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Abstract 

Over the last few decades, the silicon-based technology has dominated in the 

industrial electronics market. However, in the recent decades ago, the advent of graphene, the 

first  true 2D material, marked a historic point for potentially new-generation of electronics. 

Not long after that, the successive discoveries of different 2D materials including an insulator 

(hexagonal Boron Nitride), semiconductors (transition metal dichalcogenides TMDCs), 

metallic (graphene) provide a great chance to achieve extremely thin and light optoelectronic 

devices. In order to achieve the high performance optoelectronic, yielding 2D materials with 

remarkable quality is highly desirable. The essence of this work lies on growth technique that 

produces high quality 2D materials applicable to new-generation of 2D optoelectronic 

devices. 

In this dissertation, monolayer TMDCs were chosen as subjects to study. In chapter 1, 

I will briefly introduce layer-dependent physical and structural properties monolayer TMDCs 

as well as the current synthesis approaches for growing monolayer TMDCs. I initially grew 

large-scale, highly optical quality monolayer TMDC using chemical vapor deposition 

method. Towards practical applications, the continuous monolayers MoS2 were synthesized 

and its photoresponsibility was also characterized in order to fabricate competitive metal-

semiconductor-metal photodetector in chapter 2.  

An additional part of this dissertation will discuss the nonlinear optical characteristic 

of monolayer TMDCs towards design a broad and strong second harmonic susceptibility χ
(2) 

materials.  Nonlinear properties theory will be mainly discussed in term of second harmonic 

generation. In chapter 3, nonlinear characteristics of transferred MoS2 on the transparent 

substrate were studied in comparison with as-grown MoS2 onto SiO2/Si substrate, which 

could be applied to Fabry-Perót cavity in the laser technology. In chapter 4, another typical 

member of monolayer TMDC, MoSe2, was also investigated using both intensity dependent 

SHG and wavelength dependent SHG techniques. The results suggested its potential use of 

high-powered second-order NLO devices. In chapter 5, the resonant second harmonic 

generation characteristics were analyzed in ternary monolayer alloy MoS2(1-x)Se2x, showing a 

feasibility to apply them into tunable second-order NLO devices. Finally, stacked 

heterostructures needed to be investigated to solve the quest of high NLO material. The final 

chapter will present our preliminary but rather interesting results on artificially stacked 
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monolayers TMDCs for next-generation of 2D optoelectronic devices. 
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 Introduction of monolayer TMDCs Chapter 1:

 

1.1 History of development: 

There are almost 60 compounds of TMDC existing naturally. Majority of them are in 

the layered structure.  From synthesis aspects, the first known synthetic TMDC approaches 

appeared during the 1950s and since then they were found to be developed rapidly in 

1960s.[1] At the beginning stage, the researches on these materials are more concentrated on 

the catalysis and energy storage application. One of the first studies on catalytic properties of 

TMDC was published in 1986, nearly two past decades ago.[2] However, these layered 

materials have not been paid more attention to until the discovery of Graphene, a single layer 

of carbon by sp
2

 bonding, by Novosolov and Geim in 2004 and mechanical exfoliation 

technique which allows cleaving a single layer from their bulk. This finding sparked a surge 

for a flood of fundamental studies on the growth mechanism of monolayer MoS2. Since then, 

the exciting physical properties have been continuously revealed in monolayer transition 

metal dichalcogenides (TMDCs), thus triggering numerous following studies on their novel 

layer-dependent properties. Nowadays, Group VI TMDCs are rising two-dimensional 

materials, which have a chemical formula of MX2 (where M can be Mo or W, X can be S or 

Se). This group was chosen as subject matters in my dissertation. 

1.2 Structural properties: 

Structurally, monolayer MX2 are three-atom-thick (theoretical thickness less than 1 

nm), comprising one layer of transition metal sandwiched between two layers of 

chalcogenides atoms in prismatic configuration as shown in the Fig. 1-1.[3] A strong 

covalently bonded atoms exist within an intra-layer, whereas the layers weakly interacted to 

its adjacent layers through Van Der Waal forces, making them easily to be peeled off 

mechanically. In general, there are three different polymorphs and polytypes of TMDC. The 

widely observed polytypes are 1T, 2H and 3R, which have one, two, three layer per unit cell 

in tetragonal (T), hexagonal (H), rhombohedral (R) primitive cell.[4] The difference in 

atomic spatial arrangement and symmetry of these phases leads to various electronic 

properties, for instances; the 1T phase is rarely found in nature and exhibiting metastable 
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metal, whereas 2H and 3R are commonly observed in MoS2 crystal and possessing the 

semiconducting properties.[4] The local phase conversion from semiconducting (2H) to 

metallic (1T) in case of MoS2 under a specific condition is feasible as demonstrated by 

Chhowalla et al. .[5] From catalysis and energy storage aspects, the chemically induced 

phase change is frequently used to convert 1T MoS2 using a solution containing Li+, H+.[5, 

6] Besides, some rare structures of monolayer, such as 1T’and 1H, also exists. The former is 

the phase having hexagonal symmetry with one layer per unit cell, while the latter phase is 

the structurally distorted phase of 1T.[4, 5] 

 In the bulk form crystal 2H-MoS2 (D6h symmetry) has the inversion symmetry. Being 

a monolayer form, 2H-TMDCs belong to lower symmetry point group (D3h) point group. 

This symmetry point group includes a horizontal 𝜎ℎ reflection plane, a threefold C3 rotation 

axes, S3 mirror rotation axis, three twofold C2 rotation axes situated at monolayer plane and a 

mirror plane containing twofold rotation axes.[7] More importantly, the inversion symmetry 

is absent in this point group, therefore leading to a non-zero electric dipole. This spontaneous 

dipole, which lies parallel to mirror plane, will oscillate under a strong field produced by a 

laser.  

 

Figure 1-1: a) Atomic structure of monolayer MX2 from side view and top view: hexagonal 

lattice composed of Mo/W atoms (yellow balls) and S/Se/Te (blue balls) b) schematic 
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illustration of difference in atomic arrangement for two commonly observed phases 1T and 

2H   

1.3 Synthesis approaches of monolayer TMDCs: 

Analogous to graphene, monolayer TMDCs can be synthesized by various 

approaches. The approaches are basically classified into two primary categories. The first one 

is called top-down approach, typically mechanical exfoliation in which the monolayer was 

produced by mechanically cleaved using Scotch tape started from bulk crystal produced by 

CVT technique.[8] On the demand of study, there also have been a lot of layer-by-layer 

thinning approaches. Typically, Castellanos-Gomez et al. evaporated layer by employing 

sufficiently high energy laser.[9] In more scalable approaches, Lu et al. can controllably 

reduce the thickness of few-layer MoS2 layer-by layer down to monolayer using thermal 

annealing.[10] Similarly, Liu et al. shows possibility of peeling off MoS2 layers using Ar
+
 

plasma until the monolayer is achieved.[11] Although the superior quality of as-produced 

specimens is well-appropriate to fundamental studies, the lateral size limitation is a primary 

drawback of the “top-down” specimens when applicable to industry. Consequently, the 

occurrence of bottom-up approaches is highly desirable for industrial device fabrication. For 

optical characterization, we adopted the bottom-up approaches to yield such a large and high-

quality onto the transparent and opaque substrates.  

1.3.1 Chemical vapor deposition (CVD) growth: 

Chemical vapor deposition (CVD) has been known as a facile, reliable method for mass 

production. This approach is able to produce relatively high-quality monolayers on the large 

scale wafer.[12-14] As described in the Fig. 1-2, a typical experiment involves employing the 

chalcogenide (Se, S) and transition metal oxides (MoO3, WO3) powders as the source 

materials based on the following reaction:  

2MO3 + 2S → 2MS2 + 2SO2 + O2 

Normally, inert gases like Argon and/or Nitrogen were employed as the carrier gas, 

conveying the vapor phase of S to the reaction zone. The reaction commonly takes place at 

the nearly atmospheric pressure. The typical experiment can be described as follows: we used 

two-zone hot wall furnace to synthesize large-size MoS2 onto SiO2/Si substrate. High-purity 
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MoO3 (99%, Sigma Aldrich) and sulfur powder (99.5%, Alfa Aesar) were separately laid in 

two different graphite crucibles and the substrates were faced down and placed on the upper 

side of MoO3 powder. All of them are placed in the quartz tube, which was initially pumped 

to a base pressure ~80 mTorr. The oxidation removal process was done by continuously 

flushed high-purity N2 gas. To yield the monolayer MoS2, the reaction chamber temperature 

was initially raised to 400ºC with a heating rate of 25ºC/min for 5mins. During this step, the 

pressure was maintained at 300 Tor and carrier gas flow rate was kept at 10 sccm. Then, the 

reaction temperature was increased to ∼830 ◦C with a heating rate of ∼25 ◦C/min and held 

for 5 min before cooling down naturally to room temperature.  

 

 

Figure 1-2: Schematic illustration of chemical vapor deposition approaches using two 

hot-wall furnaces 

It is found that if the reaction occurs at the low pressure, the films will consist of many 

MoS2 particles and in some regions, the remaining MoO3 still exists. 

The produced film MoS2 is composed of many single, triangular-shaped MoS2 grains 

(flakes) at the edge of the film as shown in the figure. Meanwhile, at the center of sample, 

these grains merge together into a continuous region with many grains boundaries as 

indicated in Fig. 1-3. 
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Figure 1-3 OM images taken at the edge (left) and at the center (right) of a typical CVD-

grown sample 

Due to the lower reactivity of Se element, the Se branch of MX2 is apparently difficult to 

be synthesized on large scale as compared to S branch. Therefore, H2 gas is sometimes 

introduced during the reaction in order to chemically reduce the high-melting transition oxide 

(WO3) to its less oxidation state.  

