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ABSTRACT 
The two-dimensional (2D) materials have been widely developed recently in material characteristics with advanced optical and 
electrical properties, and they have been extensively studied as candidates for the next generation of optoelectronic devices. This 
review will mainly focus on the preparation methods and the light emitting applications of 2D transition metal dichalcogenides 
(TMDs), 2D black phosphorene (BP) and 2D perovskites. The review will first introduce the preparation methods for TMDs and BP. 
Due to the variations of band structure, exciton binding energies and light–matter interaction in TMDs and BP, the different light 
emitting devices (LEDs) designs based on TMDs and BP will be discussed and summarized. Then the review will turn the focus to 
2D perovskites, starting with a description of the preparation methods for the different structural perovskites. In order to review 
and summarize the achievements of 2D perovskites-based LEDs, the high efficiency perovskites LEDs are discussed. Finally, 
the review will present challenges, opportunities, and outlook for the future development of 2D materials-based light emitting 
applications. 
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1 Introduction 
Two-dimensional (2D) materials are a class of materials 
originated from van der Waals solids. The tight ionic or 
covalent bonds are formed along 2D directions in between the 
in-plane atoms to form atomic layers, while the atomic layers are 
attached to each other by weak van der Waals force alone the 
out-of-plane direction [1, 2]. Nicolosi et al. have summarized 
different types of layered materials, which can be allocated 
into different families [3]. The atomically thin with hexagonal 
structured materials are the simplest, for example, graphene 
and hexagonal boron nitride (h-BN). There are some other 
layered materials such as transition metal dichalcogenides 
(TMDs), black phosphorene (BP), metal halides (for example 
PbI2 and MgBr2), layered metal oxides (such as MnO2 and 
MoO3), layered III-IVs materials (InSe and GaS), layered V-VIs 
materials (Bi2Te3 and Sb2Se3), and halide perovskites. In the 
past few years, research efforts have been devoted to TMDs 
and perovskites materials, many research progresses have been 
achieved in terms of studies of materials properties and device 
applications. 

2D materials have attracted significant attention due to 
their fascinating optical and electrical properties [4–14]. 2D 
TMDs, unlike their precedent zero bandgap of graphene, are 
semiconductors with bandgap ranging from 1.57 to 2 eV [15], 

which are suitable for optoelectronic applications with visible 
and near infrared light regime. To be specific, 2D TMDs and 
phosphorene have demonstrated a series of interesting features 
such as tunable band structure [16–21], direct to indirect band 
transition [22–24], large exciton binding energies [25–28], 
strong light–matter interaction [29–32] and strong second 
harmonic generations [9, 33–36] that could trigger intensive 
studies of next generation optoelectronic devices such as 
light emitting diodes (LEDs) and photodetectors. The unique 
properties of 2D materials have been reviewed in several 
recent publications [19, 37, 38]. The light emitting properties of 
TMDs include photoluminescence (PL) and electroluminescence 
(EL) can be both modulated by many factors. For example, the 
PL can be tuned by substrate screening effect [39], temperature 
and even excitation power [40], while the EL can be adjusted by 
different geometry, current injection method, and electrostatic 
doping. Meanwhile, the PL and EL emission from those 2D 
materials provide a great platform for studying light–matter 
interaction including exciton dynamics, high order exciton 
behaviors, excitonic circuit and even exciton condensate [41–46]. 
Therefore, the light emitting applications in 2D materials 
system play a significant role in studying those ultra-thin 
semiconductors. 

With promising research results on inorganic 2D TMDs and 
phosphorene, organic-inorganic halide perovskites are emerging  
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as exciting materials for developing high-performance LEDs 
due to their unique structure and excellent optoelectronic 
properties [47]. However, in bulk perovskites, the stability, 
high leakage currents and non-radiative recombination losses 
are still the main issues of extending the LED application of 
those high yield materials. In order to solve those difficulties, 
two-dimensional perovskites have been brought into front line 
with variety of advantages that have not been observed in their 
three-dimensional (3D) counterparts because of 2D quantum 
confinement effect [48]. As a new member in 2D family, 
2D perovskites have exhibited controllable synthesis, easy 
fabrication, flexible and high optical efficiency features, which 
enable them to achieve high efficiency LEDs devices [49–51]. 

For both traditional TMDs or phosphorene and new 2D 
perovskites, the common challenge for LEDs applications is to 
achieve high efficiency and unique light emitting features. To 
successfully emit light, two basic strategies have been employed. 
One is light emitting by forming a p-n junction within one 
material or different materials. The other is making use of 
semiconductor as an optical active layer, electrons and holes 
are then simultaneously injected into the semiconductor. The 
p-n junctions are commonly formed by chemical doping [52], 
electrostatic gating [53–55] and the use of different doping 
materials [56]. Both perovskites and TMDs are suitable for 
optical active layer, and they are ideal choice for fabricating 
high performance LEDs. In addition, TMDs based LEDs have 
been reported to observe single photon emission, which opens 
up new opportunities to quantum technologies [57]. 

In this review, we will first discuss the light emitting 
applications based on two-dimensional TMDs and phosphorene. 
Different well-designed LEDs device structures have been 
reviewed including different p-n junctions, optical active layer 
geometries, and driving methods. Their light emitting properties 
and optimization strategies will be emphasized. Subsequently, 
the single photon emissions from those TMDs and alternative 
current driven LEDs are discussed. Then we will review the 
recent progress on light emitting applications of 2D perovskites 
materials, starting with a discussion of their various synthesis 
methods and superb optoelectronic properties. After that, their 
light emitting devices and optoelectronic applications will be 
reviewed. Finally, the challenges, opportunities, and perspectives 
in the development of 2D materials light emitting applications 
will be stated.   

2 Light emitting applications based on two- 
dimensional TMDs 
The bandgap of the bulk TMDs is indirect, however, with the 
limitation of a single layer it becomes direct [22], fulfilling the 
most basic requirement for efficient light emission applications. 
The variety of TMDs with different bandgaps and working 
functions, on the one hand, allows for tuneable emissions over a 
wide range of wavelengths. On the other hand, it provides many 
opportunities for bandgap engineering of heterostructures [58]. 
The light emission properties based on TMDs are dominated 
by exciton species [59, 60]. The exciton in TMDs can be 
observed at room temperature owing to the quantum 
confinement and the strong Coulomb interaction. Excitons 
can be generated optically or electrically in TMDs forming 
different exciton species such as exciton, trion, biexciton and 
localized exciton, etc. Different exciton species can be tuned 
by chemical doping [61], electrostatic gating [62, 63] and 
even excitation power [64], which opens many routines to 
manipulate light emission properties. The LEDs are devices 
based on electroluminescence happened in semiconductor. 
Electroluminescence is a interesting physical phenomenon 
that converts electrical energy into optical energy, and usually 
the devices emit light originating from the electron and 
hole radiatively recombination. Therefore, the LEDs can be 
distinguished by driving methods such as direct current (DC) 
driven and alternative current (AC) driven. In DC driven LEDs, 
the devices can also be allocated into two groups according to 
whether the devices contain p-n junction or not. For AC driven 
LEDs, the device structure is similar to a capacity. In the 
following section, we will firstly discuss the preparation methods 
for TMDs and BP. Later we will discuss the TMDs and BP based 
LEDs with different structures and designs. 

2.1 Preparation methods for 2D TMDs 

Transition metal dichalcogenides with the chemical formula 
of MX2, where M represents a transition metal (such as Mo 
and W) and X is a chalcogen (such as S, Se and Te). They are 
one class of the most studied inorganic 2D materials. Due to 
different stacking or metal-chalcogen coordination arrangement, 
different crystal types exist in TMDs. Taking MoS2 as an 
example, it consists of four phases, which are 2H, 1T, 1T' and 
3R as shown in Fig. 1(a) [65]. The 2H phase is referred to 

 
Figure 1 Crystal structures of MoS2 and Au-assisted mechanical exfoliation process. (a) Crystal structures of MoS2 with different phases. (b) Schematic 
of the Au-assisted mechanical exfoliation process. (a) is adapted with permission from Ref. [65], © The Royal Society of Chemistry 2015. (b) is adapted 
with permission from Ref. [77], © Huang, Y. et al. 2020. 
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crystal structure with trigonal prismatic coordination, while the 
octahedral coordination corresponds to 1T phase. The atomic 
stacking sequence is also different between 2H and 1T phase. 
For example, the S-Mo-S (ABA) in the hexagonal symmetry is 
conventionally referred to the 2H phase, and the 1T phase is 
S-Mo-S' (ABA' ) in the tetragonal symmetry. The 1T' phase is 
considered as the disordered 1T phase with a similar octahedral 
coordination as the 1T phase. However, the 1T´ phase exhibits 
a superstructure in every layer, such as zigzag chain (2a × a), 
trimerization ( ×3 3a a ), and tetramerization (2a × 2a) 
[65, 66]. The 3R phase consists of three atomic layers in one 
repeat unit under the rhombohedral symmetry with trigonal 
prismatic coordination. The 2H phase TMDs have been widely 
studied due to their superb optical properties. Therefore, this 
review will focus on 2H phase TMDs and their light emitting 
applications. The preparation methods for TMDs include 
exfoliation and chemical vapor deposition (CVD). 

2.1.1 Exfoliation 

The single to few layer TMDs can be prepared by breaking 
the weak van der Waals force between layers in their bulk 
materials. The exfoliation of bulk crystals includes mechanical 
exfoliation [29, 67–69], liquid phase exfoliation [70, 71], ion 
intercalation [72, 73], and plasma thinning technique [74, 75]. 
The mechanical exfoliation is mostly used in preparing ultra- 
high quality 2D layers as it is an all dry method that induces 
no other chemical contaminations. This method could quickly 
produce monolayer and few layers 2D materials but with 
low yield. In practical, some of 2D materials show difficulties 
in preparing thin layers by mechanical exfoliation. The ion 
intercalation method exhibits the advantage in preparing 2D 
materials that are hard to be obtained by mechanical exfoliation 
[76]. The plasma thinning technique is also known as the 
top-down strategy that can be used to achieve 2D thin layers 
with designed layer numbers. However, the plasma induced 
defects will be considered when the properties of the material 
have been investigated. Recently, Yuan Huang et al. reported a 
universal mechanical exfoliation of large are 2D materials by 
using an Au-assisted mechanical exfoliation method as shown 
in Fig. 1(b). Forty types of single crystalline monolayers have 
been successfully isolated by this modified mechanical exfoliation 
method due to the enhanced adhesion between the substrates 
and the crystals [77]. The gold-assisted exfoliation method 
could serve as a universal route for preparing monolayers with 
large area and thus supports investigations of fundamental 
physical properties and future potential applications of 2D 
materials.  

2.1.2 Chemical vapor deposition 

Chemical vapor deposition is the bottom-up strategy, which 
is direct synthesis or growth TMDs from their molecules. The 
CVD method has been widely used to synthesize single to 
multiple layer TMDs with regular or special structures [78–80]. 
Although CVD method is one of the most common way to 
produce 2D layer TMDs, the solid precursors used in furnace 
make it difficult to control the vapor pressure and supersaturation. 
Therefore, it restricts uniform growth of large area TMDs [81]. 
Instead of using solid phase precursors, the gas phase precursors 
used in metal-organic chemical vapor deposition (MOCVD) 
system show the possibility to grow high quality single and 
multiple layers of MoS2 and WS2 with wafer-scale homogeneity 
as presented in Figs. 2(a) and 2(b) [82]. In 2018, Jiadong Zhou 
et al. reported a molten-salt-assisted CVD method that can be 
employed to prepare a wide variety of TMDs and 2D materials 
[83]. The molten salt could not only effectively drop the 

melting points of metal precursors to reduce the synthesis 
temperature, but could also react with the metal oxides to 
form metal oxychlorides, which could evaporate at an suitable 
temperature and promote the growth of TMDs (Fig. 2(c)) [83]. 
More importantly, they have built a library of atomic thin metal 
chalcogenides that can be synthesized by this CVD method, 
which covers 47 compounds in total, including 32 binary 
compounds (consists of the transition metals Ti, Zr, Hf, V, Nb, 
Ta, Mo, W, Re, Pt, Pd and Fe), 13 alloys (including 11 ternary, 
one quinary and one quaternary), and two heterostructure 
compounds. 

