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Abstract—Two-dimensional (2D) materials such as graphene,
transition metal dichalcogenides and phosphorene have emerged
as brand new photonic materials with huge potential in a variety
of optical applications in recent years, due to their unique proper-
ties and multiple functions. Owning to the significantly increased
surface to volume ratio in the atomic thin layered structure, the
interactions between 2D materials with light become remarkably
strong in either elastic or inelastic interactions. Most of previ-
ous studies were focused on the inelastic interactions between 2D
materials with light, namely Raman and photoluminescence prop-
erties. However, we found the elastic interactions between them
and light are also very attractive. Based on the properties dis-
covered, we demonstrated several optical applications, such as
atomically thin optical lenses and gratings. On the other hand,
we found the inelastic interactions with light in the 2D limitation
affected a lot by the external environment, which could serve as a
unique method to control the working status of the optical devices
to meet multiple application needs. Several progresses were demon-
strated such as control of excitons and trions in few-layer MoS2
via the co-modulations by both temperature and electric field and
the defect engineering by oxygen plasma etching to stimulate new
photon emission.

Index Terms—2D materials, defect, exciton, gratings, lens,
plasma etching, trion.

I. INTRODUCTION

S INCE the discovery of graphene and its astonishing prop-
erties, a new class of materials known as “2D materi-

als”, such as transition metal dichalcogenide semiconductors
(TMDs), phosphorene, h-BN and layered metal oxides, have at-
tracted tremendous attentions owing to their unique properties
and sensitivity to the external environment. Among which, the
optical properties such as strong interactions with light [1]–[3],
layer-dependent energy gaps [4], [5], tunable exciton dynam-
ics [6], [7], and tightly bound trions [8], [9], etc, make them
promising candidates for various optical devices and optoelec-
tronic devices. The fundamental mechanisms of these devices
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are based on the interactions between light and 2D materials.
There are two categories interactions between light and mat-
ter: inelastic and elastic [10]. An inelastic interaction involves
energy transfer between photons and electrons or phonons. In
contrast, elastic interactions do not involve energy transfer, and
are responsible for controlling the propagation of light.

Optical components, such as resonant cavities, waveguides,
lenses, gratings, optical meta-materials [11] and photonic crys-
tals [12], all rely on strong elastic interactions between light
and matter to achieve sophisticated control of the flow of light.
Strong elastic interactions rely on significant changes of the am-
plitude and phase of the light accumulated over a long optical
path. Thus, for the atomically thin materials, such as a single
layer graphene sheet, the interaction is normally very small [13].
Much efforts has been done to this issue, but only plasmonic
resonance in graphene can enhance the elastic optical response
in the mid- to far-infrared range [14]–[16]. It is still a great chal-
lenge to control the flow of light using 2D materials in the visible
and near-infrared regions, where most interesting optoelectronic
properties exist. Surprisingly, the strength of the elastic interac-
tion in a 2D material increases dramatically with the increase of
refractive index. Such favorable scaling makes high-index 2D
TMD semiconductors [17], [18] particularly attractive for the
application of strong elastic light–matter interactions.

On the other hand, the inelastic interaction of light
involves energy transfer between photons–electrons or photons–
phonons, which result in the photoluminescence (PL) phe-
nomenon and Raman effect, respectively. Optical devices such
as LED, transistors and solar cells, are working relying on the
interaction between photons and electrons. The electronic band
structure of a semiconductor material plays a key role in the
interaction process. Thus, the band structure investigation and
modulation become of great importance in the design of op-
tical devices. For 2D materials, the band structures are more
sensitive to the external environment due to the significantly
increased surface to volume ratio compared with their bulk form
and therefore could be easily controlled by the corresponding
techniques [19]–[21]. In other words, the inelastic light-matter
interactions become more complicated if the status of surround-
ing environment changes. As a result, the optical properties of
2D materials could totally change. For instance, the PL spec-
trum of MoS2 strongly depends on the layer number and layer-
stacking sequences [22]–[24]. Particularly, monolayer TMDs
have the most distinct properties compared with their few-layer
counterpart due to the absence of interlayer interactions and
reduced screening effect [25]. For few-layer TMDs, interlayer
interaction, screening effect, quantum confinement and crys-
tal symmetry jointly determine their electronic structures [1],
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[22]–[24]. Especially, phosphorene is always a direct bandgap
semiconductor in each layer number while the bandgap ranging
from mid-infrared to near-infrared wavelengths. Owning to the
sensitivity of the inelastic interactions between light and 2D ma-
terials, many works could be done to investigate the evolution of
their optical properties as a function of the change or stimulation
in surrounding environment, such as van der Waals interactions,
temperature, electric field, magnetic field, strains and surface
defects, which may enable the possibility of discovering more
unique phenomena in 2D materials and developing a variety of
novel optical applications.

