 MoS, crnocoOOM «3HH3y-BBEpX» 3a JOMIOMOTOIO
XIMIYHOTO OCaJpKEeHHs 3 mapoBoi (a3, (POKyCcyrourch Ha HOBHMX IiIX0/IaX 3 BHUKOPUCTAHHSIM PIJIKUX IPEKYpCOpiB
Monioneny. IloTiM MM po3risiiaeMo OCTaHHI PO3POOKH Y CBITIOBHX IIPUCTPOSX Ha OCHOBI MoS,, BKIOYa04n
CBITJIOBUIIPOMIHIOBAIBHI 1104, (OTONETCKTOPU, XBWJICBOJIW, ONTHYHI PE30HATOpPU Ta OJHO(OTOHHI JKepena
BUIPOMIHIOBAaHHS. [liACyMOBYIOUM OCTaHHI JTOCATHEHHS, [ OTIIAJ JA€ YSBICHHS PO MEPCIEKTHBU 3aCTOCYBAHHS
MoS; y doromiri.

Kirouosi ciaoBa: doronika, 2D matepianu, aucynpdin MomiOmeHy, XiMidHe ocaipKeHHS 3 ra3oBoi (asu, pimkuit
HPEKypcop.
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