1.3.2 Pulsed laser deposition (PLD) assisted method: 

This method is generally different from the chemical vapor deposition in the way that the 

oxide layer was firstly deposited onto the substrate by physical vapor deposition methods, for 

instances, thermal evaporation or sputtering, pulsed laser deposition. Then, the oxide layer 

was sulfurized and/or selenized in a quartz tube at the elevated temperature in order to form 

monolayer MX2. The first oxide layer deposition is a very important stage, which determines 

the thickness and quality of final specimens. By controlling the laser power at the beginning 

stage, I and my colleagues could produce the remarkable quality of MX2 as compared to 

commercially available specimens. More details can be found in the experimental method 

section of chapter 4. 

1.4 Optical characterization of 2-D semiconductor: 

1.4.1  Neutral exciton:  

The photo-excitation of an electron from the occupied valence band to unoccupied 

conduction band leaves an empty electron state at valence band. This empty electron state 
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exhibits a positively charged particle, the so-called “hole”. In the system where the Coulomb 

interaction is relatively strong, the photo-excited electron tightly couple with a hole to form 

two-particle system, the so called “exciton”.  

Exciton in monolayer TMDCs possesses intriguing properties as compared to bulk 

semiconductor. Because of the covantly bonding in intralayers, the exciton in bulk TMDCs 

closely behaves like ‘Mott-Wannier” exciton with large radii. To quantitively analyse, the 

exciton binding energy inTMDCs can be approximately modelled by hydrogen like model as 

given by: 

0
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Where Ry is the Rydberg constant of 13.6 eV and 𝜀𝑒𝑓𝑓 is a typical effective dielectric 

constant of the system, 𝜇0 the reduced mass, m0 is the free electron mass. Based on this 

hydrogenic model, there are several facts that result in the experimentally large excitonic 

binding energy (~400 – 900 meV) in monolayer TMDCs.[15-19] as opposed to their bulk 

counterparts. These facts includes i) the smaller electron and hole distances, ii) the relatively 

large effective masses at K point of electron, me, and hole, mh iii) the weakened electronic 

screening effect generally occurs in 2D materials as a result of reduced dimensionality 

(small𝜀𝑒𝑓𝑓, that is, the surrounding area is often air/vacuum), which is dramatically enhances 

Coulomb interaction in monolayers. 

 

Table 1: Summary of A-exciton binding energy of monolayer TMDCs extracted from 

different experimental techniques 

Exfoliated 

Sample 

Experimental technique Binding Energy 

(eV) 

Reference 

MoS2 PLE 0.44 Hill et al., 2015 

MoSe2 PL 0.5 Zhang et al., 2015 

Ws2 Reflectance 0.83 Hanbicki et al., 2015 

Wse2 Reflectance 0.37 He et al., 2014 
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Unlike gapless graphene, monolayer TMDCs with a direct optical band gap (ranging 

from ~1.3 – 1.85 eV) exhibit strong photoluminescence in the visible to near IR range 

spectrum. This is consequence of dramatic change of VBM from 𝛤 to K point in the first 

Brillioun zone as they are thinned down from bulk to monolayer. Such direct gap materials 

are interesting in term of device application because of their light emission efficiency. There 

is a numerous effort to produce the prototypes based on monolayer TMDC, such as 

sensor,[20] photodetector[21] and energy harvesting devices[22, 23] 

In electronic band structure monolayer TMDC, both valence band maximum and 

conduction band minimum are spin-polarized. Since the valences band (VB) is essentially 

composed of wave function from d-orbital of a heavy transition metal as seen in the Fig. 1-

4(a), therefore the spin and orbit angular momentum strongly couple to each other (200 - 400 

meV). Such a strong spin-orbit coupling along with broken inversion symmetry leads to the 

splitting of VB edge into two distinct energy states in momentum k-space.[24] This coupling 

results in two valence sub-bands; which give rise two “bright” and direct excitons: A and B 

arising from the transition from energies states that have the same spin states as 

schematically depicted in Fig 1-4(c). In contrast to the strong spin-orbit splitting at VB, the 

spin splitting in CB is energetically small (~tens of meV).[25] It is surprising that the spin-

state order of CB depends upon on the transition metal atom (Mo and W). This CB spin 

splitting leads to an energy separation between dark exciton” which is a spin-allowed 

transition or optically active transition and “bright excitons” spin-forbidden transition, 

optically inactive.  

Another interesting property occurs in the monolayer TMDC is the inequivalent 

responses of excitons at K points in momentum space with respect to the clockwise/counter-

clockwise circularly polarized lights. This phenomenon results from the inversion symmetry 

breaking and the restoration of time reversal symmetry at K point. As a result, it gives rise to 

a new degree of freedom other than spin and charge density, the so-called “valley degree of 

freedom”.[26] This imbuing property renders TMDCs to be potential candidates for the next 

generation electronic devices, so-called valleytronics.  



 
 

27 

 

 

Figure 1-4 Electronic band structure of typical monolayer TMDC (MoS2) b) The first 

Brillioun zone of monolayer MoS2 where different k points are denoted as M, K, K’ c) 

Schematic picture of finer band structure at K/K’ points showing two direct transition at 

valence band maxima (VBM) and conduction band minima (CBM). Red and blue lines 

represent the spin-up and spin down states. Red and blue arrows indicate two bright A and B 

excitons. 

1.4.2 Charged excitons (trions) and biexciton:  

In addition to neutral exciton, other quasiparticles can be formed in intermediate or 

high-density exciton regime. The excitons no longer behave as the bound electron-holes but 

more like Coulomb-correlated gas. Due to a large number of structural defects such as point 

defects, line defects in the lattice of TMDC material, the density of free carrier charges 

considerably increases. When the inelastic scattering between the exciton and free carriers 

occurs, an exciton can bind an additional charge to form three-body systems, the so-called 

trions state. Likewise, the inelastic scattering between excitons can form a two-exciton state, 

the so-called biexciton. 
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1.4.3 Basic structural analysis of monolayer TMDCs 

This section describes fundamental analysis to distinguish monolayer area from few-

layers and bulk. Various substrates such as fused silica, SiO2/Si, sapphire, and etc… can be 

used to synthesize monolayer TMDCs. Among these substrates, the SiO2/Si with thin layer of 

SiO2 is widely employed because it can enhance the optical contrast, which helps to 

qualitatively identify thickness of monolayer TMDCs. Moreover, the SiO2/Si substrate is 

easy to further fabricate microelectronic devices.[27]. Beside optical contrast, Raman 

spectrum is commonly used to determine the monolayer area. Particularly, the energy 

separation between two phonon modes, 𝐴1𝑔  and 𝐸2𝑔
1  ,at high energy can be exploited to 

examine the thickness of mechanically exfoliated MoS2 as its thick is less than 5 layers.[28] 

Besides, the uniquely strong photoluminescence feature of monolayer as its indirect band gap 

is converted to direct band gap can be an indicator for its thickness. In addition to qualitative 

analysis, the thickness of monolayer can be precisely probed by atomic force microscope 

operating at tapping mode.  

There are many techniques to assess the exciton binding energy in monolayer 

TMDCs. Those include cryogenic and room temperature photoluminescence, reflectance and 

absorption spectroscopy and nonlinear measurement techniques for instance, two photon 

absorption spectroscopy. The next section will discuss on the nonlinear theory mainly 

concentrated on second harmonic generation. 

1.5 Nonlinear optical theory: second harmonic generation (SHG) 

 

In past decades, how light interacts with a solid matter has become a central puzzle 

for the research community. Nonlinear optics is research field where the electron polarization 

of material interacts nonlinearly with electromagnetic fields (light), which is completely 

different from linear optics counterpart. Whether or not the interaction between light and 

matters is nonlinear or linear is determined by the excitation strength. The large excitation 

strength up to 2.5 kW/cm
-2

 is required to trigger the nonlinear phenomenon. This power 

value cannot be achieved by an ordinary laser source. This is only available in a pulsed laser. 

Therefore, the physical phenomena govern inside nonlinear media would not have 

been understood if a pulsed laser had not been invented by Theodore Maiman in 1960. The 
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first experimental observation of an NLO was about SHG, which was carried out by Franken 

et al. in 1961. In their experiment, they observed the emitted UV light with a wavelength of 𝜆 

=347.15 nm when they illuminate a fundamental laser beam with a wavelength of 𝜆 = 694.3 

nm into the quartz crystal. This incident marked the historic point the field of NLO. 

Recall that Maxwell’s equations when light travels along the medium:  
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   (1.1)  

Where �⃗⃗�  is the electric displacement, 𝜌 is the free charge density, �⃗�  is the external 

electric field, �⃗�  is the magnetic field and �⃗⃗�  is the magnetic auxilirary vector, 𝐽  is the free 

current density. In the case of 𝜌 = 0 and  there is no free current 𝐽 = 0, Eq (1) can be 

explicitly solved. Assuming that the media is not magnetic, �⃗� = 𝜇0�⃗⃗�   where 𝜇0 is 

permeability of free space. Meanwhile, �⃗⃗�  and 𝐸 ⃗⃗  ⃗are connected through this relation �⃗⃗�  = 

𝜀0�⃗� + �⃗� , where 𝜀0 is the permittivity of free space.  

The optical wave equation can now be derived as follows: Taking the curl of 

Faraday's Law and interchanging the space and time derivatives for the time-varying �⃗�  using 

0

D
B μ

t


 


 

 
2

2

0 2

D
E  ( .E) μ   0

t


   


 (1.2) 

Replace �⃗⃗�   by this relation 𝐷⃗⃗  ⃗ = 𝜀0�⃗� + �⃗�  into Eq(1.2): 
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Where 
0 0

1
c  

ε μ
 is the speed of light. Using the vector identity   2E    .E  E      

and assume that ∇(∇. E ⃗⃗⃗  ) is extremely small when slowly varying amplitude approximation 
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holds, then the optical wave equation   
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From Eq. (1.4) we can see that the external electric field �⃗�  induces a polarization �⃗�  in 

the medium, which in turn govern electric field �⃗� . This motion equation is the central point 

of light-matter interaction in any media. The polarization �⃗�  is defined as the dipole moment 

per unit volume. Its strength relates to amplitude of external field �⃗� . In the linear regime, this 

polarization can be expressed: 

      1

0P t ε χ E t    (1.5) 

Where 𝜒(1) is the linear susceptibility. For the nonlinear regime, the induced polarization in 

Eq(1.5) can be expanded using power series: 

         1 2 3 niωt 2 i2ωt 3 i3ωt n inωtP t    χ Ee χ E e χ E e χ E e              (1.6) 

Where 𝜒(2) ,  𝜒(3)  and χ(n)
 are the second-order, third-order and n

th
 order 

susceptibility. These quantities are tensors with rank of R(n+1) acting on each of the 

components of the external electric field. 