2.2 Light emitting properties in TMDs 

In semiconductors, when a valence electron gains sufficient 
energy, it will move to the conduction band leaving behind a 
hole in the valence band. This electron becomes a conductive 
electron, which is free to move within the crystal lattice. 
Meanwhile, this electron and the hole can be attracted to each 
other by the Coulomb force to form a bound state, which is called 
exciton. The exciton is an electrically neutral quasiparticle 
that may exist in semiconductor. It has been widely studied as 
a two-particle system in III-V semiconductor system [84, 85]. 
The exciton binding energy is the minimum energy required 
to separate electron and hole pairs. For a typical III-V 
semiconductor such as GaAs, the exciton binding energy is only 
few meV such that the exciton can only be observed at low 
temperature. Compared with III-V semiconductor system, the 
2D nature of monolayer TMDs leads to a strong enhancement 
of Coulomb interaction, as shown in Figs. 3(a) and 3(b). The 
significant consequence of strong Coulomb interaction is the 
formation of tightly bound excitons [86]. The exciton binding 
energy for MoS2 is predicted to be between 0.5 and 1 eV [87, 88], 
and the measured value is 240 meV [89]. The exciton binding 
energy is measured to be 0.71 eV for monolayer WS2 [90], 
0.37 eV for monolayer WSe2 [25], 0.55 eV for monolayer MoSe2 
[91], and 0.58 eV for monolayer MoTe2 [63], which are much 
larger than those in typical III-V semiconductors with only 
3.71 meV for InP and 4.76 meV for GaAs [92]. These large 
exciton binding energies from 2D materials allow us to observe 
the exciton dynamic at room temperature. Furthermore, thanks 
to the strong Coulomb interaction and quantum confinement 
in TMDs, higher order of exciton quasiparticles can be observed 
in TMDs system, which provides a distinct platform to study 
the many-body effect of excitons. In particular, when an exciton 
bounds with another electron or hole, it becomes a trion. 
Differed from neutral excitons, trions are charged quasiparticles. 
Exciton and trion competition in monolayer TMDs can be 
tuned by electrostatic gating and chemical doping as shown in 
Figs. 3(c)–3(h) [61, 62]. If two neutral excitons bound together, 
this four particles system is biexciton. The binding energy  
of biexciton is measured to be ~ 20 meV in monolayer MoSe2 
system [93]. Recently, some research groups have even observed 
charged biexciton, a five particles system, in h-BN encapsulated 
monolayer WSe2, offering direct route towards deterministic 
control in many-body quantum phenomena. As described 
above, 2D TMDs naturally become an idea material system 
to study exciton dynamic and many-body interactions. The 
distinct optical properties of 2D TMDs have triggered a series 
of optoelectronic device applications such as light emission 
diodes. In the following section, the light emitting applications 
based on TMDs will be reviewed in detail. 

2.3 LEDs based on TMDs p-n junction 

The p-n junction is a key building block in optoelectronic 
applications including photodetectors and LEDs. Due to the  
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ultra-thin nature of TMDs, TMD materials are typically sensitive 
to the surrounding dielectric environment, allowing the 
possibility of electrostatic gating control of monolayer TMDs 
doping. Formation of a p-n junction by applying two split 
gates beneath the monolayer TMDs is a common technique. 
This concept has been employed to fabricate monolayer WSe2 

LED devices (Figs. 4(a) and 4(b)), demonstrating a total photon 
emission rate of ~ 16 million per second at the largest applied 
current of 35 nA, which corresponds to one photon per 104 
injected electron–hole pairs [94]. Although the total estimated 
quantum efficiency is only 0.01%, the emission wavelength 
can be tuned between regimes of impurity-bound, charged 
and neutral excitons, as shown in Fig. 4(c). This splitting gate 
concept becomes popular for TMDs based LEDs. The electrical 
control enables a single device to have multiple functionalities. 
For example, ambipolar monolayer WSe2 devices with splitting 
local gates have achieved both PN and NP configurations with 

diode ideal factors of n = 1.9 and a rectification factor of 105. 
The estimated electroluminescence quantum efficiency reached 
to ~ 1% [55]. To achieve light emitting in monolayer TMDs, 
the ambipolar field-effect transistor (FET) is another structure 
to form p-n junction within 2D materials [95]. By applying 
gate voltage, the TMDs can be effectively doped to neutral. 
Therefore, the TMDs based FET devices are able to operate in 
the ambipolar injection regime with holes and electrons injected 
simultaneously at the two opposite contacts in which light 
emission from the FET channel can be observed. This light 
emitting transistor based on monolayer WSe2 devices have been 
achieved, as shown in Fig. 4(d) [96]. The circularly polarized 
electroluminescence can be emitted from p-i-n junctions that 
are electrostatically formed in transistor channels (Fig. 4(e)). 
This unique property can be explained qualitatively by the hole- 
electron overlap controlled by the in-plane electric field. The 
external quantum efficiency (EQE) varies from 0.002% to 0.06%  

 
Figure 2 Chemical vapor deposition process for synthesizing 2D materials. (a) Schematic illustration of the synthesis of TMDs via MOCVD. (b) Optical 
images of MoS2 grown by MOCVD with different growth times. The t0 corresponds to growth time. Scale bar: 10 μm. (c) Schematics of the reactions. 
Metal oxychlorides are formed, and these promote the reactions. Chalcogens are not shown here. (1)–(3) The proposed process of the added salt 
decreasing the melting point of the precursors. (4) SEM images of the Nb nucleus with (left) and without (right) added salt. (5)–(7) The growth process of 
the 2D atomic layer, with intermediate products. (8) Different single-crystalline monolayers with large size of monolayer and a growth time of less than 3
min. (a) and (b) are adapted with permission from Ref. [82], © Macmillan Publishers Limited 2015. (c) is adapted with permission from Ref. [77], ©
Huang, Y. et al. 2020. 
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depending on samples (Fig. 4(f)). However, light emission from 
this lateral p-n junction devices is limited by the narrow one- 
dimensional junction interface, which results in low efficiency 
of LEDs. Therefore, vertically stacking TMDs to form p-n 
junctions are more favourable because of increased optical active 
area from a one-dimensional (1D) line to a 2D overlapping 
area. MoS2 and WSe2 vertical p-n junction LEDs are presented in 
Fig. 4(g), where the p-n junction area is covered over the entire 
MoS2/WSe2 overlapping area [97]. The electroluminescence 
from this device shows prominent band edge excitonic emission 
and strikingly enhanced hot-electron luminescence (Fig. 4(h)). 
However, the EL emission is localized at the overlapping 
area in close proximity to the electrodes instead of the entire 
overlapping area, as shown in Fig. 4(i). This phenomenon 

can be explained by the current injection in such p-n junction, 
which is limited by lateral contacts and lateral carrier transport 
owing to the depletion of the ultrathin TMDs. To realise a large 
and uniform area LEDs using this vertical p-n junction structure, 
it is imperative to achieve vertical current injection. Graphene 
as a uniform conductor can be employed into designing vertical 
p-n junction TMD LEDs. However, directly fabricating vertical 
contact on both top and bottom TMDs could lead to significant 
current leakage through ultrathin 2D materials. By using a 
quantum well structure, inserting a thin dielectric material 
between graphene and TMDs will dramatically minimize the 
current leakage and hence increase LEDs’ efficiency. This 
structure is usually used in vertical stacking geometry and will 
be discussed in detail in the following sections. 

 
Figure 3 Exciton properties in 2D materials. (a) Schematic of the confinement of charge carriers and the reduced dielectric screening due to the absence
of adjacent layers in 2D materials in comparison to bulk 3D materials. (b) Consequent increase of the band gap and exciton binding energy in 
semiconducting 2D materials. (c) MoSe2 PL (colour scale in counts) is plotted as a function of back-gate voltage. Near zero doping, mostly neutral and 
impurity-trapped excitons are observed. With large electron (hole) doping, negatively (positively) charged excitons dominate the spectrum. (d) Illustration 
of the gate-dependent trion and exciton quasi-particles and transitions. (e) Trion and exciton peak intensity versus gate voltage at dashed arrows in (c). 
Solid lines are fits based on the mass action model. (f) PL spectra of 1L-MoS2 before and after being doped with p-type molecules (TCNQ and F4TCNQ). 
(g) PL spectra of 1L-MoS2 before and after being doped with the n-type molecules (NADH). (h) Schematic of relative potentials (vs. SHE) of 1L-MoS2 and 
n- and p-type dopants. (a) and (b) are adapted with permission from Ref. [86], © American Physical Society 2014. (c)–(e) are adapted with permission 
from Ref. [62], © Macmillan Publishers Limited 2013. (f)–(h) are adapted with permission from Ref. [61], © American Chemical Society 2013. 
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2.4 LEDs based on TMDs vertical stacking  

High efficiency and large area light emission of LEDs are 
desirable for many applications. Considering the drawbacks 
of p-n junction structures, people come up with a new design, 
named as vertically chip-based LEDs by stacking 2D materials 
layer by layer. In such a geometry, it usually consists of graphene, 
h-BN, and TMDs. For single optical active devices, two graphene 
layers, which served as the transparent uniform electrode 
contacts, are separated by an h-BN/MoS2/h-BN sandwich 
quantum well, as shown in Fig. 5(a). The crucial part in this 
structure is the h-BN. The few layer h-BN serves as a tunnel 
barrier, which significantly reduces the leakage current when 
the device is operating with a current flowing from top to 
bottom layers. Especially, the thickness of the h-BN flake plays 
an important role in the LEDs operation. When the thickness 
of the h-BN flake is more than one atomic layer, the lifetime of 
the carriers could be sufficiently prolonged for the formation  

of excitons, which subsequently recombine to give efficient 
light emission (Fig. 5(b)). However, with the increase of the 
thickness of the h-BN, the current tunnel through the h-BN 
will dramatically decrease [98, 99], resulting in very weak LEDs 
emissions (Fig. 5(c)). The well-designed single h-BN/MoS2/h-BN 
quantum well (QW) LEDs device exhibits ~ 1% quantum 
efficiency [100]. This efficiency can be further pushed to 8.4% by 
stacking four QWs, due to increased radiatively recombination 
[100]. This vertical stacking structure remarkably increased the 
light emitting quantum efficiency many orders of magnitude 
larger than the LEDs with p-n junction geometry. In addition, 
the emission spectrum can be finely tuned by combining 
different 2D semiconductors. The quantum efficiency of com-
binational devices reaches ~ 5% that is nearly comparable to 
those of current organic LEDs and state-of-the-art quantum 
dot LEDs. Based on those pioneering works, many following 
up works have been focussing on further optimisation of the  