In this paper, we discuss the recent progress on the properties
of 2D materials and their applications in optical devices based
on both the elastic and inelastic interactions between light and
2D materials. Section II illustrates the remarkably high index
and optical path length (OPL) of MoS2 and their applications in
atomically thin optical lenses and gratings. Comparisons have
been made between our results and other groups’ recent pro-
gresses. Future improvement possibilities on these devices were
discussed. Section III gives a brief summary on the research in-
terests on the inelastic interactions between light and 2D mate-
rials. Several potential research directions were discussed based
on the demonstration of two representative recent findings by
our group, regarding the modulations of inelastic interactions
between light and 2D materials by external stimulation method.
One is the control of excitons and trions dynamic in few-layer
MoS2 via the co-modulations by both temperature and electric
field. The other one is the defect engineering technique through
layer-by-layer thinning of thick exfoliated phosphorene flakes
using oxygen plasma etching.

II. Elastic Light–Matter Interactions

To characterize the elastic interaction between light and mat-
ter, one possible method is to measure its phase shift when
light propagates the material. And by making use of the optical
interferometry, the phase shift can be measured with a phase-
shifting interferometer (PSI). Previously Venkatachalam et al.
have reported to use such technique to measure the phase shift of
thin-layer graphene and the layer number of thin-layer graphene
can be accurately determined down the thickness of monolayer
[26]. They have also reported an optical thickness of about 2 nm
for single layer of graphene, which is within expectation con-
sidering the fact that the physical thickness of single layer of
graphene is only about 0.35 nm. The refractive optical compo-
nents reply on the OPL to modify the phase front of an optical
beam, and the OPL is directly related to the geometrical length
of light path. As a result, it is normally expected that thin-layer
2D materials would be too thin to generate a large OPL value,
as shown in thin-layer graphene, and thus the phase front cannot
be modified efficiently in such ultra-thin materials. However, an
OPL value of 38 nm has been observed from monolayer molyb-
denum disulphide (MoS2) with the PSI system [27]. During the
measurements, the OPL value of monolayer MoS2 on SiO2 /Si
substrate was defined as OPLM oS2 = − λ

2π (φM oS2 − φSiO2 ),
where λ is the wavelength of the light source and it is 535 nm in
the experiment, φM oS2 and φSiO2 are the PSI measured phase
shifts of thelight reflected from the MoS2 flake and the SiO2 /Si

Fig. 1. High refractive index enabled giant OPL in ultra-thin film. (a) Statis-
tical data of the OPL values from PSI for 1–4 L MoS2 and graphene samples.
Inset is the schematic plot showing the PSI measured phase shifts of the reflected
light from the MoS2 flake and the SiO2 substrate. (b) Simulated OPL values for
light reflected from 2D material (0.67 nm in thickness) with different indices
on a SiO2 (275 nm)/Si substrate (solid line) and SiO2 substrate with infinite
thickness (dashed line). (c)–(d) Schematic plots of multiple reflections at the
interfaces of ultra-thin 2D materials. Figure reproduced from [27].

substrate (Fig. 1(a) inset), respectively. The giant OPL value of
monolayer MoS2 is more than 50 times larger comparing with
its physical thickness of 0.67 nm and it is one order of amplitude
larger than its counterpart from monolayer graphene. Interest-
ingly, comparable OPL values have also been observed in other
monolayer TMD semiconductors, about 40 nm for monolayer
WS2 and WSe2 [27], and a OPL value of around 20 nm have
also been observed in monolayer phosphorene [28].