1.5.1 Sum and difference frequency generation  

Assume that the electric field is comprised of two different frequency components expressed 

by: 

 
1 2( ) ( )

1 2( ) . .,
i t i t

E t E e E e c c
  

    (1.7) 

The SFG can occur when light of two different frequencies 𝜔1 and 𝜔2 simutanously 

incidented a nonlinear medium where they are converted to a third frequency, 𝜔3, which is 

the sum of two input beams. 

3 1  2ω ω ω   

There is another possibility that the output light of frequency from the medium is the 

difference of two input frequencies. 

3 1 2ω ω ω   
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Note that SFG and DFG are second-order 𝜒(2) processes. For application demanding, 

SFG can be exploited to generate tunable radiation in the UV range while DFG has been used 

to generate mid-IR beam. 

1.5.2 Second harmonic generation: 

Second harmonic generation (SHG) is defined as a parametric process happening in 

the non-centrosymmetric media which doubles the frequency of incident light. From the 

definition, the SHG is required an electric field of the incident upon the medium whose 

𝜒(2) is nonzero. In the other words, the medium must be noncentrosymmetric. 

Suppose that the fundamental electric field of the incident light with an optical 

frequency of is represented by 

 
1( )

1( ) . ,
i t

E t E e c c


   (1.8) 

where c.c. is the complex conjugate. 

The second-order polarization can be expressed by: 

      2 2(2) * i2ωt

0 0P t 2ε χ EE (ε χ e c.c.).    (1.9) 

Equation 1.9 indicates that the second-order polarization composed of two terms: one 

is the optical rectification without frequency and second term with frequency 2𝜔. The second 

term can give rise to produce of light with second harmonic frequency. The static component 

is the first term can be experimentally measure using the 

Since the SHG is parametric, the energy is conserved during this process. Therefore, 

the resulting SHG beam is highly directional. The SHG is basically a special case of sum 

frequency generation (SFG), where the two input waves have the same frequency. The output 

wave has a wavelength of 2ω. From a quantum point of view, the two incoming photons with 

the frequency of ω were simultaneously absorbed by media. The electron is firstly excited to 

intermediate states, which are the virtual states, by absorbing energy from the photons. The 

electron will not stay at this virtual state for a long time, and then it relaxes to ground state 

and release photon energy with double frequency. 
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Figure 1.4 Schematics of second harmonic generation process in nonlinear medium 

1.5.3 Phase- matching: 

For nonparametric processes like second harmonic generation or sum frequency 

generation, the phase matching condition has to be satisfied in order to obtain incident energy 

at the most efficiently 

   2 2 0k k k      

Where ∆k is momentum mismatch term, k(2𝜔) and 𝑘(𝜔)are wave numbers of second 

harmonic beam and fundamental beam. In dispersive media like bulk material, phase 

matching is hard to reach when out of unity length owing to the rather strong wavelength-

dependence of refractive index, so called the chromatic dispersion.  

The expression for the SHG intensity 𝐼(2𝜔, 𝑙) with l being the interaction length is 

given by:  
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Where 𝑛𝜔 and 𝑛2𝜔 are the refractive indices at 𝜔 and 2𝜔 respectively and c is the speed of 

light in a vacuum and 𝐼(𝜔) is pump intensity. From this equation, if the process is not phase-

matching the SHG intensity fluctuates as sinc
2
(∆𝑘𝑙/2). In other words, the SHG field is out 

of phase with the incident field for 𝑙 >  𝑙𝑐 =
𝜋

∆𝑘
. In this case, the SHG intensity is always 

weaker than 𝐼(2𝜔, 𝑙) and limits the use of NLO material. In contrast, if phase matching 

condition is achieved, the corresponding SHG intensity is maximized. Typically, SHG 

intensity increases quadratically with 𝑙 
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1.5.4 Multiphoton absorption (MPA): 

MPA is physical phenomena where the medium absorbs simultaneously N photons. 

In contrast to SFG or DFG, this process is non-parametric that causes electronic excitation of 

a medium. The number of photons N is determined by relation 𝑁ℏ𝜔 ≥ 𝐸𝑔 with energy 

bandgap 𝐸𝑔  for semiconductor. Since MPA depends on the N-th power of I(𝜔), MPA is 

subsequently much weaker the linear absorption. This process has been widely taken 

advantage in multiphoton spectroscopy and microscopy because of the enhanced spatial 

resolution. In spite of its importance in the optical limiting application, the efficiency of NLO 

devices can be hampered by nonlinear loss and optical damage caused by MPA. 
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 Photosensitivity Study of Metal-Semiconductor-Chapter 2:

Metal Photodetector Based on Chemical Vapor Deposited 

Monolayer MoS2  

 

2.1 Introduction 

2.1.1 Overview 

Motivated by the breakthrough of graphene and its novel features[29], many groups 

of two dimensional (2D) nanomaterials, typically, transition metal dichalcogenides MX2 (M 

= Mo, W; X = S, Se) have been explored as next-generation alternatives for recent years. 

Among them, molybdenum disulfide (MoS2) is currently the well-studied 2D semiconductor 

material due to remarkable layer dependent properties. In contrast to gapless graphene, 

monolayer MoS2 exhibits ~1.2 eV indirect to ~1.83 eV direct band gap transition, which 

arises from quantum confinement effect when its thickness is reduced to monolayer[30]. 

More interestingly, recent studies have reported that monolayer and few-layer MoS2 shows 

intriguing optical properties, as exemplified by valley-selective circular dichroism[31, 32], 

and layer dependence of nonlinear optical properties[33]. Recently, Yin et al. have 

demonstrated the first mechanical exfoliated monolayer MoS2 based phototransistor that 

exhibits responsivity ~7.4 mA/W better than that of the graphene based device, ~1 

mA/W[34]. Such findings facilitate monolayer and few-layer MoS2 to be a promising 

candidate for lightweight, flexible optoelectronic devices such as phototransistor[34], 

photodetectors (PDs)[35], solar cell[36]. 

2.1.2 Motivation 

Structurally, bulk MoS2 is constituted of strongly bonded S-Mo-S layers, whereas two 

adjacent layers are weakly linked by Van der Waals force in the trigonal prismatic 

arrangement. Therefore, mechanical exfoliation approach has been commonly used to obtain 

unmatched, high-quality monolayer and few layer MoS2 subjected to fundamental research. 

Nevertheless, the limitation in grain size is the main challenge for mass production. To take 

advantage of peculiar optical and electrical properties and further boost development of 

optoelectronic applications, synthesizing large area, highly crystalline monolayer MoS2 is 
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highly necessary. As a result, various approaches, such as thermal decomposition of 

ammonium tetrathiomolybdate[37], sulfurization of the pre-deposited molybdenum film[38], 

catalyst-assisted vapor-solid growth[39] have been employed to synthesize large area 

monolayer and few-layer MoS2 for application purpose. In this trend, Tsai et al. have very 

recently grown trilayered MoS2 by thermal decomposition of ammonium tetrathiomolybdate 

approach and then fabricated metal-semiconductor-metal photodetectors based on such 

film.[40] The device shows high photoresponsivity up to 1.04 A/W and fast response 

time/recovery time ~40/50 μs. However, this approach has a drawback that is involved in two 

complicated post-annealing processes after dip-coating the film. Currently, chemical vapor 

deposition (CVD) process, which uses molybdenum trioxide (MoO3) and sulfur (S) as 

reactants, has been one of the most facile and highly reproducible routines to grow large-area 

monolayer MoS2.[41, 42] However, the number of studies on monolayer MoS2 based 

electronic devices, where the MoS2 film is synthesized by the CVD approach, so far have 

been limited. 

In this chapter, we fabricated a planar metal-semiconductor-metal photodetectors 

based on monolayer MoS2. The MoS2 films were grown via CVD method, showing excellent 

structural and optical properties. The device exhibited good photoresponsivity ~7.7 mA/W 

for the wavelength of 470 nm, which is relatively comparative to the mechanically exfoliated 

monolayer MoS2 PDs. The rise /fall time of devices was about 1/0.7 s. Finally, we proposed 

that the existence of grain boundary in monolayer MoS2 might act as scattering sites reducing 

the photo-generated current, which in turn degrades the electrical performance of PDs. 

2.2 Experimental details  

MoS2 films were grown on 2×2 cm
2
 300 nm thick SiO2/Si via chemical vapor 

deposition method. The detailed growth mechanism has been reported in our previous work. 

In brief, sulfur (S) powder was put into a graphite crucible and placed upstream inside 2 

inches diameter quartz chamber. Molybdenum trioxide (MoO3) powder (99.999%, Materion) 

was put into another crucible laid on downstream. The SiO2/Si substrate was faced upside 

down and mounted on the top of MoO3 source. The CVD system was rapidly heated up to 

400
o
C for 30 min while sulfur was kept at 100

o
C in the rate of 100 sccm N2. The chamber 

was rapidly heated up 900
o
C in the rate of 25

o
C/min, keeping for complete reaction within 5 
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min. The system was cooled in the rate of 15
o
C/min to room temperature. The N2 gas was 

strictly controlled by the mass flow meter.   

Surface morphological properties of the as-grown thin film were examined by atomic force 

microscope (AFM) (Vecco, Dimension 3100) via tapping mode. Thickness of the films was 

determined by line profiles extracted from AFM measurement. Raman scattering and 

photoluminescence (PL) spectra were measured at room temperature by using an Ar+ laser 

with a wavelength of 514.5 nm (Melles Griot, 35-LAP-431-220) as an excitation light source. 