 
Figure 4 LEDs based on TMDs p-n junction. (a) Schematic plot of multiple monolayer WSe2 p-n junction devices with palladium back gates (Vg1 and 
Vg2) and source (S) and drain (D) contacts. The source–drain voltage (Vsd) is applied to one contact and the current (A) is read out of the other. During
electroluminescence in the WSe2, electrons (blue) and holes (yellow) move towards each other (arrows) and recombine. The back gates are separated from
the WSe2 by h-BN. The device sits on a layer of silicon dioxide on a silicon substrate. (b) Electroluminescence spectrum (blue) generated by a current of 5 
nA closely resembles the photoluminescence spectrum (red) at 300 K. (c) Electroluminescence intensity plot as a function of bias current and photon
energy. From left to right, the arrows indicate the impurity-bound exciton (XI), the charged excitons (X− then X+) and the neutral exciton (X0). (d) The 
upper panel is device structure of TMD electric-double-layer transistor (EDLT) under ambipolar charge accumulation. The bottom panel shows schematic 
band structure of EDLT induced p-i-n junction under equilibrium. (e) Voltage dependence of EL spectra of the device. (f) Upper: current dependence of 
total EL intensity extracted from (e). Middle: current dependence of EL polarization extracted from (e). Bottom: current dependence of external quantum 
efficiency extracted from (e). (g) Schematic illustration of the WSe2/MoS2 vertical heterojunction p-n diode. (h) The EL spectra of a ML-WSe2/MoS2

heterojunction at different injection current. (i) The false colour EL image of the heterojunction device under an injection current of 100 μA. The purple 
dashed line outlines the ML-WSe2, the blue dotted line outlines the MoS2 and the golden solid line outlines the gold electrodes. (a)–(c) are adapted with 
permission from Ref. [94], © Macmillan Publishers Limited 2014. (d)–(f) are adapted with permission from Ref. [96], © American Association for the 
Advancement of Science 2014. (g)–(i) are adapted with permission from Ref. [97], © American Chemical Society 2014. 
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quantum efficiency by substrate modulation and integration 
with photonic crystal cavity. Room temperature high efficiency 
WSe2 vertical stacking LEDs have been reported with refractive 
distributed Bragg refractor (DBR) substrates, as shown in 
Figs. 5(d) and 5(e). The function of DBR is to reduce the 
emission light scattering into SiO2/Si substrates and enhance 
the light collection. Based on such DBRs, up to 30% of the 
emitted light can be collected, as opposed to just 2% collected 
from the Si/SiO2 substrate. The EQE of WSe2 devices increases 
with temperature (Fig. 5(f)), with EQE reaching 5% at room 
temperature [101], which is ~ 250 times more than the best 
performance of MoS2 quantum wells in ambient conditions so 
far [100]. In Figs. 5(g) and 5(h), the integrated WSe2 vertical 
stacking LEDs with integrated photonic crystal cavity have 
been reported. The EL emission efficiency has been enhanced 
by more than 4 times comparing with LEDs on bare SiO2/Si 

substrate [102]. Such an enhancement was attributed to the 
strong coupling between the photonic crystal mode and exciton 
EL in WSe2, leading to an increased emission rate. Moreover, 
the emission at the cavity resonance is single mode and highly 
linear polarized (84%) alone the cavity mode, as shown in 
Fig. 5(i). The photonic crystal cavity has realized the electrically 
pumped single mode light source, which is an essential 
step towards on-chip optical information technologies clearly 
indicating the important advantage of the vertical stacking 
LEDs structure. However, one challenge for this structure, as 
mentioned earlier, is the proper selection and preparation of 
the thickness of h-BN. The traditional method of mechanical 
exfoliation for preparing h-BN turns out to be difficult in term 
of observing the few layer h-BN flakes under microscope. 
Similar optical refractive index between h-BN and SiO2 makes 
h-BN with less than five-layer nearly invisible. Many methods 

 
Figure 5 LEDs based on TMDs vertical stacking. (a) Schematic of the SQW heterostructure h-BN/GrB/2h-BN/WS2/2h-BN/GrT/h-BN. (b) Optical image 
of EL from the same device. Vb = 2.5 V, T = 300 K. (c) Characteristic I−V curves for graphite/BN/graphite devices with different thicknesses of BN 
insulating layer: black curve, monolayer of BN; red, bilayer; green, triple layer; and blue, quadruple layer. Note the different scale for the four curves.
Current was normalized by the realistic area of the tunnelling barrier, which ranged 2−10 μm2 depending on the particular device. The inset shows a 
typical I−V curve where a breakdown in the BN is observed at +3 V, the thickness of the flake is 4 layers of BN (1.3 nm). The dotted line indicates the 
continuation of the exponential dependence. (d) Band alignment at high bias of a WSe2 LEQW. (e) Magnification (50×) monochrome image of a WSe2

LEQW device with an applied bias of Vb = 2 V and current of 2 μA taken in ambient conditions with weak backlight illumination (central white area 
corresponds to strong electroluminescence). Red false colour, Au contacts to bottom graphene, blue false colour, Au contacts to top graphene. (f) Left 
panel: temperature dependence of the quantum efficiency for three typical WSe2 LED devices measured at bias voltages and injection currents of 2.8 V and 
j = 0.15 μA/μm2 (Device 1), 2.8 V and j = 0.5 μA/μm2 (Device 2), and 2.3 V and j = 8.8 μA/μm2 (Device 3). Right panel: individual electroluminescence 
spectra plotted for four different injection current densities for Device 3. (g) Schematic of the EL measurement set-up and device architecture. (h)EL 
measured from (blue dots) and away (red dots) from the cavity area with Vb = 2 V. (i) Normalized cavity-enhanced peak intensity (blue dots) and exciton 
peak intensity (red dots) as a function of polarization detection angle. (a) and (b) are adapted with permission from Ref. [100], © Macmillan Publishers 
Limited 2015. (c) is adapted with permission from Ref. [98], © American Chemical Society 2012. (d)–(f) are adapted with permission from Ref. [101], ©
American Chemical Society 2015. (g)–(i) are adapted with permission from Ref. [102], © American Chemical Society 2017. 
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have been proposed to solve this problem, such as using thinner 
SiO2 (~ 80 nm) and using 470 or 590 nm light source to increase 
contrast [103]. Despite the complicated fabrication process of 
vertical stacking LEDs, it is still a giant leap for high efficiency 
TMDs based LEDs. With the rapid progress in technology of 
chemical vapor deposition growth of wafer scale TMDs will 
allow scaling up of production of such fancy LEDs devices. 

2.5 Infrared LEDs based on TMDs and phosphorus 

Infrared light spectral range is the vital part of wavelength 
band for optical communication and thermal imaging. It has 
been immensely used for civilian and military applications. Light 
sources and photodetectors within this bandwidth present on- 
going challenge [104, 105]. Traditional approaches for infrared 
light sources and lasers are based on III-V semiconductors and 
they are off-chip or wafer-bonded. Alternatively, the on-chip 
light source shows advantages for integrating into electronic 
or photonic circuits. The emerging 2D TMDs offer a new 
path way for optical interconnection components that can be 
integrated with industry silicon-based devices [82, 106, 107]. 

Monolayer MoTe2 is a special member in 2D TMDs family 
with an electrical bandgap of ~ 1.72 eV [63, 108], The exciton 
emission peak from monolayer MoTe2 is located at ~ 1.1 eV, 
which makes it a promising candidate for near infrared 
optoelectronic applications. Graphene/h-BN/MoTe2 vertical 
stacking LEDs are presented in Fig. 6(a), where the device 
structure has been simplified from double tunnel barriers to 
a single tunnel barrier [109]. The MoTe2 LED shows a high 
quantum efficiency of 9.5% at 83 K, as shown in Figs. 6(b) and 
6(c). Such high quantum efficiency is attributed to 1) the dry 
membrane transfer, ultra-clean interface of devices, the delicate 
device structure and photolithography-free electrodes pattern 
technique; 2) low absorption from substrate at the emission 
wavelength of MoTe2. It further confirms that the surface and 
substrate engineering are crucial for those atomic thin TMDs 
especially for device applications. In Fig. 6(d), the bilayer MoTe2 
based lateral p-n junctions with an electrostatic splitting gate 
configuration is presented. Moreover, the device was integrated 
with a silicon photonic crystal waveguide to demonstrate 
the potential for on-chip integration of light source and 

 
Figure 6 Infrared LEDs based on TMDs and phosphorus. (a) Schematic of the monolayer MoTe2 LED and electrical connections for EL measurements. 
(b) EL spectra from monolayer MoTe2 under different injection current and −20 V back gate voltage.(c) EL intensity (left) and EQE (right) of monolayer 
MoTe2 as a function of the injection current. (d) Cross-sectional schematic of the encapsulated bilayer MoTe2 p-n junction on top of a silicon PhC 
waveguide. The carrier concentration in MoTe2 is controlled by the split graphite gates, the separation of the two gates is 400 nm, the dielectric layer is 
h-BN on top of the MoTe2, and the thickness is 80 nm. The source (S) and drain (D) electrodes are thin graphite flakes connected to Cr/Au leads. (e) 
Spectrally resolved PL of the bilayer MoTe2 flake and EL of the MoTe2 p-n junction at room temperature and 6 K. The gate voltages of the p-n junction 
were set with opposite polarity Vlg = −8 V and Vrg = 8 V at a bias of Vds = 2 V. (f) EL emission image at room temperature overlaid on top of a false-colour 
optical image of the device. Two extra emission spots from the grating couplers demonstrate coupling of the light source and silicon waveguide. (g) 
Schematic illustration of the cross-sectional view of the BP/MoS2 heterojunction device. (h) Photoluminescence (red) and electroluminescence (blue) of 
the BP/MoS2 diode. (i) Polarization resolved measurements of the EL intensity. (a)−(c) are adapted with permission from Ref. [109], © American 
Chemical Society 2018. (d)–(f) are adapted with permission from Ref. [110], © Macmillan Publishers Limited, part of Springer Nature 2017. (g)–(i) are
adapted with permission from Ref. [113], © American Chemical Society 2020. 
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photodetector [110]. The strong EL emission intensity has 
been observed within p-n junction area where recombination 
happens. The EL emission wavelength is located at 1,090 nm 
at 6 K and 1,175 nm at room temperature respectively, as shown 
in Fig. 6(e). Figure 6(f) shows the EL intensity overlap with a 
false-color optical image of the structure at room temperature. 
The estimated waveguide coupling efficiency is 5%. This work 
demonstrates the possibility of integration of light emitting  
diodes and photodetectors with silicon photonic crystal 
waveguide, which enables point-to-point optical links and 
shows the potential of TMDs based near infrared light emitting 
system. Apart from MoTe2, BP has emerged as another powerful 
2D material with the bandgap ranging from ~ 0.3 to ~ 1.8 eV 
[16–18, 74, 111, 112]. The tuneable bandgap with different 
thicknesses covers the visible to mid-infrared spectral range, 
bridging the gap between graphene and TMDs. However, the 
stability issue greatly limits its optoelectronic application. 
Although the BP has been intensively studied since 2014, its 
device applications are mainly focused on photodetection 
properties. The BP based LEDs have been barely reported, due 
to the difficulties in device fabrications. To the best of our 
acknowledge, so far there is only one report on BP based 
LEDs, as presented in Fig. 6(g) [113]. The device consists of a 
70 nm p-type BP layer on a 10 nm n-type MoS2 layer to form 
a vertical p-n junction. The EL emission is at mid-infrared 
range of 3.68 μm (Fig. 6(h)), which agrees well with the reported 
measurements on thick BP flakes [114]. The emission pattern 
is polarized with a polarization ratio of ~ 3 for the AC to ZZ 
intensity, as shown in Fig. 6(i). The reported external quantum 
efficiency is about 0.03%, which is common for the p-n 
junction-based LEDs. Regardless of the stability issue with 
BP, this 2D material shows a very promising potential for 
applications in the infrared spectral range. For example, the 
five layered BP gives optical emission at 1,550 nm, which is 
located in optical communication bandwidth. The BP transistors 
show ambipolar field-effect with high hole mobility (in the order 
of 10 to 1,000 cm2/(V·s)) and current switching ratio of 100 to 
10,000 [115–119]. With the further technology development 
in BP stabilization and large area material growth, continuing 
effort should be made to fabricate BP based high efficiency and 
fast speed optoelectronic devices. 