The underling physics of such giant OPL value from mono-
layer MoS2 lies in its high refractive index. At 535 nm, the
wavelength of the light source used in the PSI system, the re-
fractive indices of monolayer MoS2 and graphene is 4.4 + 0.6i
and 2.6 + 1.3i, respectively [29], [30]. Theoretical simulation
indicates that the OPL value is highly related to the refractive
index value, and it will increase rapidly with the increase of
materials’ refractive indices (Fig. 1(b)). This correlation be-
tween OPL values and refractive index can be explained by the
schematic plots shown in Fig. 1(c) and (d). When the thin-layer
material owns a high refractive index (the same case as mono-
layer MoS2), the large impedance mismatch at MoS2-air and
MoS2-SiO2 interfaces will lead to large reflection coefficients
at those interfaces, resulting in multiple reflections inside the
high refractive index material (Fig. 1(c)). These multiple reflec-
tions will significantly enhance the geometrical length of light
path within the monolayer MoS2 , which generates the giant
OPL value. On the contrary, if the thin-layer material owns a
low refractive index (the same case as monolayer graphene),
the impedance mismatch in the interfaces will be low, leading
to less reflections within the material and a small OPL value
(Fig. 1(d)).

A. MoS2 Lenses

Based on experimental results, the OPL value of thin layer
MoS2 will increase by more than 50 nm with the layer thickness
increasing by 1 nm [27]. With the giant OPL from thin-layer
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Fig. 2. Atomically thin micro-lens fabricated from a few-layers of MoS2 .
(a) Schematic plot of the micro-lens structure. (b) PSI image of an atomically
thin micro-lens fabricated on a 9 L MoS2 flake. (c) Measured OPL values
versus position for the direction indicated by the dashed line in (b). (d) Inten-
sity distribution pattern of the MoS2 micro-lens measured by scanning optical
microscopy (SOM). Figure reproduced from [27].

MoS2 , the phase front can be efficiently controlled with only
atomically thin structure. By making use of such property to en-
gineer the phase front of an optical beam, a refractive concave
lens has been fabricated with only a few atomic layers of MoS2
(Fig. 2(a) and (b)). The fabrication process starts with a uni-
form nine-layer MoS2 flake, and it is milled to the pre-designed
bowl-shape lens by focused ion beam (FIB). The bowl-shape
profile is clearly shown from the PSI measurements (Fig. 2(c)).
From the measured profile of the micro-lens, its focal length is
calculated to be 248 μm. In order to characterize the fabricated
MoS2 micro-lens, the light path of a micro-Raman system was
modified to be a far-field scanning optical microscope (SOM).
The SOM system used a green laser (at 532 nm) as the light
source, consistent with the wavelength used in simulations. By
moving the micro-lens along the z-axis insteps of 10 μm by a
piezo-electrically driven stage, the camera recorded a series of
the intensity distributions with the MoS2 micro-lens positioned
at different z values. A 3D dataset was then generated by data
processing and a cross section profile was obtained along the
x- and z-axes to illustrate the average distribution of the light
intensity in these directions (Fig. 2(d)). The focal length f of the
MoS2 micro-lens was measured to be 240 μm.

