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Abstract 

Two dimensional (2D) semiconductors have attracted tremendous attention due to 

their fascinating electrical and optical properties. Transition metal dichalcogenides 

(TMDs), unlike zero bandgap of graphene, are semiconductors with band gap 

ranging from 1.57 eV to 2 eV, which are suitable for optoelectronic applications with 

visible and near-infrared light regime. Because of the reduced physical dimensions, 

quantum confinement becomes a dominated factor that strongly modulates TMDs 

properties, and therefore triggers a series of interesting phenomenon that has never 

been observed in bulk TMDs, including layer dependent indirect to direct band 

transition, larger exciton binding energy and enhanced light matter interaction. The 

strong light matter interaction makes TMDs a robust platform to study the physics of 

quasi-particles such as exciton, trion and even high order exciton particles. In this 

dissertation we investigate exciton dynamics and especially exciton modulation in 

single layer TMDs and two type TMDs heterostructures. Then the dissertation will 

focus on TMDs based optoelectronic device applications. 

 

For two dimensional materials, such as transition metal dichalcogenides (TMDs) and 

black phosphorus, many novel properties only exist at low dimensional scale. 

Currently, atomic force microscopy (AFM), the most commonly used method to 

determine the thickness of two-dimensional (2D) materials, was known to have 

issues with its low scan speed and inevitable invasion. Fast and non-invasive 

identification of layer numbers of these 2D materials is important for future materials 

study. Here, in this dissertation we will first demonstrate that phase-shifting 

interferometry (PSI) can be used as a rapid and non-invasive method to identify the 

surface topography of 2D materials. The optical path length (OPL) obtained by PSI 

shows a good agreement with model calculations and a direct relationship between 

OPL and the layer number of 2D materials can be established. This technique 

enables a rapidly study of the surface information of various types 2D materials. 

 

Due to the quantum confinement effect and sizeable semiconductor bandgap, exciton 

in TMDs becomes a centre topic either for physical research or engineering 

applications. Many efforts have been made to study the exciton dynamics in TMDs, 
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but the exciton modulation is still barely been touched. The first part of this 

dissertation will focus on the ferroelectric driven method to modulate exciton and 

trion behaviour in monolayer molybdenum and tungsten diselenides. By using a 

lithium niobate substrate with substrate domain engineering, it can achieve 

selectively doping of monolayer TMDs upon it. The inverted and pristine domain has 

been proved to be able to host two different types of ferroelectric doping as a result 

of the remnant polarization. The photoluminescence spectroscopy is used to spatially 

probe the exciton and trion dynamics, and it has demonstrated that these ferroelectric 

domains can significantly enhance or inhibit photoluminescence, leading to strong 

exciton and trion modulation. This novel modulation method opens a new routine to 

create optically active heterostructures that can be used for photodetectors and on-

chip light sources. 

 

Based on the understanding of the exciton behaviour of TMDs, this dissertation 

further demonstrates two type of 2D materials optoelectronic device applications. 

Firstly, the high efficiency monolayer molybdenum ditelluride light emitting diode 

has been demonstrated. The device is driven by direct current tunnelling effect, and 

in the meanwhile, the device can be also used as photodetector with low dark current 

and fast response time. As the counterpart of direct current driven, the alternative 

current driven monolayer tungsten disulfide light emitting diode has also been 

successful demonstrated. Due to the emission only happens within the rising and 

falling edges of AC voltage, the unique pulsed light emission can be achieved in this 

structure.  

 

In summary, this thesis demonstrates the optical tunability of 2D materials, showing 

promising properties for optoelectronics applications. Both direct current and 

alternative current driving 2D materials-based light emitting diode have been 

demonstrated. The light emitting device design, fabrication and characterization in 

this work have provided deep insights into the characteristics of the TMDs 

optoelectronic devices, which may serve as a useful guidance for future development 

of 2D material-based LED systems. The infrared regime LED based on 2D black 
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phosphorene and super high efficiency AC driving 2D perovskite LED could be the 

potential research direction in the future.  
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1. Introduction 

In December 1959, a famous lecture called “There's Plenty of Room at the Bottom: 

An Invitation to Enter a New Field of Physics” was given by physicist Richard P. 

Feynman at the annual American Physical Society Meeting.[1] During the lecture, 

physicist Feynman threw up a question of “What would we do with layered 

structures with just the right layers”. More than half a century later, the 2010 Nobel 

Prize in Physics has been awarded to Professor Andre Geim and Professor 

Konstantin Novoselov for their pioneering work on graphene. They firstly 

demonstrated that it was possible to isolate graphene from bulk graphite and measure 

its electronic transport properties.[2] They also successfully isolated the monolayers 

from the bulk layered materials by repeatedly mechanical exfoliation which is known 

as the Scotch tape method. Eventually, it answered Feynman’s question that by 

controlling the number of layers in two-dimensional materials, it is possible to 

engineer their incredible physicochemical properties. Inspired by this ground-

breaking work, extensive research has emerged in the field of graphene. Without any 

exaggeration, the following ten years in layered materials is graphene’s golden ten 

era with the demonstration of a series of extraordinary properties, such as large 

intrinsic strength,[3] huge thermal conductivity of ~5000 W/mK at room 

temperature[4] and gate-tuneable high electric conductivity.[5] Motivated by the 

success of graphene, Kin Fai Mak, et al observed the an indirect to direct bandgap 

transition behaviour in monolayer molybdenum disulfide (MoS2) when the material 

was thinning down to monolayer.[6] This finding opens up a new route for 

researching of a wide range of layered semiconductors, which was called two-

dimensional (2D) semiconductor. Similar to graphene, 2D semiconductors become 

another important member of 2D materials family. Today, researcher can synthesize 

a variety of monolayer 2D materials either by bottom-up or top-down approaches, 

which provided greater opportunities to engineer for real applications. Among 

various types of applications, their optoelectronic applications have attracted great 

attention due to the distinct electrical and optical properties of 2D materials. With the 

right bandgap ranging from ultraviolet to infrared, a series of photodetectors and 

light emitting devices have been demonstrated covering different spectral regimes. In 

addition to deposition of a single layer 2D material onto the substrates, researchers 

can further stack different or same 2D layers on top of each other in desired sequence 
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and even with designed twist angles, opening up enormous opportunities to achieve 

artificial structures with novel properties and device performances. Built on the 

previous research in the field, this dissertation will focus on light matter interaction 

in 2D materials and their optoelectronic applications including light emitting diodes 

and photodetectors. 

 

1.1. Two Dimensional Materials 

Two-dimensional materials refer to crystalline materials consisting of a single layer 

of atoms. The size of the material along two dimensions can be very large, but the 

size of the third dimension is usually less than one nanometer. Therefore, 2D 

materials have another name of nano sheets or nano flakes. With more research effort 

being devoted into this field, a great number of 2D materials have been discovered 

including a library of transition metal dichalcogenides (TMDs),[7] black phosphorene 

(BP),[8, 9] 2D germanium (Ge),[10, 11] graphene and etc. In this dissertation, we present 

the study of the TMDs with bandgaps within visible and near infrared regions that 

are of particular importance for optoelectronic applications. 

 

1.1.1 Transition metal dichalcogenides (TMDs) 

Unlike zero bandgap graphene, the TMDs are group of materials that have sizeable 

bandgap. The general formula of the TMDs is MX2, with M a transition metal atom 

(M = Mo, W, Ta, etc.) and X a chalcogen atom (X = S, Se, or Te.). Depending on the 

arrangement of transition metal and chalcogen atom, trigonal prismatic (2H) phase, 

octahedral (tetragonal, T) and their distorted phase (T´) can be formed in TMDs, as 

presented in figure 1.1. 
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Figure 1. 1 Typical structures of layered transition metal dichalcogenides. Cleavable 

2H, 1T and 1T´ structures in layered TMD (adapted with permission from ref [12] 

Copyright 2016 Wonbong Choi). 

 

One year after the first demonstration of the mechanical cleavage of graphene, 

Novoselov group applied the mechanical exfoliation method to other layered 

materials and obtained the monolayers of other 2D materials such as hexagonal 

boron nitride (hBN), niobium diselenide (NbSe2) and molybdenum disulphide 

(MoS2), paving the way for the research of novel 2D TMDs.[13] After that, 

mechanical exfoliation has been proved to be an effective method to produce 2D 

monolayers for initially fast property probing. In the meanwhile, many research 

groups were also motivated to growth 2D TMDs monolayers by CVD method with 

encouraged by the successful experience with graphene. Yi-Hsien Lee et al. first 

reported synthesis of large area monolayer MoS2 on SiO2/Si substrate by CVD.[14] 

Today, CVD process has become the main synthesis method for 2D thin layers. 

Although many TMDs are difficult to synthesize due to high melting points of metal 

and metal oxide precursors. The molten-salt-assisted CVD method has been 

employed to overcome this issue and therefore, the CVD method can be broadly 

applied for synthesis of 47 types of TMDs. A library of atomic thin TMDs library 

has been constructed by Liu’s group,[7] as shown in Figure 1.2. 
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Figure 1. 2 The transition metals and chalcogens used, and optical images of the 

resulting 47 different atomically thin TMCs and heterostructures. a, Overview of 

metals (highlighted in purple) and chalcogens (highlighted in yellow and orange) that 

can form layered sulfides, selenides and tellurides. b, Optical images of 47 TMCs 

synthesized using our method (adapted with permission from ref [7] Copyright 2018 

Springer Nature). 
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However, some of TMDs such as stannic sulfide (SnS2) are still hard for CVD 

synthesis or mechanical exfoliation. A potential method is intercalation assisted 

exfoliation[15-17] and liquid exfoliation.[18] Plasma thinning process was also proved to 

be an effective way to produce some of the 2D materials. Jiajie Pei et al. firstly 

reported the producing of the air-stable monolayer black phosphorene by using 

oxygen plasma etching technique.[19] The layer by layer thinning process can be 

precisely achieved by fine control of the plasma parameters. The TMDs are 

characterized to exhibit extraordinary optical and electronic properties, such as 

strong PL emission and high carrier mobilities. In 2010, Kin Fai Mak, et al 

demonstrated the monolayer molybdenum disulfide (MoS2) exhibited an indirect to 

direct bandgap transition when the material was thinning down to monolayer.[6] The 

strong photoluminescence (PL) emission origin from direct band gap transition was 

observed subsequently in the same year.[20] Later, a single layer MoS2 transistor was 

demonstrated with a mobility of 200 cm2V−1s−1 and on / off ratio of 1× 108 at room 

temperature.[21] In monolayer molybdenum diselenide (MoSe2) and tungsten 

diselenide (WSe2), strong conduction band spin orbit coupling was observed, giving 

rise to an effective coupling between spin and valley pseudospin.[22] The strong spin 

valley coupling leads to interesting phenomenon, including the enhancement of the 

spin and valley polarization, for valleytronics applications. Owing to their unique 

properties, the 2D TMDs have been studied widely for electronics and 

optoelectronics applications.  

 

1.1.2 Exciton in transition metal dichalcogenides 

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 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 

electrostatic Coulomb force forming 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.[23, 24] 

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 
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temperature. Compared with III-V semiconductor system, the 2D nature of 

monolayer TMDs leads to a strong enhancement of Coulomb interaction, as shown in 

Figure 1.3. The significant consequence of strong Coulomb interaction is the 

formation of tightly bound excitons.[25] 

 

Figure 1. 3 Quantum confinement and reduced dielectric screening 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 (adapted with permission from ref [25] Copyright 2014 

American Physical Society) 

The exciton binding energy for MoS2 is predicted to be between 0.5 and 1 eV,[26, 27] 

and the measured value is 240 meV.[28] The exciton binding energy is measured to be 

0.71eV for monolayer WS2,
[29] 0.37 eV for monolayer WSe2,

[30] 0.55 eV for 

monolayer MoSe2,
[31] and 0.58 eV for monolayer MoTe2,

[32] which are much larger 

than those in typical III-V semiconductors with only 3.71 meV for InP and 4.76 meV 

for GaAs.[33] These large exciton binding energies from 2D materials allow us to 

observed 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, 
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trions are charged quasiparticles. Exciton and trion competition in monolayer TMDs 

can be tuned by electrostatic gating and chemical doping.[34, 35] 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.[36] Recently, 

some research groups have even observed charged biexciton, a five particles system, 

in hBN encapsulated monolayer WSe2, offering direct route towards deterministic 

control in many-body quantum phenomena.[37-39] Above introduced exciton species 

are optically bright that can be directly observed by PL measurements. Moreover, 

when measuring power dependence of PL with laser excitation, the excitons show 

linear power law, whereas the biexcitons exhibit superliner power law.[40-42] However, 

there is another optically dark exciton specie existing in monolayer TMDs, formed 

due to spin orbit coupling by the conduction band electron and valence band hole 

with different spin orientations. The dark exciton has been measured to have longer 

lifetime than the bright exciton,[43] making them promising for long distance exciton 

transport in 2D materials. The exciton can not only exist in single layer TMDs but 

also in two-layer TMDs stack, namely the interlayer exciton. In highly coveted 

heterostructure consisting of two different monolayer TMDs with type II band 

alignment, electrons and holes are bound together but spatially separated in 

individual monolayers. Differing from intralayer excitons, the interlayer excitons 

exhibit long lifetime and electrical dipole, the binding energy of which can be tuned 

by the vertical electrostatic field along with dipole directions.[44] The long lifetime 

and large binding energy of interlayer excitons offer a good opportunity to achieve 

Bose Einstein condensate and exciton-polariton.[45] As described above, 2D TMDs 

naturally becomes an idea material system to study exciton dynamic and many-body 

interactions.  

 

1.2. Optoelectronic Devices Based on Two Dimensional Materials 

The distinct optical and electronic properties of 2D TMDs have triggered a series of 

optoelectronic device applications including light emission diodes and 

photodetectors. Compared with electrical signal, optical signal is much faster and the 

information that is carried by light can lead to ultra-fast communication speed. 

However, currently most of the signal processing is based on electronic integrated 

circuit. Currently, the light transmission and propagating are hosted by the large size 
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photonic chips, whereas the signal processing is performed in integrated circuits at a 

nanoscale, which is one of the key challenges in the optical communication systems. 

This incompatible size issue should be addressed in the next generation optical 

communication system. One potential solution to this challenge is to use small and 

chip integrated materials to realized light generation and transmission. The 2D 

materials are ultra-thin semiconductors in nature, whose optoelectronics properties 

enable them to be suitable for on-chip light generations and photodetections. In this 

section, we will introduce several light emitting diodes and photodetectors based on 

2D materials. 

 

1.2.1. Light emitting devices based on 2D materials 

The bandgap of bulk TMDs is indirect, however, with a single layer it becomes 

direct,[6] fulfilling the most basic requirement for efficient light emission applications. 

The variety of TMDs with different bandgaps and work 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.[46] The 

light emission properties based on TMDs are dominated by exciton species.[47, 48] The 

exciton in TMDs can be observed at the 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,[35] electrostatic gating[32, 34] and even excitation power,[49] enabling 

different approaches to manipulate light emission properties. Light emitting diodes 

(LEDs) are devices based on electroluminescence in semiconductors. 

Electroluminescence is a physical phenomenon that converts electrical energy into 

optical energy, with the devices emit light originated from radiative recombination of 

electrons and holes under electrical injection. Therefore, LEDs can be direct current 

(DC) driven and alternative current (AC) driven.[50, 51] In DC driven LEDs, the 

devices can also be classified into two types, p-n junction based LEDs or vertically 

chip-based LEDs. For AC driven LEDs, the device structure is similar with a 

capacitance.[51] In the following, TMDs based LEDs with different structures and 

designs will be introduced.   
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1.2.1.1. TMD LEDs based on p-n junction  

The p-n junction is a key building block in optoelectronic applications including 

photodetectors and LEDs. Owing to the ultra-thin nature of TMDs, TMDs materials 

are sensitive to the surrounding 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 (Figure 1.4 a and b), 

demonstrating 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.[52] 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 Figure 1.4 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 

ideality factors of n = 1.9 and a rectification factor of 105. The estimated 

electroluminescence quantum efficiency reached to ~1%.[53] To achieve light 

emitting in monolayer TMDs, the ambipolar field-effect transistor (FET) is another 

structure to form p-n junction within 2D materials.[54] 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 electrons and holes 

injected simultaneously at the two opposite contacts of the devices 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 Figure 1.4 d,[55] 

emitting circularly polarized electroluminescence from p-i-n junctions 

electrostatically formed in transistor channels (Figure 1.4 e). This unique 

phenomenon can be explained qualitatively by the electron-hole overlap controlled 

by the in-plane electric field. The external quantum efficiency ranges from 0.002% to 

0.06% depending on samples (Figure 1.4 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, stacking TMDs to 

form p-n junction are more favourable because the optical active area has increased 

from a 1D line to a 2D overlapping area. MoS2 and WSe2 vertical p-n junction LEDs 

are presented in Figure 1.4 g, where the p-n junction area is covered over the entire 
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MoS2/WSe2 overlapping area.[56] The electroluminescence from this device shows 

prominent band edge excitonic emission and strikingly enhanced hot-electron 

luminescence (Figure 1.4 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 Figure 1.4 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 minimized 

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. 
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Figure 1. 4 p-n junction based TMD LEDs. a, Schematic plot of multiple monolayer 

WSe2 p–n junction devices with palladium backgates (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 backgates are separated from the WSe2 by hexagonal 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 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 adapted with permission from ref [52] Copyright 2014 Springer 

Nature, d-f adapted with permission from ref [55] Copyright 2014 American 

Association for the Advancement of Science, and g-i adapted with permission from 

ref [56] Copyright 2014 Journal of the American Chemical Society) 
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1.2.1.2. Vertically stacked TMD LEDs 

High efficiency and large area light emission of LEDs is desirable for many 

applications. Considering the drawbacks of p-n junction structures, people come up 

with a new design, namely vertically chip-based LEDs by stacking 2D materials 

layer by layer. In such a geometry, it usually consists of graphene, hexagonal boron 

nitride (hBN), and TMDs. For single optical active devices, two graphene layers, 

which acted as the transparent uniform electrode contacts, are separated by an 

hBN/MoS2/hBN sandwich quantum well, as shown in Figure 1.5 a. The crucial part 

in this structure is the hBN. The few layer hBN 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 hBN 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 (Figure 1.5 b). However, with the increase of the thickness of 

the hBN, the current tunnelling through the hBN will dramatically decrease,[57, 58] 

resulting in very weak LEDs emissions (Figure 1.5 c). The well-designed single 

hBN/MoS2/hBN QW LEDs device exhibits ~1% quantum efficiency.[59] This 

efficiency can be further pushed to 8.4% by stacking four QWs due to increased 

radiatively recombination.[59] 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 fine-

tuned by combining different 2D semiconductors. The quantum efficiency of 

combinational device reaches ~5% that is nearly comparable to those of current 

organic LEDs and state-of-the-art quantum dot LEDs. Based on those pioneering 

work, many following up work have been focussing on further optimisation of the 

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 

Figure 1.5 d and 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% from the Si/SiO2 

substrate. The EQE of WSe2 devices increases with temperature increasing (Figure 

1.5 f) due to the increased bright exciton population by the thermal activation, with 
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room temperature EQE reaching 5%,[50] which is ~250 times more than the previous 

best performance of MoS2 quantum wells in ambient conditions.[59] In Figure 1.5 g 

and h, the WSe2 vertical stacking LEDs with integrated photonic crystal cavity has 

been reported. The EL emission efficiency has been enhanced more than 4 times 

compared with LEDs on bare SiO2/Si substrate.[60] 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 Figure 1.5 i. The photonic crystal cavity has realized the electrically 

pumped single mode light source, which is an essential step toward on-chip optical 

information technologies clearly indicating the important advantage of the vertical 

stacking LED structure. However, one challenge for this structure, as mentioned 

earlier, is the proper selection and preparation of the thickness of hBN. The 

traditional method of mechanical exfoliation for preparing hBN turns out to be 

difficult in term of observing the few layer hBN flakes under microscope. Similar 

optical refractive index between hBN and SiO2 makes hBN with less than five-layer 

nearly invisible. Many methods have been proposed to solve this problem, such as 

using thinner SiO2 (~80 nm) and using 470 nm or 590 nm light source to increasing 

contrast.[61] Despite the complicate 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. 
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Figure 1. 5 LEDs based on TMDs vertical stacking. a, Schematic of the SQW 

heterostructure hBN/GrB/2hBN/WS2/2hBN/GrT/hBN. b, Optical image of EL from 

the same device. Vb=2.5V, T=300 K. 2hBN and 3hBN stand for bi- and trilayer hBN, 

respectively. 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 

d e f 
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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-b 

adapted with permission from ref [59] Copyright 2015 Springer Nature, c adapted 

with permission from ref [57] Copyright 2012 American Chemical Society, d-f 

adapted with permission from ref [50] Copyright 2015 American Chemical Society, 

and g-i adapted with permission from ref [60] Copyright 2017 American Chemical 

Society). 

 

1.2.1.3. 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.[62, 63] 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.[64-66] Monolayer MoTe2, a special member in 2D TMDs, has an electrical 

bandgap of ~1.72 eV,[32, 67] with an exciton emission peak from monolayer MoTe2 

located at ~1.1 eV, which makes it a promising candidate for near infrared 

optoelectronic applications. Graphene/hBN/MoTe2 vertical stacking LEDs is 

presented in Figure 1.6 a, where the device structure has been simplified from double 

tunnel barriers to a single tunnel barrier.[68] The MoTe2 LED shows a very high 

quantum efficiency of 9.5% at 83K, as shown in Figure 1.6 b and c. Such high 

quantum efficiency arises from two aspects: 1) the delicate device structure, ultra-

clean interface of devices, dry membrane transfer and photolithography-free 

electrodes pattern technique; 2) low substrate absorption at the emission wavelength 

of MoTe2. It further confirms that the surface and substrate engineering is crucial for 

those atomic thin TMDs especially for device applications. In Figure 1.6 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 
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photonic crystal waveguide to demonstrate the potential for on-chip integration of 

light source and photodetector.[69] The strong EL emission intensity has been 

observed within p-n junction area where recombination happens. The EL emission 

wavelength is located at 1090 nm at 6 K and 1175 nm at room temperature 

respectively, as shown in Figure 1.6 e. The Figure 1.6 f shows the EL intensity 

overlaps 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, 

black phosphorus (BP) has emerged as another powerful 2D material with the 

bandgap ranging from ~0.3 eV to ~1.8 eV.[8, 9, 19, 70-72] 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 Figure 1.6 g.[73] 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 (Figure 1.6 h), which agrees well with the reported PL 

measurements on thick BP flakes.[74] The emission pattern is polarized with a 

polarization ratio of ~3 for the AC to ZZ orientation intensity as shown in Figure 1.6 

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 very promising potential for applications in the infrared spectral range. For 

example, the five layers of BP gives optical emission at 1550 nm, which is located in 

optical communication bandwidth. The BP transistors show ambipolar field-effect 

with high hole mobility (in the order of 10 cm2/Vs to 1000 cm2/Vs) and current 

switching ratio of 100 to 10000.[75-79] 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. 
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Figure 1. 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, with the separation of the two gates of 400 

nm. The dielectric layer is hBN on top of the MoTe2, and the thickness of hBN is 8 

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 at 6 K respectively. 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 
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couplers demonstrate coupling of the light source and silicon waveguide. g, 

Schematic illustration 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, adapted with 

permission from ref [68] Copyright 2018 American Chemical Society, d-f, adapted 

with permission from ref [69] Copyright 2017 Springer Nature, and g-i, adapted with 

permission from ref [73]). 

 

1.2.1.4. TMD based single photon emitters  

Integrating high quality and high efficiency single photon sources into optoelectronic 

circuit is a key challenge to develop scalable quantum communication 

technologies.[80] Single photon emitters have been observed optically in monolayer 

WSe2 due to the crystal structure imperfections that act as efficient carrier trapping 

center.[81] 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.[82] The quantum 

LEDs employed a graphene/hBN/TMD structure by changing the Femi level in 

graphene to realize carrier injections as shown in Figure 1.7 a and b. When the 

device is on operation, the uniform light emitting is generated from entire WSe2 area. 

However, there is a hot spot observed in both monolayer and bilayer WSe2 samples 

(Figure 1.7 d). Spectrum studies show that the emission behaviors are different from 

free exciton recombination. In Figure 1.7 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 Figure 1.7 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.[83] Similarly, in WS2 based quantum LEDs, quantum emitter was also 

observed with g(2)(0), drops to 0.31 ±  0.05, indicating that WS2 supports stable 

QLED operation, generating single photons in the visible spectral range (Figure 1.7 f 

and g). It is noteworthy that single photon emission also can be achieved in WSe2 

LEDs with lateral p-i-n structures, as presented in Figure 1.7 h.[84] The devices show 
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three single defects within narrow p-i-n junction area (Figure 1.7 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 solid-

state single photon emitters, which are typically embedded in bulk materials, 2D 

materials are more suitable for on-chip integration with electronic circuits. However, 

the low yield of single photon emitter in 2D materials remains to be a challenge. 

How to create single photon emitters by controlled introduction of defects in TMDs 

is the next steppingstone in developing TMD based single photon emitters.   
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Figure 1. 7 Single photon emitter based on TMDs. a, Optical microscope image of a 

typical device used in the experiments. The dotted lines highlight the footprint of the 

single layer graphenen (SLG), hBN 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, 15 µm. i, EL spectrum for a lateral 

LED device showing emission from three single defects. (a-g adapted with 

permission from ref [82] Copyright 2016 Springer Nature and h-i adapted with 

permission from ref [84] Copyright 2016 American Chemical Society). 

 

h i 
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1.2.1.5. 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 structure and two electrode contacts. 

One challenge for them is that the Ohmic contacts in LEDs devices are essential to 

minimize resistive losses and achieve high injection levels.[85] Narrow p-n junctions 

and complicated structures limit the applications 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 scale 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 (Figure 1.8 a).  The LEDs have been demonstrated for all four 

types of TMDs including WS2, WSe2, MoS2, and MoSe2, as presented in Figure 1.8 

b.[51] Time resolved EL measurements indicate the device only operates at the 

voltage transition with a transient EL signal, as presented in Figure 1.8 c and 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 be achieved.[86] In Figure 1.8 

e to g, the WS2 based centimetre-scale (≈ 0.5 cm2) visible (640 nm) display has been 

demonstrated. In addition, the AC driven LEDs have been proved to be a promising 

platform to observe the electrically driven high order correlated exciton states 

(Figure 1.8 h).[87] By tailoring the AC pulse parameters, it is possible to create either 

an electron- or a hole rich environment in the 2D semiconductor, consequently 

favouring the enhanced or diminished EL from the different exciton species (Figure 

1.8 i and j). Compared with DC driven LEDs, AC driven LEDs show the advantages 

on device simplicity and driving flexibility (frequency and amplitude). Unlike the 

DC driven LEDs, where electrons and holes are simultaneously injected into the 

materials, the carriers injected in 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 
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desirable. Optimising the system capacitance, engineering the radiative lifetime and 

biexciton recombination rate may be promising approach for further improve the 

performance of TMD based AC driven LEDs. 
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Figure 1. 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 hBN 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 adapted 

with permission from ref [51] Copyright 2018 Springer Nature, e-g adapted with 

permission from ref [86] Copyright 2019 WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim, and h-j adapted with permission from ref [87] Copyright 2019 Springer 

Nature). 