2.6 Single photon emitter based on TMDs 

Integrating high quality and high efficiency single photon 
sources into optoelectronic circuit is a key challenge to develop 
scalable quantum communication technologies [120]. Single 
photon emitters have been observed optically in monolayer 
WSe2 due to the crystal structure imperfections that act as 
efficient carrier trapping center [121]. As the counterpart of 
optical pump, the electrical pumped single photon emissions 
are particularly suitable for developing quantum light generating 
devices. Inspired by the successful technique that used in 
TMDs based vertical stacking LEDs, WSe2 and WS2 atomically 
thin quantum LEDs have been reported [57]. The quantum 
LEDs employed a graphene/h-BN/TMD structure to realize 
carrier injections by changing the Femi level in graphene, 
which is shown in Figs. 7(a) and 7(b). When the device is in 
operation, the uniform light emitting is generated from the 
entire WSe2 area. However, there is a hot spot observed in both 
monolayer and bilayer WSe2 samples (Fig. 7(d)). Spectrum 
studies show that the emission behavior is different from 
free exciton recombination. In Fig. 7(c), the remarkably sharp 
peaks located at near infrared regime with linewidths ranging 
between 0.8 and 3 nm, suggesting that they belong to quantum 
emitters. To confirm they are single photon source, the intensity 

correlation function, g(2)(τ), of EL emission from WSe2 based 
quantum LEDs has been plotted as shown in Fig. 7(e). The 
value of the normalized g(2)(0), drops to 0.29   0.08, well below 
the threshold value of 0.5, expected for a single-photon source 
[122]. Similarly, in WS2 based quantum LEDs, quantum emitter 
was also observed with g(2)(0), dropping to 0.31   0.05, which 
indicates that WS2 supports stable QLED operation, generating 
single photons in the visible spectral range (Figs. 7(f) and 7(g)). 
It is noteworthy that single photon emission also can be 
achieved in WSe2 LEDs with lateral p-i-n structures, as presented 
in Fig. 7(h) [123]. The devices show three single defects within 
narrow p-i-n junction area (Fig. 7(i)). Those defect emissions 
have a doublet with the characteristic exchange splitting 
and linearly polarized selection rules, which are consistent 
with previously reported properties of single photon emitters 
by optical measurements. Compared with the traditional 
bulk materials embedded solid-state single photon emitters, 
2D materials are more suitable for on-chip integration with 
electronic circuits because of ultra-thin nature of 2D materials. 
However, the low yield of single photon emitter in 2D materials 
remains to be a challenge. How to create single photon 
emitters by controlled introducing of defects in TMDs is the 
next stepping-stone in developing TMD based single photon 
emitters. 

2.7 AC driven LEDs based on TMDs 

In above described LEDs structures, the electrical driven methods 
are all under direct current injection. It usually requires 
complicated structures and two electrode contacts. One 
challenge for them is that the Ohmic contacts in LEDs devices 
are essential to achieve high injection levels and minimize 
resistive losses [124]. Narrow p-n junctions and complicated 
structures limit the application for large area LEDs, for example 
the millimetre or even centimetre scale LEDs. Due to above 
limitations, research focus has been shifted from direct current 
injection to alternative current injection to seek breakthrough 
for large area emissions. The AC driven LEDs consist of a 
monolayer TMD sitting on a heavily doped Si substrate with 
a 50 nm thick SiO2 and a single gold contact (Fig. 8(a)). The 
LEDs have been demonstrated for all four types of TMDs 
including WS2, WSe2, MoS2, and MoSe2, as presented in Fig. 8(b) 
[125]. Time resolved EL measurements indicate that the device 
only operates at the voltage transition with a transient EL 
signal, as presented in Figs. 8(c) and 8(d). With high frequency 
band bending of TMDs, electrons and holes are injected into 
the monolayer TMDs in separate cycles. The new injected 
carriers recombine with exit carriers that have opposite sign, 
then a bright light emission has been generated. Although the 
EL external quantum efficiency for WSe2 LEDs, at current 
stage, is only 0.01%, the beauty of this AC driven LEDs is 
that the device does not require complex p-n junctions or 
heterostructures to achieve light emission, which provides the 
opportunity to scale up the devices to larger sizes. Based on 
this structure, centimetre scale monolayer AC driven LEDs 
have been achieved [126]. In Fig. 8(e)–8(g), the WS2 based 
centimetre-scale (≈ 0.5 cm2) visible (640 nm) spectrum has 
been demonstrated. It is worth noting that those AC driven 
LEDs are operating at room temperature, which demonstrates 
the possibility of operation under a more practical environment. 
However, the optimization of the device is still required to 
increase the device efficiency and the device lifetime. In addition, 
the AC driven LEDs have been proved to be a promising 
platform to observe the electrically driven high order correlated 
exciton states (Fig. 8(h)) [127]. By tailoring the parameters of 
the AC pulse, it is possible to generate either an electron or a  
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hole rich environment in the 2D semiconductor, consequently 
favouring the diminished or enhanced EL from the different 
exciton species (Figs. 8(i) and 8(j)). Compared with DC driven 
LEDs, AC driven LEDs show the advantages of device simplicity 
and driving flexibility (frequency and amplitude). Unlike the 
DC driven LEDs, where electrons and holes are simultaneously 
injected into the material, the carriers injected into the AC 

driven LEDs is either electrons or holes, which provides 
more opportunity and freedom in studying carrier dynamics 
in such structures. However, improving the EL efficiency of 
AC driven LEDs is highly desirable. Optimising the system 
capacitance, engineering the radiative lifetime and biexciton 
recombination rate may be a promising approach for further 
improving the performance of TMD based AC driven LEDs. 

 
Figure 7 Single photon emitter based on TMDs. (a) Optical microscope image of a typical device used in our experiments. The dotted lines highlight
the footprint of the single layer graphene (SLG), h-BN and the TMD layers individually. The Cr/Au electrodes contact the SLG and TMD layers to provide 
an electrical bias. (b) Heterostructure band diagram. Illustration shows the case for a finite negative bias applied to the SLG. (c) Typical EL emission 
spectra for quantum dots in the monolayer (top) and bilayer (bottom) WSe2. The shaded area highlights the spectral window for LED emission due to 
bulk WSe2 excitons, whereas QLED operation produces spectra at longer wavelengths. (d) A raster-scan map of integrated EL intensity from monolayer 
and bilayer WSe2 areas of the QLED for an injection current of 3 mA (12.4 V). The dotted circles highlight the submicron localized emission in this
device. (e) Intensity-correlation function, g(2)(τ), for the same emitter displaying the anti-bunched nature of the EL signal, g(2)(0) = 0.29 ± 0.08, and a 
rise-time of 9.4 ± 2.8 ns. (f) A raster-scan map of integrated EL intensity from the monolayer WS2 area of the device at 0.570 mA (1.97 V), where the
highly localized QLED emission dominates over the unbound WS2 exciton emission. (g) Intensity-correlation function, g(2)(τ), for the same quantum dot 
displaying the anti-bunched nature of the EL signal, g(2)(0) = 0.31 ± 0.05, and a rise-time of 1.4 ± 0.15 ns. (h) Optical image of a lateral LED device. Scale 
bar is 15 μm. (i) EL spectrum for a lateral LED device showing emission from three single defects. (a)–(g) are adapted with permission from Ref. [57],
© Macmillan Publishers Limited 2014. (h) and (i) are adapted with permission from Ref. [123], © American Chemical Society 2016. 
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3 Light emitting applications based on two- 
dimensional perovskite material 
Perovskite has currently attracted great attention in both the 
academic and industry fields as a potential candidate for next 
generation of optoelectronic devices. Compared to its con-
ventional three-dimensional counterpart, two-dimensional 
perovskite films have gained more interest because of their 
unique structural characteristics and distinct performance. 
Although the 3D organometal halide perovskites have been 

widely applied into optoelectronic applications due to their 
outstanding electrical and optical properties, including broad 
and strong absorption spectrum, long charge diffusion length, 
high carrier mobility and long carrier lifetime [128, 129], the 
crystal-lattice of such bulk perovskite could be easily damaged 
if exposed to high temperature, high humidity environment 
and ultraviolet irradiations. The decomposition of perovskites 
would be accelerated due to these special conditions, resulting 
in the generation of some reactants that rapidly degrade 
the performance of related devices [128]. Perovskite based 

 
Figure 8 AC driven LEDs based on TMDs. (a) Schematic of the t-EL device. An AC voltage is applied between the gate and source electrodes and
emission occurs near the source contact edge. (b) EL and PL spectra measured for MoSe2, WSe2, MoS2, and WS2 monolayer devices. (c) Time-resolved 
electroluminescence and the corresponding Vg, showing that EL occurs at the Vg transients (time points 2 and 4). (d) Band diagrams at different times 
during the operation cycle, corresponding to (c). EFn and EFp indicate the quasi-Fermi levels for electrons and holes, respectively. (e) Schematic of the t-EL 
device. (f) Optical microscope image of the fabricated t-EL device. (g) EL image of the device, showing emission is concentrated near the metal contacts. 
(h) Schematic drawing of the sample. The monolayer TMD and graphene are sandwiched between two multilayer h-BN flakes. (i) Emission spectra and 
tunability at T = 5 K. Pulsed EL from WSe2. (j) Semi-logarithmic plot of the integrated EL intensity as a function of the pulse amplitude. The circles
represent the experimental data for WSe2, while the lines depict the fit to an exponential function. (a)–(d) are adapted with permission from Ref. [125], ©
Lien, D.-H. et al. 2018. (e)–(g) are adapted with permission from Ref. [126], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2019. (h)–(j) are
adapted with permission from Ref. [127], © Paur, M. et al. 2019. 
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applications usually require high performance devices, such as 
photodetectors, solar cells, field effect transistors and light- 
emitting diodes. The performance of these devices highly 
depends on the perovskite material properties [130]. Therefore, 
more attractive 2D films with higher humidity resistance, smaller 
grain size and better surface coverage should be further 
developed [129], which would be a better approach with 
considerable humidity and temperature stability for use in 
optoelectronic applications [128]. 

3.1 Preparation methods  

High quality materials are desired for high efficiency devices. 
Many researchers have proposed several different methods to 
synthesize high quality 2D perovskite thin films with inspiration 
of the synthesis routines of traditional 3D perovskite crystals 
[131]. In this section, the process of some common synthesis 
routines of 2D perovskite will be reviewed in detail. 

3.1.1 Spin-coating  

The one-step spin coating method has been widely employed 
to fabricate 2D perovskite materials, owing to its low cost and 
simple process. The majority of reported 2D perovskite films 
are mostly prepared by this method, which is straightforward 
with further enrichment needed [128]. The first step of this 
method is to obtain the precursor solution, and then different 
dimensions and morphologies of perovskites could be obtained 
by adjusting the ratio of precursors [132]. To be more specific, 
this precursor solution is normally formed from dissolving 
organic halide AX and bivalent metal halide BX2 (PbI2, PbBr2, 
or PbCl2) in organic solvents, which are then transferred 
onto different matrices or substrates with annealing to form 
the thin films by spin casting or dropping [133], as shown in 
the Fig. 9(a). For different targeted or required crystallinity of 
perovskite films, the working temperature and processing time 
are important for high quality final products. Meanwhile, the 
concentration and composition of precursor solution should be 
also considered before selection [133]. Some research examples 
are presented here. 