We have also noticed other works of ultra-thin lenses based on
different materials. Kim et al. reported self-assembled nanoscale
spherical lenses based on organic materials CHQ with near-field
focusing and magnification capabilities. [32] Fattal et al. re-
ported flat dielectric reflectors with focusing abilities based on
amorphous silicon. [33] And recently, Gu et al. have also re-
ported ultra-thin lenses with 3D subwavelength focusing based
on graphene oxide. [34] By comparing the above mentioned
three typical ultra-thin lenses with our micro-lens based on few-
layer MoS2 , we have generated Table I consisting of lens pa-
rameters and performances. It can be clear seen that our MoS2
micro-lens can outperform other ultra-thin lenses in aspects such

TABLE I
COMPARISON BETWEEN DIFFERENT ULTRA-THIN LENSES

Lens Thickness NA Focusing efficiency

Nanoscale CHQ spherical lens [32] <800 nm – –
Flat amorphous silicon lens [33] ∼450 nm ∼0.01 80–90%a

Ultra-thin graphene oxide lens [34] ∼200 nm – >32%
MoS2 micro-lens [27] ∼6.3 nm ∼0.2 –

a This value is the total reflection.

as thickness and numerical aperture (NA) value. And by fur-
ther improving its NA value and focusing efficiency, the MoS2
micro-lens will be more capable for future optical systems.

With focal length of 240 μm, lens diameter of 20 μm and
the lens material refractive index of 4.4, a simple calculation
shows that the NA of this micro-lens based on few-layer of
MoS2 is ∼0.2 by using equation NA ≈ n ·D

2f , where n is the
refractive index of the medium in which the lens is working, D
is the lens diameter and f is the focal length of the lens. This
NA value of the micro-lens needs to be further improved for
application as ultra-thin optical elements. Several approaches
can be considered, including electrically tuning the refractive
index of thin-layer MoS2 as indicated in Ref [31] and redesign
the lens structure to achieve higher D

f ratio.

B. MoS2 Gratings

Light scattering is another elastic interaction between light
and matter. Devices that employ photonic band gap [35], An-
derson localization [36], and light trapping such as with thin-film
solar cells [37] all rely heavily on strong light scattering. And the
elastic interaction can be quantified by measuring the scattering
efficiency. Theoretical simulation shows that the scattering cross
section is highly dependent on the refractive index of materials
(Fig. 3(a)). Required by the boundary condition of Maxwell’s
equations, the electrical field inside a 2D material is almost as
strong as the tangential component of the incident field, leading
to a strong polarization P = ε0(n2 − 1)E0 , where E0 is the
electric field of s-polarized incident light, n is the index of the
material and ε0 is the electric permittivity of free space. The
scattering power is proportional to the P2 and, therefore, scales
roughly as n4 , as shown by the dash trend line in Fig. 3(a). This
scaling rule greatly favors high-index materials and is again
uniquely available in ultra-thin materials.

Grating fabricated from few-layer MoS2 flakes with FIB is
schematically shown in Fig. 3(b). The atomic force microscope
(AFM) images of gratings made from mono-, bi- and eight-layer
MoS2 are shown in Fig. 3(c) and (d). The grating parameters,
including periodicity and filling ratio, are calculated for each
layer for optimal configuration. The gratings are characterized
with 532 nm green laser, consistent with the light source wave-
length used in simulation. First and second order diffraction can
be observed during experiments and the diffraction efficiency is
calculated based on measured results. The measured maximum
diffraction efficiency for grating made from 1 L, 2 L, 6 L and
8 L gratings are 0.3%, 0.8%, 4.4% and 10.1%, respectively.
As a comparison, no diffracted beam can be observed from the
grating fabricated from CVD grown monolayer graphene, con-
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Fig. 3. Atomically thin high-efficiency gratings made from single- and few-
layer MoS2 . (a) Simulated scattering cross section (SCS) versus refractive index
for a layer of 0.67 nm thick material. The dashed line is added as a reference.
(b) Schematic of grating and diffraction efficiency measurement setup. (c–d)
AFM images of 1 L, 2 L and 8 L MoS2 gratings. Figure reproduced from [27].

firming that the scattering efficiency is highly dependent on the
refractive index.