 

1.2.2. TMD Photodetectors  

Photodetectors are the optoelectronic devices that convert optical signals to electrical 

signals, which have been widely used in communication, imaging and sensing 

systems.[88, 89] There are different types of photodetectors with different device 

structural design and operate under different modes.[90] In particular for 2D material 

based photodetectors, photovoltaic and photogating effects[91] have been commonly 

employed to achieve high speed and high responsive photodetection. In photovoltaic 

mechanism, the photogenerated electron and hole pairs are separated under the built-

in electric field at the PN junction area, leading to a photocurrent. Due to the built-in 

electric field, the generated electron and hole pairs can be quickly swept to the 

separate direction. Therefore, photodetectors based on photovoltaic effect are capable 

of ultrafast photodetection.[92] For photogating effect, it is a special branch of 

photoconductor, considered as the method to modulate the conductance of channel 

by photo-induce trap,[93, 94] which is usually observed in photodetectors based on low 
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dimensional materials. The active material absorbs photons and produces electron-

hole pairs, one type carriers will be captured to form a localized field. The photo-

induced localized field prolong the lifetime of photogenerated carrier, results in a 

high gain.[91] Therefore, the photodetectors with photogating effect exhibit high gain 

which is more suitable for sensitive photodetection. The 2D TMDs are well known 

for their high light absorption features with bandgap energy located in visible and 

near infrared regime.[95] With improved mobility of monolayer MoS2 and contact 

quality, high performance monolayer MoS2 photodetector was firstly demonstrated 

with a maximum photoresponsivity of ~880 AW-1 at the wavelength of 561 nm,[96] as 

shown in Figure 1.9. 

 

Figure 1. 9 Monolayer MoS2 photodetector layout (adapted with permission from ref 

[102] Copyright 2013 Springer Nature). 

 

Due to the intrinsic defect states in monolayer TMDs, their carrier mobility is limited. 

The photo generated carriers which are far away from electrode contact (beyond the 

carrier diffusion length) are hardly collected by electrodes. Wenjin Zhang et al. have 

demonstrated a photodetector based on graphene and MoS2 heterostructure with 

photoconductive gain larger than 108 and a responsivity higher than 107 AW-1.[97] 

The photo generated electron-hole pairs in monolayer MoS2 layers, and then 

electrons can transfer to graphene due to the built-in electric field, while the holes 

were trapped in MoS2 layer. The high electron mobility in graphene and the long 
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charge-trapping lifetime of the holes leading to multiple recirculation of electrons in 

graphene, result in a very high photo gain. 

 

1.3. Thesis Outline 

This dissertation will firstly discuss the basic characterization methods for 2D 

materials via phase shift interferometer. Then the exciton behaviour in monolayer 

TMDs is modulated by a novel ferroelectric modulation method and studied by 

Raman and PL spectroscopy. After building the understanding of the optical 

properties of 2D TMDs, the dissertation will be focused on optoelectronic device 

applications based on different types of 2D TMD materials.  

 

In Chapter 1, we will introduce the history of 2D materials and how it emerges as a 

hot topic in materials research field. The physical properties of 2D material and its 

optoelectronic applications are discussed. 

 

Chapter 2 will introduce all the related experimental techniques and setups used in 

this dissertation. 

 

In Chapter 3, a fast and non-invasive method to identify the layer numbers of 2D 

materials will be presented. The Phase shift interferometry (PSI) will be employed to 

scan the surface topography of 2D materials. According to different phase shift 

originated from materials refractive index, the thickness and the layer number of 2D 

materials can be determined. The phase shift interferometer model will be built in 

MATLAB. Then the monolayer MoS2 will be used as an example. The optical path 

length (OPL) of monolayer MoS2 on SiO2/Si substrate will be measured. The OPL 

obtained by PSI shows a good agreement with simulated value by MATLAB. The 

direct relationship of OPL value and layer numbers can be demonstrated. After that, 

the OPL value of the same material on different substrate and different materials on 

the same substrate will be measured. By comparing those real time data with the 

simulated OPL value, the full picture of the relationship between OPL value and the 

thickness of material can be determined. 
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In Chapter 4, the ferroelectric driven exciton and trion modulation mechanism in 

monolayer MoSe2 and WSe2 has been investigated. The domain engineered lithium 

niobate substrates have been used to support monolayer MoSe2 and WSe2. A micro-

PL/Raman system is used to obtain spatially resolved images of the differently doped 

transition metal dichalcogenides (TMDs). The domain inverted lithium niobate 

causes changes in the TMDs due to electrostatic doping as a result of the remnant 

polarization from the substrate. Moreover, the differently doped TMDs (n-type 

MoSe2 and p-type WSe2) exhibit opposite PL modulation. Distinct oppositely 

charged domains were obtained with a 9-fold PL enhancement for the same single 

MoSe2 sheet when adhered to the positive (P+) and negative (P-) domains. This 

sharp PL modulation on the ferroelectric domain is due to the different carrier doping 

levels in the material conduction band as the PL intensity is sensitive to the empty 

density of state in the conduction band. Moreover, excitons dissociate rapidly at the 

interface between the P+ and P- domains due to the built-in electric field. We are 

able to adjust the charge on the P+ and P- domains via the pyroelectric effect and 

observe rapid PL quenching over a narrow temperature range illustrating the 

observed PL modulation is electronic in nature.  

 

With the understanding of optical behaviour in monolayer TMDs, Chapter 5 aims to 

demonstrate optoelectronic device applications based on monolayer TMDs materials. 

In this chapter, the near infrared monolayer MoTe2 light emitting diode (LED) has 

been demonstrated on SiO2 on Si substrate because of low light absorption from at its 

emission wavelength. By taking advantage of the quantum tunnelling effect, the 

device has achieved a very high external quantum efficiency (EQE) of 9.5% at 83 K, 

which is the highest EQE obtained from LED devices fabricated from monolayer 

TMDs so far. When the device is operated as a photodetector, the MoTe2 device 

exhibits a strong photoresponsivity at resonant wavelength 1145 nm. The low dark 

current of ~5pA and fast response time 5.06 ms are achieved due to the hBN 

tunnelling layer to prevent current leakage under dark condition.  
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In chapter 6, we continue to investigate the light emitting applications of monolayer 

TMDs based on different device configurations. An AC driven LED with large area 

electroluminescence emission will be presented.  An unsymmetrical pulsed carrier 

recombination mechanism has been revealed, which is induced by the initial doping 

in the light emitting material. Normally the initial doping in TMDs significantly 

weakens the PL emission, however, it helps increase the EL intensity and emission 

area in AC LED. Time resolved electroluminescence and temperature dependent 

time resolved electroluminescence measurements confirmed that the unsymmetrical 

pulsed carrier recombination is caused by initial doping of TMDs. Based on doped 

sample, the wavelength tunable EL emission at low temperature is observed, due to 

the exciton, trion and the defect emissions. The quantum efficiency of defect EL 

emission is 39.7 times larger than free exciton and trion EL emission.  

 

Finally, Chapter 7 presents the conclusion of this dissertation and future perspectives 

of the research in this field. 
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2. Experimental Techniques  

This chapter will describe in details all experimental techniques that have been used 

in this dissertation. It will also introduce many home-built setups that assists sample 

preparations and characterizations.  

 

2.1. Chemical Vapor Deposition (CVD) 

Chemical vapour deposition (CVD) is a coating process that uses thermally induced 

chemical reactions at the surface of a heated substrate, with reagents supplied in 

gaseous form. CVD is a high efficiency method that can be commercialized once 

robust recipe has been established. With decades’ of development, the CVD has been 

developed into different types, including plasma enhanced CVD (PECVD), low 

pressure CVD (LPCVD), metalorganic CVD (MOCVD), and ambient pressure CVD. 

In this section, we will mainly introduce the ambient pressure CVD and PECVD, 

which have been used in this thesis. The ambient pressure CVD system consists of 

two main parts. One is the centre tube furnace, which provides a designed 

temperature zone and also a designed inert gas atmosphere to protect samples. 

Another part is gas mass controller. This controller can precisely adjust carry gas 

flow rate that is transported into the tube.   

 

 

 

 

 

 

 

 

 

 

Figure 2. 1 Schematic of the ambient pressure CVD system used in this thesis. 

a

b
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Using growth of monolayer MoS2 as an example. The target substrate is placed face 

down to MoO3 on the quartz boat at downstream. The furnace heats up two 

precursors which are S and MoO3 powders. Then the two types of powders located in 

different location due to different evaporating temperature were evaporated into gas 

phase. The carry gas Ar is used to take sulphur vapor to MoO3 area and react with 

the MoO3 vapor. During the sulphurising process, the MoO3 becomes MoOx due to 

the loss of oxygen and then deposited onto substrate. With the sulphur continuously 

being pumped in, all the oxygen in MoOx are replaced by sulphur, forming MoS2. 

After the reaction, the monolayer and bulk MoS2 can be deposited onto the target 

substrate. 

 

The plasma enhanced CVD is used to prepare SiO2/Si substrate with desired SiO2 

thickness for increasing the optical contrast of few layer hBN. The PECVD used here 

is a Plasmalab 100 Dual Frequency Model. In the PECVD system, two power 

generators (13.56 MHz and 50 kHz - 450kHz) are connected through a matching 

network to the top electrode of the reactor; the bottom electrode is grounded and also 

serves as a sample holder. There reacting gases, including silane (SiH4), nitrous 

oxide (N2O) and nitrogen (N2), are used in the PECVD system. They are precisely 

sent into the reactor through the high accurate mass controllers. The plasma is ignited 

and maintained by the radio frequency (RF) electronic oscillations between the two 

electrodes. Firstly, the mixed reacting gases are converted into plasma, following the 

chemical reaction, which can be expressed as: 

𝑆𝑖𝐻4 + 4𝑁2𝑂 → 𝑆𝑖𝑂2 + 𝑁2 + 𝐻2𝑂 

The reaction gas flow rates are 9, 710 and 200 sccm for SiH4, N2O and N2, 

respectively. The plasma RF power is 20 W and the reaction temperature is 100 0C. 

The reaction time is 105 s. The chamber pressure is maintained at 650 mTorr. Under 

those conditions, a thickness of silicon oxide layer is ~80 nm is obtained and found 

to be the best for hBN contrast.[1] 
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2.2. Microscope  

2.2.1. Fluorescence Microscope 

Mechanical exfoliation is a common method to quickly prepare 2D materials. The 

exfoliated 2D flake is firstly loaded onto a gel film (purchased from Gel Pak). Then 

the flake will be checked under microscope to identify the thickness and layer 

number by optical contrast. However, the optical contrast of monolayer TMDs is 

typically small. Locating monolayer TMDs becomes a difficult and time-consuming 

task. Here, we modified the standard optical microscope to convert it to a 

fluorescence microscope for identifying monolayer samples.   

 

Figure 2. 2 Schematic of the modified fluorescence microscope. 

 

Thanks to the fact that the band gaps of monolayer TMDs are located in visible 

spectrum regime, hence the monolayer TMDs emit photon when they are excited by 

higher energy light. In this case, the microscope uses white LED as illumination 

source. The white LED usually consists of blue, green and red LEDs. A 500 short 

pass filter will be used to select only blue light component and then use it to excited 

TMDs samples. The 550 long pass filter is used to block excitation light. The emit 

photon from TMDs will be detected via a CMOS camera. For instance, the 

monolayer WS2 will emit red light, however, the bilayer or even more layer WS2 

flakes emissions are too weak to be detected by CMOS. Figure 2.3 present the 

images of a monolayer WS2 under normal microscope and fluorescent microscope. 
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Figure 2. 3 Comparison between microscope and fluorescent microscope image. a, 

1L freestanding WS2 microscope image. b, 1L freestanding WS2 fluorescent 

microscope image. 

 

The strong light emission gives a clear signature of the monolayer WS2. The 

freestanding area further enhances the signal strength. However, the relatively weak 

LED light used as light source in this modification limits the ability of exciting 

samples with weak fluorescence emissions. For example, monolayer MoS2 can not 

be identified by this fluorescence microscope because of its weak emission light. In 

order to extend the microscope working range, a laser source should be employed to 

replace the LED light source. The scanning mirror is also needed to fast scan the 

field of view. However, since these two items are typically expensive, they are not 

normally used for an economic home-made fluorescence microscope system. 

 

2.2.2. Phase Shift Interferometer  

Phase shift interferometer (PSI) is an optical system used to measure the optical path 

length (OPL) of the light incident into a material and then reflected out. This OPL 

value is typically decided by the optical refractive index of the materials and the 

thickness of the material. Through PSI, a series of images are acquired with each 

image having a well-controlled phase shift introduced by the Mirau interferometer 

objective lens. By comparing the OPL of 2D materials on substrate and the OPL of 

the pure substrate, one can extract the OPL difference that only originates from the 

target 2D materials. Figure 2.4 shows schematic of the PSI optical path. 

a b 
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Figure 2. 4 Schematic plot of the phase shifting interferometry (PSI) system. a, 

Schematic plot of the PSI system. b, Zoomed view of the Mirau interferometer 

(Adapter with permission from ref [2]). 

 

The Vecco NT9100 PSI system is used in this dissertation with a green LED light 

source at 535 nm and a 10 nm bandpass filter. More details about how to employ PSI 

into 2D material layer number characterizations will be demonstrated 

comprehensively in Chapter 3. 

 

2.3. Atomic Force Microscope 

Atomic Force Microscope (AFM) is a technique for high resolution scanning probe 

microscopy.[3] The information is gathered by sensing atomic force between the 

material surface and a mechanical probe. Typically, AFM operates under tapping 

mode or contact mode during the measurement. When the AFM takes images, it 

measures the force on a sharp tip created by the proximity to the sample surface, and 

this force is kept small and at a constant level with a feedback mechanism.[3] The tip 

is fastened to a cantilever spring that has a lower spring constant than the effective 

spring between two atoms and it will follow the sample contour when moving along 

the sample.[4] With sufficient sensitivity in the spring deflection sensor, the tip can 

reveal surface profiles with atomic resolution.[4] In this dissertation, a Bruker 

MultiMode Ⅷ AFM in ScanAsyst mode is used to measure the thickness of 

monolayer and few layer 2D materials. The cantilever used is NT-MDT CSG30 with 

a b 
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force constant of 0.6 Nm-1
 so that the cantilever is soft and flexible. Therefore, it will 

not damage the sample surface during the image scanning. 

 

2.4. Optical Spectroscopy Characterization Techniques 

In this section we will introduce some basic optical spectroscopy methods that 

commonly used for 2D materials characterisation. 

 

2.4.1. Raman Spectroscopy 

Raman spectroscopy comprises the family of spectral measurements made on 

molecular media based on inelastic scattering of monochromatic radiation. During 

this process energy is exchanged between the photon and the molecule such that the 

scattered photon is of higher or lower energy than the incident photon. The 

difference in energy is made up by a change in the rotational and vibrational energy 

of the molecule and gives information on its energy levels.[5] Therefore, Raman 

spectroscopy can be used to determine different 2D materials. The Raman 

spectroscopy used in this dissertation is the Horiba LabRAM system, which is 

equipped with a confocal microscope, a charge-coupled device (CCD) Si detector, 

and a 532 nm diode-pumped solid-state (DPSS) laser as the excitation source. The 

micro Raman system has installed two grating one is 150 gr/mm, and another is 1200 

gr/mm. For Raman measurement, the 1200 gr/mm grating will be used.  

  

2.4.2. PL Spectroscopy 

Photoluminescence spectroscopy is a contactless, versatile, non-destructive, powerful 

optical method of probing the electronic structure of materials. Light is directed onto 

a sample, where it is absorbed and imparts excess energy into the material in a 

process called photo excitation. One way this excess energy can be dissipated by the 

sample is through the emission of light, or luminescence. In the case of photo 

excitation, this luminescence is called photoluminescence. Thus, photoluminescence 

is the spontaneous emission of light from a material under optical excitation. This 

light can be collected and analysed spectrally, spatially, and also temporally. The 

intensity and spectral content of this photoluminescence is a direct measure of 
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various important material properties. Two PL Spectroscopy systems have been used 

in this dissertation. First one is commercial Horiba LabRAM system equipped with a 

charge-coupled device (CCD) Si detector and a liquid N2 cooling InGaAs detector. 

The 532 nm diode-pumped solid-state (DPSS) laser and a SuperK EXTREME 

supercontinuum laser are used as the excitation source. The second one is a home-

made micro PL system equipped with a Kymera 328i spectrograph and an ANDOR 

iDus 416 charge-coupled device. The solid-state Gem 532 laser from Laser Quantum 

and the NPI 1064 nm picosecond pulsed laser are used as the excitation laser source. 

The full picture of system schematic is shown in Figure 2.5. 

 

Figure 2. 5 Schematic plot of home-made micro PL system. 

 

The home-made system is designed for PL measurement and Second Harmonic 

Generation (SHG) measurement.  

 

2.4.3. Conditional PL Spectroscopy 

In this section, we will introduce different PL spectroscopy including temperature 

dependent PL, electrostatic gate dependent PL, and polarization resolved PL, time 

resolved PL. The PL spectrums under different temperature could provide rich 

information on carrier transport and some localized states in semiconductor materials. 

The gate dependent PL and polarization resolved PL techniques are widely used to 

investigate the exciton optical behaviours and polarized emission light from exciton 

recombination in 2D materials. Time resolved PL can be used to get information of 



Chapter 2: Experimental Techniques 

Yi Zhu – August 2020                                                          39 

 

the carrier dynamics in time regime. The carrier lifetime can be extracted by this type 

of measurement. Combined those conditional PL spectrums, the full physical picture 

of electronic and optical properties of studied 2D materials can be obtained.  

 

2.4.3.1. Temperature Dependent PL Spectroscopy 

Temperature dependent PL measurement can be further performed by placing 

samples in two type of low temperature cryostats. For temperature to ~80 K, the 

liquid N2 is used and couple with a Linkam THMS 600 cryostat. For temperature 

cooling down to ~4K, the Janis ST-500 liquid Helium cryostat is used to load 

samples. The liquid N2 is circulating with the Linkam TP94 liquid nitrogen controller, 

while the liquid Helium is pumping into ST-500 cryostat and then recycled via 

helium pipes that connected into the He recycle centre in the school building. The 

Linkam THMS 600 cryostat can directly fit into the PL system. However, the ST-500 

cryostat can only be fitted into TRPL system, which will be introduced in later 

section. Moreover, ST-500 cryostat will need pump to vacuum before cooling down 

the temperature. 

 

2.4.3.2. Electrostatic Gate Dependent PL Spectroscopy 

The low temperature gate dependent PL measurement is performed with either 

Linkam THMS 600 or ST-500 cryostat. The Linkam THMS 600 is equipped with 4 

probes, and the electrical signal can be directly applied onto the substrate with probe 

contact. The ST-500 is equipped with an additional electrical feedthrough. The 

sample is required to be wire bonded or soldered to the electrical feedthroughs. The 

gate voltage is applied with Keithley 4200-SCS Parameter Analyzer. The triaxial 

cables are used to make electrical connection in order to reduce the signal noise. 

 

2.4.3.3. Polarization Resolved PL Spectroscopy 

For the polarization resolved PL measurement, it can be performed as excitation 

polarization dependent or emission polarization dependent. As shown in Figure 2.6, 

the 532 nm solid state laser source is linear polarized. One half-wave plate will be 

inserted into excitation beam path.  
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Figure 2. 6 Schematic plot of the optical path in polarization dependent PL 

measurement (Adapted with permission from ref [6] Copyright 2016 American 

Chemical Society). 

 

By rotating the half-wave plate, the polarization angle of the excitation laser beam 

can be rotated. Every one degree of half wave plate change will result in two-degree 

change of excitation polarization angle. If the emission signals from the sample is 

polarized light, then they can be distinguished by the polarizer that has been inserted 

into the emission beam path. The polarizer only allows light pass though when the 

light polarization aligns with polarizer itself. By rotating 360 degrees of polarizer, 

one can obtain the polarization information from emission signals. 

 

2.4.3.4. Time-resolved PL/EL Spectroscopy 

Differed from steady state PL spectroscopy, time-resolved PL (TRPL) spectroscopy 

is a transient PL measurement. It can give the ultrafast optical decay information, 

which can be used as study of photon dynamic. By statistically analysing the time 

difference between the laser pulse and the photon recorded time by the avalanche 

photodetector, the carrier lifetime of TMDs can be extracted. The carrier lifetime in 

TMDs provides the information of the average time that carriers can stay in excited 

states after the electron-hole generation and before the recombination. The equation 

for it can be written as: 

1

𝜏𝑚𝑒𝑎𝑠𝑢𝑟𝑒
= 

1

𝜏𝑛𝑟
+ 

1

𝜏𝑟
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where 𝜏𝑛𝑟  is the non-radiative recombination lifetime and 𝜏𝑟  is the radiative 

recombination lifetime. 𝜏𝑚𝑒𝑎𝑠𝑢𝑟𝑒 can be obtained by fitting the TRPL decay curve.[7] 

Figure 2.7 shows the schematic diagram of the TRPL system used in this work. 

 

Figure 2. 7 Schematic diagram of the TRPL system ((Adapter with permission from 

ref [7] Copyright 2015 American Chemical Society). 

In the system, a 300 fs pulsed laser has been used, for a time resolution up to 50 ps. 

The pulsed laser wavelength is frequency doubled to 522 nm with 20.8 MHz 

repetition rate. A time-correlated single photon counting TCSPC system is used as 

time tagger. PL signal is collected by a grating spectrometer, by either recording the 

PL spectrum through a Si CCD (Princeton Instruments, PIXIS) or detecting the PL 

intensity decay by a Si single photon avalanche diode (SPAD) and the TCSPC 

(PicoHarp 300) system. A neutral density filter wheel is used to control the laser 

excitation power. 

 

2.4.4. Anglular Dependent Second Harmonic Generation  

Second harmonic generation (SHG) is a nonlinear optical process. When two 

photons with same frequency interact with a nonlinear crystal, then two photons 

combine and emit a new photon with twice photon energy than initial photon. The 

2D TMDs with odd layer numbers have been demonstrated to have the nonlinear 

property. The SHG signal can be detected in monolayer, triple layer, five-layer, and 
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etc 2D TMDs. Interestingly, the SHG signal intensity is very sensitive to the TMDs 

crystal orientation. Therefore, the angular dependent SHG measurement are 

commonly used in determining the 2D TMDs orientation. The NPI 1064 nm 

picosecond pulsed laser has been used in SHG measurement. The total angle 

dependent SHG setup is shown in Figure 2.8. 

 

Figure 2. 8 Schematic plot of the angle dependent SHG setup. 

 

The 900 nm long pass filter is used to block light residual that generated from laser 

head and only let 1064 nm near infrared laser pass through. In order to measure the 

angle dependent SHG signal, the half-wave plate in excitation side and polarizer in 

emission side are required to rotate simultaneously with exactly the same degrees. 

The 600 nm short pass filter used in emission side ensures the signal cleanness to 

increase the signal to noise ratio. 

 

2.4.5. Electroluminescence Spectroscopy  

The electroluminescence (EL) measurement is a key experiment for LED 

characterization. The optical signal is collected by the commercial Horiba LabRAM 

system equipped with a charge-coupled device (CCD) Si detector, a liquid N2 

cooling InGaAs detector, and a Kymera 328i spectrograph with an ANDOR iDus 

416 charge-coupled device. Different from PL measurement, the excitation laser 

source has been replaced by electrical components. For DC driven LED device, the 

Keithley 4200-SCS Parameter Analyzer is used as a voltage and current source to 

drive the device. For AC driven LED device, the function generator and a signal 

amplifier has been used in the measurement. The schematic of the whole 



Chapter 2: Experimental Techniques 

Yi Zhu – August 2020                                                          43 

 

measurement setup is shown in Figure 2.9. The Linkam THMS 600 cryostat is used 

as sample stage. 

 

Figure 2. 9 Schematic plot of the electroluminescence setup. 

 

2.5. Device Fabrication 

2.5.1 Photolithography 

Photolithography is a commonly used technique to define specific patterns in 

semiconductor research and industry.[8] In this work, photolithography has been used 

to pattern micro-size electrodes on top of SiO2/Si substrates. It consists of several 

steps, including substrate cleaning, photoresist spin-coating, mask alignment, ultra-

violet (UV) light exposure and development. Figure 2.10 shows the schematic plot of 

the photolithography process. 

 

Figure 2. 10 Schematic plot of the photolithography process with positive photoresist. 

 

During the process, the SiO2/Si substrate (265 nm thermal oxide on n+-Si) is firstly 

cleaned with acetone and isopropanol and baked on a hotplate for 2 min at 100 °C. 

For photoresist spin-coating process, LOR 3A lift-off photoresist and AZ MIR 701 

positive photoresist are spin-coated subsequently. LOR 3A is spin coated onto the 
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clean substrate at 500 rpm for 5 s and 4000 rpm for 45 s, followed by prebake of 2 

min at 180 °C with a UniTemp GmbH HPP-155-L hotplate. Then the AZ MIR 701 

positive photoresist is spin-coated at 500 rpm for 5 s and 6000 rpm for 1 min, 

followed by prebake of 2 min at 85 °C with the same hotplate. The photolithography 

mask is designed with Raith 150 e-beam lithography software, as shown in Figure 

2.11.  

 

Figure 2. 11 The design of photolithography mask. 

 

After spin coating with designed photoresist, photolithography mask is aligned with 

the substrate using a Karl Suss MA6/BA6 mask aligner and the gap between mask 

and substrate is 20 µm. The substrate coated with LOR 3A and AZ MIR 701 is 

exposed for 35 s in soft contact mode with UV light in the wavelength range of 280-

350 nm. In the last step, the exposed substrate is developed in AZ 726 MIF developer 

for 45-60 s, depending on the development results. After development, the wafer is 

checked with an optical microscope for the outcome of the photolithography process. 

 

2.5.2 Electron Beam Evaporator 

With designed patterned obtained by the photolithography, SiO2/Si substrates with 

photoresist patterns are loaded into a Temescal BJD-2000 electron beam thermal 

evaporator to deposit 5 nm of Ti and 100 nm of Au thin film for electrical contact 
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fabrication. Electron beam evaporation is a high vacuum deposition technique where 

electron beam is used to heat the target metal to above its melting point, resulting in 

its evaporation and deposition as thin film onto the substrates. In our experiment, the 

deposition rate for Ti and Au thin film is 0.5 Å/s and 2 Å/s, respectively. The 

deposition happens at room temperature, and the filament current is 30 A and the 

emission current is 338 mA. 