In 2010, Gauthron et al. reported that (PEA)2PbI4 thin films 
were obtained by dissolving (C6H5C2H4NH3)2I (PEAI) and PbI2 
in dimethylformamide (DMF), and then the solution was spin 
coated onto a quartz substrate [134]. However, the thickness 
of those films that are generated by the same way varies from 3 
to 100 nm, which results from different precursor concentrations 
and spin-coating speeds. Recently, Gao et al. has also prepared 
the 2D hybrid perovskites from a ternary mixed solvent 
using a similar fabrication method, which was reported by Dou 
et al. in 2015 [135]. The crystal structure of the prepared 2D 
perovskites was resolved using single-crystal X-ray diffraction 
with side views shown in Figs. 9(b)–9(d) for (2T)2PbI4, 
(4Tm)2PbI4 and (BTm)2PbI4, respectively. The corresponding 
optical microscope images are shown in Figs. 9(e)–9(g) with 
an inset showing their single quantum wells structures. The 
authors pointed out that a dilute precursor solution was spin 
coated onto a Si/SiO2 substrate or glass slide at 2,000 rpm to 
produce (4Tm)2PbI4 thin films, then heated in nitrogen at 200 °C 
for 10 min [131]. All other hybrid perovskite thin films were 
prepared using a similar procedure but with different thermal 
annealing temperature. Specifically, the (2T)2PbI4 formed the 
desired perovskite phase immediately after solvent evaporation, 
while the (BTm)2PbI4 thin films were annealed at 120 °C [131]. 
They further noted that these two-dimensional sheets were 
generated with well-defined square shapes and the lateral sizes 
are approximately 10–20 μm. The thickness and layer numbers 
were confirmed by atomic force microscopy (AFM) images, 

indicating a range of 2–8 nm, as shown in Figs. 9(h)–9(j). In 
order to get the uniform and smooth surface of thin films, 
the DMF and chlorobenzene (CB) co-solvent were initially 
investigated. Dropping of this antisolvent (CB) during the 
spin-coating process would immediately form the homogeneous 
nuclei with growing up slowly [136]. The CB helps to reduce the 
solubility of materials in DMF thereby promoting crystallization. 
Since the boiling point and evaporation rate of CB are similar 
to those of DMF, the drying and crystallization process of 
solvent could be uniform across the entire substrate [48]. Dou 
et al. suggested that acetonitrile was also introduced to form 
the ternary mixed solvent to assist the formation of the ultrathin 
and uniform square shaped 2D hybrid perovskite sheets on the 
substrate due to the faster evaporation rate of acetonitrile [48]. 
This solvent has also been used and demonstrated by Mercier 
et al. in 2004 to fabricate perovskite single crystals via the 
spin-coating technique [137]. For a similar purpose, Liang 
et al. introduced solvent vapor annealing technique in com-
bination with spin-coating to prepare (PEA)2PbBr4 thin films 
[138]. The authors stated that solvent vapor annealing is a 
crucial step to successfully obtain 2D layered perovskites with 
increased grain size. It has been used to convert polycrystalline 
(PEA)2PbBr4 thin films into high-quality micro-sized nanoplates, 
which enhanced both the optical properties and the external 
quantum efficiency of the 2D perovskite based LEDs [138]. They 
further stated that the thickness of the nanoplate that is created 
by this treatment was highly dependent on the spin-coating speed 
and the concentration of the precursor solution [138]. This 
solvent vapor annealing technique has also been employed 
with toluene [139] solution, and has been successfully used 
to spin-coat onto non wetting substrates [140] to improve the 
crystallinity of organometal lead halide perovskites. Specifically, 
Liang et al. mainly reported high-quality two-dimensional 
(PEA)2PbBr4 perovskite, which was obtained by spin-coating 
a DMF solution of phenethylammonium bromide (PEABr) 
and PbBr2 (2/1) on the indium-tin oxide (ITO)/poly(3,4- 
ethylenedioxythiophene):polystyrenesulfonic acid (PEDOT:PSS) 
substrate [138]. After that, the authors placed the sample face 
down on the edge of the glass dish without contacting it. The 
dish was then transferred to a covered beaker with DMF, 
forming a closed space with DMF vapor. The temperature of 
the DMF solvent was maintained at 30 °C for a few minutes, 
which allowed the DMF vapor diffuse under the (PEA)2PbI4 
membrane and react with it. When the film turned purple,  
it was immediately removed and baked at 100 °C for 10 min. 
Through this DMF vapor annealing, the small and dense 
(PEA)2PbI4 perovskite grains recrystallized into micro-sized 
nanofilms uniformly distributing onto the substrate. These 
films have larger grain size, higher crystallinity, and higher PL 
strength, which are promising for LEDs applications.  

However, the materials obtained by this method still cannot 
fully exhibit the nature of perovskite, because it sometimes 
shows inhomogeneous, polycrystalline structures and large 
surface roughness. In order to obtain a more uniform, smooth, 
homogeneous, and high crystalline two-dimensional perovskite, 
the method of thermal evaporation is proposed. It may need 
dedicated equipment, and it is also hard to avoid the PbI2 
vapor during the experiment process [130]. 

3.1.2 CVD growth 

CVD is a favourable deposition method for the preparation 
of high-quality 2D perovskites with well-defined structure 
and morphology [141]. It is mainly based on the theory of 
evaporation from gas phase, using gas as the deposition 
materials and conducting chemical reactions in a high vacuum  
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environment to fabricate thin films [142]. In recent years, 
this method has been attempted and widely reported for the 
synthesis of 2D perovskites.  

Tavakoli et al. stated the specific fabrication process of 
perovskite thin films by using CVD tube furnace, and the 
schematics is shown below in Fig. 10(a) [143]. To be more 

specific, the thin films obtained were deposited on top of a 
c-TiO2-coated fluorine doped tin oxide (FTO) glass substrate 
by a one-step method. As can be clearly seen from the figure, 
PbCl2 or PbI2 and methylamine iodide (MAI) were firstly located 
in the high temperature zone and the specific position of each 
source was determined based on its particular vaporization 

 
Figure 9 Sample fabrication for two-dimensional Perovskite films by spin-coating. (a) Stages in the synthesis of perovskite thin film from spin coating 
technique. (b)–(d) The chemical structure of (2T)2PbI4 (b), (4Tm)2PbI4 (c) and (BTm)2PbI4 (d) 2D sheets, where purple is I; yellow represents S; blue is N; 
grey is C and blue diamonds within inorganic layers represent octahedral [PbI6]4−; H atoms were removed for clarity. (e)–(g) Optical image of the 2D 
sheets ((2T)2PbI4 (e), (4Tm)2PbI4 (f) and (BTm)2PbI4 (g)) grown on SiO2/Si substrate. Scale bar is 10 mm. The insets are corresponding images for
monolayer-thick single-quantum-well structures. (h)–(j) AFM images and height profiles of molecularly thin perovskite films. The thickness is around
2.5, 3.4 and 7.9 nm for (2T)2PbI4 (h), (4Tm)2PbI4 (i) and (BTm)2PbI4 (j) respectively. (a) is adapted with permission from Ref. [133], © The Royal Society 
of Chemistry 2018, (b)–(j) are adapted with permission from Ref. [135], © Gao, Y. et al., under exclusive licence to Springer Nature Limited 2019. 
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temperature. The substrates were normally placed in the low 
temperature zone during the process of growth, allowing 
the vapor to pass through with the change of temperature 
and the assistance of carrier gas. After heating the source, the 
perovskites were deposited on the substrate, while an argon 
carrier gas was used for the MAI and PbX2 vapors at a flow rate 
of 70 s ccm [143]. The morphology of the perovskite thin films 
obtained by this method was evaluated by scanning electron 
microscopy (SEM) (Fig. 10(b)) and AFM (Fig. 10(c)). From 
the SEM image, the authors pointed out that the synthesized 
perovskite films have large grain size up to micron scale with 
good surface coverage, and the AFM images estimated the 
root-mean-square (RMS) surface roughness of perovskite films 
to be 43 nm in the region of 10 μm × 10 μm, which is similar to 
the roughness of the films fabricated through other evaporation 
methods [143]. A number of parameters could be optimized, 
such as processing time, heating temperature, annealing process 
or source position for further improvement of the films. 
Furthermore, Liu et al. also found that organometal halide 
perovskite thin films prepared by this dual-source (PbCl2 and 
MAI) vapor deposition method were much more uniform 
and homogeneous than the films fabricated by spin-coating 
process [144]. However, the perovskite films via this facile 
one-step method mentioned above were still relatively thick, 
being on the order of several hundred nanometers. In 2014, 
Ha et al. reported the synthesis of 2D MAPbI3 perovskites by 
two-step vapor deposition [145]. Firstly, with epitaxial growth, 
the PbX2 nanoplatelets were grown on a mica substrate, and then 
the lead halide nanoplatelets were transformed into perovskites 
with methylammonium halide molecules using gas–solid 
hetero phase reaction. The lateral dimension of nanoplates was 
controlled from 5 to 10 μm, the thickness of perovskite platelet 
was controlled by adjusting the thickness of lead halide platelets, 
which also varied from tens to hundred nanometres [145]. 

Similar work has been demonstrated in other groups with 
Wang et al. (2015) pointing out that van der Waals force is a 
key parameter in the growth of single crystal large sized 2D 
perovskites [146]. The ionic crystals with localized bonds 
are more tended to form ultra-thin structures than covalent 
compounds with localized bonds. Liu et al. also prepared 2D 
MAPbI3 nanoplatelets by two-step CVD growth, but the films 
they obtained were different from those reported by Ha et al., 
and the thickness of these nanoplatelets was as thin as that of 
a single unit cell [141]. Firstly, they obtained ultra-thin PbI2 
nanoflakes by casting the saturated aqueous PbI2 solution 
onto a substrate and continuously heating the substrate at an 
elevated temperature. The atomically thin MAPbI3 flakes were 
then achieved in a CVD system by the chemical conversion of 
ultra-thin PbI2 flakes [141]. Figure 10(d) depicts the synthesis 
process and AMF images are shown in Figs. 10(e)–10(h) con-
firming that MAPbI3 flakes with the thickness of 1-, 2-, 4-, and 
10-layer were obtained by utilizing this method. This two-step 
process is very versatile and can be used to prepare various 2D 
halide perovskite nanostructures by inserting different organic 
cations or halide anions. Two-dimensional MAPbI3 nanosheets 
exhibit high PL quantum yield, while the emission shows a red 
shift when the thickness of nanosheets increases, which may 
resulted from lattice expansion [142]. 

CVD method has obvious advantages in fabricating 2D 
perovskites, including controllable thickness, smooth surface, 
high crystallinity and few impurities and defects. However, 
the coverage and quality of products need to be improved, and 
some other more appropriate as well as efficient preparation 
methods are still expected to be developed. 