The focused laser spot size was ~10 μm
2
 for PL and Raman spectra. Scattered light from the 

sample was analyzed by a single grating spectrometer with a focal length of 50 cm (Princeton 

Instruments, SP-2500i) and detected with a liquid-nitrogen-cooled silicon CCD detector 

(Princeton Instruments, Spec-10). All PL and Raman spectra were normalized by Si Raman 

peak at 520cm
-1

.  

The interdigital fingerlike (50 μm wide spacing) devices were fabricated by 

evaporating Au electrodes (100nm) directly on top of the MoS2 layer by using a shadow 

mask. The electrical measurement was characterized by using Keithley 2620 series. 

Photoresponse was performed by varying wavelength via modulating light source (Ivium 

modulight, Ivium Tech.). For all monochromatic lights, the optical power intensity was 

maintained a constant of 0.3 mW/cm
2
. The bottom gate bias voltage was varied from -20 V 

to 30 V. The photocurrent was calculated by the reduction of the dark current at a certain bias 

voltage (Ilight- Idark). 

 

2.3 Result and discussion 

2.3.1 Structural characterization of MoS2 film 

 

Prior to electrical characterization, we carried out a number of measurements to 

ensure that the as-grown thin films are high quality monolayer MoS2. Firstly, the layer 

number was qualitatively determined under an optical microscope. The optical contrast 

enables the thin layer to be discernible under the microscope due to optical interference 

between the thin layered film and the underlying oxide layer of the substrate. The optical 

images of monolayer MoS2 deposited on 300 nm thick SiO2/Si substrate are depicted in Fig. 
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2-1(a)-(b). Isolated, triangular-shaped grains of MoS2 are observed at the edge of MoS2 thin 

film. The grain size is as large as 120 µm and distributed in the wide range from 50 to 120 

µm. Twin faceted and multi-faceted grains are also found as shown in Fig. 2-1(a). At the 

center, flakes merge into large grains with few micrometers wide grain boundaries, thus 

forming a continuous film as seen in Fig. 2-1(b). This observation agrees well with the 

recently reported studies.[32, 39, 41, 42] The thickness of MoS2 film was further confirmed 

by AFM as shown in Fig. 2-1(c). The measured value is ~0.65 nm as depicted in Fig. 2-1(d), 

consistent with theoretical thickness of monolayer MoS2 of ~0.62 nm. To gain more insights 

into structural properties of monolayer MoS2, Raman scattering was used to analyze phonon-

photon interaction and will be discussed in the next section.  

 

Figure 2-1 (a) Optical images of as-grown MoS2 on 300 nm SiO2/Si substrate at the edge and 

(b) center of the wafer with the existence of grain boundaries (white arrows). (c) Surface 

morphology of monolayer MoS2 at the edge of wafer and (d) the height profile extracted 

from AFM image 

It is well known that Raman scattering is nondestructive, indirect method to identify 
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the layer number of two-dimensional material. Thus, we carried out macro-scale Raman 

measurement to characterize the number of layer and optical quality of MoS2 films as shown 

in Fig. 2-2(a). We observed two predominant peaks at ~383.6 cm
-1

 and 404.2 cm
-1

 

corresponding to in-plane (E
1

2g) and out-of-plane (A1g) vibrational modes, respectively. The 

peak separation (Δk) value between these two peaks is ~20.6 cm
-1

. According to the layer 

number dependence of peak difference reported in previous studies[28, 43, 44], the acquired 

peak separation indicates that the as-grown sample is likely to be in the monolayer regime. 

Besides, bilayer is seen to be formed only in certain small area. The possible reasons for the 

difference in the thickness could be due to random nucleation seeds distribution and the extra 

seed growth on the first layer. It is known that full width at half maximum (FWHM) of E
1

2g 

is a criterion to evaluate crystallinity of MoS2 thin film. In case of our sample, FWHM of 

E
1

2g was of ~6.4 cm
-1

, close to the reported value of 4.2 cm
-1

 in recent studies[44]. 

Accordingly, the as-grown MoS2 thin film is highly crystalline monolayer MoS2. Fig. 2-2(b) 

shows a photoluminescence (PL) spectrum of the representative MoS2 film. The 

characteristic peak is observed at a wavelength of ~670 nm, which is assigned to exciton. 

This peak is associated with valence band maximum to conductance band minimum 

transition at the K point in the first Brillouin zone. Moreover, PL intensity exhibits ~600 

times stronger than that of Si peak. The intensity of observed peak was normalized by Si 

Raman peak at 20 cm
-1

. The occurrence of strong luminescence and PL peak position are 

clear evidences for high-quality monolayer MoS2 film.   

 

Figure 2-2: Raman scattering (a) and PL spectrum (b) measured at the center of MoS2 film. 
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2.3.2 Electrical characterization 

The inter-digital MSM PDs devices were fabricated at the center of the MoS2 films, 

where the continuous film was formed along with the randomly oriented grain boundaries as 

shown in Fig. 2-3(a-b). The MSM PD is equivalent to two Schottky’s diode connected back 

to back. One diode is forward biased and the other one is reverse biased. Electrical properties 

of monolayer MoS2 based PDs were analyzed by investigating the current-voltage 

characteristic at various wavelengths in visible spectrum as shown in Fig. 2-3(c). Current-

voltage curves show a typical Schottky contact behavior, which is expected to form when 

bringing high work function Au ~5.1 eV in contact with semiconductor MoS2. Additionally, 

I-V curves indicate that photocurrent at the wavelength much shorter than 670 nm, direct 

bandgap of monolayer MoS2, increases markedly. Meanwhile, those of longer wavelengths 

closer to 670 nm are apparently unchanged under illumination condition. This manner could 

possibly be explained by two reasons as proposed by Yin et.al.[34] The number of photo-

generated carriers in MoS2 is significantly dependent on the energy of incident photon and 

the number of incident photon. In other words, the wavelength of incident light and the 

optical power strongly influence the photocurrent.  In order to excite the electrons in 

monolayer MoS2 from valence band to conduction band, the incident photon is required to 

possess energy that is greater than the band gap energy of monolayer MoS2, which is 

equivalent to the wavelength ~670 nm. Additionally, the transition probability of photo-

generated electron is also an important criterion to evaluate the magnitude of photocurrent. 

The electrons will be supplied with more energy from higher energy photon, that is, shorter 

wavelength, which allows these electrons to surmount not only the defect trapping sites 

inside MoS2 but also Schottky barrier at Au/MoS2 interface as well. Therefore, the higher 

photon energy supplied to electron, the larger photocurrent will be generated in PDs as found 

in current-voltage curves.  
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Figure 2-3: (a) An optical image of MSM photodetector device. (b) Schematic illustration of 

device structure shown in (a).  (c) I-V characteristic curves at various illuminated 

wavelengths. (d) The wavelength-dependence responsivity under -10 V bias. 

Besides, the photocurrent of our device is relatively low, which might be due to an 

existence of randomly oriented grain boundaries between electrodes. The electrode spacing 

of our device was 50 μm similar to the range of MoS2 grain size, and thus the effect of grain 

boundaries on electrical transport should be taken into account. Recent studies employing 

transmission electron microscope (TEM)[41, 42]  has shown that CVD-grown monolayer 

MoS2 is polycrystalline. Electrical transport between two or more single crystals could 

probably be influenced by scattering effect due to defect sites and dislocations at grain 

boundary, which is proven by experimental observation[45] in case of graphene. Depending 

on structure of the boundary, sheet conductance decreases around 30% as opposed to pristine 

monolayer MoS2[42].  

The responsitivity can be extracted by the relationship; R= Iph/P = Iph/(Iopt  × A) , 

where Iph is photocurrent under certain applied voltage, P is input light power, Iopt is incident 
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light power  intensity and A is active area of device as plotted in Fig. 2-3(d). The device 

exhibited the highest photoresponsitivity of ~7.7 mA/W for monochromatic light with 

wavelength of 475 nm under -10 V bias. We also investigated the optical power dependence 

of photocurrent of monolayer MoS2 PDs at fixed wavelength of ~470 nm. The photocurrent 

was measured while the device was biased from -10V to 20V. Fig. 2-4(a) depicts that the 

photocurrent increase gradually as increasing the illuminating optical power. To study the 

incident optical power dependence, the photocurrent was plotted according to different input 

optical power at -5V and -10V, respectively as depicted in Fig. 2-4(b). The photocurrent 

under fixed applied voltage exhibits linear relation with incident optical power. This relation 

is well expressed by the equation[46]: Iph = (qnvd)W·D = A·Popt where, q is electronic charge, 

n carrier concentration, vd is carrier drift velocity, W is channel width, D is absorption depth, 

A is fitting parameter, and Popt is incident optical power. Such linear relation indicates that 

the photo-generated carrier is the only factor that contributes to the magnitude of 

photocurrent under illumination condition in our device. 

 

Figure 2-4 (a) I-V curve at various optical powers at 475 nm. (b) Photocurrent dependence of 

input optical power at constant bias voltage, -5 V and -10 V. 

The photoresponse measurement was performed by employing monochromatic light with 

wavelength of 475 nm. Fig. 2-5(a) shows the switching characteristic of monolayer MoS2 

PDs at modulated frequency of 0.1 Hz. The current increases to high value (ON state) ~0.3 

nA and then decreases to low value 0.15 nA (OFF state) when switching on and off the input 

light alternatively. Moreover, the photocurrent increases with increasing applied voltage 

under constant optical power density as shown in Fig. 2-5(b). The photocurrent changes from 
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~0.05 nA to 0.5 nA as the applied bias voltage increase from -2.0 V to -3.0 V. Such behavior 

suggests that a fraction of photo-generated carriers was not supplied with enough energy 

from the electric field to avoid recombination when biased voltage is low. The rise time is 

defined as the period time when current increases from 10% to 90% of photocurrent. 

Similarly, the fall time is the period times when current drops from 90% to 10% of 

photocurrent.  In case of our device, the rise and fall time were 1.0 s and 0.7 s, respectively, 

as shown in Fig. 2-5(c). The fall time has two exponential including the fast and slow 

component, possibly caused by trapping effect. Under the illumination condition, the fraction 

of photo-generated carriers are collected by electrode under the electric field created by 

biased voltage while the other photo-generated carriers are trapped by the point defects or 

charged impurities existing on the surface of monolayer MoS2. This trapping process gives 

rise to the increase in recombination lifetime of charge carriers and prolongs traveling time to 

counter electrode. Since the trapping process occurs slowly, thus the device has long time 

response. This similar trend is also observed in the previous reports[47, 48]. 