 

2.6. Home-built Temperature Controller 

The mechanical exfoliated monolayer is firstly loaded onto gel films, then the 

monolayer is dry transferred to target SiO2Si substrate. However, the difficulty is 

increasing as stacking multiple monolayer or few layer TMDs together. To overcome 

this issue, increasing the substrate temperature will increase the adhesion force 

between TMDs and SiO2/Si substrate. The small heat plate is required to fit into 

transfer platform. Therefore, the home-made temperature controller with a Peltier 

plate is used due to the small size of the plate. The temperature controller is made 

from the Arduino UNO, and the PID close loop control algorithm is achieved by 

using a thermocouple. Figure 2.12 shows the real design of the temperature 

controller. The temperature control range is ranging from -2 0C to 150 0C. 

 

Figure 2. 12 The image of the home-built temperature controller. 

 

2.7. Home-built Micro Manipulator 

The electrode transfer method is used in some fast electrode contact task.[8] The pre-

patterned Au electrode bars are cut by the micro manipulator. The cut Au bars are 
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peeled off and then dropped onto designed TMDs device as electrodes. The micro 

manipulator consists of a three-axis translation stage and a tungsten probe holder. 

The diameter of the tungsten probe tip is only 1 µm. 

 

2.8. Summary 

In this chapter, all the experimental techniques that have been used in this thesis have 

been briefly introduced, with a typical research flow starting firstly from CVD 

growth or mechanical exfoliation of 2D material samples. Then AFM and PSI 

techniques have been used to determine the thickness and layer number of prepared 

2D materials. Raman and PL spectroscopy are intensively used to probe the optical 

properties of the 2D samples. Temperature dependent and gate dependent PL 

spectroscopy will help to understand the underlying exciton behaviours and the 

physical picture of the exciton and many body dynamics. Time-resolved PL 

measurement is carried out to extract the carrier lifetime of 2D materials. Then micro 

fabrication methods such as photolithography and electron beam evaporation are 

used to fabricate 2D materials-based devices including field effect transistors, 

photodetectors and LEDs. The electrical properties of the devices are characterized 

by Keithley 4200 Semiconductor Parameter Analyzer. Finally, the optoelectronic 

properties are characterized by electroluminescence spectroscopy and time resolved 

EL measurements.   
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3. Identify 2D Materials Thickness by Phase Shift 

Interferometer 

Two dimensional materials, such as transition metal dichalcogenides (TMDs) and 

black phosphorus, exhibit novel electrical and optical properties compared with their 

bulk forms and thus have great potential for future electronic and optoelectronic 

applications. Currently, atomic force microscopy (AFM), the most common method 

used to determine the thickness of two-dimensional (2D) materials, has some 

limitations due to its low scan speed and inevitable invasion. Fast and non-invasive 

identification of layer numbers of these 2D materials is worthy to develop for 2D 

materials field. In this chapter, we will introduce the phase-shifting interferometry 

(PSI), which has been demonstrated as a rapid and non-invasive method to identify 

the surface topography of 2D materials. It provides much convenience for future 2D 

material studies. 

 

3.1. Motivation and Advantages of the PSI  

Driven by vast achievements in recent studies of graphene,[1-6] other 2D materials, 

like MoS2, WS2 and phosphorene have attracted further attention due to their 

extraordinary electrical and optical properties.[7-15] Interestingly, many of the novel 

properties are highly related to the material thickness. The band gap nature of many 

2D materials presents strongly layer dependence, for example, the band structure of 

TMD materials, such as MoS2 and WSe2,
[16, 17] will change from indirect to direct as 

the material thinned from bulk to monolayer. In nonlinear optics, 2D layered 

materials like WS2 and 2H-stacked MoS2 have been reported as potential 

semiconducting materials for future nonlinear optoelectronic devices due to their 

strong second harmonic generation (SHG).[18-20] However, the strong SHG can only 

be observed in these 2D materials with odd layer number because of the broken 

inversion symmetry.[21] Hence, how to determine the layer number of 2D materials 

becomes critical for fundamental research of 2D materials. Currently, atomic force 

microscope (AFM), transmission electron microscope (TEM), and even scanning 

tunnelling microscope (STM) are used to obtain materials’ surface information. All 

these characterization methods need complicated loading process or very long 

sample preparation time. However, some materials such as phosphorene[14] and 
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perovskite[22] decompose rapidly in ambient atmosphere, greatly limiting the 

measurement accuracy of above methods. Here, we demonstrate that the method of 

phase-shifting interferometry (PSI) to directly detect surface topography of target 2D 

materials. Compared with aforementioned characterization methods, PSI has many 

advantages, including fast response, easy sample loading, and one-step, non-invasive 

measurement, etc. In this work, we demonstrate the feasibility and capability of PSI 

method by comparing OPL values with AFM measured results for different cases. 

With deep analysis of light interference physics in PSI, we successfully built a 

simulation model and show that our statistical experimental data agree well with the 

simulation results. This optical interferometry method provides a new approach for 

future 2D material surface topography characterization. 

 

3.2. Working Principle of the PSI     

Interference is a phenomenon already been used in film thickness study since it was 

first reported. Famous experiments like Newton’s ring and air wedge interference are 

all early stage work and have been employed in some equipment such as Air-wedge 

shearing interferometer, Newton interferometry, Fresnel interferometry, etc.[24, 25] 

Here we report a phase-shifting interferometry (PSI) system to investigate the surface 

topography of thin-layer 2D materials. Basically, the PSI system analyses the 

digitized interference data obtained from a well-controlled phase shift introduced by 

the Mirau interferometer and then provides OPL responses after complicated 

mathematical calculation.[26, 27] The PSI system (Vecco NT9100) used in our 

experiments operates with a green LED light source centred near 535 nm with a 10 

nm band-pass filter.[28] Figure 3.1 a shows the schematic of our PSI system. The 

whole system consists of light source, detector, Mirau interferometer and other 

optical components. The illumination from the light source passes a series of lens to 

the beam splitter and is split into two parts. One beam goes to the detector directly as 

the reference light. Another beam of light passes through microscope objective and 

Mirau interferometer and finally reach the target sample. After interacting with 

sample material, the reflection light carrying phase information goes back to detector. 

During this process, the sample stage is fixed. To complete data collection, a well-

controlled phase shift needs to be introduced to the system. The Mirau interferometer 

plays a significant role in that and its schematic is shown in Figure 3.1 b. Mirau 
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interferometer can be integrated in a microscope objective. At the semi-transparent 

mirror, the source light is split into a reference beam and a sampling beam, indicated 

as line 2-1-3 and line 2-4-3, respectively. These two beams recombine to form a 

reference image. By changing the distance between microscope objective and sample, 

interference images can be acquired at a sequence of phase differences of 0, λ/4, λ/2, 

3λ/4. These phase differences are what we want to introduce, and the specific 

mathematical explanations are shown in supporting information. By understanding 

PSI system setting, we can generate common equations of optical thickness and 

optical path difference.  

ℎ(𝑥, 𝑦) =
𝜆𝜙(𝑥, 𝑦)

4𝜋
 

𝑂𝑃𝐷(𝑥, 𝑦) = 2ℎ(𝑥, 𝑦) =
𝜆𝜙(𝑥, 𝑦)

2𝜋
 

where 𝜙(𝑥, 𝑦) is the measured phase shifts, 𝜆 is the wavelength of light source. Here, 

we want to use this method to obtain topography information of 2D TMD materials. 

We use optical path length (OPL) to correlate with surface thickness. 

𝑂𝑃𝐿𝑇𝑀𝐷 = −(𝑂𝑃𝐷𝑇𝑀𝐷 − 𝑂𝑃𝐷𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒) = −
𝜆

2𝜋
(𝜙𝑇𝑀𝐷 − 𝜙𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒) 

𝜆 is the wavelength of light source, 𝜙𝑇𝑀𝐷  and 𝜙𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒  are the measured phase 

shifts of related light from the TMD material flake and the substrate, respectively. 

The mathematical derivation is discussed in detail in supporting information. Figure 

3.1 c shows the schematic plot of light interacts with our sample. Three important 

parameters, including substrates, refractive index of materials and the wavelength of 

light source will influence our measured optical path length (discuss later).  
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Figure 3. 1 Schematic plot of the phase shifting interferometry (PSI) system. a, 

Schematic plot of the PSI system. b, Zoomed view of the Mirau interferometer. 1. 

Reference mirror; 2. First reflection of the reference beam; 3. Third reflection of the 

reference beam; 4. Reflection of the test/objective beam; 5. Semi-transparent mirror. 

2-1-3 represents the reference beam and 2-4-3 represents the test/objective beam. c, 

Schematic plot indicating the PSI measured phase shifts of the reflected light from 

the TMD material flake (𝜙TMD) and the substrate(𝜙substrate). (Adapter with permission 

from ref [23]). 

 

3.3. Demonstration of the identification thickness of MoS2
 by PSI 

After further understanding of the PSI principle, we immediately realized that it can 

be a good method to identify the layer number of 2D material, especially for very-

few-layer vulnerable samples. To testify its feasibility, thin-layer MoS2 samples were 

mechanically exfoliated onto a SiO2/Si substrate (275 nm thermal oxide). The sample 

was first characterized by an optical microscope. Different colours from different 

sample areas in the optical microscope image indicate different layer numbers 

(Figure 3.2 a). Afterwards, the same sample was measured by PSI (Figure 3.2 b and 

c), two huge step changes (38 nm and 86 nm) were observed, showing a direct 

relationship between the OPL and the layer number, marked as 1L MoS2 and 2L 

MoS2, respectively. Subsequent to PSI measurements, the layer thickness was also 

confirmed by AFM scanning (Figure 3.2 d).  Step differences of 0.7 nm and 0.74 nm 

were identified to be corresponding to mono- and bi-layer MoS2. The AFM scanning 

further demonstrates the robust identification of the layer number by PSI. Besides, 

the real thickness ~0.7 nm of the MoS2 flake is amplified by more than 50 times in 

the optical interferometry, which indicates that optical interferometry highly 

𝜙𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒  𝜙𝑇𝑀𝐷 c 
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enhances the resolution of layer identification. The OPL measurement in our 

experiment is compatible with previous results.[29] 

                 

 

 

 

 

 

 

 

Figure 3. 2 Robust identification of mono- and few-layer MoS2 on SiO2 by phase 

shifting interferometry (PSI). a, Optical microscope image of a monolayer and a 

bilayer MoS2 (labeled as “1L” and “2L”). b, PSI image of the same MoS2 as dash 

box indicated in (a). c, PSI measured optical path length (OPL) values along the dash 

line indicated in (b). d, AFM image of 1L to 2L MoS2 indicated in the dash line 

boxes in (a). 

 

3.4. Substrate dependent PSI measurement 

As we mentioned above, three parameters including substrates, refractive indices of 

materials and the wavelength of light source, will influence the OPL measurements. 

The impact of substrates on OPL measurements will be firstly discussed. Here, the 

OPL values of the same TMD materials (MoS2 randomly chosen) on different 

substrates were investigated. We characterized multiple MoS2 mono- and few-layer 
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samples on gold, SiO2/Si (275 nm thermal oxide SiO2), and fused silica to obtain 

statistical OPL values of MoS2 on different substrates (Figure 3.3). The measured 

OPL values agree very well with our theoretical simulations and show a perfect 

linear relationship with layer number. Interestingly, OPL values can be either 

positive or negative with different substrates (Figure 3.3 a, c and e). From the 

equation we generated, the OPL is proportion to phase shift between light coming 

out from TMD materials and the substrate, which is 𝜙𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 − 𝜙𝑇𝑀𝐷. For fused 

silica substrate, phase shift of TMD materials comparing to the substrate is negative, 

while the phase shift is positive for TMD materials on gold or SiO2/Si substrate. 

Meanwhile, SiO2/Si substrate offers a better condition for generating a giant OPL of 

thin-layer MoS2, which are about an order of magnitude larger than those from gold 

and fused silica substrates.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 2 4 6 8 10

0

1

2

3

4

5

6

7

O
p
ti
c
a
l 
p
a
th

 l
e
n
g
th

 (
n
m

)

Scan distance (m)

 

 

Substrate5 μm

0 1 2 3
0

2

4

6

8

10

12

14

 Simulation

 Experiment

O
p

ti
c
a

l 
p

a
th

 l
e

n
g

th
 (

n
m

) 

Layer number
 

 

Au

 𝑀     𝑢

a b 

0 2 4 6 8

0

10

20

30

40

O
p

ti
c
a

l 
p

a
th

 l
e

n
g

th
 (

n
m

)

Scan distance (m)

 

 

Substrate4 μm

0 1 2 3
0

20

40

60

80

100

120

140

 Simulation

 Experiment

O
p

ti
c
a

l 
p

a
th

 l
e

n
g

th
 (

n
m

) 

Layer number

 

 

 𝑀        

SiO2

Si

c d 



Optoelectronic Devices Based on Two Dimensional Materials 

54                                                         Yi Zhu – August 2020 

 

 

 

 

 

 

 

 

 

Figure 3. 3 Experimental and simulated OPL values of mono- and few-layer of MoS2 

on different substrates (Au, SiO2/Si and Fused Silica). a, PSI measured optical path 

length (OPL) profile of MoS2 on gold substrate. Inset picture is PSI image of target 

area and solid line is our OPL scan section. b, statistical OPL values of MoS2 on gold 

substrate from 1L to 3L with simulation values. c, PSI measured OPL curve of MoS2 

on SiO2 substrate alone with solid line indicated in inset PSI image. d, statistical OPL 

values of MoS2 on SiO2 substrate from 1L to 3L with simulation values. e, PSI 

measured OPL curve of MoS2 on Fused Silica substrate alone with solid line 

indicated in inset PSI image. f, statistical OPL values of MoS2 on Fused Silica 

substrate from 1L to 3L with simulation values. For each layer number on these three 

different substrates, at least five samples were characterized to get the statistical 

values, with error bar shown. 

 

3.5. 2D material dependent PSI measurement 

After investigating the effect of different substrates to OPL, here we pick up different 

2D materials to test robustness of the PSI system. Firstly, theoretical simulations 

were carried out to determine the OPL values on SiO2/Si substrates for different 2D 

materials with constant thickness 0.67 nm, shown as the solid line in Figure 3.4 a. 

Obviously, the OPL values increase rapidly with the increase of material refractive 

index. The OPL values for specific 2D materials, including 0.67 nm SiO2, 1L (0.42 

nm) boron nitride, 1L (0.34 nm) graphene, 1L (0.65 nm) phosphorene, 0.67 nm Si 

and 1L (0.67 nm) MoS2 are also presented in Figure 3.4 a marked as solid spheres 
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with different colours. The solid spheres corresponding to materials with thickness of 

0.67 nm sit on the solid line, which confirms the adequacy of our simulation model. 

The statistical average OPL values with standard error and theoretically calculated 

OPL values for monolayer (1L) to trilayer (3L) phosphorene, hexagonal boron 

nitride (hBN) and graphene are presented in Figure 3.4 b, c and d, which is consistent 

with previous reports.[14, 28, 30, 31] The OPL values collected with our PSI system of 1L 

to 3L phosphorene are 21.99 ± 3.57 nm, 43.77 ± 3.26 nm and 61.45 ± 3.36 nm; the 

OPL values for 1L to 3L for hBN are 1.83 ± 0.29 nm, 4.45 ±0.21 nm and 6.09 ± 0.08 

nm; and the OPL values for 1L to 3L graphene are 3.86 ± 0.62 nm, 6.06 ± 1.04 nm 

and 9.86 ± 0.80 nm. All the measured and calculated OPL values for these 

semiconductors show a good linear relationship with layer number and consist well 

with each other.  
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Figure 3. 4 OPL values of mono- and few-layer of selected TMD materials (Black 

Phosphorene, h-Boron Nitride and Graphene).  The calculated OPL values of 0.67 

nm SiO2, 1L (0.42 nm) h-boron nitride, 1L (0.34 nm) graphene, 1L (0.65 nm) 

phosphorene, 0.67 nm Si and 1L (0.67 nm) MoS2 are represented by markers. Solid 

black line is our OPL simulation results as a function of refractive index. b, statistical 

OPL values of phosphorene samples from 1L to 3L compared with numerical 

simulation OPL values. c, statistical OPL values of h-boron nitride samples from 1L 

to 3L compared with numerical simulation OPL values. d, statistical OPL values of 

graphene samples from 1L to 3L compared with numerical simulation OPL values. 

For each layer number of these three semiconductors, at least five samples were 

characterized to get the statistical data, with error bar shown. 

 

3.6. Wavelength dependent PSI measurement 

For the PSI measurements, a non-focused and low-density 535 nm green light 

generated from a light-emitting diode is the only light source in our PSI system, and 

thus the impact of the wavelength of light source to OPL values cannot be 

demonstrated in the experiments. Unlike other methods such as confocal Raman 

system, this non-focused light source is a non-invasive source and causes almost no 

damage to our samples, making it especially favourable for vulnerable materials such 

as phosphorene.  

 

3.7. Summary      

In summary, we have demonstrated a rapid, non-invasive, highly accurate and easy-

to-operate approach to identify the surface topography of different 2D materials on 

different substrates by using phase-shifting interferometry. We showed the 

robustness of PSI for identifying the layer number of 2D materials by comparing 

with AFM results. Meanwhile, PSI also presents extremely high resolution in 

determining the layer number because of the giant OPL. Furthermore, the impact of 

substrates, refractive indices of different materials and the wavelength of light source 

on OPL values are discussed to better understand the principle of phase-shifting 

interferometry. Our measured OPL values of different materials on different 

substrates show a linear relationship with layer numbers and consist very well with 
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calculations, demonstrating that PSI can be used as a fast and non-invasive method to 

characterize the layer number of 2D materials. 

 

3.8. Experiment 

Sample preparation. All samples were transferred onto substrates by mechanically 

exfoliated from their bulk material using GEL film. For rapid degradation material, 

black phosphorus, the sample was rapidly measured after it first be prepared to keep 

measurement accurate.  

Sample Characterization. PSI measurement was carried out with a Vecco NT9100 

phase-shifting interferometry. AFM measurement was carried out in ambient 

atmosphere at room temperature by a Bruker Multi-Mode III atomic force 

microscopy. 
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Appendix: 

Supporting Information for Chapter 3 

 

1. Phase-shifting interferometry (PSI) working principle 

PSI is used to investigate surface topography based on analyzing the digitalized 

interference data obtained during a well-controlled phase shift introduced by the 

Mirau interferometer.[1] PSI is capable of measuring the optical path length within an 

error of 𝜆/1000 , where 𝜆  is the wavelength of light. The PSI system (Vecco 

NT9080) used in our experiments operates with a green LED source centered near 

532 nm by a 10 nm band-pass filter.[2] 

 

The working principle of our PSI system is as follows.[3] For simplicity, wave front 

phase will be used for analysis. The expressions for the reference and test wavefronts 

in the phase shift interferometer are: 

𝑤𝑟(𝑥, 𝑦) = 𝑎𝑟(𝑥, 𝑦)𝑒
 𝜙𝑟(𝑥,𝑦)                                                (S1) 

𝑤𝑡(𝑥, 𝑦, 𝑡) = 𝑎𝑡(𝑥, 𝑦)𝑒
 [𝜙𝑡(𝑥,𝑦)+𝛿(𝑡)]                                        (S2) 

where 𝑎𝑟(𝑥, 𝑦) and 𝑎𝑡(𝑥, 𝑦) are the wavefront amplitudes, 𝜙𝑟(𝑥, 𝑦) and 𝜙𝑡(𝑥, 𝑦) are 

the corresponding wavefront phases, and 𝛿(𝑡)  is a time-dependent phase shift 

introduced by the Mirau interferometer. 𝛿(𝑡) is the relative phase shift between the 

reference beam and the test beam. 

 

The interference pattern of these two beams is: 

𝑤 (𝑥, 𝑦, 𝑡) = 𝑎𝑟(𝑥, 𝑦)𝑒
 𝜙𝑟(𝑥,𝑦) + 𝑎𝑡(𝑥, 𝑦)𝑒

 [𝜙𝑡(𝑥,𝑦)+𝛿(𝑡)]                      (S3) 

The interference intensity pattern detected by the detector is: 

𝑰 (𝑥, 𝑦, 𝑡) = 𝑤 
∗(𝑥, 𝑦, 𝑡) ∗ 𝑤 (𝑥, 𝑦, 𝑡) = 𝑰′(𝑥, 𝑦) + 𝑰′′(𝑥, 𝑦)cos[𝜙(𝑥, 𝑦) + 𝛿(𝑡)]        

(S4) 
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where 𝑰′(𝑥, 𝑦) =  𝑎𝑟
2(𝑥, 𝑦) + 𝑎𝑡

2(𝑥, 𝑦)  is the averaged intensity, 𝑰′′(𝑥, 𝑦) =

2𝑎𝑟(𝑥, 𝑦) ∗ 𝑎𝑡(𝑥, 𝑦) is known as intensity modulation and 𝜙(𝑥, 𝑦)  is the wavefront 

phase shift 𝜙𝑟(𝑥, 𝑦) − 𝜙𝑡(𝑥, 𝑦). 

 

From the above equation, a sinusoidally varying intensity of the interferogram at a 

given measurement point as a function of  𝛿(𝑡) is shown below: 

 

 

Figure S1 ǀ Variation of intensity with the reference phase at a point in an 

interferogram. 𝑰′(𝑥, 𝑦) is the averaged intensity, 𝑰′′(𝑥, 𝑦) is the half of the peak-to-

valley intensity modulation and 𝜙(𝑥, 𝑦)is the temporal phase shift of this sinusoidal 

variation. 

 

𝛿(𝑡)  is introduced by the Mirau interferometer. When the Mirau interferometer 

gradually moves toward the sample platform, the optical path length (OPL) of the 

test beam decreases while the OPL of the reference beam keeps invariant.  

 

The computational method of PSI is the four-step algorithm, which needs to acquire 

four separate recorded and digitalized interferograms of the measurement region. For 

each separate and sequential recorded interferograms, the spacing phase shift is: 
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𝛿(𝑡 ) = 0,
𝜋

2
, π,

3π

2
;   𝑖 = 1,2,3,4                                            (S5) 

Substitute these four values into the equation S4, the following four equations 

describing the four measured intensity patterns of the interferogram are given: 

𝑰1(𝑥, 𝑦) =  𝑰
′(𝑥, 𝑦) + 𝑰′′(𝑥, 𝑦)cos[𝜙(𝑥, 𝑦)]                                     (S6) 

𝑰2(𝑥, 𝑦) =  𝑰
′(𝑥, 𝑦) + 𝑰′′(𝑥, 𝑦)cos[𝜙(𝑥, 𝑦) +

𝜋

2
]                              (S7) 

𝑰3(𝑥, 𝑦) =  𝑰
′(𝑥, 𝑦) + 𝑰′′(𝑥, 𝑦)cos[𝜙(𝑥, 𝑦) + π]                              (S8) 

𝑰4(𝑥, 𝑦) =  𝑰
′(𝑥, 𝑦) + 𝑰′′(𝑥, 𝑦)cos[𝜙(𝑥, 𝑦) +

3π

2
]                             (S9) 

After the trigonometric identity, it yields:   

𝑰1(𝑥, 𝑦) =  𝑰′(𝑥, 𝑦) + 𝑰′′(𝑥, 𝑦)cos[𝜙(𝑥, 𝑦)]                                S10) 

𝑰2(𝑥, 𝑦) =  𝑰
′(𝑥, 𝑦) − 𝑰′′(𝑥, 𝑦)sin[𝜙(𝑥, 𝑦)]                               (S11) 

𝑰3(𝑥, 𝑦) =  𝑰
′(𝑥, 𝑦) − 𝑰′′(𝑥, 𝑦)cos[𝜙(𝑥, 𝑦)]                              (S12) 

𝑰4(𝑥, 𝑦) =  𝑰
′(𝑥, 𝑦) + 𝑰′′(𝑥, 𝑦)sin[𝜙(𝑥, 𝑦)]                               (S13) 

The unknown variables 𝑰′(𝑥, 𝑦), 𝑰′′(𝑥, 𝑦) and 𝜙(𝑥, 𝑦) can be solved by only using 

three of the four equations; but for computational convenience, four equations are 

used here. Subtracting equation S11 from equation S13, we have: 

𝑰4(𝑥, 𝑦) − 𝑰2(𝑥, 𝑦) =  2𝑰′′(𝑥, 𝑦)sin[𝜙(𝑥, 𝑦)]                          (S14) 

And subtract equation S12 from equation S10, we get: 

𝑰1(𝑥, 𝑦) − 𝑰3(𝑥, 𝑦) =  2𝑰′′(𝑥, 𝑦)cos[𝜙(𝑥, 𝑦)]                        (S15) 

Taking the ratio of equation S14 and equation S15, the intensity modulation 𝑰′′(𝑥, 𝑦) 

will be eliminated as following: 

𝑰4(𝑥,𝑦)−𝑰 (𝑥,𝑦)

𝑰1(𝑥,𝑦)−𝑰3(𝑥,𝑦)
= tan[𝜙(𝑥, 𝑦)]                                         (S16) 

Rearrange equation S16 to get the wavefront phase shift term 𝜙(𝑥, 𝑦): 

𝜙(𝑥, 𝑦) = tan−1
𝑰4(𝑥,𝑦)−𝑰 (𝑥,𝑦)

𝑰1(𝑥,𝑦)−𝑰3(𝑥,𝑦)
                                           (S17) 
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This equation is performed at each measurement point to acquire a map of the 

measured wavefront.  Also, in PSI, the phase shift is transferred to the surface height 

or the optical path difference (OPD): 

ℎ(𝑥, 𝑦) =
𝜆𝜙(𝑥,𝑦)

4𝜋
                                                     (S18) 

𝑂𝑃𝐷(𝑥, 𝑦) =
𝜆𝜙(𝑥,𝑦)

2𝜋
                                                  (S19) 

Here, the OPL of the MoS2 flake is calculated as:  

𝑂𝑃𝐿𝑀   =  −(𝑂𝑃𝐷𝑀   − 𝑂𝑃𝐷    ) = −
𝜆

2𝜋
(𝜙𝑀   − 𝜙    )                        (S20) 

where 𝜆 is the wavelength of the light source, 𝜙𝑀    and 𝜙     are the measured 

phase shifts of the reflected light from the MoS2 flake and the SiO2 substrate, 

respectively. In our experiments, 𝜙     was typically set to be zero. 