3.1.3 Other common techniques  

In addition to these two popular techniques mentioned above, 
a few other methods including simple solution method, dip 

 
Figure 10 Sample fabrication for two-dimensional perovskite films by CVD growth. (a) Schematics of the perovskite film fabrication process in a CVD
furnace. (b) Top-view secondary electron SEM image of a CH3NH3PbI3−xClx layer, the inset shows backscattered electron image with higher resolution. (c)
AFM image with an inset showing the 3D topographic image. (d) Schematic illustration of two-step CVD process to fabricate 2D CH3NH3PbI3 perovskite 
nanosheets. (e)–(h) AFM images of 2D CH3NH3PbI3 nanosheets with different thicknesses. Scale bar is 2 μm. (a)–(c) are adapted with permission from 
Ref. [143], © Tavakoli, M. M. et al. 2015. (d)–(h) are adapted with permission from Ref. [141], © American Chemical Society 2016. 
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coating and hot casting are widely used as well in the research 
field. The solution method is a simplified coating technique 
without other processing procedure like spinning, which is 
reported by Dou et al. in 2015. The molecularly thin 2D 
hybrid perovskite (with mainly n = 1) was obtained for the 
first time by this method, using the same ternary co-solvent 
of chlorobenzene, dimethylformamide and acetonitrile to 
control the solute solubility and solvent evaporation speed [41]. 
The solution was firstly drop-casted onto a Si/SiO2 substrate and 
dried under a mild temperature of 75 °C to precipitate uniform 
squaresheets [41], and the whole process is schematically 
shown in Fig. 11(a). From this experience, it is realised that 
the solubility of the precursor should be kept continuously 
low so that the solutes do not concentrate during the solvent 
evaporation [147]. Although Dou et al. prepared good quality 
films by using solution method, Leng et al. pointed out that this 
method is very simple, fast and convenient to generate perovskites, 
while the major disadvantages include thickness inhomogeneity, 
the small size of the crystallites and flake aggregation that are 
usually challenging to avoid and control [148]. 

Another similar method is dip coating, which normally 
involves the process of immersing a substrate into the 
solution, and then removing it from the tank to allow 
draining. Koh et al. reported this method for fabricating 
(IC2H4NH3)2(CH3NH3)n−1PbnI3n+1 quasi-2D perovskite films, and 
the procedures of dipping process is illustrated in Fig. 11(b) 
[149]. Firstly, a pure 2D perovskite (IC2H4NH3)2PbI4 layer was 
deposited by spin coating of the precursor solution, and the 
substrate was subsequently immersed into MAI solution with 
a certain concentration for various dipping duration (1–5 min), 
to increase the stacking order and convert the films into a 

higher dimensionality(1 < n < ∞), as indicated in Fig. 11(b) 
bottom inset [149]. With increasing dipping time, more 
methylammonium (MA+) cations in solution permeate into 
(IC2H4NH3)2PbI4 films thus the thickness of inorganic PbI4 
layers will be increased [128]. This is a good way to fabricate 
nanostructured mixed-dimensionality perovskites films by 
controlling the dipping time, but the improvements in controlling 
surface coverage and effective blocking layer deployments 
are required, and the withdrawing speed will easily affect the 
generated films [149]. 

In addition, a new hot-coating method is proposed in order 
to achieve high-quality perovskite films, which is basically an 
advanced version of spin-coating, and the key point of which 
is to precisely control the temperature of the substrates. In 2016, 
Tsai et al. reported that 2D perovskite solution was prepared 
by dissolving 2D (BA)2(MA)n−1PbnI3n+1 single crystal in DMF, 
and the solution was heated under continuous stirring at 70 °C 
for 30 min before coating [51]. After that, FTO/PEDOT:PSS 
substrates were preheated for 10 min from 30 to 150 °C, and 
the precursor solution was spin coated on the hot substrate at a 
speed of 5,000 rpm. for 20 s. Figures 11(c)–11(f) demonstrated 
the AFM and SEM images for the films obtained by hot coating 
and room temperature spin coating, showing that hot coating 
films are not only larger in grain size, resulting in an uniform and 
compact film, but also hold a smaller pinhole density [51]. 

Compared with the solution method and dip coating, spin 
coating technique and CVD growth allow for better con-
trollability of the size, shape, and composition of the 2D halide 
perovskite films. However, there is still room for further 
improvement, and more precise and advanced techniques 
based on these basic methods such as hot coating are expected, 

 
Figure 11 Sample fabrication for two-dimensional perovskite films by other techniques. (a) Schematics of the perovskite film fabrication by
solution-phase growth method. (b) Schematic illustration of fabrication of perovskite thin films and the photographs of the perovskite films deposited in 
different dipping time, from 1 to 5 min. (c) and (d) AFM images of surface morphology for hot-coating (c) and room-temperature spin-coating (d) films. 
Scale bar is 400 nm. (e) and (f) SEM images of topography for hot-casting (e) and room-temperature-casting (f) films. Scale bar is 1 μm. (a) is adapted 
with permission from Ref. [148], © Springer Nature Limited 2020. (b) is adapted with permission from Ref. [149], © WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim 2016. (c)–(f) are adapted with permission from Ref. [51], © Macmillan Publishers Limited, part of Springer Nature 2016. 
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which should combine all advantages of current methods and 
be able to produce good quality 2D perovskites with simple 
fabrication methods and low cost. 

3.2 Properties of 2D perovskites 

Due to the superior luminance properties of 2D perovskites, it 
has attracted great attentions for various applications, not only 
used in the field of solar cells but also light emitting devices. 
2D perovskite materials are developed as one of the alternatives 
for optoelectronic applications with considerable humidity and 
temperature stability as well as enhanced excitonic properties. 
These outstanding optical properties are mainly related to their 
structure, as the 2D perovskites is characterized by inserting 
organic layer crystals between inorganic substances [128]. This 
section will briefly introduce the structure of 2D perovskites 
and summarize the merits of 2D perovskites over its 3D 
counterpart in the perspective of optoelectronic properties. 

3.2.1 Structure 

Two-dimensional perovskites were firstly investigated and 
studied in 1989. Ishihara et al. reported that the thickness of 
2D perovskite is similar to that of only one or a few atomic 
layers because of the dimensional confinement [150]. The 
electron–hole pairs are easily confined to a plane due to strong 
Coulomb interactions. There are normally two kinds of 2D 
perovskites, which are distinguished by their geometric 
structure. The most traditional one is featured by 2D geometric 
nanostructure form, such as nano-plates, nano-sheets or nano- 
disks, which are mainly obtained by limiting the growth alone 
different crystal planes. This type of perovskite has been named 
as 2D ABX3 perovskite, and its thickness is controlled at 
atomic scales [151]. While another type is featured by a lamellar 
crystal structure and crystal stacking, the most common one 
is Ruddlesden-Popper (RP) phase layered perovskite which 
has been widely reported [131]. Structurally, the metal halide 
[BX6]4− octahedral units are connected into a corner-sharing 
halide anions for 3D perovskite, and the voids are occupied by 
A cations within the framework, as shown in Fig. 12(a) [152]. 
However, when A is replaced by large organic cations, they 
would not fit into the gap between the [BX6]4− octahedral units, 
and the framework will be constrained to form the two- 
dimensional structure. Therefore, 2D shows the different 
characters in comparison to the 3D perovskites [153]. The RP 
phased perovskites are generated from 3D structures, as shown 
in the Figs. 12(b) and 12(c), which are formed by splitting 3D 
perovskite along lattice orientations of <001> and <110> [154]. 
The general chemical formula of RP phase is (A′)2(A)n−1BnX3n+1, 
where A' is R–NH3 or H3N–R–NH3 and R is a large aromatic 
ligand or aliphatic alkyl chain. This component works as an 
insulating layer to isolate different inorganic layers that are 

shared by metal halide octahedral units through corner atoms. 
A refers to a monovalent cation such as Cs+ or MA+. B is a 
divalent heavy metal cation like Pb2+ or Sn2+ and X represents 
a halogen anion such as Cl−, Br− or I−. Symbol n represents 
the number of monolayer metal halide sheets between the 
insulating A' organic layers [128]. At n = ∞, the corresponding 
perovskites have conventional 3D structures, when n = 1, 2, 3, 
etc., a few layers (n) of octahedra will be sandwiched by two 
layers of cations with many adjacent stacking layers induced 
by van der Waals forces. However, when n = 1, this perovskite 
would have a strict 2D structure [155], and when n = 2–5, it 
seems to be quasi-2D structure [128]. Sun et al. reported the 
perovskite with multiple quantum wells structure to achieve 
the high efficiency and stable perovskite LEDs [156]. This 
multiple quantum wells (MQW) perovskite is a mixture of 
layered perovskites with different band gaps generated from 
various layer numbers (n) of lead halide [156], thus from 
quasi-2D structure. They pointed out that this structure could 
combine the advantages of both pure 2D perovskites and 3D 
perovskites, as it has a smooth film morphology similar to the 
pure 2D perovskite film [157, 158] but it could have higher 
photoluminescence quantum efficiency because of the fast 
energy transfer from large band gap QWs to small band gap 
QWs where efficient emission occurs [158]. The structure of 
materials plays a significant role in affecting the performance 
of their related devices, as the number of inorganic layers 
influences not only the optoelectronic properties but also the 
crystal formation and orientation of 2D perovskites [159]. For 
example, when n = 1 for BA2MAn−1PbnI3n+1, the structure and 
intrinsic anisotropy of the 2D materials cause in-plane growth, 
and the orientation of layers is parallel to the substrate [160]. 
In contrast, when n = 4, the two-dimensional crystals grow 
in a more random orientation, with the preferred orientation 
being perpendicular to the substrate [161]. Chen et al. pointed 
out that aligning the 2D perovskite layers perpendicularly to 
the electrodes is desirable for efficient LEDs, as the organic 
cations are electrically insulating, and charge transport may 
be easily hindered in the parallel configuration while vertical 
stacking could provide a direct pathway for electron and hole 
transport through the perovskite [162]. Hence, the quasi-2D 
perovskite could be the preferred structure for later applications. 

3.2.2 Optical properties  

In order to apply the perovskite as an optical active layer for 
light emitting to obtain high efficiency LEDs, the luminous 
efficiency of materials is the first priority to be explored, and it 
will be essential to optimise this optical property by adjusting its 
structure. The excellent enhancement of 2D perovskites’ properties 
compared to bulk perovskites makes them to be extraodinary 
luminescent materials for light-emitting diodes [132]. 

 
Figure 12 Structure of perovskite materials. (a) Crystal structures of cubic 3D perovskite. (b) (001) 2D perovskite (N-MPDA) [PbBr4] (N-MPDA =
N'-methylpropyl-1,3-diammonium). (c) (110) 2D perovskite (N-MEDA) [PbBr4] (N-MEDA = N'-methylethane-1,2-diammonium). (a) is adapted with 
permission from Ref. [152], © American Chemical Society 2018. (b) and (c) are adapted with permission from Ref. [154], © American Chemical 
Society 2014. 



Nano Res.  