By replacing the Si substrate used in our experiment with a
metallic mirror, the diffraction efficiency of MoS2 gratings can
be further improved. Theoretical simulation indicates that with
optical design, the 1st order grating diffraction efficiency of an
8 L MoS2 grating can be up to 23.7%. In addition, an asym-
metrical profile as used in high-efficiency gratings is expected
to further improve the efficiency. Besides, by making use of
materials’ high refractive index and the resulting high scatter-
ing efficiency, this periodic structure fabricated from thin-layer
MoS2 can be further utilized as Bragg reflectors as shown in
Ref. [38].

III. INELASTIC LIGHT–MATTER INTERACTIONS

The inelastic light–matter interaction normally implies the
PL and Raman effects, which involves energy transfer between
photons–electrons and photons–phonons, respectively. There-
fore, the Raman phenomenon is affected by the lattice structure
of a material and can be used to characterize the quality or
status of the crystal, whereas the PL phenomenon is highly re-
lated to the bandgap of a semiconductor and is the basis of the
development of novel optical devices. In the field of 2D mate-
rials, the groundbreaking material, graphene, has zero bandgap
at its pristine status that would limit its applications in optical
devices, although its bandgap could be induced by the exter-
nal stimulation. In contrast, the recently discovered TMDs and
phosphorene naturally have adequate bandgap values ranging
from visible to near-infrared wavelengths that make them more
suitable for the development of novel optical devices.

Due to the significantly reduced screening effect in the 2D
limit, the TMDs undergo a gradual transition from an indi-
rect bandgap in bulk to a direct bandgap in their monolayer

Fig. 4. Typical Photoluminescence emission features of monolayer 2D mate-
rials. (a) PL spectrum of monolayer WS2 at 77 K. X0 represents exciton; XT
represents trion; XX represents biexciton; XL represents localized exciton. (b)
Schematic of the photon emission processes from exciton, trion, biexciton and
localized exciton. “e” stands for electrons; “h” stands for holes. It should be
noted that the trion could be constituted by two electrons with a hole (negative
trion), or by two holes with an electron (positive trion).

form that strongly enhance their PL emission. At the same
time, the quasi-particle binding energies increase a lot in the
2D nanosheet, which makes the PL spectra not only contains
the exciton (combination of one electron and one hole) emis-
sion, but also enables the emerging of other many-body effect
such as trion (combination of one electron and two holes or two
electrons and one hole), biexciton (combination of two electrons
and two holes) and localized exciton (defect emission). Fig. 4
shows a typical PL of 2D materials that contains abovemen-
tioned four features. These features may not be easy to show
up at the same time (affected by temperature or doping). The
many-body effect in 2D materials such as carrier multiplication
and Wigner crystallization [39] has recently aroused much at-
tention of researchers but most of previous studies and findings
are limited to monolayers [5], [7], [8]. However, the few-layer
structures are also important, since the interlayer van der Waals
interactions would affect the light–matter interactions and trig-
ger new fundamental phenomena that can enable many new
optical devices based on heterostuctures [40]. Besides the van
der Waals interactions, many other external mediums such as
temperature, electric field, magnetic field, strains and surface
defects could also have significant impacts on the interactions
between light and 2D materials due to the large surface to vol-
ume ratio in the atomically thin layers, which could probably
stimulate several unique phenomenon and enable a variety of
novel optical applications.

A. Trion dynamics With van der Waals Interactions

Trion is a charged exciton that has an extra electron/hole with
nonzero spin, which is a very important composition in the PL
spectra of 2D materials that can be used for spin manipulation
[41], [42] and it offers remarkable optoelectronic applications
[43]–[47]. The previous study found that the exciton and trion
dynamics in monolayer MoS2 could be tuned by up to two
orders of magnitude by electric field at room temperature [7], [8]
owing to the direct bandgap. However, the PL spectra in bilayer
MoS2 could not be tuned by electric field at room temperature
due to its indirect bandgap [6] arising from the interlayer van
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Fig. 5. MoS2 metal-oxide-semiconductor (MOS) device and the PL of bilayer
MoS2 by both temperature and electric field modulation. (a–b) Schematic plot
and optical microscope image of the MoS2 MOS device. (c–d) Measured PL
spectra from 2 L MoS2 sample, under different back gate voltages (from −50
to 50 V) and at temperature of 298 K and 83 K, respectively. Insets show the
schematic plots of the corresponding band structures with indicated quasi-Fermi
level. Figure reproduced from [48].