 

2. Positive and negative phase shift for TMD on different substrates 

The positive and negative OPL values have both been observed in Figure 3.3. When 

MoS2 layer sits on top of the SiO2, it yields the positive OPL value. However, the 

negative OPL value has been achieved when MoS2 is on top of Si. From equation of 

S20, we have: 

𝑂𝑃𝐿𝑀   =  −(𝑂𝑃𝐷𝑀   − 𝑂𝑃𝐷    ) = −
𝜆

2𝜋
(𝜙𝑀   − 𝜙    )            (S20) 

𝑂𝑃𝐿𝑀   =  −(𝑂𝑃𝐷𝑀   − 𝑂𝑃𝐷  ) = −
𝜆

2𝜋
(𝜙𝑀   − 𝜙  )             (S21) 

The phase shift difference between MoS2 and SiO2 is negative, while the phase shift 

difference between MoS2 and Si is positive. Hence, it causes positive and negative 

OPL values. The only difference between SiO2 and Si substrate is their refractive 

index. Hence, we have simulated the OPL as a function of substrate refractive index, 

as shown in Figure S2.  
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Figure S2 ǀ Substrate refractive index dependent optical path length. SiO2 

substrate can generate the positive OPL, while Si substrate gives the negative OPL 

values. 

 

With small refractive index, the positive OPL can be generated, while the larger 

refractive index gives the negative OPL values. The light wavefront phases from 

SiO2 and from Si have different phase shift comparing with wavefront phases from 

TMD, leading the different sign of OPL value.  
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4. Ferroelectric Driven Exciton and Trion Modulation in 

Monolayer MoSe2 and WSe2 

In past few years, it has been shown that monolayer TMDs present a great platform 

for studying exciton dynamics due to its large binding energy. Much effort has been 

made to observe exciton and high order exciton many body effects in 2D materials. 

With the improved understanding of exciton behaviours in TMDs, the next stage 

would be exploring the manipulation and modulation of the exciton species, for the 

TMD based optoelectronic applications. In this chapter, we show how domain 

engineered lithium niobate can be used to selectively dope monolayer molybdenum 

selenide (MoSe2) and tungsten selenide (WSe2) and demonstrate that these 

ferroelectric domains can significantly enhance or inhibit photoluminescence (PL) 

with the most dramatic modulation occurring at the heterojunction interface between 

two domains. A micro-PL and Raman system is used to obtain spatially resolved 

images of the differently doped transition metal dichalcogenides (TMDs). The 

domain inverted lithium niobate causes changes in the TMDs due to electrostatic 

doping as a result of the remnant polarization from the substrate. Moreover, the 

differently doped TMDs (n-type MoSe2 and p-type WSe2) exhibit opposite PL 

modulation. Distinct oppositely charged domains were obtained with a 9-fold PL 

enhancement for the same single MoSe2 sheet when adhered to the positive (P+) and 

negative (P-) domains. This sharp PL modulation on the ferroelectric domain results 

from different free electron or hole concentrations in the materials conduction band 

or valence band. Moreover, excitons dissociate rapidly at the interface between the 

P+ and P- domains due to the built-in electric field. We are able to adjust the charge 

on the P+ and P- domains using temperature via the pyroelectric effect and observe 

rapid PL quenching over a narrow temperature range illustrating the observed PL 

modulation is electronic in nature. This observation creates an opportunity to harness 

the direct bandgap TMD 2D materials as an active optical component for the lithium 

niobate platform using domain engineering of the lithium niobate substrate to create 

optically active heterostructures that could be used for photodetectors or even 

electrically driven optical sources on-chip.  

The content of this chapter has been published in ACS Nano 2019, 13, 5, 5335-5343. 

https://doi.org/10.1021/acsnano.8b09800. 

 

https://doi.org/10.1021/acsnano.8b09800
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4.1. Introduce of Ferroelectric Lithium Niobate and Hybridization with TMDs    

Direct bandgap monolayer transition metal dichalcogenides (TMDs) have attracted 

tremendous interest due to their optically controlled valley polarization and 

coherence, giant spin-valley coupling and tightly bound excitonic states.[1-10] Owing 

to their atomically thin structure, monolayer TMDs act as semiconductors which can 

undergo a complete transition from indirect to a direct bandgap, with energy gaps 

located at the Brillouin zone producing a strong exciton pumping efficiency.[2] In 

particular, monolayer TMDs provide a platform for investigating the dynamics of 

excitons in reduced dimensions at room temperature and fundamental many-body 

interactions.[11-17] The ability to access exciton behaviors at room temperature with 

this platform creates opportunities for high quality optical detection and ultimately 

optical sources.[18] So far, many investigations for TMD p-n diodes (positive-

negative) consist of one monolayer TMD material and two splitting gate metals.[19-21] 

This method sets a gate voltage through the metallic contacts to dope the TMDs 

achieving strong charge-density tuning and therefore creates a lateral p-n junction. 

However, the metal gates can result in an inhomogeneous charge distribution and 

unavoidable quenching of light emission at the TMD surface. 

 

Owing to ultra-thin nature of TMDs TMD materials are sensitive to the surrounding 

ionic environment, which opens the possibility of ferroelectric gating control of 

monolayer TMDs due to quantum confinement, high carrier mobility and a tunable 

bandgap. Ferroelectric (FE) materials possess a spontaneous electrical polarization 

resulting in a strong built in electric field along polar axis and very strong surface 

charges with positive charges on one surface and negative charges on the other. The 

spontaneous electrical polarization can be inverted through application of a strong 

electric field and this can be done locally to create a spatial domain pattern of 

positive or negative polar surfaces. This domain pattern can offer a strategy for 

lateral modulation in TMDs to create electro-statically driven p-n homojunction, 

which offers an alternative to complex split-gate electrodes.[22] Importantly, if the 

ferroelectric substrate is optically transparent, then the quenching of light emission 

often encountered with split-gate electrodes can be overcome. 
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Lithium niobate (LiNbO3, LN) is a widely known ferroelectric material for optical 

waveguides, optical modulators, piezoelectric sensors and is an industry standard 

platform for wavelength conversion, high speed communications, microwave 

photonics and emerging platform for quantum optics.[23-27] Its utility in photonics is 

based on its excellent optical transparency from visible to mid infrared wavelengths 

and its strong ferroelectric nature leads to relatively efficient and ultra-high speed 

electro-optic and nonlinear optic properties. Due to the ability to integrate so many 

functionalities LN has recently been proposed as a next generation optical integration 

platform.26 However, since LN is not a semiconductor, it cannot inherently provide 

high speed photodetectors or laser sources. This has led to many researchers 

exploring hybrid integration to obtain these functionalities.[25]  

 

Hybridization of TMDs with LiNbO3 thus presents a tantalizing opportunity to 

introduce electronically driven active optical functionality to the LN platform – 

essentially completing the toolbox of functional components that can be integrated 

on a single chip. By domain engineering patterns into a LN substrate it could be 

possible to modulate the carrier density in a monolayer TMD and create optically 

active p-n junctions – with geometry defined by the substrate poling pattern - 

independent of the alignment of the TMD film.[28-30] To pursue this vision, there is 

still a great deal of fundamental research to be done. The atomistic details and 

environment (temperature, pressure etc.) governing the interaction and the resulting 

charge density changes inside TMDs still remains elusive. In addition, poly-domain 

ferroelectrics and their interactions with TMDs have received limited theoretical and 

experimental attention.  

 

Herein, we explore the interaction of domain engineered LN with monolayer MoSe2 

and WSe2 and observe dramatic modulation of the PL intensity and spectra. The LN 

substrates are domain engineered with an arbitrarily chosen periodic hexagonal 

patterns to illustrate the ability to engineer domains in arbitrary 2D configurations.[30] 

Using a confocal micro-PL system, TMDs (n-type MoSe2 and p-type WSe2) with 

different initial doping show opposite PL modulation mappings on LN substrates, 

demonstrating distinct behaviors on the two domain orientations. Moreover, an 
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intriguing p-n homojunction platform in both monolayer MoSe2 and WSe2 integrated 

on the LN substrate was observed with distinct PL behavior observed at the interface 

between two domains. The LN substrate provides a non-volatile control of TMD 

doping and produces a p-n homojunction band structure. LN is pyroelectric with the 

surface charge being strongly temperature dependent. We show that small changes in 

temperature can result in dramatic changes in PL emission, illustrating the electronic 

nature of the PL phenomenon and suggesting that similar modulation could be 

achieved electronically. Experimental observations of the PL intensity modulation in 

TMD/LN match the intuitive predictions of compensation for ferroelectric 

polarization. This technology is also suitable for other types of 2D materials.[31-

37] These results will be used for LN optoelectronic components and in particular 

may enable electrically driven optical sources to be integrated on the LN photonic 

chips.  

 

4.2. Incorporate monolayer TMDs onto domain engineered LiNbO3 substrate 

A schematic plot of a TMD/LN homojunction is shown in Figure 4.1 a and the 

fabrication process is summarized in the Methods section. The optical microscope 

images of the MoSe2 and WSe2 on domain engineered LN are shown in the 

Supporting Information Figures S1b and c, respectively. As indicated in the scheme 

plot of Figure 4.1 b, the LN substrate domains can be used to monitor the doping 

level and density in a TMD. On the up-domain state (P+), the substrate is rich in 

negative interface charges and likely to enhance the intrinsic n-type character of 

MoSe2. On the down-domain state (P-) of the LiNbO3, the interaction between the 

MoSe2 and the substrate has the opposite effect. 

 

The domain engineered LN substrate has different polarization states on the surface 

however, the optical properties are not modified making it difficult to locate the 

hexagonal structures from microscope directly. To overcome this challenge, a phase-

shifting interferometer (Vecco NT9100) has been used to characterize the number of 

layers of the TMD samples and for the location of the hexagonal domains in the LN. 

The different surface charges on the two LN domains modify the index of the TMD 

films differently making it possible to observe the locations of the domains as small 
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changes in phase shift through the TMD films. The spatial distribution of the 

hexagonal structures was precisely identified by phase-shifting interferometry (PSI) 

(Figures 4.1 c and d). On the basis of the intuitive picture of the up and down 

polarized domains, we expect that these poly-domain states could create periodic 

spatial carrier charge modulation across the interface of the TMD/LN. The PSI was 

also used to identify the number of layers of the TMDs.[38] Owing to the multiple 

interfacial light reflections, the optical path length (OPL) of the light reflected from 

the TMDs determines the layer number precisely. As shown from the green box in 

Figure 4.1 c, the uniform OPL yield indicates a good quality of TMD sample after it 

had been transferred to the substrate.  

           

 

 

 

 

 

 

 

 

 

 

        

Figure 4. 1 Schematic and optical images of monolayer MoSe2 and WSe2 on PPLN. a) 

Schematic of MSe2 (M: Mo or W) on 2D domain patterned LN for spatial carrier 

density modulation. Both polarization states (down state P- and up state P+) on a 

ferroelectric LN can directly affect the carrier density of the monolayer TMDs. b) 

Schematic diagram of the surface doping on domain patterned LN surface which can 

reconstruct the band of the TMD samples. For the monolayer MoSe2 on 2D domain 

patterned LN, the P- surface is rich of positive interface charges, which increases the 

a b 

c d 
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electron transfer out of the MoSe2 sample and decreases the intrinsic n-doped 

character of the MoSe2. c, d) Phase-shifting interferometry (PSI) image of the 

exfoliated monolayer MoSe2 and WSe2 on 2D domain patterned LN. Domain 

direction was marked in the PSI image (c) as cross () to down domain (P-) and dot 

() to up domain (P+). PSI images show exfoliated monolayer MoSe2 with optical 

thickness 4 nm and 3.7 nm. The box indicated by the green line in (c) indicates the 

further PL mapping area. 

 

4.3. Strong photoluminescence (PL) modulation in monolayer MoSe2 and WSe2 

After the PSI measurement, LN chips were placed into a microscope-compatible 

chamber (Linkam THMS 600) for photoluminescence (PL) measurements to 

spatially probe the carrier density in the TMDs by optical method (Figure 4.2). The 

spectroscopy measurements were taken using a confocal microscopic setup with an 

excitation laser wavelength of 532 nm. Typical emission spectra and PL mapping of 

the monolayer TMD samples were recorded under an optical pump power at about 

18 μW and the results are presented in Figure 4.2. For comparison, the results of the 

PL mapping from two different TMD samples are presented in Figures 4.2 a and c, 

respectively. Normally, monolayer TMDs have large PL emission performance due 

to large quantum yield of radiative exciton recombination. The large binding energy 

of these photo-excited electrons and holes can form excitons and/or trions at room 

temperature. A trion is a charged exciton composed of two electrons and one hole or 

opposite composition, analogous to H− (or H2+).  

 

Inside the P- domain area, the PL emission of the monolayer MoSe2 was enhanced 9 

times compared to the P+ domain as shown in the spatial modulation image in Figure 

4.2 a and confirmed by the PL spectra as shown in Figure 4.2 b. The PL of the 

monolayer WSe2 shows the opposite PL emission performance for both polarized 

domains compared to the MoSe2 (Figure 4.2 c). The PL modulation of the TMDs 

from the P- to P+ domain shows a sharp transition at the ferroelectric domain 

boundary. On the basis of the PL mapping, the polarization orientation of the 2D 

domain patterns create regions of different charge carrier density in the TMD 

samples; the spatially modulated PL mappings revealed increased and decreased 
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electron concentrations in the TMD samples. Due to the different doping types of the 

semiconductors, monolayer WSe2 and MoSe2 samples presented opposite PL 

intensity modulation after their integration with domain engineered LN. As 

schematically shown in Figure 4.2 e, the doping level is changed to the opposite 

direction on different polarized domains. The enhanced PL emission of MoSe2 in the 

P- area indicates the low doping level of MoSe2, which is attributed to decreased n-

type carrier concentrations in the MoSe2.
[39-41] Photoluminescence mapping revealed 

that periodic regimes of quenched/enhanced intensity are directly correlated with 

inverted ferroelectric polarization. This domain engineered ferroelectric substrate can 

provide simple emission modulation in TMD materials without the need for complex 

electrodes or multiple layers of semiconducting material.  

 

 

 

 

 

 

 

 

 

Figure 4. 2 Strong photoluminescence (PL) modulation in monolayer MoSe2 and 

WSe2. a) PL mapping of exfoliated monolayer MoSe2 on a single polarized domain. 

The gold dash line indicates one single dipole. b) PL spectrums come from 

monolayer MoSe2 on different polarized areas and SiO2/Si substrate as control. c) PL 

mapping of exfoliated monolayer WSe2 on a single polarized domain. d) PL mapping 

of exfoliated monolayer WSe2 on a single polarized domain. e) Schematic plot of 

ferroelectricity-induced doping level modulation in TMD materials.  

 

- 

700 750 800 850

P
L

 I
n
te

n
si

ty
 (

a.
u
.)

Wavelength (nm)

 P-

 P+

 SiO2

MoSe2

700 750 800 850

P
L

 I
n

te
n

si
ty

 (
a.

u
.)

Wavelength (nm)

 P-

 P+

 SiO2

WSe2
c 

a b e 

d 



Chapter 4: Ferroelectric Driven Exciton Trion Modulation in Monolayer MoSe2 and WSe2 

Yi Zhu – August 2020                                                          73 

 

In order to investigate surface doping that originates from the ferroelectric 

polarization effects due to monolayer PL emission, monolayer MoSe2 and WSe2 

metallic oxide semiconductor field effect transistor (MOS) devices were fabricated to 

obtain the electrically gated PL spectrum (Supporting Information Figure S2 and S3). 

Monolayer MoSe2 and WSe2 were exfoliated onto SiO2/Si substrates from the same 

matrix crystal to keep the initial doping level the same. The initial doping level, 

surface doping level and photo doping level in monolayer TMDs were extracted by 

comparing PL spectra from the mapping data with the gate-dependent PL spectra 

from the MOS devices. Here, a monolayer WSe2 was used to quantitively study 

charge transfer mechanisms. The gate dependent PL spectrum of monolayer WSe2 is 

shown in Figure S2. By fitting all of the PL spectra under different gate voltages, the 

exciton and trion peak energies can be extracted. Then the Fermi level can be 

calculated by 

𝐸 − 𝐸𝑇 = 𝐸𝐹 + 𝐸𝑏 𝑛𝑑 𝑛𝑔  (1) 

where EA is the exciton peak energy, ET is the trion peak energy, EF is the Fermi 

energy level and Ebinding is the binding energy of trion. 

Fermi level of monolayer WSe2 was extracted through Equation (1). By plotting 

energy difference between the exciton and trion peak as a function of gate voltage 

linear trend between energy difference and Fermi level can be observed. For 

monolayer TMDs, the density of state in the conduction band and valence band is 

linearly distributed along the energy level.[42] The extracted binding energy of the 

monolayer WSe2 was 34 meV, consistent with previously reported results.[34, 43] To 

extract the doping level of the monolayer TMDs from the experimentally obtained 

Fermi level, the following two equations were used 

𝐸𝐹 = 
ħπn

2𝑚ℎ𝑒
 
  (2) 

𝑛𝑒 = 𝐶𝑉𝑔  (3) 

where h is Planck’s constant, π is the pi constant, n is the electron density, e is the 

fundamental unit of charge, mh is the effective mass of a hole, C is the back-gate 

capacitance and Vg is the gate voltage.  
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Equation (2) and (3) were used to extract the doping level n of the monolayer TMDs 

from the Fermi level and to convert the gate voltage into the induced hole doping 

level, respectively, where C is the back-gate capacitance 𝐶 = 1.2 × 10−8 𝐹𝑐𝑚−2. As 

shown in Figure S2b and S2d, monolayer WSe2 will approach a zero Fermi level 

when a -20V gate voltage is applied and this means monolayer WSe2 is slightly p-

type doped with an initial doping level of 1.5 × 1012 𝑐𝑚−2 (when no gate voltage is 

applied). In Figure S4a and S4b, the value of 𝐸 − 𝐸𝑇  for PL enhancement and 

quenching have been extracted as 31.47 meV and 41.41 meV, respectively 

(Supporting Information Figure S4). According to the linear relationship between 

Fermi level and 𝐸 − 𝐸𝑇, the Fermi level and hole doping level for the P+ domain are 

0.92 meV and 2.54 × 1011 𝑐𝑚−2 , respectively, while for the P- domain they are 

15.39 meV and 4.24 × 1012 𝑐𝑚−2 , respectively. Considering initial doping of 

monolayer WSe2, the P+ domain has induced 1.25 × 1012 𝑐𝑚−2 electrons and the P- 

domain has induced 2.74 × 1012 𝑐𝑚−2  holes. Overall, the P- domain has a lower 

hole doping level than the P+ domain meaning the P- domain will have a higher 

density of vacant state in the valence band for PL emission (Figure 4.2 e). The more 

neutral the monolayer TMD, the stronger PL emission.[40, 44] 

 

4.4. Laser Excitation Power Dependent PL in Surface Junction Area 

The surface doping can effectively modify the doping level of two-dimensional 

materials.[28] Although, the optical behavior within the P- and P+ domains have been 

subject to detailed investigations in the above discussion; the adjacent vicinity at the 

contact of the P- and P+ domains (of the domain engineered LN and TMD), however, 

still has not been fully explored yet. In Figure 4.3, power dependent PL 

measurements were employed to unveil the behavior of the surface junction area. 

Figure 4.3 a and b present confocal PL mapping under 1.8 and 178 μW, respectively. 

The PL intensity evolution increased with the laser power excitation as expected. As 

the excitation power increased, the PL intensity of junction area P2 dramatically 

increased compared with the P- domain (P1) and P+ domain (P3), which the line 

curve is also presented in Figure 4.3 d. In the P2 domain, the surface doping level is 

near zero because negative and positive charges are neutralized forming a depletion 

region and an internal built-in electrical field exists in this domain (Figure 4.3 c). 

When the laser excitation power is very small, only a small number of photons can 
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be injected into the material. Assuming a quantum efficiency of 1, only a small 

number of excitons are generated in this domain. They are quickly dissociated 

because of the internal built-in electric field.[45] Therefore, the P2 domain has lower 

PL emission compared with the P- and P+ domains when the excitation power is 1.8 

µW. However, when a larger excitation power is used, more excitons are formed and 

also dissociated. Electrons and holes accumulate at the edge of this depletion region. 

These accumulated charges create an electron/hole concentration gradient toward the 

depletion region, which is opposite to the built-in electrical field. These 

concentration gradients stop the dissociation process of excitons within the P2 area 

and eventually they reach a dynamic balance. When the laser power was increased to 

178 μW, more excitons are generated in all P1, P2 and P3 areas. However, the 

material doping level for P2 is much smaller than P1 and P3 due to the depletion 

region. As shown in the scheme plot of Supporting Information Figure S5, due to the 

lower interface charge density of P2, the exciton in this junction area would increase 

more than other domains with increasing laser power (Supporting Information Figure 

S6a). This lower doping level and more unoccupied electron density in the 

conduction band can contribute to more PL emissions excited by larger laser power. 

Due to the lower doping level, PL performance in P2 area shows higher exciton 

emission efficiency, as shown in Figure S6b. With abundant electrons on the surface 

of P3 state, the p-type WSe2 shows lower trion emission with increasing laser power 

as shown in in Figure S6b. With the balance of the built-in electric field, the intensity 

ratio between exciton and trion shows continuous reduction with increasing laser 

power, as shown in Figure S6c. Hence, as shown in Figure 4.3 d, the PL emission in 

P2 is much stronger than P1 and P3. 
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Figure 4. 3 RT laser excitation power dependent PL modulation in monolayer WSe2. 

a, b) measured spatial PL mapping with various excitation power of 1.8 µW (b). c) 

scheme plot of exciton diffusion on junction area by internal electric field. d) 

extracted PL spectra from PL mapping with various spatial position as P- (P1), 

junction area (P2) and P+ (P3) at different excitation laser power. 

 

4.5. Temperature dependent PL modulation in monolayer MoSe2 

Monolayer TMD samples on LN shows sizable interaction across the interface which 

affects the doping level and carrier density due to the remnant surface polarization of 

the FE substrate. Furthermore, due to the asymmetric polarization structure, the LN 

has an inimitable pyroelectric effect with changing temperature.[46] The surface 

interaction of ferroelectric LN and monolayer TMD materials at low temperature is 

largely unexplored. To study the thermal stability and spatial charge modulation 

0

1500

3000

4500

 1.8  W

 18   W

 178 W

 576 W

P1 (P- domain)

0

3000

6000

9000

12000 P2 (junction)

P
L

 I
n
te

n
si

ty
 (

a.
u
.)

700 750 800 850

0

1250

2500

3750

5000 P3 (P+ domain)

Wavelength (nm)

a 

b 

c 

d 



Chapter 4: Ferroelectric Driven Exciton Trion Modulation in Monolayer MoSe2 and WSe2 

Yi Zhu – August 2020                                                          77 

 

properties of the TMD/LN, temperature dependent PL measurements with an 

excitation laser power of 18 μW have been conducted. The surface charge density 

may reduce due to absorption or reconstruction within the TMD/LN system with 

decreasing temperature.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 4 Temperature dependent PL modulation in monolayer MoSe2. a) PL 

mapping of exfoliated monolayer MoSe2 on a single polarized domain under 301 K, 

291 K and 283 K. The white dash lines in (a) indicate the single hexagonal dipole in 

the domain engineered LN substrate. b) PL spectrums of monolayer MoSe2 on the P- 

domain from 301 K to 83 K. c) Integrated PL intensity of the MoSe2 on P- and P+ 

domains with decreasing temperature. d) PL spectrums of monolayer WSe2 on the P+ 

domain from 301 K to 83 K. c) Integrated PL intensity of the WSe2 on P- and P+ 
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domains with decreasing temperature. f) Schematic plot of the TMD samples on the 

domain engineered LN when decreasing the temperature. 

 

As shown in Figure 4.4 a, PL mapping demonstrates the emission characteristics at 

near room temperature. By reducing the temperature only slightly from 301 K to 

283 K, the PL intensity within the P- domain is rapidly quenched by nearly 75% 

(Supporting Information Figure S7). The PL intensity continues decreasing with 

decreased temperature down to 273 K (Figure 4.4 b), then the PL intensity keeps 

almost stable until liquid nitrogen temperature (83 K) (Figure 4.4 b). The temperature 

dependent PL of MoSe2 on LiNbO3 are quite different from the PL performances of 

monolayer MoSe2 on SiO2, which increases with decreasing temperature (Supporting 

Information Figure S8a). Temperature changes can significantly affect the spatial 

carrier concentration of the TMD samples through the impact of the pyroelectric 

effect on spontaneously polarized surface charges.  

 

The remnant polarization of the LiNbO3 increases quickly with decreasing 

temperature from room temperature (RT) to 247K.[47] As illustrated in Figure S10, 

the interface charges would also increase quickly. The electron density in the MoSe2 

in the P- domain rapidly reduces and transfers to the substrate around RT to 247K. 

The doping level of MoSe2 on different domains would form a device similar to a p-n 

junction. With decreasing temperature, interface charges in the P- and P+ domains 

(hole and electron) would both increase, which is likely to apply a voltage to the 

overlayer MoSe2 (Figure 4.4 f). Combined with the MoSe2 in the P+ domain, the 

majority carriers (as holes in MoSe2 on P- domain) would transfer to the nearby 

domains, which balances the charge density of different domains and the PL would 

also be balanced between different domains. As shown in Figure 4c, the PL intensity 

on the P- domain is quickly reduced and becomes similar to the PL intensity on the 

P+ domain. The PL intensity of WSe2 on the P+ domain also decreased with 

decreasing temperature down to 83 K and equals the PL emission on the P- domain 

(Figure 4.4 d and e). When the temperature decreased from 247 K to 83 K, the 

polarization of the substrate also decreased (Supporting Information Figure S9). With 

continuous cooling, the distance between the overlayer MoSe2 and the substrate is 



Chapter 4: Ferroelectric Driven Exciton Trion Modulation in Monolayer MoSe2 and WSe2 

Yi Zhu – August 2020                                                          79 

 

decreasing, which enhanced the interaction between TMD samples and the FE 

substrate.[48] Therefore, the overlayer transport properties between different domains 

are enhanced and quenched the PL emission on the P- domain. The recovery (the 

hump around 220 K) attributed to the coupling effect of enhanced interface charge 

transfer and decreased polarization of the LN substrate, which delayed the inflection 

point from 247 K to 220 K. So, the PL emission is slightly recovered and shown a 

hump around 220 K as shown in Figure 4c and e. The PL emission intensity is 

rapidly quenched in the P- region due to the pyroelectric effect of LN (Figure 4.4 f). 

The decreasing speed was indicated by the quench factor as shown in the Supporting 

Information Figure S10. This observation clearly illustrates the electronic nature of 

the observed PL behavior. Due to the electrostatic doping as a result of the remnant 

polarization from the substrate, the band structure of monolayer MoSe2 has no or 

little change. Therefore, the peak energy is almost the same on P- and P+ domain 

(Supporting Information Figure S11b). Due to the electrostatic doping nature across 

the interface, little difference of peak energy and full width at half maxima (FWHM) 

of monolayer MoSe2 on LN and SiO2 is indicated, as shown in the Supporting 

Information Figure S11d and S11e. The temperature dependent PL could be 

harnessed directly as a highly sensitive temperature sensor, however we believe that 

the insight into the optoelectronic behavior of the TMD material on the domain 

engineered LN presents a far more significant opportunity for electronically powered 

and controlled optical sources on the LN integrated photonic platform. 