 

Figure 2-5: (a) Photoresponse curve of the device. (b) Photoresponse measured at various 
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applied bias voltage -1 V, -2 V and -3 V. (c) The response time is defined as the time when 

current increase from 10% to 90% of the photocurrent and  the recovery time is defined as 

the period time when current decrease from 90% to 10% of the photocurrent as shown. 

2.4 Chapter summary 

In summary, MoS2 thin film was synthesized by direct sulfurization method. Optical 

images, AFM image, Raman and PL characterization showed that the MoS2 film is quality 

monolayer form. The I-V and photoresponse measurement showed monolayer MoS2 based 

photodetector to have good photoresponsivity of ~7.7 mA/W for wavelength of 470 nm with 

the rise and fall time of ~1.0 s and 0.7 s, respectively. The degradation of photocurrent 

caused by the grain boundaries requires further in-depth study to fully understand the 

electrical transport mechanism. 
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 Near bandgap second-order nonlinear optical Chapter 3:

characteristics of MoS2 monolayer transferred on transparent 

substrates 

3.1 Introduction: 

3.1.1 Overview: 

 

Two-dimensional (2D) transition metal dichalcogenides (TMDCs) offer a new 

window into infinitesimally thin materials where the fabrication process can be precisely 

tuned on an atomic scale. These 2D materials, especially in the form of a monolayer, have 

shown outstanding electrical, structural, and optical properties as they have been used to 

demonstrate high on/off ratio transistors, integrated circuits with the logic operation, as well 

as chemical and gas sensors.[49, 50] By exploiting the fact that the conduction/valence band 

of these materials can possess two minima at equal energies, but different positions in 

momentum space, they can also be utilized for a new type of electronic switching known as 

valleytronics.[51, 52]
  

The mechanical strength and flexibility of 2D TMDCs, along with the ability to stack 

them and create atomically thin heterojunctions, shows strong potential for use in flexible 

electronics and field effect transistors.[53, 54] 2D heterostructures which can be prepared for 

printable electronics have exhibited unprecedentedly large and tunable electrical resistance 

making them ideal for memristive and memcapacitive switches,[55] however ultrathin 

TMDC monolayer devices that require flexibility, stretchability, and/or transparency are most 

promising.[56] Their ability to withstand enormous amounts of strain makes them wonderful 

candidates for piezotronic devices where their electronic properties can be tuned via 

stress/strain.[57]
  

3.1.2 Motivation: 

 

As a bottom-up approach, the chemical vapor deposition (CVD) process allows for 

the fabrication of large-area, high-quality (electronic/structural) TMDC monolayers.[58] In 

some cases, the CVD process yields monolayers whose electronic properties rival that of the 

best mechanically exfoliated monolayers.[59]
 
As a TMDC whose bandgap becomes direct 
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with inversion symmetry breaking in the monolayer limit, MoS2 has been getting ample 

attention for its strong second-order nonlinear optical (NLO) properties.[60-64] Being 

limited by the atomically thin NLO interaction length, however, monolayered MoS2 is 

considered impractical for efficient wavelength conversion.  Unfortunately, simply 

increasing the number of layers cancels out coherent NLO responses from successive layers 

because of typical Bernal stacking.
14

 Recently, a breakthrough was made by the capability of 

spiral multilayer stacking where second harmonic generation (SHG) was shown to be 

enhanced by almost two orders of magnitude for three-dimensional MoS2 spirals (𝑁 ∼ 

15).[65] However, the pyramidal stacking structure renders the area of the multilayer to be a 

few m
2
, still seriously limiting its practical use.  

 

We note that TMDC monolayers are typically grown on “opaque” substrates such as 

SiO2/Si for the compatibility issue with the existing electronics.  However, the 2D TMDC 

must be available on “transparent” substrates, because efficient wavelength conversion 

requires coherent, accumulative overlap between fundamental and NLO radiation throughout 

an NLO crystal in the “transmission” mode. As a preliminary step, therefore, we have 

realized CVD-grown MoS2 monolayers transferred on transparent substrates. The 

transparency of the monolayer samples allowed us to probe wavelength-dependent SHG near 

exciton resonance using both reflection and transmission geometry. Our SHG measurements 

clearly indicate that the additional transfer process of MoS2 monolayers does not deteriorate 

the intrinsic NLO properties of MoS2. We believe that our results are important in future 

endeavors to enhance the NLO efficiency of the 2D TMDC systems in general, especially 

under confinement such as an optical ring resonator or a Fabry-Pérot cavity.[66-68]  

3.2 Results and discussion 

Large-size monolayered MoS2 flakes and films were first grown onto 300-nm-thick 

SiO2/Si substrates via atmospheric pressure CVD in a hot wall furnace. The synthesis can be 

described as follows: a graphite crucible containing high-purity sulfur powder (99.5%, Alfa) 

was placed inside a 2-inch-diameter quartz tube and maintained at 300
o
C. Meanwhile, 

another graphite crucible containing high-purity MoO3 powder (99%, Aldrich) was placed 

downstream and separately heated up to 830
o
C with a heating rate of 25

o
C/min. The 
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substrates were flipped upside down and mounted above the MoO3 crucible by a quartz 

holder. During the growth, the tube was constantly fed by a 10 sccm high-purity N2 carrier 

gas and the optimal chamber pressure was found to be ∼ 500 Torr.  

The frequently used polymethyl methacrylate (PMMA) method was employed to 

transfer a CVD-grown MoS2 monolayer onto a commercially available fused silica substrate. 

The as-grown MoS2 onto SiO2/Si substrate was initially coated with PMMA via spin coating 

at two steps: 500 rpm for 10 s and 3000 rpm for 60 s. After spin coating, the sample was 

softly baked at 120
o
C for 10 min. The sample was dipped into 2 M KOH solution at ∼ 100

o
C 

until the polymer-supported film detached from the substrate and floated on the surface of the 

KOH solution. The floating film was pulled out of the solution and cleaned thoroughly with 

DI water. The film on the fused silica was baked at 120
o
C to expel any air/water vapor 

trapped between the film and substrate. Finally, the PMMA was removed with acetone for 30 

min to expose the raw MoS2 surface. For MoS2 on the polyethylene terephthalate (PET) 

substrate, we used dilute hydrogen fluoride (HF) acid to slowly etch out the SiO2 layer of the 

as-grown MoS2. Firstly, the as-grown sample was mechanically clamped with a fresh PET 

substrate on the upper side by a polyester clip. Then both were immersed in a 1% HF 

solution for 5 min. The SiO2 layer was instantly attacked by the HF acid leaving the MoS2 

monolayer on the PET substrate. The transferred MoS2 was taken out of solution and rinsed 

with DI water, then baked at 100
o
C for 10 min to enhance adhesion between MoS2 and the 

new substrate. 

As-grown and transferred MoS2 flakes or films were initially inspected using an 

optical microscope (Nikon system). The morphology was also checked through field 

emission scanning electron microscopy (JEOL JSM-7500F, accelerating voltage of 5.0 KV, 

operated in SEI mode). Macro-Raman spectra were taken using 514.5 nm radiation from an 

Ar
+
 laser (Melles Griot, 35-LAP-431-220) as an excitation light source at room temperature. 

The laser-spot size and power on the sample were ∼ 100 µm in diameter and less than 10 

mW, respectively. A single-grating spectrometer with a focal length of 50 cm (Princeton 

Instruments, SP-2500i) and a liquid-nitrogen-cooled silicon charge-couple device (CCD) 

detector (Princeton Instruments, Spec-10) was used to analyze scattered light from the 

sample. The acquired Raman shift was calibrated with the Neon calibration lamp (Newport, 
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6032). Room-temperature photoluminescence (PL) spectra were taken using 532-nm 

radiation from a Shanghai Dream Green Laser Module (average power > 50 mW) with a 

beam diameter of ∼ 70 µm near the edge of the MoS2 sheet. The PL signal was collected 

with a combination of lenses and focused onto a fiber optic bundle coupled to a selective-

grating Horiba iHR320 spectrometer equipped with a CCD camera. 

First, we utilized the optical microscope (OM) and scanning electron microscope (SEM) 

to visualize the surface morphology of MoS2 on the transparent substrates. Figures 3-1(a) and 

(b) show the OM images of MoS2 on fused silica and on the PET substrate, respectively. 

Both images were taken at the edge of the film where individual flakes can be clearly 

observed. The inset in Fig. 3-1(a) is a prototype SEM image of transferred MoS2 flakes on 

the fused silica. The single crystals of MoS2 (darker area) retain their size (∼ 50 µm) and 

triangular shape with sharp edges after transfer when compared to the as-grown MoS2 on 

SiO2/Si shown in Fig. 3-1(c). The small black dots sporadically scattered over the OM 

images are the nucleation seeds, arising from the CVD growth technique whereas larger dark 

spots are bulk MoS2. As for the CVD-grown MoS2 on SiO2/Si, the thickness of the layer was 

determined by an atomic force microscope (AFM, MFP-3D) and the height profile is shown 

in Fig. 3-1(d) along with an averaged scan trace (solid red line). The dotted red lines indicate 

the starting and end line of the scan area over which the cross section profiles were averaged. 

The AFM measurement was performed in the tapping mode with a cantilever of 𝑘 ∼ 1.8 N/m 

and a scan frequency of 0.5 Hz. The measured layer thickness was found to be ∼ 0.9 nm. 

Although this value is slightly thicker than the theoretical value for the monolayer (∼ 0.6 nm), 

we expect that this discrepancy is commonly observed in CVD-grown MoS2 monolayers as 

well as graphenes on SiO2/Si substrates; this is possibly caused by the existence of 

adsorbents under the film.[69] Note here that thickness determination by AFM is not 

particularly informative for the transferred samples because the measured height profile can 

be directly affected by a gap between the monolayer and the substrate.  
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Figure 3-1: OM images of transferred MoS2 on (a) fused silica, (b) flexible PET substrate and 

(c) as-grown MoS2. Inset: SEM image of MoS2 on fused silica. (d) AFM image (scan range; 

5 × 5 μm
2
) and its thickness profile at the edge of the as-grown MoS2 flake. For clarity, the 

height profile is plotted across the boundary between the MoS2 flake and substrate. 