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

17 

3.2.2.1 Quantum confinement and Exciton properties  

Similar to other two-dimensional materials, the 2D perovskite 
also exhibits the quantum confinement effect, and the exciton 
binding energy of 2D perovskites is largely impacted by 
dielectric environment and quantum confinement effect than 
that of 3D counterparts [163]. Generally, the dielectric constant 
of organic layers is much smaller than that of inorganic layers, 
therefore, the Coulomb interaction of the electron and the 
hole will be strongly enhanced in 2D perovskites. Kumagai 
and Takagahara (1989) have reported that the Coulombic 
force between electrons and holes is largely enhanced in 2D 
perovskites due to the dielectric quantum confinement and 
small shielding effect, implying that the perovskites are excitonic 
materials with larger electron–hole binding energy [164]. The 
authors also pointed out that the exciton binding energy of 2D 
perovskites could be theoretically enhanced up to 100 times 
higher comparing with 3D materials. However, the actual 
exciton binding energy of 2D perovskites is at most several 
hundred meV lower than the theoretical prediction, which is 
only tens of meV higher than exciton binding energy in 3D 
perovskites. The binding energy of quasi-2D perovskites exciton 
is intermediate between 2D and 3D perovskites. More specific 
data for binding energy of perovskites with different structures 
are displayed in Table 1. Therefore, based on the structure 
theory explained above in the previous section, it is noticed 
that the exciton binding energy could be increased by inserting 
various larger organic cations. In addition, Dou stated that 
large exciton binding energy would be beneficial to radiative 
recombination and consequently the higher PL quantum yield 
would be easier to be achieved. Then the material will be more 
suitable for the devices that work mainly based on electron– 
hole recombination, such as light emitting diodes [165]. 
Furthermore, it has been reported that the 2D perovskite has a 
wider band gap [166] and a more narrow photoluminescence 
spectrum [48] compared with the 3D perovskite, and the 
bandgap of material could be easily tuned by adjusting the 
thickness of that inorganic layer. As symbol n increases, the 
excitonic properties of 2D perovskites will be correspondingly 
weakened, and then show a transition from semiconducting 
to metallic behaviour [167]. 

3.2.2.2 Charge transfer 

Ma et al. (2018) stated that the 2D perovskite could be served 
as a quantum-well structure due to its spatial-confinement 
layered nanostructures with the organic layers acting as barriers 
and a built-in electric filed between the negative and the 
positive inorganic layer [128]. It is generally known that the 
excitons for III-V group’s semiconductors like GaAs, GaAs and 
AlAs could only exist stably at extra low temperature [168], 
while excitons of 2D perovskite can be observed at room tem-
perature because of the Coulomb medium shielding effect [169].  

Table 1 Exciton binding energy of different structure perovskites 

Dimensional 
networked Composition  Binding energy 

(meV) 
3D MAPbX3 ~ 19−76 [192−194]
3D MAPbI3−xCl3 55 ± 20 [195] 
3D CsPbBr3 42 [196] 
2D (C6H5C2H4NH3)2PbI4 ~ 220 [163] 
2D (C4H9NH3)2PbBr4 480 [197] 
2D (R)2PbnBr4 (R = BA, PEA, PBA) 310–320 [198] 

Quasi-2D (MAPbI3)(C6H5C2H4NH3)2PbI4 170 [163] 
Quasi-2D CsPbX3 NPLs 120 [199] 
 

There may be a mismatch of dielectric-constant between 
inorganic layer and organic layer, resulting in enhanced exciton 
performance in 2D perovskite. Byun et al. (2016) suggested 
that some quasi-2D perovskite films are in multiple phases of 
mixed dimensions rather than the single phase like pure 2D 
perovskite [170], which could be revealed by their absorption 
spectra at room temperature (Fig. 13(a)). The several different 
dominated peaks in the spectra imply that the films contain 
different quasi-2D perovskite crystals with different dimensions. 
For the pure perovskite (when n = 1), there is only one phase 
and it is named as P1, and the corresponding absorption 
spectrum is shown in Fig. 13(b) and it shows only one peak 
for n = 1 [136]. When n is small, the phases P1, P2 and P3 will 
be dominated, while when n is increased to be 2, 3, 4, etc., the 
quasi-2D perovskites exhibit different crystal phases with various 
dimensions, corresponding to several absorption peaks in 
Fig. 13(b). In Fig. 13(c), the overlapping PL peaks originated 
from quasi-2D perovskite films are located at around 520 nm. 
However, the pure 2D perovskite has different peak position at 
around 410 nm, which is about 110 nm difference [170]. This 
also further implies the multiple phases in quasi-2D perovskite 
films. It has been noticed that the PL peak positions of quasi-2D 
perovskites are almost at the same position as those of 3D 
perovskites, which is related to exciton confinement and photo-
excitation transfer along different phases. The PL is produced 
by the phase with the smallest band gap, as shown in 
Figs. 13(d)–13(f). Furthermore, Wang et al. stated that the self- 
organized multiple quantum wells in some quasi-2D perovskite 
films with different exciton energies were found aligned in a 
certain tendency, like the cascade energy transfer shown in 
Fig. 13(g). It clearly indicates that excitation energy is transferred 
downstream from small-n QWs to large-n QWs, with emission 
mainly coming from the larger-n QWs. Besides, Yuan et al. 
suggested that the multiple phases of mixed dimensions work 
as a carrier concentrator in some quasi-2D perovskite films, 
and it could offer a funnel mechanism for the transportation 
of excited carriers [171]. This fast energy transfer limits the 
quenching effect of excitons and facilitates effective radiation 
recombination in large-n quantum wells with better emission 
performance resulting in the improved performance of 
perovskite LED [158]. Figure 13(h) shows the light-intensity 
dependent PL quantum efficiency (PLQE) of the NFPI7 MQW 
film under 445 nm continuous wave laser excitation, the high 
PLQE of up to 60% indicating that the photogenerated excitons 
in small-n quantum wells could be energy transferred to the 
large-n quantum wells with excellent emission characteristics 
for effective radiative recombination [158]. More importantly, 
it is worth noting that the MQW films could exhibit high PLQE 
at an excitation as low as about 0.3 mW/cm2, which is obviously 
different from that of the bulk 3D perovskite films [158]. 
Typically the bulk perovskite presents high PLQE at very high 
excitations. For example, Felix Deschler et al. reported above 
65% PLQE when excitation power exceeded 500 mW/cm2 [172]. 

3.2.2.3 Superior stability 

In comparison with the traditional 3D perovskites like MAPbI3, 
2D perovskite films and quasi-2D perovskite films would 
show the enhanced environmental and thermal stability due 
to several major factors and multiple interaction forces in 2D 
perovskites. These include strong ionic and covalent bond within 
inorganic layers, weak van der Waals force within organic layer, 
and connections between organic and inorganic layers. For 
instance, the coordination bonds between ammonium group 
and Pb, hydrogen bond between ammonium group and 
halogen [128]. Compared to the structure of 3D perovskites,  
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there are organic cations in 2D perovskite films, which could 
extend into a wider space under of van der Waals forces. 
Therefore, a higher energy is required to interrupt interaction 
between the large-group ammoniums and inorganic layers 
in 2D structure than in 3D structure with MA+ cations or 
formamidinium ion (FA+) cations [173]. Additionally, Smith 
et al. indicated that the hydrophobic organic side chains in 2D 
perovskites layered structures could act as a protective shell 
to against moisture in the air and prevent inorganic crystals 
from being damaged [174]. Mitzi et al. also suggested that the 
strong van der Waals interactions between the capping organic 
molecules could also improve the stability of material [167]. 
The density functional theory (DFT) simulation has been 
conducted by Quan et al. revealing that the decomposition 
reaction of perovskite crystal begins spontaneously from the 
surface of material instead of inside the crystal [136]. The 
authors also pointed out that the removal of large organic 
molecules from the 2D perovskite films needs around 0.36 eV 
higher energy than the removal of small organic molecules 
from 3D perovskites. Accordingly, desorption rate of organic 
cations is decreased by 6 orders of magnitude while film de-
composition process is slowed down by a factor of 1,000 [136]. 
An example here is that the 2D PeSCs remained stable in air 
after several months, but the 3D counterpart has begun to 
degrade after just a few days [128]. Moreover, suppressed ion 
migration in 2D perovskites is another main contributing 
factor for their superior stability, as it would promote the 
decomposition of 3D perovskites and degradation of opto-
electronic properties [173, 175]. Lin et al. indicated that the 

organic layers in 2D perovskite could effectively prevent ion 
migration along the out of plane direction [176] and mitigate 
the related degradation processes [51]. The temperature 
dependent conductivity measurement was conducted to 
investigate the ion migration along in plane direction [51], 
and authors found that the energy needed to form iodide 
vacancies and methylammonium vacancies in layered perovskite 
like BA2MA2Pb3I10 (n = 3) are quite larger than that in 3D 
perovskite MAPbI3, implying that the formation of defects in 
quasi-2D perovskites is more difficult than the 3D counterpart. 
Therefore, the vacancy sites available for ions to migrate are 
largely reduced. As a result, ion migration along the direction 
of current conduction is also inhibited in 2D perovskite, which 
further improves the stability of devices [177]. 

Recently, 2D and quasi-2D perovskites have receive much 
attention as the light-emitting materials to enhance the 
luminescent efficiency of the perovskite LED (PeLED), because 
of their excellent performance, including effective exciton 
recombination, high quantum yield, as well as improved thermal 
stability. These advantages provide 2D perovskites big potential 
for optoelectronic applications in related devices. Yang et al. has 
emphasized that the external quantum efficiency of the halide 
perovskite LED is significantly enhanced by up to 14.36% with 
quasi-2D perovskites as emitters [178]. 

3.3 Application in light-emitting diodes 

Nowadays, organic-inorganic hybrid perovskites have been inten-
sively studied in LEDs due to their high PL efficiency and wide 
colour ranging from visible to near-infrared. The considerable 

 
Figure 13 Energy transfer in quantum-well-structured 2D perovskite. (a) Absorption spectra of different quasi-2D perovskite films on glass substrate.
(b) Absorption spectra of the perovskite films with different n values. (c) PL spectrum of quasi-2D perovskite films. (d) The carrier transfer process in
n = 3 perovskite. (e) The carrier transfer process in n = 5 perovskite. (f) Energy transfer across an inhomogeneous energy landscape in multi-phase 
perovskites, concentrating carriers to smallest bandgap emitters. The arrows represent the carrier transfer process. (g) Schematic of cascade energy 
transfer in MQWs. (h) Excitation intensity dependent PLQE of the MQW film. (a) and (c) are adapted with permission from Ref. [170], © WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim 2016. (b) is adapted with permission from Ref. [136], © American Chemical Society 2016. (d)–(f) are adapted with 
permission from Ref. [171], © Macmillan Publishers Limited, part of Springer Nature 2016. (g) and (h) are adapted with permission from Ref. [158],
© Macmillan Publishers Limited, part of Springer Nature 2016. 



Nano Res.  

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

19 

efforts have been devoted to improving the performance of 
perovskite LED by introducing 2D perovskite emitter layers. 
From a fabrication perspective, layered 2D perovskites show 
good film processability with the excellent optical properties. 
Some results have been published recently on 2D or quasi-2D 
perovskite-based LEDs. 