4.6. Summary 

In summary, we have shown that monolayer transition metal dichalcogenides (TMD) 

MoSe2 and WSe2 can be interfaced onto the surface of ferroelectric lithium niobate 

(LN) and that the domain orientation of the LN has a strong effect of the TMD 

optoelectronic properties. Domain engineering of the LN substrate results in an in-

plane heterostructure within the TMD which has been demonstrated by our measured 

spatial PL mapping. Due to the underlying domain engineered ferroelectric, PL 

emissions are modulated approximately 9 times by different surface doping between 

the P- and P+ domains. Monolayer WSe2 on LN also shows enhanced PL emission at 

the junction between domains with increasing laser power, this is due to overcoming 

the micro internal electric field between the P- and P+ domains, which stops 

dissociation of excitons. With decreasing temperature, the PL emission of monolayer 
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MoSe2 was quickly quenched in the P- domain in stark contrast to behavior observed 

on non-ferroelectric substrates. This performance shows the fast increase of positive 

charge in the P- domain due to the pyroelectric effect and the restructure of the 

surface doping between MoSe2 and the LN substrate. Overall, our research shows 

that monolayer TMD sheets can be engineered to create a p-n homojunction by 

engineering the underlying ferroelectric domains with sensitive response to laser 

power and ambient temperature. This approach could lay the foundations for creating 

active electrically driven and controlled optoelectronic components on LN integrated 

photonic platforms with the ultimate goal of electrically driven optical sources within 

LN photonic chips.  

 

4.7. Experimental Section 

Device fabrication and characterization. Monolayer TMD samples were produced 

by mechanical exfoliation from bulk crystal. Then, monolayer TMD samples were 

dry transferred onto a 500-µm-thick Z-cut LN substrate with periodical honeycomb 

lattice and hexagonal shape of the domain-inverted inclusions. Hexagonal inclusions 

are fabricated in trigonal (3m) LN crystal by electric field poling. The inclusion 

boundaries are along the symmetry planes in the Z-cut. The side length of the 

hexagon is about 6.16 µm. The PPLN substrate was cleaned with O2 plasma as 

pretreatment, using a plasma cleaner. For the MOS structure, we also used 

mechanical exfoliation to dry transfer the TMD flake onto a SiO2/Si substrate 

(275nm thermal oxide on n+-doped silicon), with half on a pre-patterned gold 

electrode and half on the substrate. The gold electrodes were patterned by 

conventional photolithography, metal deposition and lift-off processes.  

Optical characterization. All the OPL characterizations were obtained using a 

phase-shifting interferometer (Vecco NT9100). PL measurements were conducted 

using a Horiba LabRAM system equipped with a confocal microscope, a charge-

coupled device (CCD) Si detector, and a 532 nm diode-pumped solid-state (DPSS) 

laser as the excitation source. The electrical bias was applied using a Keithley 4200 

semiconductor analyzer. The laser light was focused on the sample surface via a 50x 

objective lens. The spectral response of the entire system was determined with a 

calibrated halogen-tungsten light source. The PL signal was collected by a grating 



Chapter 4: Ferroelectric Driven Exciton Trion Modulation in Monolayer MoSe2 and WSe2 

Yi Zhu – August 2020                                                          81 

 

spectrometer, thereby recording the PL spectrum through the CCD (Princeton 

Instruments, PIXIS). All the PL spectra were corrected for the instrument response. 

For temperature-dependent measurements, TMD/LN chips were put into a Linkam 

THMS 600 chamber and the temperature was set to a constant (range from 301K to 

83K) during the PL measurements using a low-temperature controller with liquid 

nitrogen coolant. 
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Appendix: 

Supporting Information for Chapter 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1 | Microscope images of TMD samples on LN. a) 20x polarizing 

microscope image of PPLN surface with hexagonal reversed ferroelectric phase 

structure. b, c) Optical microscope images of mechanically exfoliated monolayer 

MoSe2 flakes (b) and WSe2 flakes (c) on PPLN substrate.  
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Figure S2 | Gate-dependent PL modulation towards monolayer WSe2. a) Schematic 

image of 1L WSe2 MOS device structure. b) Measured PL spectra under various gate 

voltages. c) Peak energy of exciton (EA) and trion (ET) as a function of gate voltage. 

d) A linear fit to the EF-dependence from the difference in the exciton and trion 

energies, (EA - ET), has an intercept of 31.4 meV, which determines the trion binding 

energy. 
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Figure S3 | Gate-dependent PL modulation towards monolayer MoSe2. a) Measured 

PL spectra under various gate voltages. b) Peak energy of exciton (EA) and trion (ET) 

as a function of gate voltage. c) The difference in the exciton and trion energies, (EA - 

ET), as a function of Fermi energy EF. The intercept as the trion binding energy of 

MoSe2 is ~22.49 meV. 
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Figure S4 | PL spectra fitted Lorentzian functions towards different domain states. a, 

b) Measured PL spectra (dot lines) of WSe2 on P+ state (a) and P- state (b). PL 

spectra are fit to Lorentzian functions (red lines are labeled as exciton peak, green 

lines are labeled as trion peak, and blue lines are the cumulative fitting results). c, d) 

Measured PL spectra (dot lines) of MoSe2 on P+ state (c) and P- state (d). 
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Figure S5 | Scheme of exciton and trion distribution of WSe2 on PPLN substrate. 

Due to the low surface doping level, the exciton in junction area would increase more 

than other domains with increasing laser power. 
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Figure S6 | PPLN substrate induced PL modification of monolayer WSe2 with 

increasing excited laser power. a) Measured power dependent PL intensity of 

monolayer WSe2 sample on a PPLN substrate. b) PL intensity of exciton and trion on 

different domain states. c) The PL intensity ratio of trion to exciton. 

 

 

 

 

 

 

Figure S7 | PL mapping of exfoliated monolayer MoSe2 on a single polarized domain 

under 301 K, 291 K and 283 K.  

 

 

 

 

 

 

 

 

Figure S8 | Measured PL spectra of the 1L TMD samples on SiO2/Si substrate under 

various temperatures. a) MoSe2 temperature dependent PL on SiO2. b) WSe2 

temperature dependent PL on SiO2. 
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Figure S9 | Quench factor obtained as the ratio between the PL intensity of 1L TMD 

on LiNbO3 and SiO2/Si. 

 

 

 

Figure S10 | Scheme of pyroelectric performance of LN under decreasing 

temperature, which caused by changing polarization. 
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Figure S11 | PL spectra fitted Lorentzian functions with decreasing temperature. a) 

Temperature-dependent PL spectra (black dot line) of monolayer MoSe2 sample at 

temperature ranging from 83 to 301 K. Each PL spectrum is fit to two Lorenz peaks 

which attributed to exciton and trion. b) Peak position of monolayer MoSe2 on P- and 

P+ domain. c) Exciton and trion intensity of monolayer MoSe2 at elevated 

temperature. d) Peak energy of exciton and trion of MoSe2 on LiNbO3 and SiO2 

substrate. e) Peak energy of exciton and trion of MoSe2 on LiNbO3 and SiO2 

substrate. 

 

 

 

 

 

 

 

 

Figure S12 | PL spectra of MoSe2 and WSe2 with and without oxygen plasma treated 

substrate. a) PL spectra from MoSe2 with and without substrate treated by oxygen 

plasma. b) PL spectra from WSe2 with and without substrate treated by oxygen 

plasma. 
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shown in Figure S12. The results confirm that the residual oxygen molecules will not 

affect the emission behavior of the monolayer TMD.  

  

Gate-dependent PL  

Based on previous report, the charge neutrality of WSe2 was achieved at a gate bias 

of ~-20 V, corresponding to EF = 0.1 We then converted the gate voltage to the 

induced hole doping density using equation: 

𝑛𝑒 = 𝐶𝑉𝑔, 

where the back-gate capacitance C = 1.2x10-8 F·cm-2. Next, we further converted the 

hole doping density to the Fermi energy through relation:  

𝐸𝐹 = 
ħπn

2𝑚ℎ𝑒
  , 

using the hole effective mass 𝑚ℎ = √𝑚𝑥
∗𝑚𝑦

∗  = 0.41𝑚0, where 𝑚0 is the mass of free 

electron. 

We use the same way to estimate the charge doping level of MoSe2 as above. The 

charge neutrality of MoSe2 was achieved at a gate bias of ~40 V, corresponding to EF 

= 0.2 

 

LN polarization 

Due to pinned domain, the remnant polarization of LN increases abruptly with 

decreasing temperature from RT to 247K. With further decreasing from 247K to 76K, 

the remnant polarization of LN would decrease smoothly.3  

Temperature-dep PL of MoSe2 and WSe2 on SiO2/Si 

As shown in Figure S8, the PL intensity of MoSe2 on SiO2/Si substrate increases 

with decreasing temperature, whereas the PL intensity of WSe2 increases then 

decreases with decreasing temperature, which is consistent with previous reports.4-8 
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5. High-Efficiency Monolayer Molybdenum Ditelluride 

Light Emitting Diode and Photodetector 

Developing a high efficiency and low-cost light source with emission wavelength 

transparent to silicon is an essential step toward silicon based nanophotonic devices 

and micro/nano industry platforms. In this chapter, a near infrared monolayer MoTe2 

light emitting diode (LED) has been demonstrated and its emission wavelength is 

transparent to silicon. By taking advantage of the quantum tunneling effect, the 

device has achieved a very high external quantum efficiency (EQE) of 9.5% at 83 K, 

which is the highest EQE obtained from LED devices fabricated from monolayer 

TMDs so far. When the device is operated as a photodetector, the MoTe2 device 

exhibits a strong photoresponsivity at resonant wavelength 1145 nm. The low dark 

current of ~5pA and fast response time 5.06 ms are achieved due to suppression of 

hBN tunneling layer. Our results open a new route for the investigation of novel 

near-infrared silicon integrated optoelectronic devices. 

The content of this chapter has been published in ACS Appl. Mater. Interfaces 2018, 

10, 50, 43291-43298. https://doi.org/10.1021/acsami.8b14076. 

 

5.1. Motivation  

Recently, monolayer TMDs have attracted tremendous attention due to their unique 

properties, including the indirect-to-direct bandgap transition[1, 2], the large exciton 

and trion binding energy[3, 4] and tunable band alignment[5] in atomically thin layers. 

Those distinct properties make them promising active materials for next-generation 

optoelectronic applications, including excitonic lasers,[6] photodetectors,[7] and 

LEDs.[8] Currently, much effort has been put to investigate TMD-based LEDs in the 

visible range. Research progress in the near infrared to infrared range has been barely 

reported. However, the infrared light source is usually a key component of on-chip 

silicon-based optical interconnects and high-speed communication systems. Thus, to 

explore and fabricate high-efficiency advanced infrared LED light sources becomes a 

crucial task. Typically, there are two popular architectures for fabricating TMD-

based LED devices. One is lateral monolayer devices[9, 10] by using electrostatic 

doping to form an adjacent p-n junction within the material. The other one is vertical 

tunneling devices[11-13] that artificially introduce quantum wells (QWs) to engineer 
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the recombination of electrons and holes. EQE is considered to be a critical 

parameter in LED devices. By using splitting gates, Ross et al. have reported a lateral 

p-n junction monolayer WSe2 LED with ~1% efficiency.[10] They also demonstrated 

that emissions of LED can be tuned between excitons and trions via modulating the 

injection bias. Compared to the lateral structure, a vertical structure allows higher 

injection current efficiency via larger contact area, more emission area, and thus 

higher efficiency. Although a high EQE (~8.4% at 6 K) has been achieved by using 

multiple QWs,[14] the quantum efficiency for most single QW TMD-based LED is 

still quite low. Withers et al. have demonstrated a vertical tunneling MoSe2 LED and 

a tunneling WSe2 LED by using boron nitride as tunnel barriers and graphene as 

contact electrodes.[13] They reported that the monolayer WSe2 tunneling LED 

achieved 5% efficiency at room temperature. Besides, Carmen el at also successfully 

demonstrated the vertical tunneling WSe2 and WS2 quantum LED devices by taking 

advantage of boron nitride as tunnel layer.[12] They proposed that those LED devices 

have single photon behavior. In addition, the emission wavelength of lateral or 

vertical structure LED devices have been limited within CCD detection range so far 

and silicon (Si) or silicon dioxide (SiO2) is used as host substrates. However, silicon 

substrate itself has a very strong absorption in CCD detection range. F. Withers et 

al.[13] reported that, in a monolayer tungsten diselenide (WSe2) LED with highly 

reflective distributed Bragg reflector (DBR) substrates, the EQE reached 5% at room 

temperature. Up to 30% of the emitted light could be collected by the detector for 

LEDs based on such DBR substrate compared to only 2% from those with Si/SiO2 

substrates. In order to achieve a high-efficiency infrared light source, a high-quality 

optical gain material is necessary. Monolayer MoTe2, a special family member of 

two-dimensional (2D) TMDs, has an electrical bandgap of ~1.72 eV.[4, 15] The 

exciton emission peak from monolayer MoTe2 is located at ~1.1 eV[15] and is very 

close to the silicon bandgap, making it nearly transparent for silicon, which is 

essential for on-chip integrated high-efficiency silicon photonics and optoelectronics. 

Bilayer MoTe2 has been successfully demonstrated to fabricate infrared LEDs and 

photodetectors by applying electrostatic doping to form a lateral adjacent p-n 

junction[16]. However, this electrostatic doping method is more difficult to achieve in 

monolayer MoTe2 because of the complicated fabrication process and low electrical 

excitation tolerance. In this work, we demonstrate the vertical structure monolayer 

MoTe2 LED via a solution- and lithography-free transfer process. The total emission 
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area reaches 80 µm2. Importantly, we show that our MoTe2 LED device has an 

extremely high EQE of around 9.5% at 83K, which is the highest EQE that has been 

achieved in monolayer TMD LEDs. Moreover, this vertical structure can also be 

extended to be a photodetector. The response time of our MoTe2 photodetector has 

been measured to be ~5.06 ms with an extremely low dark current of ~5 pA, which is 

comparable to other MoTe2-based photodetectors.[17] Our results pave the way for the 

investigation of the next-generation silicon-integrated on-chip infrared optoelectronic 

devices. 

 

5.2. Architecture and Basic Performance of Monolayer MoTe2 LED 

Figure 5.1 a & b show the schematic and optical microscope image of the monolayer 

MoTe2 LED. The single tunneling junction is made of stacked graphite, hexagonal 

boron nitride (hBN) and monolayer MoTe2 from top to bottom. A monolayer MoTe2 

sample identified by a phase shift interferometer (PSI) was firstly mechanically 

exfoliated onto a SiO2/Si (275 nm thermal oxide on n+ -doped silicon) substrate and 

then the sample was stored in vacuum to avoid any oxidation or contamination 

(Supporting Figure S1). A 6 to 8 layers hBN identified by PSI was also exfoliated 

onto the SiO2/Si substrate for subsequent processes (Supporting Figure S2). We used 

a dry-peel-and-lift van der Waals technique to assemble our devices,[18] and the 

whole transfer process was solution-free (Supporting Note 1). From bottom to top, 

MoTe2 monolayer and thin-layer sample with irregular shape (white dashed line in 

Figure 5.1 b) was mostly covered by a large piece of thin-layer hBN (blue dashed 

line in Figure 5.1 b), with graphite (black dashed line in Figure 5.1 b) located on top 

of monolayer-MoTe2/hBN heterostructure serving as one electrode. The top thin 

layer hBN serves not only as a tunneling layer to realize device function but also as a 

capping layer to protect the active MoTe2 layer from contamination to enhance 

device performance and stability. Figure 5.1 c illustrates the measured Raman 

spectrum from the monolayer MoTe2/hBN/graphite overlapping area excited with a 

532 nm laser. The characteristic phonon response of the A1g at 172.1 cm-1 and E2g at 

235.9 cm-1 is consist with previously report in monolayer MoTe2.
[15] The small peak 

B located at 183 cm-1 may be the second order Raman modes of monolayer MoTe2, 

as observed in other TMDs.[19-21] The Raman peak of hBN was observed at around 

1366 cm-1, corresponding to the characteristic peak of E2g phonon mode. This 



Chapter 5: High-Efficiency Monolayer MoTe2 Light Emitting Diode and Photodetector 

Yi Zhu – August 2020                                                          99 

 

extremely low peak intensity indicates that our hBN flake is very thin, which is 

consistent with the previous report that the peak intensity becomes progressively 

weaker as hBN layer number decreases.[22] The characteristic peaks of graphite were 

also observed in the high frequency region at 1581 cm-1 (G band) and 2718 cm-1 (2D 

band).[23] Figure 5.1 d shows typical electroluminescence (EL) and 

photoluminescence (PL) spectra of our monolayer MoTe2 LED. By applying a 

negative bias onto top graphite electrode and grounding monolayer MoTe2, electrons 

and holes would tunnel through the hBN layers into the active MoTe2 monolayer, 

leading to the I-V curve shown in Supporting Figure S5. Strong EL from monolayer 

MoTe2 can be obtained at an even higher temperature (83 K) compared to previous 

reports,[12, 13] as illustrated (red) in Figure 5.1 d. In order to understand the nature of 

the EL, the PL spectrum (blue) at 83 K from the same location is also presented. The 

measured PL spectrum exhibits two clear peaks with central wavelengths at ~1036 

nm (1.197 eV) and ~1051 nm (1.179 eV) and they are noted as exciton and trion 

emission from monolayer MoTe2, which matches well with the previous 

observation.[4] In the PL spectrum, one broad peak located at 1121.6 nm (1.1 eV) can 

also be observed and is assigned to be the PL emission from n+-doped silicon 

(Supporting Figure S4). The center peak of the EL spectrum is located at 1034.6 nm 

(1.198 eV) with 29 meV full-width-at-half-maximum (FWHM). The similar peak 

positions between the EL and PL spectra and the extremely small FWHM for the EL 

peak indicate that the EL emission is exciton dominant. Less trion contributions in 

EL spectrum compared with PL spectrum reflects that the initial doping of our 

monolayer MoTe2 is slightly n-type after LED device fabrication (Supporting Note 

5). The injected electrons and holes would form excitons before the radiative 

recombination, reflecting the large exciton binding energy at high temperature due to 

the strong Coulomb interaction in monolayer MoTe2.    
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Figure 5. 1 Architecture of monolayer MoTe2 LED. a, Schematic of our monolayer 

MoTe2 LED and electrical connections for EL measurements. b, Optical microscope 

image of the monolayer MoTe2 LED. The white, blue and black dashed line outline 

the footprint of MoTe2, hBN, and graphite, respectively. Monolayer and bilayer 

MoTe2 area are marked as 1L and 2L. c, Raman spectrum of the 

MoTe2/hBN/graphite overlapping area. Inset: Zoom-in raman peak of the MoTe2 (red 

curve) and the hBN (blue curve). d, Measured PL and EL spectrum from the same 

location of the monolayer MoTe2 LED device at 83 K. The injection current for EL 

emission is 6.07 µA under back gate voltage at -20 V.    

 

5.3. High Efficiency Near Infrared Light Emission at 83K  

Figure 5.2 a shows EL spectra of monolayer MoTe2 LED with increasing injection 

current. A single EL peak located at 1034.6 nm can be observed from all spectra 

under different injection currents, indicating that our monolayer MoTe2 remained in 

high quality after complicated device fabrication process. Figure 5.2 b is a spatial 
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mapping of the EL peak intensity from the MoTe2 LED device at 83 K. Monolayer 

MoTe2, few-layer hBN, and graphite region is outlined by white, blue, and black 

dashed line, respectively. The EL mapping shows uniform and strong emission from 

the entire monolayer MoTe2 region, suggesting that the injected current evenly flows 

through the monolayer region. The total illuminating area reached around 80 µm2, 

which is 10 to 20 times larger than that in typical lateral structure LEDs.[10] With an 

illuminating area of 80 µm2, the current density of measured highest EL spectra in 

Figure 5.2 a is only 75.9 nA/µm2. The plot of the integrated EL intensity as a 

function of injection current shows two different slopes with an apparent threshold at 

5.05 µA (Figure 5.2 c red curve). The integrated EL intensity increases slowly below 

the threshold, and it increases dramatically above the threshold. This current 

threshold may result from the direct tunneling (DT) and Fowler-Nordheim tunneling 

(FNT) transition (discussed later).[24] Furthermore, the strong EL emission under the 

small drive current suggests that our device has a very high EQE. Here the EQE is 

defined as EQE = eNph/ηI, where e is the electron charge, Nph is the number of 

photons detected by the detector, η is the system collection efficiency (Supporting 

Figure S3), and I is the current passing through the device active area. Figure 5.2 c 

shows the EQE as the function of the injection current (blue curve). Similar to the 

trend of integrated EL intensity, the EQE curve also exhibits the doubled-slope 

feature with the transition at 5.05 µA. We believe that the double sloped EQE and 

integrated EL intensity are related to the transition of DT and FNT effect. Apart from 

the definition of EQE above, the EQE can also be expressed as follows: 𝐸𝑄𝐸 =

 𝜂𝑅𝑎𝑑 𝑎𝑡 𝑣𝑒 ∙ 𝜂𝐼𝑛𝑗𝑒𝑐𝑡  𝑛 ∙ 𝜂𝐸𝑥𝑡𝑟𝑎𝑐𝑡  𝑛 . Here, 𝜂𝑅𝑎𝑑 𝑎𝑡 𝑣𝑒  is the radiative recombination 

efficiency, 𝜂𝐼𝑛𝑗𝑒𝑐𝑡  𝑛 is the current injection efficiency and is defined as the fraction 

of current injected into the QW that recombines radiatively and non-radiatively with 

respect to the injected and escaped current, and 𝜂𝐸𝑥𝑡𝑟𝑎𝑐𝑡  𝑛  is the extraction 

efficiency and is defined as the ratio of the generated photon that can be extracted 

from a device to total photons from a QW.[25] In our experiment, all EL spectra were 

collected with the same system, and thus 𝜂𝐸𝑥𝑡𝑟𝑎𝑐𝑡  𝑛 was the same for all spectra. 

The EQE in this case is determined by 𝜂𝑅𝑎𝑑 𝑎𝑡 𝑣𝑒  and 𝜂𝐼𝑛𝑗𝑒𝑐𝑡  𝑛 . The radiative 

recombination efficiency is typically a constant, and this value is mostly determined 

by material itself. Therefore, the overall EQE is related to current injection efficiency 

which can be expressed as: 
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𝜂𝐼𝑛𝑗𝑒𝑐𝑡  𝑛 = 
𝐼𝑄𝑤_𝑡 𝑡𝑎𝑙

𝐼𝑄𝑊_𝑡 𝑡𝑎𝑙 ++𝐼𝐵𝑎𝑟𝑟 𝑒𝑟_𝑡 𝑡𝑎𝑙
 

where  𝐼𝑄𝑤_𝑡 𝑡𝑎𝑙 is total recombination current in the MoTe2 layer and 𝐼𝐵𝑎𝑟𝑟 𝑒𝑟_𝑡 𝑡𝑎𝑙 is 

total recombination current in the hBN barrier area. The total injection current (𝐼𝑡 𝑡𝑎𝑙) 

is the sum of both 𝐼𝑄𝑤_𝑡 𝑡𝑎𝑙 and 𝐼𝐵𝑎𝑟𝑟 𝑒𝑟_𝑡 𝑡𝑎𝑙. 

 

Before further discussion, it is necessary to note that our EL measurement was 

conducted in the small current regime, which is far away from the quantum 

efficiency saturation or EQE suppression (efficiency droop) regime. Therefore, the 

escaping current from the QW can be considered to be a small constant. The device 

operated when electrons were injected into the MoTe2 layer after tunneling through 

the few layer hBN barrier. The DT process typically happens at low voltage region, 

while the FNT process dominating at high voltage region (Supporting Figure S6). 

Under small voltage (DT process), electrons in graphite need to tunnel a trapezoidal 

hBN barrier into the QW (Supporting Figure S6a). No matter how high the graphite 

Femi level rises, the barrier thickness will never change and the current loss in the 

barrier area ( 𝐼𝐵𝑎𝑟𝑟 𝑒𝑟_𝑡 𝑡𝑎𝑙)  is proportional to 𝐼𝑡 𝑡𝑎𝑙 , which results in a low and 

uniform current injection efficiency. However, the hBN barrier shape changes from 

trapezoid to triangle when the tunneling process becomes FNT (Supporting Figure 

S6b) at higher biases. In triangular barrier scenario, the barrier thickness becomes 

narrower as the graphite Femi level rises, which causes easier tunneling of electrons 

into the QW and significantly decreased current loss in the barrier area 

( 𝐼𝐵𝑎𝑟𝑟 𝑒𝑟_𝑡 𝑡𝑎𝑙) , leading to higher and increasing current injection efficiency, as 

shown in Figure 5.2 c. 

 

To further demonstrate the high EQE of our device, we have compared the EQE of 

our monolayer MoTe2 LED with previously reported monolayer TMD-based LEDs, 

as presented in Figure 5.2 d.[8, 10, 13, 14] For vertical structure LED devices (ref 13 and 

14), they were both measured in the small injection current regime where the EQE 

monotonically increases with the injection current and the EQE was recorded at their 

highest injection current. In our measurement, the highest injection current was much 

smaller than those in reported devices. The EQE of our device at highest injection 
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current (75.9 nA/µm2) was measured to be 9.5%, which is nearly twice of what was 

measured in a monolayer WSe2 LED with an injection current of 9.4 µA/µm2.[13] 

Taking into account the 124 times smaller injection current, the total EQE 

enhancement reaches a maximum of ~236 times. Such high quantum efficiency in 

our device arises from two aspects: 1) the delicate device structure, ultra clean 

interface of devices, dry membrane transfer and photolithography-free electrodes 

pattern technique; 2) low substrate absorption at the emission wavelength of MoTe2. 

Considering the vulnerability of the active monolayer MoTe2, our device structure 

was designed to be an inversion of the common vertical structure.[12] Our PL studies 

showed that bottom-placed MoTe2 layer successfully avoided surface contamination 

and sample degradation (Supporting Figure S7). Besides, a dry and lithography-free 

method was used to transfer membranes and to pattern electrodes (Supporting Note 

1).[26, 27] Therefore, our device was assembled under a totally dry environment and no 

molecules were introduced from any organic solution, which can be seen in our clear 

PL spectra without any defect related peaks. Compared to other visible TMD-based 

LEDs, our monolayer MoTe2 LED has an emission wavelength at ~1035 nm that is 

very close to the Si bandgap. Silicon has a weak absorption coefficient at 1.1 eV of ~ 

1.5 cm-1,[28, 29] therefore the emitted light from MoTe2 monolayer is nearly 

transparent to silicon. By introducing a back-reflecting mirror or other light trapping 

structure on the back of the substrate, the device EQE can be further improved. 
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Figure 5. 2 Strong infrared EL emission at 83 K. a, EL spectra from monolayer 

MoTe2 under different injection current and -20 V back gate voltage. The spectra are 

collected from black dot in b. b, EL mapping image of the MoTe2 LED device under 

an injection current of 9.7 µA and -20 V back gate. The blue, white and black dashed 

line outlines hBN, MoTe2, and graphite. Scale bar, 20 µm. c, EL intensity (left) and 

EQE (right) of monolayer MoTe2 as a function of the injection current. d, Quantum 

efficiency for different monolayer TMD devices. 