Therefore, we further performed macro-Raman and PL measurements on the MoS2 

samples in order to confirm the layer number and the consistency of intrinsic properties of 

the film before and after the transfer process. For comparison, Raman spectra from MoS2 on 

SiO2/Si, fused silica, and PET are presented in Fig. 3-2(a). The peak located at ∼ 385 cm
-1

, is 

attributed to in-plane vibrational mode E
1

2g where the oscillation of top and bottom sulfur 

layers is confined to the basal plane and opposes the motion of the Mo atoms. The other peak 

near ∼ 407 cm
-1

 is assigned to the out-of-plane vibrational mode A1g which involves the two 

sulfur layers oscillating out of phase and in the direction perpendicular to the basal plane 

while the Mo atoms remain stationary. The peak difference Δ𝜔 between these Raman peaks 
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is widely used to identify the number of layers. Raman spectra show Δ𝜔 values are ∼ 21.4 

cm
-1

 for MoS2 on both the fused silica and PET substrates, which are similar to that of MoS2 

on the SiO2/Si substrate ∼ 21.2 cm
-1

. According to the correlation between Δ𝜔 and layer 

number in previous studies for CVD-grown MoS2,[70] the thickness of transferred MoS2 

films on the transparent substrates lies between the monolayer and bilayer range. Since 

Raman data was measured towards the edge of the sheet where the MoS2 film consists of 

many grain boundaries, these experimental values of Δ𝜔 can be understood considering the 

beam size of ~100 µm which can cover two adjacent flakes with some overlap forming a 

bilayer near the grain boundary. 

The PL spectra of MoS2 on SiO2/Si as well as fused silica and PET are plotted for 

comparison in Fig. 3-2(b). Since the PET substrate exhibited a PL signal of its own, we 

performed a spectral subtraction to isolate the PL of MoS2 (see Supplemental Materials for 

details). The peak position of the A-exciton in the MoS2 film on SiO2/Si is centered at ∼ 675 

nm (1.84 eV). The estimated bandgap agrees well with the direct bandgap of monolayer 

MoS2 on SiO2/Si found in previous studies.[71] However, for the MoS2 on fused silica and 

PET, the A-exciton peak position is blue-shifted to ∼ 663 nm (1.87 eV). Such a significant 

blue-shift for transferred MoS2 monolayers is well known and consistent with Ref [72]. 
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Figure 3-2: (a) Raman and (b) PL spectra of as-grown MoS2 on SiO2/Si and both transferred 

samples (fused silica and PET substrates). 

Details on the experimental setup of NLO experiments can be found in Supplemental 

Materials. A broadband SHG measurement was conducted in order to provide the 𝜒(2) 

dispersion of the material. The transmitted (𝑇 ) and reflected (𝑅 ) SHG signals of the 

monolayers on transparent substrates were simultaneously monitored. The excitation beam 

spanned a spectral range of 𝜆 =  1064 - 1600 nm. Therefore, the detected SHG range 
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encompasses both the A- and B-exciton states. As an initial calibration, we measured the 𝑇 

and 𝑅 SHG signals from a bulk z-cut quartz crystal. As predicted, the SHG ratio 𝑇/𝑅 ~ 25 

was confirmed over the experimental 𝜆 range as shown in Fig. 3-3. After quartz calibration, 

we measured the 𝑇 and 𝑅  SHG from monolayered MoS2 as a function of 𝜆  and the 

corresponding SHG spectra were shown in Fig. 3-3. A spot near the edge of the MoS2 films 

was excited since this region was most likely monolayer and did not contain any overlapping 

grains.  Spectral Maker fringes are not expected to manifest themselves in the broadband 

SHG data of MoS2 since the monolayer thickness is much smaller than the excitation 

wavelength. Therefore, strong SHG dispersion should be interpreted in terms of two-photon 

resonance as shown in Fig. 3-4. 

 

Figure 3-3: Broadband SHG responses of single-crystal quartz in transmission (dots) and 

reflection (circles) modes. The red plot overlaid on the transmission data is a bulk SHG fit 

that takes into account the spectral Maker fringe effect. 

First, we examined the 𝜆-dependent SHG measured by 𝑇 and 𝑅. If treated as a thin 

polarized sheet embedded between two dielectric media, the 𝑇/𝑅 ratio is expected to be 
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independent of the MoS2 dielectric function. Instead, the ratio only depends on the refractive 

indices of the two surrounding media via (𝑛2/𝑛1)
3, where 𝑛2 ∼ 1.5 is the refractive index of 

the substrates (both fused silica and PET) and 𝑛1~ 1 is the refractive index of air within our 

𝜆 range.[29, 73]Therefore, a constant ratio of 𝑇/𝑅 ~ 3.4 is predicted. At 𝜆/2 = 800 nm, the 

measured 𝑇/𝑅 ratio was 3.0 for MoS2 on fused silica and 2.7 for MoS2 on PET which agree 

reasonably with the theoretical prediction. However, when 𝜆  was tuned such that the 

corresponding SHG overlaps with the A- and B-exciton lines, the 𝑇/𝑅  ratio drops as 

indicated by the red traces in Fig. 3-3. While the effect is partially extrinsic as indicated by 

the difference in the variation range of the 𝑇/𝑅 ratio for the two samples, it seems to arise at 

two-photon resonance of SHG at exciton levels where 𝑇 is reduced by excitonic absorption 

or 𝑅 is enhanced by resonant reflection.[74] A precision measurement is required to resolve 

the issue using a directly grown MoS2 on the transparent substrates to eliminate any extrinsic 

effect arising from the transfer process. More importantly, we believe that “transparent MoS2” 

can be exploited to further enhance the SHG process since both the forward and backward 

SHG signals can accumulate via constructive interference through multiple passes within a 

confined cavity or a stacked structure.  
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Figure 3-4: Broadband SHG response of (a) MoS2 on fused silica and (b) MoS2 on PET with 

two collection geometries. The red trace is a ratio of transmitted to reflected SHG. 

 The z-cut quartz (∼  0.65 mm thick) was also used as a reference material for 

calculating 𝜒(2)  from the measured MoS2 SHG signal. As previously mentioned, the 

monolayer was modeled as a polarized sheet embedded between two dieletrics[75, 76] and 

the quartz was modeled as bulk. Under these assumptions, Eq. (1) can be used to calculate 

the absolute 𝜒(2) dispersion of monolayered MoS2 
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𝜒𝑀𝑜𝑆2

(2)
=

𝜒𝑞
(2)

[𝑛𝑞(𝜔) + 1]
3

16𝜋ΔℎΔ𝑘𝑞𝑛𝑞(𝜔)𝑛𝑞
1/2(2𝜔)

(
𝜆

𝜆𝑞
)(

𝐼𝑀𝑜𝑆2
(2𝜔)

𝐼𝑞(2𝜔)
𝐹𝑞)

1/2

         (1.10) 

where 𝜒𝑞
(2)

=  0.6 pm/V,[77] 𝑛𝑞(𝜔)  and 𝑛𝑞(2𝜔)  represent the linear refractive indices of 

quartz at frequency 𝜔 and 2𝜔 respectively, Δℎ ∼ 0.9 nm is the thickness of the monolayer, 

Δ𝑘𝑞 is the phase mismatch in quartz calculated from the refractive indices, and 𝐼𝑀𝑜𝑆2
(2𝜔) is 

the SHG intensity from the monolayer. 𝜆𝑞 is the wavelength within the probed spectral range 

where the SHG intensity from quartz (𝐼𝑞) is a maximum, and 𝜆 represents the experimentally 

tuned wavelengths. Thus, at wavelength 𝜆𝑞, a constructive spectral Maker fringe occurs in 

bulk quartz and sin2(Δ𝑘𝑞𝐿𝑞/2) = 1 within the phase-matching factor.[78] No wave vector 

mismatch effects are taken into account for the monolayer since Δℎ ≪ 𝜆. 𝐹𝑞 in Eq. (1.10) 

represents the Fresnel coefficient of quartz which needs to be taken into account when 

comparing reflection/transmission geometry. For example, the ratio of transmitted SHG 

intensity to reflected SHG intensity for reference quartz should be 25.  

Figure 3-5 shows the 𝜒(2) dispersion obtained from the measured SHG intensities of 

the MoS2 sheet on fused silica and on the PET substrate using Eq. (1). The solid red lines in 

both plots represent the PL spectra from Fig. 3-2(b) taken under continuous wave excitation. 

At 𝜆 = 1600 nm, where the dielectric function is purely real, 𝜒(2) of the MoS2 monolayer 

sheet on fused silica was measured to be 6.3 pm/V and 𝜒(2) of MoS2 on PET is 7.0 pm/V. 

With proper corrections to previous work, we found that 𝜒(2)  of MoS2 transferred on 

transparent substrates is on par with 𝜒(2)  of as-grown samples on SiO2/Si substrates 

confirmed both in reflection and transmission geometry. It is interesting that both MoS2 on 

fused silica and PET samples exhibit two-photon resonant enhancement in 𝜒(2)  near the 

spectral positions of the A- and B-excitons. Compared to the long-wavelength limit, 𝜒(2) of 

the MoS2 sheet on fused silica can be enhanced by ∼ 7.2 × and ∼ 4.0 × for MoS2 on PET 

near the spectral position of the A-exciton. The B-exciton resonantly enhances the static 𝜒(2) 

value by ∼ 5.0 × for MoS2 on fused silica ∼ 3.3 × for MoS2 on PET.  

A slightly weaker resonance effect at the B-exciton line is indeed theoretically 

predicted – see Fig. 3(a) of Ref.[64] which properly takes into account the excitonic effect. 