der Waals interactions. Through the theoretical calculation we
found that as temperature decreases from 300 to 100 K, the Λ
valley of the conduction band moves down relatively to the K
valley in monolayer MoS2 , while the Λ valley rises up relatively
to the K valley in bilayer MoS2 . The evolution of band structure
at different temperatures would enable different photocarrier
relaxation pathways in mono- and bi-layer of MoS2 . Since the
band structure of 2D material is sensitive to temperature, we
cooled down the bilayer MoS2 to 83 K and found that the PL
intensity increased by around one order of magnitude which is
very similar with the phenomenon arising from indirect to direct
bandgap transition. As a result, the exciton and trion dynamics
in bilayer MoS2 became tunable again at low temperature [48].

A back-gated metal-oxide-semiconductor (MOS) device was
used (Fig. 5(a) and (b)) to apply electric field in the experiment.
Mono- and bi-layer MoS2 was mechanically exfoliated and drily
transferred [49] onto a SiO2 /Si substrate near a pre-patterned
gold electrode, followed by another thick graphite flake bridging
the gold electrode and MoS2 flake, forming a MOS device.
In the experiment, the gold electrode is grounded, and the Si
substrate functions as a back gate (Fig. 5(a)). In the experiment,
we swinged the back gate voltage from −50 to 50 V. For the
monolayer MoS2 , the same excitons and trions dynamics were
observed as previous study [8]. However, in the bilayer MoS2 ,
we did not observe gate tunable PL spectra at room temperature
(Fig. 5(c)), whereas when the temperature went down to 83 K,
the gate dependent exciton and trion dynamics became obvious
(Fig. 5(d)), which could be explained as follows:

At 298 K, owning to the van der Waals interactions, bilayer
MoS2 has an indirect band gap and the Femi level EF locates
near the Λ valley. The electric field could only tune the pho-
toelectron density within the Λ valley instead of within the K
valley (Fig. 5(c) inset). Since the main PL peak comes from the
direct K-K transition, the electric field cannot affect the main PL
emission at room temperature. This situation changes at 83 K
when the Λ valley moves up and the K valley moves down rela-
tively that the weight of photoelectrons relaxed to K valley was
highly enhanced. And the Femi level EF locates near the K val-
ley now which enables the tunability of photoelectron density
within the K valley (Fig. 5(d) inset). As a result, the exciton
and trion dynamics could be tuned in bilayer MoS2 at 83 K.
Moreover, due to the opposite valley movements in mono- and
bilayer MoS2 as a function of temperature, the PL intensity of
bilayer MoS2 increase twice faster than that of monolayer MoS2
and finally surpassed it at 83 K.

These findings provide insight into exciton and trion dynam-
ics with van der Waals interactions in multilayer 2D materials
and have possibility to enable new applications in photonics
and optoelectronics [1], [2], [50]. And the co-modulation by
both electric field and temperature provides a novel method to
investigate the fundamental phenomena in other few-layer 2D
materials. It should be noted that although the TMDs have the
same lattice structure and similar band structures, they optical
properties are not always similar, some could be totally opposite,
such as the temperature dependent PL intensities from bilayer
MoS2 and MoSe2 [51]. Moreover, even for the same material,
the multi-layers can exhibit totally different properties from
the monolayer just because of the van der Waals interactions.
Therefore, in the future, research of multi-layer 2D materials is
necessary, since it can not only help us gain more understanding
of the light–matter interactions in 2D materials, but also pro-
vides opportunities to develop novel optical devices based on
multi-layer 2D materials.