 

5.4. Working principle of the monolayer MoTe2 LED device 

To further understand the tunneling effect of our LED device, we measured its 

electrical properties. The Ids–Vds curve of the device under different back-gate 

voltages and corresponding analysed band diagrams are illustrated in Figure 5.3. 

Here we discuss 6 different states labeled in Figure 5.3 a & b. The corresponding 

band diagrams are presented in Figure 5.3 c-f. The whole device consists of three 

parts in the band diagram, including Schottky barrier (SB), MoTe2 active layer, and 

hBN barrier. Firstly, the device is under 20 V back-gate voltage (Vbg = 20 V), leading 

to a relatively large SB between graphite and MoTe2 (State 1 and 2). A positive bias 

(Vds = 40 V) applied to another graphite electrode lowers the graphite Femi level (EF) 

below the valence band (EV) of gated MoTe2, which induces holes to tunnel through 

the hBN barrier into MoTe2 layer (State 1, as illustrated in Figure 5.3 c). On the 

contrary, a negative bias (Vds = -40 V) applied to graphite electrode will raise its EF 

above the conduction band (EC) of gated MoTe2, resulting in electrons tunneling into 

MoTe2 layer (State 2, as illustrated in Figure 5.3 d). Meanwhile, holes in the other 
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side graphite cannot be injected into MoTe2 monolayer because of the large energy 

barrier for hole. In the above two scenarios, there is no radiative recombination due 

to lack of electrons or holes in monolayer MoTe2. Subsequently, state 3 and 4 show 

that when the device is under -20 V back-gate voltage (Vbg = -20 V), the conduction 

and valence band of MoTe2 bend upwards, which narrows the SB width. If the EF of 

graphite closed to hBN side is lowered below EV of the gated MoTe2, holes can also 

tunnel into MoTe2, similar to the situation in Figure 5.3 c, but with a larger current 

because of the smaller SB (State 3, as illustrated in Figure 5.3 e). In state 4 (Figure 

5.3 f), when our device is under -20 V back-gate voltage (Vbg = -20 V) and graphite 

closed to hBN side is under a large negative bias (Vds = -40 V), electrons in this 

graphite can tunnel into the MoTe2 monolayer after raising the EF. In the meantime, 

holes are also able to tunnel through the SB into MoTe2 monolayer. And then 

electrons and holes recombine radiatively leading to a great of photon emissions. The 

state 5 and state 6 illustrate the scenario before our device emitting light, which has 

been explained in supporting note 3. By modulating the Femi level of the graphite, 

we can manipulate the injection of electrons and holes in this type of vertical 

structure device and thereby realize device control. 

 

As the initial doping of the monolayer MoTe2 is quite small,[4] the doping level of 

MoTe2 could significantly change when it is under different gates.[30] Therefore, it is 

worth discussing the gate effect on behaviours of the device. Firstly, the source and 

drain current in Figure 5.3 a and b is compared at a given Vds equals to 40 V. The 

source and drain current for Vbg at -20 V is larger than the Vbg at 20 V. When Vbg is 

set at 20 V, the channel type in MoTe2 is n-type and electrons are the majority of 

charge carriers. In this case, holes injected from tunneling through hBN could not 

generate large current. However, the channel type in MoTe2 switches to p-type when 

Vbg is set to -20 V. The holes become majority carriers leading to larger current. 

Conversely, the current for Vbg at -20 V is smaller than the Vbg at 20 V when the 

given Vds is at -40 V. In this scenario, electrons are injected through hBN. The 

channel type changes from p-type to n-type when Vbg increasing from -20 V to 20 V. 

Our results are consistent with previous report.[30] 
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Figure 5. 3 Working principle of the monolayer MoTe2 LED device. a, Ids – Vds 

curve for the device under various back-gate voltages at room temperature. State 1 to 

6 are marked in different locations. b, Zoom-in image of the left part of Ids – Vds 

curve in a. c, Band diagram of the device operating at state 1 (Vbg = 20V, Vds = 40V) 

in a. d, Band diagram of the device operating in state 2 (Vbg = 20V, Vds = -40V) in a. 

e,  Band diagram of the device operating in state 3 (Vbg = -20V, Vds = 40V) in a. f, 

Band diagram of the device operating in state 4 (Vbg = -20V, Vds = -40V) in a.  
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5.5. Photo-response of monolayer MoTe2 photodetector 

The above electrical and light emitting studies demonstrate excellent optoelectronic 

performance in our vertical tunneling structure. However, the photodetection 

property based on MoTe2 material and such tunneling structure are barely reported. 

Here we have further extended our device into photodetector and conducted some 

initial characterizations of photo response properties. Figure 5.4 a up-panel shows the 

optical microscope image of our monolayer MoTe2 photodetector that has the same 

configuration as our LED device. The monolayer MoTe2 is fully covered by a few-

layer hBN flake. The corresponding photocurrent mapping at 5 V bias (Vds = 5 V) 

with a 532-nm laser excitation (9 nW) is presented in Figure 5.4 a bottom panel, with 

the graphite and MoTe2 region outlined by black and white dashed line, respectively. 

The photocurrent mapping clearly indicates that photo-response comes from the 

monolayer MoTe2 close to the edge of the graphite. Under 5 V bias, the EF of 

graphite is lowered and thus only some of holes can tunnel into the MoTe2 

monolayer. This small amount of tunneling holes contributes dark current in this case, 

as shown in Figure 5.4 b, left panel. By inserting the hBN tunneling layer, the dark 

current can be highly suppressed. With light illumination, the minority electron 

population in the conduction band of MoTe2 is significantly enhanced and can tunnel 

into graphite to generate light current (Figure 5.4 b, right panel). However, 

photoexcited electrons beyond the carrier diffusion length will recombine radiatively 

or non-radiatively before arriving the graphite electrode, which causes the photo-

response only showing near the edge of the graphite. 

 

The spectral photoresponsivity of our device is measured and illustrated in Figure 5.4 

c. This wavelength-dependent photoresponsivity is largely attributed to light 

absorption by MoTe2 monolayer. The photoresponsivity is negligible for photons 

with wavelength longer than 1180 nm (energy smaller than 1.05 eV), corresponding 

to the exciton bandgap of monolayer MoTe2. Apart from MoTe2 exciton 

photoresponsivity peak, we also observed that the photoresponsivity reached its 

maximum increase rate at 690 nm, indicating the monolayer MoTe2 band edge, 

which is consistent with previous report[4].  Remarkably, another strong resonate 

peak located at 450 nm can also be observed in the spectrum. We attribute this peak 

to C peak originated from the regions of parallel bands near the Γ point, which rises 
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from the band nesting effect (Supporting Note 2).[4] We also measured the response 

time of our device, as displayed in Figure 5.4 d. The rise and fall time in our device 

are 5.34 and 5.06 ms, respectively. Such short response time is attributed to the flat 

hBN surface above the MoTe2, which minimizes charge transfer at the hBN/MoTe2 

interface and again, reflects our ultra-clean device fabrication process. Finally, the 

photo-detectivity, one of the most important parameters in photodetector, indicates 

the capability of a device to detect weak signal and it can be calculated by using 

following formula:17  

𝐷 = 
𝐸𝑄𝐸(𝑞𝐴)1/2

ℎʋ(2𝐼𝑑𝑎𝑟𝑘)1/2
 

Where external quantum efficiency EQE = R(hʋ/e), q is the elementary charge, h is 

Planck constant, ʋ = c/λ, c is the speed of light in vacuum, λ is 1145 nm and Idark is 5 

× 10-12 A. The detectivity is calculated to be 2.6 × 109 cm Hz1/2W-1. 
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Figure 5. 4 Photo-response of monolayer MoTe2 photodetector. a, up panel: Optical 

microscope image of the monolayer MoTe2 photodetector. White and black dashed 

line outlines MoTe2 and graphite. Few-layer hBN is located between graphite and 

MoTe2. Bottom panel: Photocurrent mapping image of the same area. The image was 

acquired at Vds = 5 V and Vbg =0 V under 532-nm excitation laser (9 nW). b, Band 

diagram of the monolayer MoTe2 photodetector. Left and right side shows the device 

working without and with light illumination, respectively. c, Photo-responsivity as 

function of wavelength under 10 nW white light, with Vds = 5 V and Vbg = 0 V. d, 

Temporal photocurrent of the monolayer MoTe2 photodetector. Incident light: 10 nW 

white light, Vds = 5 V, Vbg = 0 V. The rise time (5.34 ms) is defined as the time of the 

photocurrent increases to 90% of the ON-state current. The fall time (5.06 ms) is 

defined as the time for the photocurrent decreases to 10% of the ON-state current. 

 

5.6. Summary 

In summary, we have demonstrated vertical structured high-efficiency monolayer 

MoTe2 LED for the first time, and it shows extremely high performance with an EQE 

of ~9.5% at 83 K. The working principle of this vertical tunneling device has been 

identified by band diagram study under different situations. Such kind of LED 

presents a huge potential to be future near-infrared on-chip light sources. And their 

efficiencies can be further improved by creating multiple QWs[13] and delicate tuning 

of the hBN barrier thickness. Furthermore, this hBN encapsulated structure can also 

be extended to photodetection with strong photoresponsivity and fast response time. 

Our results open a new route for the investigation of novel infrared optoelectronic 

devices. 

 

5.7. Experimental Section 

5.7.1. Device fabrication and characterization. The Monolayer MoTe2 and the few 

layers hBN were mechanically exfoliated onto the SiO2/Si substrate. Transfer 

stacking process was done with a homemade transfer platform (Supporting Note 1). 

The 100nm thickness gold electrodes were directly patterned in a plain SiO2/Si 

substrate by conventional photolithography, metal deposition and lift-off process. 
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The homemade micromanipulator was used to peel off Au electrodes and then 

transfer them to LED devices. 

5.7.2. Optical characterization. PL, Raman and EL measurements were conducted 

using a Horiba LabRAM system equipped with a confocal microscope, a charge-

coupled device (CCD) Si detector, and a 532 nm diode-pumped solid-state (DPSS) 

laser as the excitation source. For temperature-dependent (above 83 K) 

measurements, the sample was placed into a microscope-compatible chamber with a 

low-temperature controller (using liquid nitrogen as the coolant). The electrical bias 

for LED was applied using a Keithley 4200 semiconductor analyzer. The spectral 

response of the photodetector devices was measured using the conventional 

amplitude modulation technique with a tungsten-halogen lamp as a white 

illumination source, a mechanical chopper, an Acton SpectraPro 2300i 

monochromator, a Stanford SR570 low noise current pre-amplifier and a Stanford 

SR830 DSP lock-in amplifier. The two-dimensional photocurrent mapping was 

performed with a WITec alpha300S scanning microscopy system.  
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Appendix for: 

 

Supporting Information for Chapter 5 

1. PSI characterization of monolayer MoTe2 sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1 PSI characterization of monolayer MoTe2 sample. a, Optical 

microscope image of monolayer MoTe2 sample prepared by mechanical 

exfoliation. b, PSI image of the same monolayer MoTe2 sample in a. c, PSI 

measured optical thicknesses along the dashed line in b. d, Optical thicknesses 

for 1L to 3L MoTe2 samples from both simulation (red sphere) and experimental 

measurements (blue sphere with error bar). The red dashed line is the linear fit 

for statistical data measured with the PSI system.  
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2. PSI characterization of few-layer hBN sample. 

 

Figure S2 PSI characterization of few-layers hBN sample. a, Optical microscope 

image of few-layer hBN sample prepared by mechanical exfoliation. b, PSI image of 

the same hBN sample in a. c, PSI measured optical thicknesses along the dashed line 

in b. The layer number of the hBN is estimated as 6 to 8 layers. d, Optical 

thicknesses for 1L to 3L hBN samples from both simulation (red sphere) and 

experimental PSI measurements (blue sphere with error bar). The red dash line is the 

linear fit for statistical data measured with the PSI system.  
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3. InGaAs detector efficiency calibration and collection efficiency estimation. 

 

Figure S3 InGaAs detector efficiency calibration by using a 1.17 eV laser diode. 

Dark blue spheres represent integrated counts collected by detector under different 

photon power emitted by the laser diode. The red solid line is a linear fit. 

 

Quantum efficiency is defined as the number of photons emitted with respect to the 

number of injected electron-hole pairs, Ne/I, where N is the number of emitted 

photons per second, e electron charge, I is the current passing through collection 

area.[1, 2] In order to estimate the number of emitted photons we need to estimate 

collection efficiency. The total loss is defined as: 

𝜂 =  𝜂𝑙𝑒𝑛𝑠 ∙ 𝜂 𝑝𝑡 𝑐 ∙ 𝜂𝑠𝑦𝑠𝑡𝑒𝑚 

𝜂 𝑝𝑡 𝑐 is the loss when emitted light passes through all components in the optical 

circuit. We use a 1060 nm laser diode and a power meter to measure the total loss in 

the optical circuit. The 𝜂 𝑝𝑡 𝑐 in our system is estimated to be 0.194. 

 

𝜂𝑠𝑦𝑠𝑡𝑒𝑚 is the loss of photons which pass through slit and grating into the InGaAs 

detector. By recording spectrum of the 1060-nm laser diode at different power, we 
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can get detector counts as a function of the laser power (Figure S3). For our detector, 

we have 3447 integrated counts/sec/nW. Considering increasing 1 nW for the 1060-

nm laser corresponds to 5.33 × 109 photons and ND3 filter is used to reduce laser 

power, the actual injected photons are 5.33 × 106. Therefore, our system efficiency 

will be 𝜂𝑠𝑦𝑠𝑡𝑒𝑚 = 3447/5.33 × 106 , which is 6.46× 10−4. 

 

𝜂𝑙𝑒𝑛𝑠 is the lens collection efficiency.[3] Our objective lens is 50x with a numerical 

aperture (NA) of 0.55. The monolayer MoTe2 is fully encapsulated under few layers 

hBN with refractive index n = 2.2.[4]  

𝜂𝑙𝑒𝑛𝑠 = 
1

4𝜋
∫ 𝑑𝜑
2𝜋

0 ∫ 𝑑𝜃
arcsin (

𝑁𝐴

𝑛
)

0
𝑠𝑖𝑛𝜃 =  

1

2
[1 − √1 − (

𝑁 

𝑛
)2] = 0.016  

Our total efficiency 𝜂 =  𝜂𝑙𝑒𝑛𝑠 ∙ 𝜂 𝑝𝑡 𝑐 ∙ 𝜂𝑠𝑦𝑠𝑡𝑒𝑚 = 2 × 10−6 . 

 

4. PL spectra of monolayer MoTe2 sample and pure SiO2/Si substrate. 

 

Figure S4 PL spectra on monolayer MoTe2 sample and SiO2/Si substrate, indicating 

that the broad peak is from Si. 
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5. Monolayer MoTe2 LED operation I-V curve at 83 K. 

 

Figure S5 Monolayer MoTe2 LED device working I-V curve at 83 K.  

 

6. Direct tunneling and Fowler-Nordheim tunnelling. 
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Figure S6 a, Schematic band diagram of the direct tunneling (DT) and Fowler-

Nordheim tunneling (FNT). b, DT and FNT fitting of the measured I-V curve in 

Figure S5. 

 

Figure S6a presents the band diagrams of graphite/hBN/MoTe2 heterojunction under 

low and high voltage bias. The direct tunneling process occurs at low voltage regime, 

while Fowler-Nordheim tunneling process dominates at high voltage regime. When 

the applied voltage is smaller than the barrier height, electrons from graphite tunnel 

into MoTe2 layer via a trapezoidal barrier (Figure S6 left). The barrier thickness 

keeps constant all the time, leading to constant current injection efficiency. This 

process corresponds to the direct tunneling (DT) with an equation: 

𝐼𝐷𝑇(𝑉) =
𝐴𝑒𝑓𝑓√𝑚𝜑𝐵𝑞

2𝑉𝑑𝑠

ℎ2𝑑
𝑒𝑥𝑝 [

−4𝜋√𝑚∗𝜑𝐵𝑑

ℎ
] 

𝐴𝑒𝑓𝑓 ,  𝜑𝐵 ,  𝑞 ,  𝑚 ,  𝑚∗ , 𝑑  and ℎ are effective contact area, barrier height, electron 

charge, free electron mass, effective electron mass, barrier width, and Plank’s 

constant, respective. 

 

When the applied voltage is larger than the barrier height, the trapezoidal barrier 

changes into the triangular barrier. The barrier thickness will become narrower as 

applied voltage increases. As a consequence of that, the injection current 

exponentially increases (Figure S6 right). This process is Fowler-Nordheim 

tunneling (FNT) and can be expressed by the equation: 

𝐼𝐹𝑁𝑇(𝑉) =
𝐴𝑒𝑓𝑓𝑞

3𝑚𝑉𝑑𝑠
2

8𝜋ℎ𝜑𝐵𝑑2𝑚∗
𝑒𝑥𝑝 [

−8𝜋√2𝑚∗𝜑𝐵

3
2𝑑

3ℎ𝑞𝑉𝑑𝑠
] 

In our device, the I-V curve shows in Figure S5 can be simulated by above models.[5, 

6] To better fit FNT model, we change FNT equation to: 
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ln (
𝐼𝐹𝑁𝑇(𝑉)

𝑉𝑑𝑠
2 ) = ln (

𝐴𝑒𝑓𝑓𝑞
3𝑚

8𝜋ℎ𝜑𝐵𝑑2𝑚∗
) −

8𝜋√2𝑚∗𝜑𝐵

3
2𝑑

3ℎ𝑞𝑉𝑑𝑠
 

The experimental data match well with the fitting curves of the DT and FNT models. 

In the FNT regime, the ln (
𝐼𝐹𝑁𝑇(𝑉)

𝑉𝑑𝑠
 ) will decrease linearly with 

1

𝑉𝑑𝑠
, while logarithmic 

behaviour in the DT regime.  

 

7. Sample degradation as fabrication process and time evolution. 

 

 

 

 

 

 

 

Figure S7 PL degradation as fabrication process and time evolution. a, PL intensity 

of the monolayer MoTe2 sample after a series of the fabrication process. b, Stability 

comparison of the monolayer MoTe2 samples with and without hBN capping layer.  

 

In addition to the monolayer MoTe2 devices presented in the main text, here we show 

some other monolayer MoTe2 samples and their PL behaviour under different 

fabrication and environmental conditions. Figure S7 left panel shows the PL intensity 

evolution during the different fabrication process. As we can see, the freshly 

exfoliated monolayer samples achieve high PL intensity indicating the high sample 

quality and surface cleanness. Here we use wet chemical transfer method to peel off 

samples and relocated on another SiO2/Si substrate. The PL intensity decreased 30%, 

suggesting that samples have been contaminated by organic solution used for 

removing polymer residuals. Following transfer, samples were prepared for the 

lithography process. After lithography, the PL intensity further decreased to around 
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30% of that of freshly exfoliated samples. PL behaviour clearly reflects that samples 

quality will be seriously affected by external contamination and thus influence their 

optical properties. Figure S7 right panel presents the time evolution of the PL 

intensity from monolayer MoTe2 samples protected and unprotected by hBN capping 

layers. In this PL tracking experiment, samples covered by hBN show nearly the 

same PL intensity as fresh samples even after 8 weeks exposed to air at room 

temperature. For those samples without hBN encapsulation, PL intensity 

significantly dropped to only few hundred counts.  Here, we also notice that 

monolayer MoTe2 samples with hBN capping layers show higher intensity than those 

without hBN layers, indicating that hBN layers effectively change the MoTe2 doping 

level and reduce non-radiative decay channels due to their defects.[7-9]  

 

8. Relaxation pathway for photo-excited carriers. 

 

Figure S8 Relaxation pathways for photo-excitated carriers. Kth indicates intravalley 

thermalization process. Kiv indicates intervalley scattering process.  

 

9. Band diagram of state 5 and 6 in main text figure 3a. 
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Figure S9 Band diagram of state 5 and state 6. a, Band diagram of the device 

operating in state 5 (Vbg = -20V, Vds = -2V) in figure 3a. b, Band diagram of the 

device operating in state 6 (Vbg = 20V, Vds = -20V) in figure 3a. 

 

9. Device stability and statistics. 

 

Figure S10 Device stability and statistics. EL measurement of two different devices. 

All EL was measured at 83 K with same injection current. The error bars represent 

the measurement variation from different date within 2 months after fabricated. 

 

Supporting Note 1. Device fabrication 

To prepare the vertical LED structure, the hBN and MoTe2 flakes were mechanically 

exfoliated onto the SiO2/Si substrate pre-treated by oxygen plasma.[10] For device 

application, we selected 8 to 10 layers hBN flakes with a large area and flat surface. 

One yellow light source (~590 nm) has been used to replace the white light source of 

the microscope to achieve maximum optical contrast in identifying thin-layer hBN 

flakes.[4] Later, the monolayer MoTe2 and thin-layer hBN flakes were confirmed by 

PSI.[11] After collecting suitable materials, we used the modified drily transfer 

method to vertically stack these thin flakes.[12, 13] Here, polydimethylsiloxane (PDMS) 

mixed solution (1:10 mix ratio) was directly dropped onto a microscope glass slide. 

And then, a polypropylene carbonate (PPC) film was transferred to the PDMS glass 
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slide. It is essential to use oxygen-plasma treated PDMS glass slides before 

transferring the PPC layer, which will significantly increase the adhesion between 

the PPC and PDMS. The hBN and graphite transfer process were carried out by a 

homemade transfer platform with a Peltier plate to control the temperature. In our 

device, the monolayer MoTe2 is bottom placed, and thus we only need transfer few-

layer hBN and graphite flakes. When the PPC film fully touched hBN layers, a high 

temperature of 120 ˚C is applied to increase adhesion between PPC and hBN layers. 

Once the temperature drops to 40 ˚C, the PDMS glass slide was lifted as fast as 

possible. The faster the detaching, the easier hBN layers can be peeled off. For drop-

down process, PDMS glass slide should rise as slow as possible to ensure that hBN 

layers stayed with the monolayer MoTe2. The same process was used to transfer 

graphite. The contact electrodes were prepared by using Au transfer method.[14] 

Photolithography, metal deposition (100nm, Au), and lift-off processes were used to 

prepare gold bars on another SiO2/Si substrate. We used micromanipulator with a 

probe tip to cut gold bars into our designed length. The cut gold bars were then 

peeled off and transferred onto our device by a needle with 1 micro diameter 

tungsten tip. This Au transfer method gives an ultra-clean interface between material 

and metal, which could enhance device performance. Particularly, the method is 

perfect for organic materials that react with photoresists and organic solvents. 

However, the complicated steps and operation of micro-manipulator increase the 

difficulty of fabrication flow. Moreover, the relatively larger size sample is required 

for alignment of Au electrodes owing to the uncertainty of operating micro-

manipulator. Therefore, employment of this method has been further limited. 

 

Supporting Note 2. Band nesting 

The photocarrier relaxation pathway is illustrated in Figure S8. When the excitation 

wavelength is in resonance with the band nesting energy, the system will be initially 

excited from the ground state to the band nesting excited state. Later, a large fraction 

of these excited carriers will thermally relax to Λ/Γ state, many of which will also 

scatter intervalley to the lowest excited state (K/K) and then radiatively recombine, 

leading to the resonate peak at 1.05 eV. The radiative and non-radiative decay 

channel exists either at Λ/Γ state or K/K state. To obtain high photoresponsivity, it is 

necessary to achieve high radiative recombination rate and to suppress the non-
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radiative process, which is normally a fast process. Hence, it is crucial to extend the 

lifetime of photoexcited carriers before they are collected by electrodes. The 

monolayer MoTe2 sample in our photodetector is fully encapsulated by a few-layer 

hBN flake, which could effectively passivate the MoTe2 surface and reduce non-

radiative decay channels (Figure S7).[15-17] Therefore, our photodetector shows two 

strong resonate peaks at 450 nm and 1145 nm. 

 

Supporting Note 3. Band diagram of state 5 and state 6 in main text figure 3a 

In state 5, the device is under a -20 V back-gate voltage (Vbg = -20 V), and a small 

SB forms between the graphite and MoTe2 (Figure S9a). Such small SB directly 

causes a small current flow through the device when a small bias is applied in 

another graphite electrode. By further increasing Vds, more holes will be injected into 

the MoTe2 monolayer. However, available hole density states in the counterpart 

graphite electrode decreases as the EF of graphite raises. The above two behaviors 

will eventually reach an equilibrium, resulting in the small constant current across a 

large negative voltage range in main text Figure 3a. In state 6, as illustrated in Figure 

S9b, there is no current in the device when EF of the graphite is located between EC 

and EV of the monolayer MoTe2. 

 

Supporting Note 4. Thermal effect on photodetector measurement 

Seebeck effect has been widely found in traditional semiconductors, which might 

affect optoelectronic devices. Concerning this effect on our photodetector 

measurements, some threshold calculations have been done to exclude it. The 

temperature change of our photodetector device after each measurement would not 

go beyond 100 degrees Celsius. Considering worst scenario, we assume temperature 

change on our device has reached 100 degrees Celsius. Based on published results, 

the 2H-MoTe2 has been found a Seebeck coefficient of -385 µV/K at room 

temperature.[18] Therefore, the maximum voltage change is only 0.0385 V, which is a 

very small value compared to our testing voltage.  
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Supporting Note 5. Less trion contribution in EL spectrum compared with PL 

spectrum 

In main text figure 1d, less trion contribution is observed in EL spectrum compared 

with Pl spectrum. Typically, the monolayer MoTe2 sample is intrinsic neutral and 

doping level is very low compared with other 2D material, such as monolayer MoS2. 

Therefore, electrically injection electrons or holes could lead to a significantly 

transition between exciton and trion. However, the initial doping level could be 

slightly changed in our monolayer MoTe2 after LED fabrication flow. In our 

measurement, the PL spectrum was measured without applying any gate bias, while 

EL spectrum was collected under back gate at negative 20 V. This gate voltage could 

neutralize initial doping of MoTe2 to decrease the trion contribution in EL spectrum. 
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6. High efficiency monolayer WS2 AC Driven LED via An 

Unsymmetrical Pulsed Carrier Injection 

In the previous chapter, we have introduced a monolayer MoTe2 LED device, which 

is driven by direct current (DC). In this chapter, we will extend our discussion to the 

alternative current (AC) driven LED device based on monolayer WS2. To date, the 

understanding of the working principle of AC LED devices is still not fully explored. 