This theory also predicts that the resonance effect is about 3 times stronger at the C-exciton 

line (~ 2.9 eV). We note that the measured 𝜒(2)  values of ∼  40 pm/V at the A exciton 
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resonance from our transferred samples are therefore consistent with Ref. [61], reporting 

𝜒(2) ∼  100 pm/V at the C-exciton resonance of an “exfoliated” MoS2 monolayer. This 

implies that the NLO quality of our synthetic samples is also on par with that of an exfoliated 

MoS2.  

 

Figure 3-5: 𝜒(2) dispersions calculated based on transmission and reflection geometries from 

(a) MoS2 monolayer sheet on a fused silica substrate and (b) MoS2 monolayer sheet on a PET 

substrate. The red traces are the corresponding PL spectra from Fig. 3-2(b), confirming two-
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photon exciton resonance of SHG. 

3.3 Chapter summary 

We have provided a comprehensive second-order NLO characterization of CVD-grown 

MoS2 monolayers transferred onto transparent substrates. A measurable blue-shift of the 

exciton levels were confirmed by both PL and SHG measurements. MoS2 exhibits two-

photon resonant enhancement of 𝜒(2) near the A- and B- exciton states and the corresponding 

absolute 𝜒(2) values are comparable with that of a typical CVD-grown monolayer. We have 

also shown that the SHG intensities from “transparent” MoS2 monolayers are comparable 

both in the forward and backward directions, which is consistent with a nonlinear sheet 

model. Our future work is to design and fabricate stacked structures by either transfer or 

direct growth on transparent substrates that can be confined within a cavity and resonant with 

excitonic states in order to realize the maximum SHG efficiency attainable. 
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 Nonlinear optical characteristic of monolayered Chapter 4:

MoSe2 

4.1 Introduction 

4.1.1  Overview 

 

High demand on miniaturizing optoelectronic devices has encouraged researchers to 

discover new active materials that can potentially overcome the scaling limitation of current 

Si-based technology. In recent years, atomically thin transition metal dichalcogenides 

(TMDCs), MX2  (M = Mo, W; X = S, Se), have emerged as promising alternatives due to 

their appealing dimensionality-dependent electrical, mechanical and optical properties.[79] 

Structurally, TMDCs consist of a network of weakly bonded X-M-X layers via van der 

Waals coupling, where one array of hexagonal lattice of transition metal atoms is sandwiched 

between two arrays of hexagonal lattice of chalcogen atoms. For example, MX2 can 

crystallize with the centrosymmetric D6h space group for 2H stacking.[80] When they are 

thinned down to the monolayer regime, the electronic band structures of TMDCs experience 

a fascinating evolution from indirect bandgaps to direct bandgaps.[28] This electronic 

modification is also accompanied with inversion symmetry breaking and strong two-

dimensional (2D) confinement under reduced dielectric screening, leading to intense light 

emission,[81] room-temperature excitonic effects,[82, 83] as well as strong second harmonic 

generation (SHG).[84-89] These unique properties makes monolayers more attractive to 

numerous applications such as photodetectors, [13, 90] valleytronics where the device 

switching mechanism is based on two non-equivalent K/K’ points in the Brillioun zone [91, 

92] as well as nonlinear optics.[93] 

Many different tactics have been used to thin down TMDCs into monolayers. Some 

of the most common methods include mechanical and electrochemical exfoliation,[94] 

sulfurization/selenization of pre-deposited oxide or metal films,[52] and chemical vapor 

deposition (CVD).[13, 95, 96] Mechanical exfoliation is a well-known approach for 

producing superior quality monolayers; however this process generally produces small-area 

crystals which is a major limitation for practical applications. In contrary the CVD process 

yields large-area, continuous monolayer TMDCs for mass production. Although there has 
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been much progress on growth of monolayer TMDCs in recent years,[97] the growth of 

large-area, high-quality monolayer MoSe2 is limited due to the lower chemical reactivity of 

selenium as compared to sulfur.[98] The controlled growth of high-quality Se-containing 

TMDCs is essential for the development of atomically thin TMDC-based NLO devices 

working at infrared. 

4.1.2  Motivation 

As noncentrosymmetric materials with direct bandgaps, TMDC monolayers are 

theoretically predicted to exhibit strong second-order nonlinear susceptibility χ
(2)

 in 

comparison with their bulk counterparts.[64, 99, 100] Experimentally, MoS2 and WS2 

monolayers have been proven to possess large χ
(2)

 values.[84, 88, 89] In contrast to well-

studied MoS2 and WS2, however, there are only a few available reports on the NLO 

properties of MoSe2.[101] For example, using circularly polarized radiation, Dong et al. has 

experimentally investigated the SHG responses for mechanically exfoliated mono- and few-

layered MoSe2 within a limited fundamental wavelength 𝜆 = 1500 – 1700 nm.[86] More 

recently, Wang et al. studied exciton states in monolayer MoSe2 using two-photon 

spectroscopy across Rydberg excitonic levels. However, none of these studies report on the 

key NLO parameter of MoSe2. Experimental confirmation of the absolute nonlinearity of 

MoSe2 is particularly important, because the existing theories[99, 100] predict larger optical 

nonlinearity, compared with that of the sulfide analog.  

In order to contribute to the comprehensive picture of the NLO properties on TMDC 

group of materials, we investigated the NLO characteristics of MoSe2 in its monolayer form. 

Our high-quality MoSe2 crystal was obtained by selenizing the pulsed laser deposited (PLD) 

MoO3 film on a SiO2/Si substrate. For the first time, to the best of our knowledge, we provide 

an estimation of the absolute χ
(2) 

value using the “polarized sheet” model.[89] Our unique 

broadband capability enabled us to study steeply varying SHG dispersion across the two 

major exciton levels involved in direct optical transition, when the fundamental wavelength 

was tuned over a wide spectral range of 𝜆 = 1200 – 1800 nm. Additionally, a high laser 

induced damage threshold (LIDT) was also determined for MoSe2 in comparison with a 

MoS2 monolayer at the fundamental Nd:YAG radiation (𝜆 = 1064 nm and 𝜏 =  30 ps), 

demonstrating their persistence against high-power laser flux. 
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4.2 Experimental methods 

Raman and photoluminescence (PL) spectra were measured at room temperature 

using an argon Ar
+
 laser (Melles Griot, 35-LAP-431-220) with 514.5-nm excitation light and 

a spot size of approximately ~10 μm on the sample. The scattered Raman and luminescence 

signals from the sample were dispersed by a single-grating spectrometer (Princeton 

Instruments, SP-2500i) with a 50-cm focal length, and then detected with a cooled liquid-

nitrogen CCD detector (Princeton Instruments, Spec-10). The recorded wavelength and 

Raman shift of the scattered light was calibrated by a standard Neon calibration lamp 

(Newport, 6032).  

The NLO measurement was conducted using a picosecond EKSPLA Nd:YAG laser 

(30 ps temporal pulse width) with a 50 Hz repetition rate. The main output of the laser (𝜆 = 

1064 nm) synchronously pumped an EKSPLA PG 403 optical parametric oscillator. The 

sample was mounted onto a homemade rotatable sample holder attached to three translation 

stages yielding precise control in the x, y, and z directions. The fundamental beam from the 

laser was focused to a spot size of ~50 μm in diameter using a10× microscope objective lens. 

The reflected SHG beam was then guided to collection optics via a beam splitter and focused 

onto a fiber bundle. The bundle was coupled to a selective grating Horiba iHR320 

spectrometer equipped with CCD camera. The experimental irradiance was ~0.9 GW/cm
2
, 

which is well below the optical damage thresholds for the monolayer.  A halogen lamp 

coupled to a fiber cable was inserted in our setup so that the MoSe2 flake could be located 

with a CMOS camera (Thorlabs) in a reflection microscope scheme. 

When measuring the polarization-dependent SHG, a half-wave plate was used to 

select the polarization state of the fundamental beam tuned to 1280 nm while a detection 

analyzer in front of the detector was adjusted to be either parallel or perpendicular to the 

polarization state of the input beam. The isolated monolayer MoSe2 flake was then rotated 

through 360° in 10° steps for both configurations of parallel and orthogonal polarization 

measurements. 

4.3 Result and discussion 

The monolayered MoSe2 flakes were prepared by two-step growth mechanism, as 



 
 

60 

 

schematically shown in Fig. 4-1 (a) and (b). The first step involves the synthesis of 

Molybdenum trioxide (MoO3) thin film 300 nm thick SiO2/Si substrate by pulse laser 

deposition (PLD) technique (Fig. 4-1a). Highly pure MoO3 target of approximately 2cm in 

diameter was placed in rotating target holder. The substrate was fixed 25cm above the target. 

The pressure of the vacuum chamber was reduced to 5×10
-7 

torr. Before deposition, the 

MoO3 target was exposed to the laser beam for 5 minutes to clean the contaminants 

aggregated on the surface of the target. For MoO3 deposition, the laser power and repetition 

frequency (number of laser shots per second) were set to be 200 mJ/cm
2
 and 3 Hz 

respectively, and the total deposition time was 60s. The deposition was carried out in ultra-

high vacuum (5× 10
-7 

torr) without any carrier gas. A krypton fluoride (KrF) excimer laser 

(λ=248 nm, CompexPro 102F) with 20 ns pulse width was used for target ablation. In the 

second step, PLD deposited MoO3 film was converted to MoSe2 by selenization in chemical 

vapor deposition (CVD) system as illustrated in Fig. 4-1b. The selenization process was as 

follows: Approximately 300 mg of high pure selenium powder (Sigma Aldrich, 99.99%) in 

graphite crucible was placed in the furnace tube. The MoO3 sample was placed 

approximately 15cm away from the selenium powder. The tube pressure was initially 

pumped down to the base value of 80 mtorr.  The tube was repeatedly flashed with pure N2 

gas at room temperature to clean the reaction chamber (quartz tube). The chamber pressure 

was raised to 330 torr with 100 sccm flow rate of carrier gas (N2) and 10 sccm of H2. At this 

point, the flow rate of N2 was reduced to 10 sccm and H2 to 1 sccm. The reaction chamber 

temperature was raised to 400
o
C with temperature increasing rate of 25

o
C/min. These 

conditions were maintained for 15 min. The chamber pressure and temperature were then 

raised to 550 torr and 850
o
C respectively and were maintained for 25 min. After selenization 

time, the furnace was naturally cool down and samples were taken out below 350
o
C. 
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Figure 4-1: (a) Schematic drawing of two-step PLD growth mechanism PLD and (b) the 

furnace system for selenization of MoO3 film. (c) OM and (d) AFM image of monolayer 

MoSe2 flake from the marked region (red outlined square) in (c) and thickness profile (inset) 

on the SiO2/Si substrate. 