In 2016, Xing et al. fabricated LED devices using amorphous 
CH3NH3PbBr3 nanoparticles as the light emitting material, 
and the LEDs show a maximum current efficiency (CE) of 
11.49 cd/A, a luminous efficiency of 7.84 lm/W and an external 
QE of 3.8% [179]. Although, the 3D perovskite LEDs benefit 
from high colour tunability owing to varying proportion of 
halogen ingredients, the performance of 3D perovskite LEDs 
is limited by the fact that 3D perovskites usually show the small 
exciton binding energy but a long exciton diffusion length [180]. 
The excitons in 3D perovskites could be easily dissociated into 
carriers and then quenched by defects, hindering radiative 
recombination and causing negative effects on EL efficiency. 
Tan et al. stated that the light emitting layers of LEDs are 
usually thin which could limit the carriers injection and thus 
maximise the charge density [181]. However, there are pin holes 
on thin films thus the coverage of substrates is sometimes 
incomplete, resulting in moderate external quantum efficiency 
[182]. To solve this issue, the effective method is to reduce the 
size of perovskite so that excitons are confined by the organic 
layers, improving radiative recombination efficiency [138]. It is 
well known that optimizing radiative recombination is desirable 
to achieve higher efficiency in LEDs, while the nonradiative 
recombination should be suppressed as much as possible, 
which requires the optimisation of the defect density, carrier 
mobility and exciton binding energy [131]. More breakthroughs 
in two-dimensional PeLEDs should be the defect-free film 
techniques and crystallization with various organic cations [183]. 
Ban et al. introduced a crown molecule to accurately control the 
phase separation and improve the quality of thin films [184]. 
As mentioned earlier, the film properties are better in 2D 
perovskites than those of 3D analogues. These extraordinary 
film-forming and exciton properties of 2D perovskites would 
produce remarkable enhancements of PLQE and EQE. In 
addition, although Mitzi (2001) indicated that pure 2D per-
ovskites have even better film-forming properties than quasi-2D 
ones, the excitons in 2D perovskites could be quenched rapidly 
with nonradiative recombination, result in relatively low PL 
quantum yield [134]. As a result, the majority of impressive 
2D perovskite LEDs with the outstanding performance are 
prepared with quasi-2D rather than pure 2D perovskites. In 
1994, Era et al. fabricated LEDs using (PEA)2PbI4 perovskites 
with the structure of ITO/perovskite/OXD7/Mg/Ag [185]. They 
observed a strong EL peak at 520 nm at low temperature, and 
the brightness of the device was up to 10,000 cd/m2 in maximum. 
Perovskites based light-emitting diodes have exceeded this 
value in terms of brightness [182]. The effective EL in early 
PeLED is originated from the introduction of OXD7, which 
acts as both a proper electron transport layer and a blocking 
layer to limit the holes pass through the light emitting layer 
[185]. Also, Yuan et al. suggested that the LEDs prepared with 
PEA2(CH3NH3)4Pb5I16 perovskites displayed a high EQE of 
around 8.8% in the near infrared region. When the perovskite 
film is 200 nm, the radiance could reach 80 W·m2/sr [171]. 
This superior performance is due to the efficient accumulation 
and recombination of electrons and holes, which typically occurs 
in the lowest bandgap of the multiphase quasi-2D perovskites. 
Other more 2D perovskite LEDs reported in recent years and 
their specific performance parameters have been summarized 
in Table 2. 

Table 2 2D/Quasi-2D perovskite-based LEDs and their performances 

Perovskite emitter EL 
(nm)

EQEmax 
(%) 

CEmax 
(cd/A) 

Lmax 
(cd/m2) Refs.

(PEA)2PbI4 520 — — 10,000 [185]
(PEA)2PbBr4 410 0.04 — — [138]
(PEA)2MA4Pb5I16 ≈ 760 8.80 — — [171]
(PEA)2(MA)n−1PbnBr3n+1 520 — 4.9 2,935 [170]
(PEA)2(FAPbBr3)n−1PbBr4 532 14.36 62.43 9,120 [178]
(BA)2(MA)2Pb3I10 700 2.29 0.10 214 [200]
(BA)2(MA)4Pb5Br16 523 1.01 3.48 2,246 [200]
(BA)2(MA)2Pb3Br7Cl3 468 0.01 0.006 21 [200]
(PEA)2MA4Pb5Br16 526 7.4 — 8,400 [201]
FAPbBr3 530 2.0 8.22 4,425 [202]
(NMA)2(FA)Pb2I7 786 9.6 — (55)6 [158]
(NMA)2(FA)Pb2I6Br 763 11.7 — (82)6 [158]
BA2MA3Pb4Br13 525 — 5.01 2,819 [203]
CsPbCl0.9Br2.1:PEABr 480 5.7 6.1 3,780 [188]

 
Furthermore, the 2D perovskites also contribute to achieving 

high colour rendering index (CRI) value of mixed-phosphor 
light sources. Mitzi (2004) stated that the highest CRI of 85 
has been achieved using 2D perovskites in broadband single- 
source white-light emitters [186]. Recently reported green 
perovskites based LEDs have achieved a high EQE of 8.53% by 
decreasing the particle size of the perovskite-emitting layers. 
The PLQE was also increased to 36% at the same time [187], 
and the authors also stated that the colloidal perovskite 
nanoparticles with size smaller than 10 nm would show an 
extremely high PLQE even higher than 90%. So far, the 
impressive PLQE and EQE of 2D perovskite LED have been 
proved to be much higher than their 3D counterparts, especially 
in red and green colours [178]. A series of efficient red LEDs 
based on quasi-2D perovskite (BA)2Csn−1PbnI3n+1/PEO have been 
reported in 2018, where BA is benzyl ammonium and PEO 
is poly(ethylene oxide). The emission peaks are located at 
638, 664, and 680 nm, respectively. The highest EQE of these 
devices reached to 6.23% at 680 nm and its brightness was 
about 1,293 cd/m2. Also, it exhibited an exceptional EL spectral 
stability under repeated measurements [83]. In 2019, Li et al. 
also reported that the quantum efficiency of visible-light emitting 
perovskite LEDs has reached a milestone of 20 percent by 
managing the compositional distribution in the device, which 
also provides strong luminescence and effective charge injection 
[188]. More specifically, pre-synthesized CsPbBr3 perovskites 
were firstly mixed with CH3NH3Br additive, whose different 
solubilities could sequentially generate crystallization into a 
CsPbBr3/CH3NH3Br quasi-core/shell structure. This shell 
could passivate the nonradiative defects in CsPbBr3 crystals, 
promoting the PL quantum efficiency and enabling balanced 
charge injection. The EQE of 20.3% is a substantial step towards 
the practical application of perovskites based LEDs [188]. In 
terms of the blue 2D PeLEDs, although they have been reported, 
their performance remains moderate at current stage and 
there is great potential for improvement [138]. In 2019, Li et al. 
also reported that quasi-2D perovskites based LEDs with 480 
nm blue emission have an EQE of 5.7%. Authors stated that 
the trap density of film surface was effectively reduced from 
around 4.1 × 1017 to 3.0 × 1016 cm−3 as the PEABr ratio increased 
from 0 to 100% by introducing PEABr into traditional 3D 
perovskite CsPbCl0.9Br2.1. Meanwhile, the PLQY of LEDs was 
enhanced from 0.15% to maximum of 27% [188]. It is further 
proved that the effective inhibition of non-radiative combination  
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is essential to the perovskites PL efficiency. Although great 
progress has been made in the 2D and quasi 2D perovskites- 
based LEDs, there are few drawbacks of those LEDs that need 
to be solved. For example, the charge transport in 2D or 
MQW perovskite LEDs are less efficient than 3D perovskites, 
which limits the improvement of power conversion efficiency. 
Maotao Yu et al. recently proposed a molecular engineering 
method to increase the conductivity of MQW perovskite films 
by reducing the barrier width in QWs, resulting in a peak 
external quantum efficiency of 7.7% [189]. In addition, the 
efficiency roll-off issue has also been observed in 2D layered 
perovskite LEDs. Wei Zou et al. recently reported that the 
efficiency roll-off in perovskite LEDs is mainly due to 
luminescence quenching which is likely caused by non-radiative 
Auger recombination [190]. This drawback can be suppressed 
by tuning the ratio of large and small organic cations in the 
precursor solution, leading to the optimized perovskite LEDs 
with external quantum efficiency of 12.7%. 

From the review of 2D and 3D perovskite LEDs, it could 
be clearly seen that the EQE of 2D perovskite LEDs have 
developed rapidly in recent years for green and near-infrared 
emission. The current performance of 2D perovskite LEDs 
has been already approached to or even better than that of 
3D organic-inorganic perovskite LEDs. Those achievements 
further consolidate the promise of 2D perovskites in light 
emitting applications. 

4 Outlook and perspectives 
Interest in 2D materials-based optoelectronics applications is 
growing dramatically across the scientific community owing 
to their extraordinary electrical and optical properties. In this 
review, we first overviewed the recent progress on TMDs 
preparation, their optical properties, and their light emitting 
applications. What should be noted is that the evolution of 2D 
materials LED started from simple single layer structure and 
then enriched to multiple layer stacking. The total conversion 
efficiency has increased from 0.01% to ~ 10%. The single layer 
lateral p-n junction structure can be tuned into devices with 
multiple functionalities by changing the bottom splitting gate 
voltage. However, the current injected efficiency further limited 
its application. To overcome this problem, the contact resistance 
must be reduced. Therefore, the surface modification and 
working function matching are essential in this particular 
structure. For the vertical stacking structure, this geometry 
has removed the back gates, thus reducing the power con-
sumption. However, because of the ultra-thin nature of 2D 
stackings, there is always a very high current leakage. The 
h-BN layers must be employed in order to confine the injected 
carriers within the 2D optical active layers. With the development 
of the larger area 2D material CVD growth, especially for h-BN 
and TMDs, this stacking structure will exhibit tremendous 
potential for larger area on-chip light source applications with 
comparable energy conversion efficiency, and it may become an 
alternative option for commercial powder-based LED devices. 
In addition to above DC driven LED devices, the concept of 
AC driven LED is another research direction. Although it is 
still at its early stage, it has already presented advantages, 
including the simple design and pulsed features. Currently, the 
TMDs based high efficiency AC driven LEDs are mainly 
based on monolayer WS2 due to its inherently high quantum 
yield. To extend this technology towards other type of TMDs, 
increasing optical quantum yield of those materials is still 
required. Light emitting application in TMDs is a continuing 
hot topic in this field. The research focus of next stage could 

be increasing the efficiency, exploring infrared LED based 
on novel materials such as BP LEDs. Combining materials 
synthesis and device designing, it could offer unprecedented 
opportunities for the future TMDs based on-chip optoelectronics 
applications. 

Following the review of TMDs based light emitting applica-
tions, we critically reviewed the recent advances of 2D perovskite 
light emitting applications, including the materials synthesis, 
optical properties, and their light emitting devices. The excellent 
performance of 2D perovskites, such as the high crystallinity, 
high quantum yields, high exciton binding energies, narrow 
emission, and color tunability, making them particularly suitable 
for light emitting devices. Recently, Lin et al. have reported the 
high EQE (exceeds 20%) of quasi-core/shell structure perovskite 
organic light-emitting diodes (OLEDs), which is approaching 
to those of the best performance OLEDs [191]. With reported 
high efficiency perovskite LEDs, we believe that there is much 
room for improving the efficiency of perovskite LEDs owing 
to their great optoelectronic properties. In order to further 
improve the performance of perovskite LEDs, some strategies can 
be employed in this field. All available 2D perovskite materials 
at present are polycrystalline with randomly orientations, which 
usually causes insufficient charge transport compared to 
their single crystal counterparts. The poor charge transport 
will lead to limited performance of LEDs. Therefore, the 
single crystalline perovskite films are supposed to have lower 
defect density, better carrier mobility and better stability than 
conventional 2D perovskites. The single crystal perovskites hold 
great potential to fabricate ultra-high efficiency perovskite 
LEDs. However, synthesis of single crystal 2D perovskite 
remains a big challenge. More efforts should be devoted into 
this field. In addition, perovskite LEDs usually adopt multiple 
layered device structures with electron transport layer 
(ETL)/perovskite/hole transport layer (HTL). Those structure 
will cause serious PL quenching at the interface between 
perovskite and ETL (HTL) in perovskite LEDs, which will 
significantly affect the efficiency in LEDs. Therefore, the new 
structure designs or the perovskite surface passivation should 
be developed for tailoring to perovskite LEDs. Moreover, most 
of light generated from the perovskite emitter can be trapped 
within device, leading to low electroluminescence of LEDs. 
Therefore, the light outcoupling strategies should also be 
developed to further increase LEDs efficiency. For example, 
the specially designed substrate (double distribute reflector) 
and the use of micro lenses are typically solutions. 
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