The potential ability of this AC injection method is still undeveloped. Here, we 

further discuss the AC driving ability and demonstrate an ultra-long 

electroluminescence emission length AC LED by an unsymmetrical pulsed carrier 

recombination mechanism, which is induced by the initial doping in the emitting 

material. This mechanism helps to increase the EL intensity and emission area for the 

AC LED. Time resolved electroluminescence and temperature dependent time 

resolved electroluminescence measurements confirmed that the unsymmetrical 

pulsed carrier recombination is caused by initial doping of TMDs. Based on the 

doped sample, we observed the wavelength tunable EL emission under low 

temperature, which can be tuned between the exciton, trion emission, and the defect 

emission. The quantum efficiency of defect EL emission is 24.5 times larger than 

free exciton and trion EL emission. By taking advantage of the sperate carrier 

injection in the AC driving LED, we have successfully distinguished the different 

defect emissions and their evolution in real space. Those defects are assigned to be 

negatively charged sulfur vacancies. The results in this chapter provide crucial 

insights into optimizing the performance of AC driving LED devices for future 

practical applications and open a new route to study the defect states and defect 

engineering for the tunable LED device.  

 

6.1. Introduction of monolayer TMDs based AC driven LED devices 

Recently, layered transition metal dichalcogenides (TMDs), especially in their 

monolayer status, have attracted considerable interest for their unique electronic and 

optical properties.[1-3] The monolayer WS2 and WSe2 exhibit a direct bandgap with 

strong photoluminescence and are of particular interest for novel optoelectronic 

devices such as a light emitting diode (LED).[4, 5] In previous work, the direct current 

(DC) injection LED was obtained in TMDs by forming a p-n junction via 
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electrostatic doping.[5] Alternatively, the complex vertically stacked heterostructures 

using hexagonal boron nitride tunnel barriers have also been demonstrated. [4, 6] 

However, the complicated device structures and long fabrication process further limit 

the application of this DC driving LED. As the counterpart of the DC driving LED, 

the alternating current (AC) driving LED has attracted more attention recently.[7] 

Compared to DC structured LED, the AC LED only uses a two-terminal capacitor 

structure via a single metal semiconductor contact, which has intensively reduced 

fabrication difficulty. More importantly, unlike the working principle of DC LED 

which electrons and holes are injected into the system at the same time, the EL 

emission from AC LED is achieved by injecting electrons or holes separately under 

different AC voltage polarities. Then those new injected carriers radiatively 

recombine with remaining carriers of opposite sign in the material. This separate 

injection feature opens a fantastic way for us to probe the EL emission pathway and 

the carrier dynamic down to each injection cycle. By understanding this EL emission 

pathway and the carrier dynamic behavior, it provides us an insight into engineering 

and improving the performance of AC LED devices on the one hand. On the other 

hand, it also serves as a good opportunity to explore some special energy states such 

as different defect states, which are normally not dominated in photoluminescence 

(PL) measurement.   

 

Currently, the strong EL emission from two-dimensional material based AC LED has 

been achieved.[7] However, the EL emission area is usually small and limited alone to 

the electrode contact in the undoped monolayer material. Time resolved EL 

measurement shows two similar and short EL decays appearing when AC voltage 

polarity changes. This drawback requires a very dense electrodes pattern when it is 

deployed to large scale applications. It becomes a bottleneck for future development 

in AC LED structure. To overcome this issue, a longer EL emission decay is required 

for increasing emission area. One possible solution could be increasing the doping 

level in the optical active material. In monolayer TMDs, the optical properties can be 

easily manipulated by tuning the initial carrier doping via many methods such as 

electrostatic doping and chemical doping.[8, 9] The strong PL is identified to exist in 

neutral TMDs monolayer samples. Several researches have claimed that with 

increasing initial doping in the monolayer, the PL emission could get weaker. [10, 11] 
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However, the effect of initial doping to electroluminescence emission in monolayer 

TMDs material has not been extensively studied. In this work, taken an advantage of 

the AC LED structure, we have demonstrated an ultra-long electroluminescence 

emission length in AC driving LED devices through an unsymmetrical pulsed carrier 

recombination mechanism. Contrary to the doping effect in PL emission, we will 

show that the initial doping in EL emission plays a positive role in increasing the 

emission area in AC LED devices. We present the emission area in our sample along 

one direction is measured as 3 times longer than the previous reported value.[7]  

 

Solid-state defect engineering has been demonstrated to be an important technique to 

modulate the properties of semiconductors for various applications.[12, 13] Particularly, 

defect engineering in two-dimensional (2D) materials is critical and promising for 

the development of novel optoelectronic devices, such as defect LED[14] and single 

photon emitter.[15] Raman and PL spectroscopy are usually used to explore different 

types of defects. For TMDs, some new Raman peaks appear and their intensities are 

related to the density of defect, but the sensitivity is not very high.[16] At the same 

time, in low temperature PL measurement, defects related PL peaks could be 

observed due to the emission of excitons bound to the defect states, which could be 

used to monitor the number of defects in TMDs.[17, 18] However, those defect PL 

peaks are usually not dominated due to the optical pumping efficiency. Moreover, 

the PL spectroscopy is hard to give more detailed information on defect emission and 

defect carrier dynamic. Comparing to optical pumped PL spectroscopy, the AC 

driving EL emission spectroscopy is an excellent tool to study the defect carrier 

dynamics. Thanks to the feature of separate injection of electrons and holes, it 

provides a unique window for us to see and distinguish defect species, defect states 

evolution and ultra-high defect emission quantum efficiency. Here, we have 

demonstrated a novel way to probe the different defect states in monolayer WS2 by 

using the AC driving WS2 LED platform. In this AC driving LED, we have observed 

the wavelength tunable EL emission, which EL wavelength is switching from 

exciton and trion emission to defect emission. Moreover, we have resolved and 

visualized two different types of defects and the evolution of them in the WS2 

monolayer sample. The quantum efficiency of defect EL emission is 24.5 times 

larger than free exciton and trion EL emission. Our results provide crucial insights 
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into optimizing the performance of AC driving LED devices for future practical 

applications and open a new route to study the defect states and defect engineering 

for the tunable LED device.  

 

6.2. Symmetrical and unsymmetrical pulsed carrier recombination mechanism 

Figure 6.1 a shows an EL emission spectrum that is comparable with its PL spectrum. 

The LED device structure is schematically depicted in Fig. 1a inset. In device 

fabrication, a mechanically exfoliated monolayer WS2 flake was dry transferred onto 

a SiO2/Si substrate (275nm thermal oxide on n+-doped  silicon), in contact with a 

gold electrode that was peel-transferred onto monolayer sample.[19, 20] A part of the 

monolayer WS2 was under the gold electrode and the other part on the SiO2 substrate. 

The large area light emission can be observed from Figure 6.1 b, where an optical 

microscopy picture of the sample presented in the inset. Figure 6.1 c shows the 

emission profile along the solid white line in Figure 6.1 b. Here we define this lateral 

emission region length as the EL emission length. This EL emission length is the 

distance value of full width at half maximum of EL emission profile. In the previous 

report, the AC driving LED EL emission was only observed near the source contacts 

and the emission region laterally extended from the contact edge by around 3 µm.[7]  

In our recorded device, we have demonstrated an ultra-long EL emission length of 

9.08 µm, which is 3 times larger than previously reported value as depicted in Figure 

6.1 c. In order to understand this ultra-long EL emission, time resolved 

electroluminescence (TREL) measurements have been performed. At room 

temperature, the time resolved EL signals and their corresponding alternating driving 

voltage traces from the WS2 LED device and the WSe2 LED device are presented in 

Figure 6.1 d and Supplementary Figure. S5b, respectively. The driving voltages are 

± 6.6 V for WS2 LED and ± 10 V for WSe2 LED. The driving frequencies are both 

500 kHz. Firstly, two identical EL decay curves that are starting from both voltage 

rising and falling edges can be observed from both WS2 and WSe2 LED depicted in 

Figure 6.1 d and Figure S5b. These two decay components are exactly the EL origin 

of this type of AC driving LED device, which is consistent with the previous report.[7] 

In the monolayer WSe2 LED device, two EL decay curves with the same decay shape 

emerge at both voltage rising and falling edges. The fast switching AC driving 

voltage causes WSe2 band bending at the Schottky contact, leading to large transition 
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currents. New injected carriers (electron or hole) meet with the opposite type of 

carriers (hole or electron) that are accumulated in the previous cycle. Then those 

excess electrons and holes form excitons, therefore, result in pulsed light emission as 

presented in Figure S5c schematic plots. Owing to the similar shapes and the same 

origin in these two EL decay curves, this type of emission can be considered as a 

symmetrical carrier recombination. However, in Figure 6.1 d, these two EL decay 

curves from the WS2 LED device have dramatically different shapes, indicating the 

different carrier recombination process, namely an unsymmetrical carrier 

recombination processes.  
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Figure 6. 1 Monolayer WS2 LED devices with large area and ultra-long EL emission 

length at room temperature and the principle of the unsymmetrical pulsed carrier 

injection. a, EL and PL spectra measured for monolayer WS2 devices (Vac = 7.5 V at 

500 kHz). Inset: the schematic of AC LED devices. b, EL mapping of the recoded 

WS2 AC LED device with a large-area and the longest EL emission length (Vac = 7.5 

V at 500k Hz). The white dashed line indicates the contacted edge of the gold 

electrode. Inset: the optical image of this WS2 device. c, EL emission profile along 

the solid white line shown in b. d, Time-resolved electroluminescence and the 

corresponding driving voltage trace for WS2 AC LED device. Two different decay 

behaviours indicate the unsymmetrical carrier recombination process at two voltage 

transients. e, Schematic band diagrams corresponding to four emission stages 

labelled as I, II, III and IV in d. 

 

To explain this unsymmetrical recombination process, the entire EL decay curve has 

been divided into four sections labeled as I, II, III and IV in Figure 6.1 d. The 

corresponding schematic band diagrams are illustrated in Figure 6.1 e. The reason for 

the unsymmetrical carrier recombination can be attributed to the initial doping of 

monolayer TMDs. Normally, the monolayer WSe2 sample shows neutral initial 

doping which results in WSe2 based field-effect transistors exhibiting ambipolar 

characteristics.[21, 22] The Fermi energy of WSe2 is close to the mid gap due to large 

chalcogen vacancy formation energy. [23] The free electrons or holes are mainly 

forming by accumulating in the previous cycle. However, the monolayer WS2 sample 

shows intrinsic n-type doping because of its natural Sulfur vacancy or halides 

substitutions during the growth process.[24] The doping level of monolayer WS2 used 

in LED devices can be estimated to be 7.5 × 1011 𝑐𝑚−2 by using gate dependent PL 

spectra. The estimated value matches very well with the crystal factory specifications. 

The detailed calculations are provided in the Supplementary Note 1. In our LED 

structure, the back gate is grounded. When the AC driving voltage is on the rising 

edge or positive values, the device is injected with holes (holes injection side). 

Oppositely, the device is injected with electrons if the voltage is on the falling edge 

or negative values (electrons injection side). In our WS2 AC LED devices, the origin 

of section I and IV in the decay curve is similar with the decays in WSe2 LED. In 

section I, the driving voltage is quickly switched from negative 6.6 V to positive 6.6 
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V. The energy band is bending upwards, leading a large number of holes injected 

into WS2 samples. The new injected holes recombine with remaining electrons that 

are left by the previous cycle. Those electrons are different from electrons that comes 

from intrinsic initial doping as labeled with purple color in Figure 6.1 e panel I. 

Those remaining electrons quickly move to the electrode contact after the AC 

voltage is switched. Then they meet with fresh injected holes, resulting in fast and 

small EL emission at the beginning of the first decay. Now if the applied AC voltage 

suddenly change its polarity, then it will cause cut off the decay curve and emerges a 

second EL decay marked as IV. In Figure 6.1 e panel IV, the falling edge and 

negative voltage value quickly bend energy band downwards, causing electrons 

injection while holes exiting. Due to the nature of the initial n-type doping in the 

material, the free holes in the WS2 monolayer are mainly left by the previous cycle 

labeled with cyan color. The large population of the injected electrons could rapidly 

capture and radiatively recombine with those free holes, rising a short and intensive 

emission pulse. After the depletion of free holes, no more light emits even if 

electrons keep injecting. In this case, the light emission area is very close to the Au 

contact edge again because electrons and holes will firstly meet in this area.  

 

The section II and the section III belong to the main part of first decay, where the EL 

intensity is constantly increasing to the maximum followed by a long and slow decay. 

In the section II, the driving voltage is stabilized at 6.6 V, the holes are continuously 

injecting into the material. Due to the intrinsic n type doping nature, the injected 

holes could find excess electrons to form excitons and emitting light as illustrated in 

Figure 6.1 e panel II. Because of the n-type doped material, there are a lot of free 

electrons in the conduction band. The population of injected holes is far less than 

those initial free electrons. With more holes inject into the system, the EL emission is 

steadily increasing. The emission now is closed to the Au contact edge. In the section 

III, the injected holes will diffuse inward accompanying with radiative recombination 

until they reach their longest diffusion length. Therefore, the emission area is 

extending inward from Au contact edge to the far end, and finally it generates an 

ultra-long emission length as depicted in Figure 6.1 e panel III. Meantime, the EL 

intensity reaches its maximum and then slowly decays. During this process, the Au 

contact could continuously provide holes into the system to compensate holes 
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consumption. This causes an almost flat decay curve and an ultra-long decay lifetime. 

Here, the EL decay curve can also describe the EL emission time. Thus, this EL 

decay lifetime can be approximated to EL emission lifetime. Actually, this EL 

emission lifetime could be further longer if the AC frequency is decreased 

(Supplementary Figure S4). The longest EL emission lifetime in our WS2 AC LED 

device is ~1980 ns when AC frequency is 200 kHz, indicating extremely high crystal 

quality and non-contamination device fabrication method (Supplementary Note 2).  

Now, if we define the section I and IV as a fast decay process while section II and III 

as a slow decay process, the relationship between fast decay and slow decay can be 

established as presented in Supplementary Figure S6. The integrated EL intensities 

from fast and slow decay components as a function of AC frequency have been 

extracted in Figure S6a. The total contribution of EL intensity from the fast decay 

component does not change when the frequency increased. However, the EL 

intensity from slow decay dramatically increases as frequency increased. It suggests 

that the slow decay component plays a significant role in the EL emissions in WS2 

AC LED devices. Now, by comparing TREL behaviors in monolayer WS2 and 

monolayer WSe2 sample, we can understand the origin of this symmetrical and 

unsymmetrical carrier recombination processes. It can be contributed from two facts: 

1. new injected electrons (or holes) radiatively recombine with the remaining holes 

(or electrons) that are accumulated in the previous cycle; 2. new injected electrons 

(or holes) recombine with system initial free holes (or electrons). On the one hand, if 

the initial doping of the material is small, the population of system free carriers 

becomes small then the first fact dominates EL emission. The TREL decay behavior 

is symmetrical. On the other hand, if the initial doping of the material is large, the 

population of initial free carriers is large, leading the EL emission is dominated by 

the second fact. The TREL decays are unsymmetrical.  

 

In order to justify this AC driving EL emission model, we performed two more 

TREL measurements in this WS2 LED device to verify the influence of the material’s 

doping effect. The measurement conditions for those two tests are kept the same. 

After the TREL measurement on the fresh exfoliated WS2 LED device, then this 

LED device has been treated by the p-type chemical dopant. We used 7,7,8,8 – 

tetracyanoquinodimethane (TCNQ) as the p-type dopant to modulate initial doping 
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levels in the monolayer WS2 sample as previously reported.[9] The TCNQ solution 

preparation and sequential doping method have been described in the Supplementary 

Note 3. Interestingly, the TREL decay curves can be significantly tuned as elucidated 

in Supplementary Figure S7. When the monolayer WS2 sample has not been treated 

by TCNQ, the initial doping is n-type and the material has more electrons. In the 

holes injection side, a long and flat decay curve can be obtained. However, this long 

and flat decay curve from the holes injection side has been suppressed after the 

TCNQ treatment. With the treatment of p-type dopants, electrons in the monolayer 

WS2 have been neutralized causing the decrease of initial doping level where free 

electrons in the system dramatically decrease, leading to a strong reduction of EL 

emission lifetime. This has confirmed that the material’s initial doping is favor for 

unsymmetrical recombination processes in this AC driving LED structure. This 

provides us an opportunity to enhance the EL emission area and EL performance by 

tuning the material’s doping level.  

 

6.3. Temperature dependent EL emission length 

Normally, the initial doping comes from thermal activated free carriers. They should 

be very sensitive to temperature. In order to further prove that the initial doping plays 

a crucial role in this unsymmetrical EL emission model, temperature dependent EL 

mappings and TREL measurements are performed. In Figure 2 a-d, we show the EL 

emission mapping of the monolayer WS2 as a function of temperature. The driving 

voltage and frequency are kept the same at Vac = 7.5 V and 500 kHz, respectively. A 

very clear trend of EL quenching and emission area shrinking toward the Au 

electrode can be observed when the temperature is decreasing. The cross-section 

profiles of EL emission along the solid white line under 290 K and 80 K have been 

extracted in Figure 6.2 e and f. The EL emission length is decreasing from 5.822 µm 

at room temperature to 0.016 µm at 80 K. The shrinking factor can be as high as 

363.9 times in this scenario. The temperature dependent EL emission length can be 

extracted in Figure 6.2 g. The corresponding EL emission mapping images are 

presented in Supplementary Figure S8. The emission length is firstly saturated when 

the temperature is higher than 230 K. Those saturated emission lengths might result 

from the dimensional limitation of the sample size. When the temperature has further 

decreased below 230 K, the emission length is dramatically decreasing. The 
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measured data can be perfectly fitted by the traditional temperature dependent carrier 

mobility model indicated in Figure 6.2 g red curve. In this AC driving LED structure, 

the injected carriers firstly tunnel through the air barrier under the Au electrode into 

the monolayer WS2 sample. Then those accumulated carriers laterally diffuse inward 

the monolayer WS2. Therefore, the emission length is highly related to carrier 

diffusion ability as well as mobility. Considering the emission principle that has been 

discussed earlier, the hole diffusion length will be proportional to emission length. In 

2D materials, the carrier mobility is attributed to two facts: impurity scattering and 

phonon scattering from the crystal lattice. In 1L WS2, the carrier mobility can be 

separated into two regimes, which are insulating regime at low gate voltages and 

metallic regime at high voltages.[24] In the temperature dependent EL measurement, 

the driving voltage was fixed at 7.5 V, the LED system was under insulating regime. 

In this regime, the carrier mobility behavior follows the frameworks of thermally 

activated and variable range hopping models.[24] Therefore, the carrier mobility 

decreases as the temperature decreases, leading to a short carrier diffusion length and 

a short emission length. 

 

The EL emission intensity from the same single point indicated in Figure 6.2 a as a 

function of temperature is presented in Figure 6.2 h. The intensity is constantly 

decreasing with temperature decreases. We attribute this to the reduction of initial 

free carriers which are thermally activated. In our monolayer WS2 samples, the initial 

doping level is n-type. There are many thermal activated electrons in the system. For 

n-type semiconductors, the majority are electrons, and the minority are holes. Under 

disequilibrium,  𝛥𝑝 ≫ 𝑝0, 𝛥𝑝 < 𝑛0, where 𝛥𝑝 is the number of the injected holes, 

𝑝0 is the number of the initial holes, and 𝑛0 is the number of the initial electrons. 

Considering the AC driving LED working principle, holes and electrons injection 

processes are continuous, which means that there will be endless holes injected into 

the material if it is in holes injection side as an example. Then the population of 

exciton will follow the equation: 𝑁𝑒𝑥𝑐 𝑡 𝑛  ∝  𝐵𝑟 ∙ 𝑛0 , where 𝑁𝑒𝑥𝑐 𝑡 𝑛  is the 

population of the formed exciton and 𝐵𝑟 is the radiative recombination rate. The total 

exciton population is proportional to the initial free electrons. The population of 

initial free electrons follow the equation: 𝑛0 = (
𝑁𝐷𝑁𝐶

2
)
1

 ∙ exp (−
𝛥𝐸𝐷

2𝑘0𝑇
) =
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(
𝑁𝐷(2𝜋𝑚∗𝑘0𝑇)

3
 

2ℎ3
) ∙ exp (−

𝛥𝐸𝐷

2𝑘0𝑇
) . Here, 𝑁𝐷 is the concentration of the donor, which is 

substitutional Br in the monolayer WS2 sample. 𝑚∗ is an effective electron mass, 

which is 0.46 𝑚𝑒  for monolayer WS2.
[25] 𝑘0  and ℎ  is Boltzmann and Planck’s 

constant, respectively.  𝛥𝐸𝐷 is impurity ionization energy. Therefore, the total EL 

intensity can be fitted by this equation:  𝑁𝑒𝑥𝑐 𝑡 𝑛  ∝  𝐵𝑟 ∙ (
𝑁𝐷(2𝜋𝑚∗𝑘0𝑇)

3
 

2ℎ3
) ∙

exp (−
𝛥𝐸𝐷

2𝑘0𝑇
) . The measured temperature dependent EL intensity data can be 

excellently fitted by this model as showed in Figure 6.2 h red fitting line. From the 

fitting, the ionization energy can be extracted to be 140.4 meV, which matches very 

well with a theoretically calculated activation energy of 0.14eV for Br doped WS2.
[26] 

This temperature dependent EL intensity behavior further confirms that the sample 

initial doping plays an important role in this type of AC driving LED device. To 

understand the temperature dependent carrier injection dynamic in time aspect, 

temperature dependent TREL measurements are also performed and presented in 

Figure 6.2 i. At the 290 K, two decays can be observed. They are corresponding to 

holes injection side and electrons injection side, respectively. However, the EL decay 

in electrons injection side vanishes after temperature decreases to 200 K. This 

behavior is consistent with our previous thermal activated free carriers model. When 

the temperature decreases, the population of thermal activated electrons and holes are 

both reduced. In the electron injection side, the EL emission significantly quenched 

due to a lack of initial holes. Besides, the EL emission lifetime is also decreasing as 

temperature reduces from 290 K to 80 K. The TREL oscillation might come from the 

current oscillation from our instruments (Supplementary Figure S10 and 

Supplementary Note 4) From a lifetime point of view, it also proves that the drop of 

the EL emission intensity is highly related to initial doping of the two-dimensional 

monolayers. The above analysis further confirms that the initial doping dominates 

the EL emission behaviors especially the unsymmetrical recombination in this AC 

driving LED device.  
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Figure 6. 2 Temperature dependent EL emission length. a-d, Temperature dependent 

EL emission mapping at 290 K, 200 K, 140 K and 80 K. Scale bar is 5 µm. Inset: the 

optical image of this WS2 device. e, EL emission cross section profile alone the solid 

white line in a.  f, EL emission cross section profile alone the solid white line in d. g, 

EL emission lengths as a function of the temperature. h, EL emission intensities from 

the same single spot indicated as a white dot in a versus the temperature. The red 

solid line is the fitting curve. i, Temperature dependent time resolved 

electroluminescence at 290 K, 200 K, 140 K and 80 K. 
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6.4. AC driving frequency induced wavelength tuneable EL emission 

Interestingly, when we conducted low temperature EL mapping and TREL 

measurement, we found a novel EL emission behaviour, where the EL emission 

wavelength is AC driving frequency dependent. When the AC driving frequency is 

changing from 100 kHz to 1 MHz, the dominated EL emission wavelength can be 

switched from 599 nm/ 609.6nm (exciton/trion) to 628 nm (defect 1) and 638 nm 

(defect 2) as shown in Figure 6.3 a and Supplementary Figure S11. In Figure 6.3 b, 

the different emission species have been extracted. In the lower frequency regime, 

the exciton and trion emission dominates spectra. However, when the frequency goes 

up to 400 kHz, the defect species start to dominate, and it reaches the maximum 

when the frequency is at 900 kHz. This exciton and trion to defect transition can be 

explained as AC frequency induced static electrical doping effect. In the device 

structure, the Au metal is directly transferred on the top of the monolayer WS2 

sample. The contact between Au and the monolayer WS2 is easier for electron 

transportation. The metal is pinning close to the conduction band of the monolayer 

WS2 as shown in Supplementary Figure S12. When the AC voltage is applied to the 

device, the carrier injection is slightly unipolar. In each cycle, there will be more 

electrons injected into the system than holes. When the AC frequency is increased, 

this effect becomes more and more important. It is equivalent to dope the material 

into a more n-type regime. Initially, the defect level is closed to the valence band. 

The quasi-Fermi level of holes is below the defect level as shown in Figure 6.3 d. At 

this moment, the defect levels do not be exposed. Most of the holes are in the 

maximum of the valence band. Electrons and holes are forming excitons and trions. 

However, when the AC driving frequency increases, the quasi-Fermi level of hole 

moves upward, causing defect levels to be exposed. The injected holes can be 

quickly captured by those defect levels. Thus, the EL emission transit from 

exciton/trion to defect emission. The more interesting thing is when the AC driving 

frequency increases from 400 kHz to 1 MHz, the dominated defect peak is moving to 

a longer wavelength from 628 nm (D1) to 638 nm (D2), indicating it exists two 

different defect levels within band gap. The transition frequency is 800 kHz as 

shown in Supplementary Figure S11. This is the first time that we observed the 

defect evolution as a response to the increasing of driving frequency. 
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In Figure 6.3 b, the intensity ratio of those two defects to the exciton as a function of 

AC frequency has been extracted. The maximum ratio can be 24.5. This defect to the 

exciton ratio provides us with rich information regarding to the internal quantum 

efficiencies of the electrically pumped exciton and the defect in the monolayer WS2. 

The internal quantum efficiency can be defined as: 𝜂 =  
𝑝ℎ 𝑡 𝑛𝑠/𝑐𝑦𝑐𝑙𝑒

(𝑛0+𝑝0)×𝑎𝑟𝑒𝑎
 , where 𝑛0 and 

𝑝0 are the steady-state electron and hole concentrations corresponding to a positive 

and negative bias.[7] Here, we modified this equation for the monolayer WS2 under 

initial n-type doped. The equation can be written as:  𝜂 =  
𝑝ℎ 𝑡 𝑛𝑠/𝑐𝑦𝑐𝑙𝑒

(𝑛0+∆𝑝)×𝑎𝑟𝑒𝑎
. 𝑛0  is the 

initial doping concentration of the monolayer WS2. ∆𝑝 is the population of injected 

holes. Then the ratio of defect intensity to exciton intensity represents the internal 

quantum efficiency of those two species: 
𝜂𝑑𝑒𝑓𝑒𝑐𝑡

𝜂𝑒𝑥𝑐𝑖𝑡𝑜𝑛
 =  

𝑃ℎ 𝑡 𝑛𝑠𝑑𝑒𝑓𝑒𝑐𝑡

𝑃ℎ 𝑡 𝑛𝑠𝑒𝑥𝑐𝑖𝑡𝑜𝑛
.[27] In Figure 6.3 b, 

the defect to exciton ratio for D2 is larger than D1, which suggests that the quantum 

efficiency of D2 defect is much larger than D1 due to the lower energy level of D2. It 

indicates that the injected free holes are much easier captured by lower energy level 

defects. In addition to it, the maximum quantum yield of a defect localized exciton is 

around 24.5 times larger than that from a free exciton in the WS2 monolayer, which 

is hardly seen in optical pumped WS2 monolayer samples.[28] For the optical pumped 

process, the photo excited electron and hole quickly relax into conduction band 

minima and valence band maxima, forming an exciton due to optical selection rule. 