B. Low-Dimensional Excitons in Defect States

Defects in semiconductors can strongly influence electric and
optical properties of the device and such interactions become
stronger in 2D materials due to the tighter localization of the
electron wave function [52]. Structural defects, such as vacan-
cies, dislocations and interstitials are commonly observed in
both exfoliated and grown TMDs [53], [54]. It is true that these
defects can strongly influence the inelastic light–matter interac-
tions, but not all of them are disadvantageous if we can take full
advantage of them. For example, PL emission can be strongly
enhanced in MoS2 through defect engineering [55]. Understand-
ing the functionalities of defects, and the ability to precisely
control them, can improve the performance of 2D materials and
has potential to lead to new applications [56].

Many works have been done on the investigation of defects
in 2D TMD materials and several interesting results have been
reported [53]–[57]. However, for the recently developed 2D
material, phosphorene, rare research has been done on the in-
fluence of defects. Particularly, phosphorene has quasi-1D ex-
citonic nature [58], [59], layer-dependent direct bandgap [60],
[61] and anisotropic nature [62]–[67]. These properties contrast
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Fig. 6. Oxygen defect engineering in stabilized monolayer phosphorene.
(a) Schematic showing the oxygen plasma etching technique. (b) Measured
PL spectra of monolayer phosphorene samples produced by different methods:
1–exfoliated; 2–fabricated by oxygen plasma etching; 3–fabricated by oxygen
plasma etching with defect engineering. Inset is schematic plot of two dif-
ferent oxygen defects in monolayer phosphorene (P1 –horizontal bridge and
P2 –diagonal bridge). (c) Schematic plot of the monolayer phosphorene MOS
structure and the electrical measurement setup. (d) Measured PL spectra from
the defect engineered monolayer phosphorene, under different back gate volt-
ages from −50 to +50 V. Figure reproduced from [72].

dramatically with other 2D materials, such as graphene [68]
and TMD semiconductors [8], [69], [70]. Phosphorene could
therefore provide a unique platform to investigate the dynamics
of excitons in reduced dimensions and fundamental many-body
interactions [28], [58], [71] with surface defects.

In our recent research, we found that oxygen plasma etch-
ing technique could not only be used to thin down the phos-
phorene thick flakes layer by layer (Fig. 6(a)), but also offer
the opportunity to introduce defect states in a stabilized phos-
phorene monolayer [72]. Interestingly, when the sample was
thinned down to monolayer and over-etched a little, a brand
new PL emission status appeared in the spectrum at room tem-
perature, compared with the PL spectrum of exfoliated mono-
layer phosphorene (Fig. 6(b)). The O2 plasma etching fabri-
cated monolayer phosphorene shows one PL emission peak
at 750 nm, which is the same with that from a mechanically
exfoliated phosphorene monolayer. This 750-nm-peak is de-
noted as the trion peak of a pristine monolayer phosphorene
in our previous research [28]. When the oxygen defects have
been introduced into the monolayer phosphorene, two strong
PL peaks at 780 and 915 nm show in the spectrum, whereas the
750-nm-peak was significantly diminished and the 915-nm-peak
has much higher PL intensity than the intrinsic trion emission.
Moreover, the defect-induced PL emission can be further mod-
ulated by electric field using a MOS-structure device (Fig. 6(c)
and (d)), which could lead to new applications like electri-
cally tunable and broadband lighting source in the NIR range at
room temperature.

TABLE II
COMPARISON OF DEFECTS EMISSIONS IN TMDS AND PHOSPHORENE

2D materials Showing temperatures Localization energies

MoS2 Cryogenic temperature 0.12 eV
MoSe2 Cryogenic temperature 0.23 eV
WSe2 Cryogenic temperature 0.11 eV
Phosphorene Room temperature 0.18 & 0.42 eV

Fig. 7. Schematic of exciton diffusion and localization in 2D TMDs and quasi-
1D phosphorene. (a) A free exciton in TMDs diffuses along the 2D plane and
has little possibility to meet the localized state and emits PL. (b) A free exciton
in monolayer phosphorene diffuses along the armchair axis and converts to a
0D exciton at the localized state and emits brighter PL.