Then the exciton has a probability to be captured by the defect level.[28] Some 

excitons have already radiatively recombined before they are captured by the defect. 

Unlike the optical pumping process, the electrical pumping is injecting carrier 

directly into the material’s conduction or valence band. Those injected electrons or 

holes will firstly occupy a lower energy level filling the defect level. Then they form 

exciton and radiatively recombination, leading to higher defect quantum yield than 

optically pumped method. To understand the origin of the large quantum yield 

enhancement of the defect emission, we used TREL to characterize the time resolved 

emission behaviours of the defects, exciton and trion species as depicted in Figure 

6.3 c. Compared with the TREL curve of exciton and trion, the two defects curve 

shows a fast process before it reaches the maximum. The injected holes can be 

captured by the defect levels that are closed to the electrodes. However, for exciton 

and trion, the injected holes will diffuse inward the monolayer WS2 accompany with 
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forming excitons. The time between the start of injection and the EL reaching its 

maximum can be defined as the hole diffusion lifetime. This diffusion lifetime can 

also map to the real emission space. The longer diffusion lifetime is, the more ability 

for holes travels far inside the material which means more emission area of the 

device. Therefore, exciton and trion can still form a little bit far away from electrodes. 

However, the defect can and only can form inside the defect levels where are right 

close to electrodes as shown in Figure 6.4 a-c. In the defect level, the injected holes 

can be quickly captured and radiative recombination. After it emits light via radiative 

recombination, the defect level becomes empty again so that it could capture new 

holes inside. While the free holes and electrons will wander in the material until their 

momentum match to form exciton or trion. This process takes time comparing to 

defect level assist exciton formation. Thus, the total population of excitons formed in 

defect levels is much larger than those free excitons and trions resulting in enhanced 

quantum yield. The radiative emission lifetime for D1 and D2 are 46.6 ns and 43.3 ns, 

respectively. However, exciton and trion have longer emission lifetimes of 181.2 ns 

and 192.4 ns. This double confirms that carriers quickly recombine within defect 

states, leading to stronger defects emission.  
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Figure 6. 3 AC driving frequency induced wavelength tuneable EL emission. a, 

Frequency dependent EL spectra from the monolayer WS2 AC LED at 80k (Vac = 7.5 

V). b, Frequency normalized integrated intensities of four emission species versus 

AC driving frequency. Inset: defects and exciton emission ratio as a function of AC 

driving frequency. c, Time resolved electroluminescence of exciton, trion and defect 

1 and defect 2 species under driving frequency at 500 kHz. d, Schematic band 

explanation of frequency induced exciton/trion to defect 1 and defect 2 transitions. 

 

6.5. Visualization of exciton/trion to defect emission transition and defect levels 

evolution 

After observing the wavelength tuneable EL emission in spectra, we are very keen to 

see the spatial distribution of the emission pattern. The low temperature EL mapping 

measurements are conducted, we surprisingly found that we can directly visualize the 

transition of exciton/trion to defect and different defect levels emission. Figure 6.4 a-
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c show the EL emission images in real space from the AC driving WS2 LED device 

with different driving frequency. Three emission spots are observed at a frequency of 

200 kHz labelled as S1, S2 and S3. When the driving frequency is increasing, the 

middle spot S2 is emerging. By switching the horizontal axis to the wavelength 

dimension, the spectra of each spot under different frequencies can be extracted as 

shown in Fig. 6.4 d-f. The extraction method is provided in the Supplementary 

Figure S13. Under 200 kHz, spot 1 has already exhibited exciton, trion and defect 

emission behavior. Spot 2 has some defect components but the exciton and trion 

emissions are still dominated. Spot 3 emission is mainly contributed from exciton 

and trion. With the increase of frequency, all three spots show defect emission 

domination. However, the central defect emission wavelength is at 628 nm for spot 1 

and 638 nm for spot 2 and spot 3. Here, we have successfully distinguished different 

defect types and see different defects evolution in real space by using this AC driving 

EL emission mapping. The origin of those two defect emissions can be attributed to 

the localization of excitons in sulfur vacancies, which has been observed by scanning 

tunneling microscopy (STM).[29, 30] On the basis of that STM luminescence,[30]  the 

defect EL emission can be only observed when STM tip injects holes. In our 

experiment, the beauty of our AC injection is that it can separately inject holes or 

electrons. In this way, it provides a better chance for us to monitor the injection 

dynamic. The EL defect emission in our sample only appears in the hole injection 

section as shown in Figure 6.3 c TREL measurement, which is consistent with STM 

luminescence results. This suggests that the two defect states in our experiment are 

negatively charged. They prefer trap holes rather than electrons. On the basis of the 

STM luminescence peak energy,[30] we attribute the emission peaks of 628 nm and 

638 nm to the negatively charged sulfur vacancies with different energy depth. Those 

sulfur vacancies can be triggered by increasing AC driving frequency as shown in 

Figure 6.4 g. 
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Figure 6. 4 Visualization of exciton/trion to defect emission transition and defect 

levels evolution. a-c, EL emission mapping of the same sample under the driving 

frequency of 200 kHz, 600 kHz and 1 MHz, respectively. (Vac = 7.5V at 80K) d-f, 

EL spectra of three different emission spots labelled as S1, S2 and S3 in a. For each 

panel, the driving frequencies from top to bottom are 200 kHz, 600 kHz and 1 MHz, 

respectively. g, Schematic of wavelength tuneable EL emission with increasing AC 

frequency, where red and blue lines represent the conduction band and valence band.  

 

6.6. Summary 

In summary, we have demonstrated a monolayer WS2 based AC driving LED device 

with an ultra-long electroluminescence emission length. The origin of the long EL 
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emission length is an unsymmetrical pulsed carrier recombination process due to the 

nature of the initial doping in monolayer WS2. Temperature dependent TREL and 

room temperature TREL measurements with different 2D materials and different 

initial doping levels confirm that the initial doping level plays an important role in 

carrier injection dynamic and therefore realizing long EL emission length. The 

unsymmetrical recombination concept demonstrated in this work can be extended to 

other 2D materials under this AC driving LED structure for achieving a larger 

emission area and reducing fabrication cost. Besides, the wavelength tunable EL 

emission has been demonstrated under low temperatures. The quantum efficiency of 

defect EL emission is 24.5 times larger than free exciton and trion EL emission. The 

ability to realize high intensity defect emission opens rich potential opportunities in 

the field of defect engineering and defect based single photon emission. In addition 

to it, we have also successfully distinguished the different defect levels and their 

evolution in real space by using the sperate injection feature of the AC driving 

method. Those defect levels can be assigned to negatively charged sulfur vacancies.  

Our results not only illustrate important insights for further understanding the AC 

LED working principle and providing a general guideline for rationally designing 

high performance AC driving LEDs, but it also opens a new route to study the defect 

states and defect engineering for the tunable LED device. 

 

6.7. Methods section 

Device fabrication. The monolayer WS2 and WSe2 samples were mechanically 

exfoliated onto the SiO2/Si substrate where had been already patterned 100 nm 

thickness gold electrodes by conventional photolithography. Another 100 nm 

thickness gold electrode was peeled off from the SiO2/Si substrate through a 

homemade micromanipulator and then drop it between samples and electrodes to 

bridge them together. The WS2 crystal used in this work is purchased from HQ 

graphene with the CVT growth method contains Br element. The WSe2 crystal is 

purchased from 2D semiconductor with a flux zone growth method contains no 

halide elements.  
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Optical characterization. PL and EL measurements were conducted using a 

homemade photoluminescence setup equipped with an Andors iDu416 charge-

coupled detector and a Kymera 328i spectrometer. A 532 nm diode-pumped solid 

state (DPSS) laser was used as the excitation source. The EL signal is generated by 

applying an amplified square wave generated from the function generator. All EL 

related measurements were conducted with a microscope-compatible chamber 

(Linkam Chamber) with electrical feedthrough. For temperature dependent 

measurement, a low-temperature controller would be linked to the chamber and use 

liquid nitrogen as the coolant. Time-resolved PL and EL (TRPL and TREL) 

measurements were conducted in a setup that incorporates an avalanche 

photodetector and a time-correlated single-photon counting (TCSPC). For TREL 

measurement, the reference signal from the function generator is synchronized to 

TCSPC as a start time tagger signal. Histogram measurement is performed by 

TCSPC, where the resolution of TCSPC could go down to 8 ps. It is noted that all the 

EL spectra, TREL and EL mapping spectra were generated with 0.7V to 1V peak-to-

peak voltage with no offset and different frequency from 100 kHz to 1.5 MHz. All 

the spectra were corrected with the instrument response.  
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Appendix: 

Supplementary Information for Chapter 6  

 

 

 

 

 

 

 

Figure S1 Sample characterization of monolayer WS2 LED. a Optical microscope 

image of mechanically exfoliated WS2 sample on SiO2/Si substrate (275 nm thermal 

SiO2) with the gold electrode on the WS2. b Phase shifting interferometry (PSI) 

image of the region inside the box indicated by the dashed line shown in Fig.S1 a. 

The measured height difference from WS2 to a substrate is 20.8 nm, which represents 

as a monolayer.[1]  

 

 

Figure S2 Room temperature driving voltage dependent EL emission. Red dots and 

blue dots represent WS2 AC LED exciton EL intensity at 800 kHz and 200 kHz 
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respectively. Both frequencies excitation, the EL intensity would increase with the 

increase of driving voltage.  

 

 

Figure S3 Room temperature driving frequency dependent EL emission at 500 mV. 

The WS2 AC LED exciton EL emission intensity would be tuned with the frequency 

change. It would reach the maximum intensity when the frequency is 600 kHz. 

 

 

Figure S4 Room temperature frequency dependent TREL measurement. 290K Time-

resolved electroluminescence (TREL) for WS2 sample excited by the same square 

wave of 800 mV. The green, pink, blue, red and purple lines represent the TREL 
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measurements under 1000 kHz, 800 kHz, 600 kHz, 400 kHz and 200 kHz 

respectively. With AC frequency decrease, the TREL decay could be tuned and 

decay could be longer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5 Room temperature TREL measurement of WSe2 LED and symmetrical 

pulsed carrier injection. a, EL mapping of the WSe2 AC LED device. (Vac = 10 V at 

500k Hz). The white dashed line indicates the contacted edge of the gold electrode. 

Inset: the optical image of this WSe2 device. b, Time-resolved electroluminescence 

and the corresponding driving voltage trace for WSe2 AC LED device. Two similar 

decay behaviours indicate the symmetrical carrier recombination process at two 

voltage transients. c, Schematic band diagrams corresponding to four emission stages 

labelled as I, II, III and IV in b. 
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Figure S6 Fast and slow decay components in WS2 AC LED devices at room 

temperature. a, Integrated EL intensities from fast and slow decay components as 

function of AC frequency. b, The ratio of integrated EL intensity from slow decay to 

fast decay versus AC driving frequency. 

 

 

Figure S7 Room temperature TREL measurement with chemical doped WS2 AC 

LED device. a WS2 AC LED excitation square wave generated by a function 

generator and amplified by an amplifier with frequency of 500 kHz. b and c 
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Corresponding TREL for WS2 AC LED with excitation square wave shown in Fig. 

S3 a, with and without treatment of n-type dopant TCNQ.  

 

 

Figure S8 WS2 AC LED temperature dependent EL emission mapping. 290 K, 260 K, 

230 K, 200 K, 170 K, 140 K, 110 K and 80 K respectively. From 290 K to 230 K, the 

emission length is saturated but with emission intensity from high to low, the 

saturated emission length may be limited by sample size. With temperature continue 

decreasing, the emission length decreases significantly. 

 

 

 

 

 

 

 

 

Figure S9 Temperature dependent WS2 AC LED PL and EL spectra. a WS2 AC LED 

PL emission spectra excited by 0.9 uW 532 nm laser at different temperatures. b WS2 

AC LED EL emission spectra excited by 500 kHz 700 mV square wave at different 

temperatures.  
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Figure S10 AC driving current trace showing current oscillation. a. AC driving 

current trace. b. Zoomed in image of current oscillation. 

 

 

Figure S11 Frequency dependent defect emission switching from monolayer WS2 

AC LED at 80 K. EL spectra from 600 kHz to 1 MHz with 100 kHz step rates at 80K. 

From 800 kHz to 1 MHz, the dominated EL emission start sifting from the shallow 

defect (D1 at 629 nm) peak to deep defect (D2 638.5 nm) peak.  
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Figure S12 Room temperature monolayer WS2 FET measurement. a Source-drain 

current Ids VS. back-gate voltage Vbg measured for the 290 K WS2 FET at a source-

drain bias voltage of 1 V to 5 V with 1 V step rate. Black, red, blue, purple and green 

represent bias as 1 V, 2 V, 3 V, 4 V and 5 V respectively. All curves are the plot for 

Ids  in linear scale, the channel is of n-type. b Ids VS. Vds for Vbg sweep from -50 V 

to 50V with 20V step rates.  

 

 

Figure S13 WS2 AC LED PL spectrum at 80K. WS2 AC LED PL spectrum shows 5 

peaks at 80 K, which are exciton, trion, biexciton and two defects respectively.  
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Figure. S14 | Electrical doping effect on excitonic emission in 1L WS2 at 80 K. a. 

Photon energies of A exciton (XA) and trion (XA
-) (left vertical axis) versus gate 

voltage; dissociation energy of trion (XA
-) (right vertical axis) versus gate voltage. b, 

dissociation energy of trion versus femi energy under different back gate voltage. 
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Figure. S15 CCD spatial image convert to wavelength spectra. a. CCD spatial image 

when spectrometer grating is set to be zero. b. EL spectra contain both spatial and 

wavelength information when convert x axis pixel to wavelength by rotating 

spectrometer grating to sample wavelength. 

 

Supplementary Note 1 

Estimation of initial doping level of monolayer WS2 sample  

In order to investigate initial doping that originates from material intrinsic defects, 

monolayer WS2 metallic oxide semiconductor field effect transistor (MOS) devices 

were fabricated to obtain the electrically gated PL spectrum. Monolayer MoSe2 and 

WSe2 were exfoliated onto SiO2/Si substrates from the same matrix crystal to keep 

the same of the initial doping level. The initial doping level in monolayer TMDs can 

be extracted by comparing the gate-dependent PL spectra from the MOS devices. 

Here, monolayer WS2 was used to quantitively study charge transfer mechanisms. By 

fitting all of the PL spectra under different gate voltages, the exciton and trion peak 

energies can be extracted (Figure S11). Then the Fermi level can be calculated by a 

function  

𝐸𝑎 − 𝐸𝑇 = 𝐸𝐹 + 𝐸𝑏 𝑛𝑑 𝑛𝑔  (1) 

where Ea is the exciton peak energy, ET is the trion peak energy, EF is the Fermi 

energy level and Ebinding is the binding energy of trion. 

Equation (1) was used to extract the Fermi level of monolayer WS2. By plotting the 

difference of exciton and trion peak energy as a function of gate voltage, a clear 

linear trend between energy difference and Femi level was observed. For monolayer 

TMDs, the density of state in the conduction band and valence band is linearly 

distributed along the energy level[2]. The extracted binding energy of the monolayer 

WS2 was 32.76 meV and this is consistent with previously reported experimental 

results[3, 4]. To extract the initial doping level of the monolayer WS2, the following 

two equations have been used 

𝐸𝐹 = 
ħπn

2𝑚ℎ𝑒
       (2) 

𝑛𝑒 = 𝐶𝑉𝑔      (3) 
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where h is Planck’s constant, π is the pi constant, n is the electron density, e is the 

fundamental unit of charge, mh is the effective mass of a hole, C is the back-gate 

capacitance and Vg is the gate voltage.  

Equation (2) was used to extract the doping level n of the monolayer TMDs from the 

Fermi level. Equation (3) was used to convert the gate voltage into the induced hole 

doping level, where C is the back-gate capacitance 𝐶 = 1.2 × 10−8 𝐹𝑐𝑚−2 . As 

shown in Fig. S12, monolayer WS2 will approach a zero Fermi level when a -10V 

back gate voltage is applied. This means monolayer WS2 is slightly n-type doped 

with an initial doping level of 7.5 × 1011 𝑐𝑚−2 (when no gate voltage is applied).  

 

Supplementary Note 2 

Device fabrication process  

The device fabrication includes dry transfer and dry electrode transfer process. 

Mechanical exfoliation has been employed to prepare a clean sample on SiO2/Si. 

Then the lithography free dry electrode transfer process is used to make electrode 

contacts. The details of this method are described here. The 100 nm thickness Au bar 

shape patterns are deposited onto a bare SiO2/Si substrate by traditional 

photolithography following lift-off process. The 1 micro tip diameter tungsten probe 

is attached to the homemade micromanipulator. The bar shape gold pattern can be 

scratch into a designed length and then be peeled off from the original SiO2/Si. This 

small section of gold metal is hanging in front of the tungsten probe tip wait for drop 

down to target monolayer samples. Because of electrical static force, when the 

peeled gold metal moves closely to target substrates, it can be automatically attracted 

and attached upon target samples. By using this method, the clean interface of 

monolayer 2D materials can be achieved.  

 

Supplementary Note 3 

TCNQ chemical doping process 

The TCNQ chemical doping process includes solution preparation and drop casting 

solution to sample. The 7,7,8,8-tetracyanoquinodimethane (TCNQ) powder is 
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dissolved in DI Water, with a concentration of 0.02 µmol/mL, which corresponds to 

a dopant density on the monolayer of approximately 1/nm2 after one doping step. 

The solution was performed using a drop-cast method following by drying up on 60 

degrees hotplate. An approximately 10 μL droplet of the dopant solution was 

pipetted onto the SiO2/Si substrate area of 1 cm2 where the AC LED devices were 

prepared. The sequential doping by repeating this procedure was performed. 

 

Supplementary Note 4 

Low temperature TREL decay curve oscillation. 

The TREL decay curve oscillation has been observed when temperature reduced to 

200 K as shown in Fig. 3i. This decay curve oscillation could be attribute to injection 

current oscillation generated from the function generator. In the TREL curve, there 

are three dominated oscillation peaks in the first decay section. The corresponding 

times for those three peaks are 162 ns, 326 ns, and 503 ns, respectively. 

Coincidentally, there are also three oscillation peaks appearing in the measured the 

current trace as shown in Fig. S8. The times for three peaks are 198 ns, 224 ns, and 

252 ns, respectively. The time differences among oscillation peaks in current trace 

are 26 ns for first and second peaks, 28 ns for second and third peaks. While, those 

time differences are 164 ns and 177 ns in TREL decay curves. Although, those time 

difference values are not exactly equal due to system caused delay, the time 

difference ratios are identically same for the current trace of 28/26 = 1.0769 and for 

TREL decay curve of 177/164 = 1.0792. This confirms that the oscillation observed 

in TREL decay curve results from the oscillation from the injected current. 
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7. Conclusions and Future work 

7.1. Conclusions 

In this dissertation, we have systematically investigated the optical and electronic 

properties of 2D materials and explored their optoelectronics applications. By using 

micro Raman and PL spectroscopy, the exciton behaviours in 2D materials have been 

studied and the different exciton dynamics have shown significantly effect on 

optoelectronics device performances.  

 

Firstly, the fast and non-invasive method to identification layer numbers of 2D 

materials by PSI is presented in chapter 3. The 2D material dependent PSI 

measurement shows the high sensitivity and resolution in determining the thickness 

of 2D material. The quantized PSI values directly reflect the layer numbers in 

layered materials. Combining with AFM calibration, it has the capability of 

identifying any unknown and new 2D layered materials. The high sensitivity also 

provides the ability to resolve the fine structure on the surface of 2D materials such 

as quantum dots. Interestingly, the monolayer MoS2 could give high PSI value, 

which is equivalent to giant OPL. It suggests that MoS2 shows a great potential for 

micro-lens applications.[1] The substrate dependent PSI measurement suggests that 

the PSI value and OPL can be modulated by substrate. The material dependent PSI 

measurement shows that the high PSI value and OPL can be obtained while the large 

mismatching of refractive index between materials and substrates are existed. This 

finding opens the opportunity of tuning phase shift of ultrathin material by selecting 

the proper substrate with correct refractive index, which is a key step towards the 2D 

materials-based super lens.  

  

In Chapter 4, we have shown that monolayer transition metal dichalcogenides 

(TMDs) MoSe2 and WSe2 can be interfaced onto the surface of ferroelectric lithium 

niobate (LN) and that the domain orientation of the LN has a strong effect on the 

TMD optoelectronic properties. Domain engineering of the LN substrate results in an 

in-plane heterostructure within the TMD which has been demonstrated by our 

measured spatial PL mapping. Due to the underlying domain engineered ferroelectric, 

PL emissions are modulated approximately 9 times by different surface doping 
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between the P- and P+ domains. Monolayer WSe2 on LN also shows enhanced PL 

emission at the junction between domains with the increasing laser power, this is due 

to the cancelling of the micro internal electric field between the P- and P+ domains, 

which stops dissociation of excitons. With decreasing temperature, the PL emission 

from monolayer MoSe2 was quickly quenched in the P- domain in stark contrast to 

the behavior observed on non-ferroelectric substrates. This performance is the result 

of the fast increase of positive charge in the P- domain due to the pyroelectric effect 

and the restructuring of the surface doping between MoSe2 and the LN substrate. 

Overall, our research shows that monolayer TMD sheets can be engineered to create 

a p-n homojunction by engineering the underlying ferroelectric domains with 

sensitive response to laser power and ambient temperature. This approach has laid 

the foundation for creating active electrically driven and controlled optoelectronic 

components on LN integrated photonic platforms with the ultimate goal of 

electrically driven optical sources within LN photonic chips. 

 

After introducing the interesting optical and electronic properties of monolayer 

TMDs, we have turned our focus to optoelectronic devices applications. In Chapter 5, 

the monolayer MoTe2 based LED and photodetector have been demonstrated. The 

simplified Gr/hBN/MoTe2 structure has been employed to realize high efficiency 

performance. When operate as an LED, the device shows extremely high 

performance with an EQE of ~9.5% at 83 K. By modulating the Femi level in few 

layer graphene, electrons can be injected efficiently into the monolayer MoTe2. The 

hBN layer serves as a tunnelling barrier to reduce the current leakage by confine 

electrons within MoTe2. It is expected that the device efficiencies can be further 

improved by creating multiple QWs and delicate tuning of the hBN barrier 

thickness.[2] When the device operated as a photodetector, large photoresponsivity 

and fast response time have been achieved. Owing to the hBN barrier layer, the dark 

current has been significantly suppressed, leading to high responsivity for this 

vertical stacking structure. 

 

In Chapter 6, an AC driven monolayer WS2 LED has been demonstrated. Double 

pulsed light emission pattern has been extracted. However, those double pulsed light 
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emissions exhibit an unsymmetrical decay behaviour with one ultralong decay and 

one short fast decay. We attribute this difference to the nature of the initial doping in 

monolayer WS2. The long decay process corresponds to the hole injection cycle, 

while the fast decay process relates to the electron injection cycle. Temperature 

dependent TREL and room temperature TREL measurements with different 2D 

materials and different initial doping levels confirm that the initial doping level plays 

an important role in carrier injection dynamics, leading to long emission decay. The 

light emission efficiency can be enhanced compared with previous reported double 

fast decay AC LEDs.[3] The unsymmetrical recombination concept demonstrated in 

this work can be extended to other 2D materials under the AC driving LED structure 

to achieve a larger emission area and reduced fabrication cost. Besides, the 

wavelength tunable EL emission has been demonstrated under low temperature. The 

quantum efficiency of defect EL emission is 24.5 times larger than free exciton and 

trion EL emission. The ability to realize high intensity defect emission opens 

immense opportunities in the field of defect engineering and defect based single 

photon emission. In addition, we have also successfully distinguished the different 

defect levels and their evolution in real space by using the separate injection feature 

of AC driving method. Those defect levels can be assigned to negatively charged 

sulfur vacancies.  Our results not only reveal important insights into the AC LED 

working principle and thus provide a general guideline for rationally designing high 

performance AC driving LED, but also lead to a new route to study the defect states 

and defect engineering for the tunable LED devices. 

 

7.2. Perspectives for future work 

Based on the results and knowledge achieved through this dissertation, we have 

identified the challenges and potential research opportunities in the field.  

  

7.2.1. Optoelectronic applications based on surface ferroelectric modulation 

In Chapter 4, we have introduced the ferroelectric modulation in 2D materials. The 

domain inverted lithium niobate causes changes in the TMDs due to electrostatic 

doping resulting from the remnant polarization from the substrate. The excitons 

dissociate rapidly at the interface between the P+ and P- domains due to the built-in 
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electric field. Therefore, the domain engineering of the lithium niobate substrate 

could spatially dope the 2D materials on its surface, achieving the spatially p-n 

junction in the materials. This substrate modulated heterostructures could potentially 

use for photodetectors or even electrically driven on-chip light source. However, the 

challenge here is to tune ferroelectric effect of lithium niobate substrate so that could 

modify the doping level of above 2D materials to achieve the adjustable p-n junction. 

Although, temperature could be one possible way through pyroelectric effect, the 

modulation range is limited. Therefore, how to modulate ferroelectric for lithium 

niobate would be a worthy point towards ferroelectric switching future 

optoelectronics applications.    

 

7.2.2. Infrared light emitting devices based on black phosphorene  

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. Black phosphorus (BP) emerges as an another powerful 2D 

materials with the bandgap ranging from ~0.3 eV to ~1.8 eV.[4, 5] The tuneable 

bandgap with different thicknesses covers the visible to mid-infrared spectral range, 

bridging the gap between graphene and TMDs. For example, five layers of BP gives 

optical emission at 1550 nm, which is located in optical communication window. 

However, its stability issue greatly limits its optoelectronic application in terms of 

device fabrications. Although BP has been intensively studied since 2014, the 

demonstrated applications are mainly focused on its photodetection properties. The 

less than five layered BP based LEDs have not been barely reported, largely due to 

difficulties in fabrication process especially for mono layer BP devices. With the 

technological development in BP stabilization and large area material growth, more 

efforts may be devoted to BP based device applications. 

 

7.2.3. High efficiency AC driven perovskite light emitting diodes and lasers 

Perovskite have currently attracted widespread interest from both academic 

community and industries as a promising candidate for the next generation 

optoelectronic devices. The perovskite-based light emitting diodes has been reported 

with external quantum efficiency exceeding 20 percent.[6] Compared to the bulk 
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perovskite, two-dimensional perovskite films have gained further attention because 

of their unique structural characteristics and quantum confinement effect. Combined 

with appropriate optical cavity design as well as the AC driven method, there may be 

great opportunity to demonstrate high efficiency two-dimensional perovskite-based 

light emitting diodes and lasers. 
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