According to the previous numerical simulations [73], these
two peaks could be attributed to the localized excitons that in-
duced by oxygen atoms bridging across the phosphorene atoms.
There are two types of oxygen bridging defects: diagonal bridge
and horizontal bridge with positive binding energies that may
be formed when the oxygen source is more reactive than the O2
ground state, for example, under light pumping or O2 plasma.
For a diagonal bridge defect, the oxygen atom connects phos-
phorus atoms on different edges of the zigzag ridge. For a hori-
zontal bridge defect, the oxygen atom connects the phosphorus
atoms from the same edge (as illustrated in Fig. 6(a) inset). Both
types of surface bridge defects are expected to create levels in
the bandgap and are able to give rise to recombination lines in
luminescence experiments [73].

The localized exciton emissions in phosphorene is quite
unique, since for monolayer TMD semiconductors such emis-
sions can only be seen at cryogenic temperatures [56]. While
the oxygen defects induced exciton localization could be clearly
observed in a monolayer phosphorene at room temperature, and
the localization energy is much larger than that in TMDs (see
Table II, the values of TMDs are extracted from Ref. [56]). One
of the reasons could be because of the large trapping energy in
phosphorene [73]. The other reason could be the quasi-1D exci-
tonic nature of monolayer phosphorene. In the quasi-1D space,
the rapid collision between excitons and local quencher states
can significantly limit the luminescence quantum yield of free
excitons [58], [59]. Conversely, the defect states act as 0D pho-
toluminescent centers instead of acting as exciton quenchers
that can capture mobile excitons and convert them into pho-
tons in very high luminescence quantum yield. Therefore, the
intrinsic 1D excitons [74], [75] are diminished and the local-
ized 0D excitons become more brightening than the intrinsic
limit (as illustrated in Fig. 7(b)). Whereas in the 2D TMDs,
the free excitons are less limited by the quencher states and
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therefore can diffuse along the 2D plane that has little possibil-
ity to meet the localized state and emits photons. On the other
hand, the quantum yield of 1D excitons could be reduced by
the temperature-limited radiative decay rate at high tempera-
ture. While the temperature-independent radiative decay rate of
0D excitons is free from this restriction. This could lead to the
emerging of localized excitons emissions at room temperature
and a remarkable enhancement of the quantum yield for 0D
excitons. In addition, it is found that the lifetimes of localized
excitons are significantly longer than that of free excitons. This
may be due to the highly reduced non-radiative decay rate re-
sulting from the localization effect of squeezing an exciton in
the 0D state [75], [76]. The longer lifetime would benefit to the
performance of photonic devices such as light oscillators and
photonic crystals.

This suggests that the localized excitons in monolayer phos-
phorene could serve as a unique platform to explore the funda-
mental inelastic light–matter interactions in a 2D–1D–0D hybrid
system and open up new avenues for the development of novel
optical devices.

IV. CONCLUSION

In this paper, we classified the recent findings on optical
properties and devices of 2D materials into two categories: elas-
tic and inelastic interactions between light and 2D materials.
We revealed the unique elastic and inelastic interactions be-
tween light and 2D materials based on our recently proposed
applications such as atomically thin optical lenses and gratings,
valley control of excitons and trions and defect engineering
technique. Similar research progresses by other groups were
compared and discussed. Future perspectives on these directions
were addressed.

At last, it is worth emphasizing that due to the significantly
increased surface to volume ratio in the 2D form, the light-
2D materials interactions could be modulated in a large scale
by the external media such as temperature, electric field, mag-
netic field, strains, acoustic wave, etc. Any coupling between
light with the other medium could probably stimulate several
unique properties that makes the 2D materials quite exciting
and having huge potential in a variety of optical applications
like tunable light sources, photo-detectors, sensors and spin
manipulation devices.
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