 The thickness-dependent color contrast between the thin MoSe2 flakes and the 

underlying 300 nm SiO2 layer can be used for the identification of monolayer flakes. For 

optical characterization, an isolated, large-size (~40 µm) ML MoSe2 flake was initially 

identified using an optical microscope (OM, Nikon). The OM image of the isolated triangular 

MoSe2 flake is depicted in Fig. 4-1(c). The height measurement of the flake was performed 

by atomic force microscopy (AFM, MFP-3D). The AFM result (tamping mode with 

cantilever of k ~1.8 N/m, 0.5 Hz scan speed) shows that the MoSe2 flake is a high-quality 

monolayer with no discernible contamination. Moreover, the thickness of the flake was found 

to be ~0.83 nm, which confirms that the flake is indeed monolayer [inset Fig. 4-1(d)]. 
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Figure 4-2: (a) Normalized Raman spectrum and (b) photoluminescence spectrum of the 

monolayer MoSe2 flake. (c) Semi-log plot of the PL (red), showing A- and B-exciton levels 

along with lower-energy tail arising from bound excitons. The B-exciton PL (green) is 

modeled with a Lorentzian shape.  The blue trace is the PL without the B-exciton 

contribution. 

Raman spectroscopy has been used as an indirect method to estimate the number of 

layers (thickness) of two-dimensional layered materials.[43, 96] The intensities and shift in 

energies of the in-plane (E
1

2g) and out-of-plane (A1g) vibrational modes strongly depend on 

the number of layers. The Raman spectrum of our MoSe2 flake shows two characteristic 

vibrational modes, which are the A1g and the E
1

2g peaks at 240.6 cm
-1

 and 285.5 cm
-1

 

respectively, as shown in Fig. 4-2(a). The A1g peak intensity is much higher than E
1

2g peak 

intensity, consistent with previous Raman studies on CVD-grown MoSe2.[13, 95, 96] The 

wavenumber separation (Δω) between the two peaks is 44.9 cm
-1

 corresponding to 

monolayer MoSe2. Moreover, the full width half maximum (FWHM) of the A1g  peak can be 

correlated to the crystallinity of the film. The FWHM value A1g peak of our MoSe2 flake is 

4.1 cm
-1

, which is comparable with that of commercially available CVD-grown monolayer 

MoSe2, indicating the high crystalline nature of the flake.  

Another hallmark of good quality monolayer MoSe2 is its PL response. The PL 

intensity of MoSe2 decreases exponentially with increasing thickness due to its bandgap 

transformation from direct to indirect. As shown in Fig. 4-2(b), the as-grown MoSe2 flake 

exhibits an excellent PL response at room temperature with a strong A-exciton peak at 1.53 

eV, corresponding to the direct-gap transition at the K/K’ point of the Brillion zone.[102] In 

order to examine the detailed feature of the optical transition, we plot the PL spectrum vs. 

photon energy (ℏ𝜔) on a semi-logarithmic (semi-log) scale in Fig. 4-2(c), where the B-
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exciton transition can be clearly observed as a high-energy shoulder. We modeled the B-

exciton PL (green trace) line using a Lorentzian shape, , to accurately determined the B-

exciton energy (𝐸𝐵) with Γ being an empirical dephasing rate ~56 meV that determines the 

inhomogeneous broadening of the peak. As indicated by the parallel dashed lines, the fit 

parameters were carefully determined under a constraint ensuring the same slopes of the 

high-energy onset for the experimental PL (red), the modeled B-exciton PL (green), and the 

A-exciton PL (blue) that was obtained by subtracting the latter from the former. The spin-

orbit interaction energy was calculated to be 𝐸𝑆𝑂 = 190 meV using a fit value 𝐸𝐵 = 1.72 eV, 

which is approximately consistent with the reported value of 0.2 eV.[103]  Interestingly, we 

found that the intensity ratio between the B-exciton PL and the A-exciton PL is about 0.06.  

This value is roughly 10 times larger than the equilibrium ratio of exp[−𝐸𝑆𝑂/𝑘𝐵𝑇] ~0.006 at 

room temperature, which was calculated assuming the two-component exciton gas having the 

same radiative decay rate.  The discrepancy therefore implies that A excitons have additional 

relaxation pathways to form bound excitons and negatively charged trions (T) via being 

bound to ambient defects and electrons. Our interpretation is in fact supported by the 

observation of broad low-energy tailing that extends to near infrared in Fig. 4-2(c). 

For NLO study, an experimental setup was arranged to probe the SHG response from 

the flake as shown in Fig. 4-3(a) (detailed in experimental methods). Conventionally, the 

polarization-dependent SHG is a universal measurement to probe the crystal symmetry and 

orientation of NLO materials. In the bulk form, MoSe2 belongs to D6h symmetry point, which 

has spatial inversion symmetry, thus resulting in 𝜒(2) = 0 and no allowable SHG. Meanwhile, 

the MoSe2 monolayer possesses the D3h symmetry without inversion center. Due to its three-

fold rotational symmetry, there is only one independent component in the second-order 

susceptibility tensor χ𝑀𝑜𝑆𝑒2
(2)

= χ𝑥𝑥𝑥
(2)

= − χ𝑥𝑦𝑦
(2)

= −χ𝑦𝑦𝑥
(2)

= − χ𝑦𝑥𝑦
(2)

. As a result, the parallel 

and perpendicular components of resultant SHG intensity are expected to reflect cos2[3(𝜃 +

𝜃0)] and sin2[3(𝜃 + 𝜃0)] dependence, where 𝜃 is the angle between the mirror axis of the 

crystal and the electric field of the linearly polarized fundamental laser beam and 𝜃0 is the 

initial angular offset. Indeed, six-fold symmetric responses were measured when we rotated 

the MoSe2 flake for normal incidence, in analogy with SHG responses for monolayer 

MoS2[84, 85, 87, 89] and consistent with the previous report on monolayer MoSe2.[86] Fig. 

4-3(b) exhibits the corresponding SHG intensity as a function of 𝜃  for parallel and 
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perpendicular components of the SHG field. This polarization-dependent SHG along with the 

Raman and PL spectra provide strong evidence for excellent optical and crystalline quality of 

our as-grown MoSe2 monolayer. 

In order to obtain the χ
(2) 

dispersion of the MoSe2 monolayer, we performed a 

broadband SHG measurement using a reflection geometry. The MoSe2 monolayer was 

illuminated (~50 μm diameter) using tunable picosecond laser pulses (𝜏 = 30 ps) from an 

optical parametric oscillator. The fundamental wavelength 𝜆  was tuned from 𝜆 = 1200 – 

1800 nm in step of Δ𝜆 = 25 nm. This spectral wavelength range was chosen to encompass 

the optical band edge and monitor any potential resonance effects. A bulk z-cut quartz crystal 

(thickness ∼0.65 mm) was used as a reference material. In our previous studies, we proposed 

an equation for calculating the bulk second-order susceptibility χ
(2) 

for monolayered MoS2 on 

either transparent or opaque substrate, which can be generalized for TMDCs as long as the 

thickness of materials is much shorter than the wavelength. Therefore, the Eq(1) is still valid 

and can be used for calculating absolute χ
(2)

 dispersion for monolayered MoSe2 :  

𝜒𝑀𝑜𝑆𝑒2

(2)
=

𝜒𝑞
(2)

[𝑛𝑞(𝜔) + 1]
3

16𝜋ΔℎΔ𝑘𝑞𝑛𝑞(𝜔)𝑛𝑞
1/2(2𝜔)

(
𝜆

𝜆𝑞
)(

𝐼𝑀𝑜𝑆𝑒2
(2𝜔)

𝐼𝑞(2𝜔)
𝐹𝑞)

1/2

         (1) 

where Δℎ ∼ 0.83 nm is the thickness of the monolayer, 𝜒𝑞
(2)

= 0.6 pm/V is second-order 

susceptibility of quartz[16], 𝑛𝑞(𝜔) and 𝑛𝑞(2𝜔) denote the linear refractive indices of quartz 

at frequency 𝜔 and 2𝜔 respectively. Δ𝑘𝑞 is the phase mismatch in quartz calculated from the 

refractive indices, and 𝐼𝑀𝑜𝑆𝑒2
(2𝜔)  is the SHG intensity from the monolayer. 𝜆𝑞  is the 

wavelength where the SHG intensity from quartz (𝐼𝑞) reaches maximum value. At such a 

wavelength, spectral Maker fringe occurs constructively in bulk quart and sin2(Δ𝑘𝑞𝐿𝑞/2) =

1 within the phase-matching factor. 𝜆 denotes the experimentally tuned wavelengths. For the 

case of monolayer since Δℎ ≪ 𝜆, there is no wave vector mismatch effects taken into account. 

Note that Fresnel coefficient of quartz 𝐹𝑞  has to be taken into account when comparing 

reflection/transmission geometry. 
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Figure 4-3: (a) Experimental setup for NLO study and (b) the azimuthal symmetry of 

monolayer MoSe2 as determined by SHG polarization dependence. Parallel (blue dots) 

components and perpendicular (red dots) components are shown with the corresponding 

fitting curves (solid traces). 

Figure 4-4(a) depicts the calculated χ
(2) 

dispersion from the measured SHG intensities 

from the MoSe2 monolayer using Eq. (1). The solid red (dashed blue) trace is the room-

temperature PL spectrum from Fig. 2(b) plotted on a linear (semi-log) scale. For comparison, 

the calculated 𝜒(2) dispersion for the MoS2 monolayer from previous work is shown in Fig. 

4(b)[93] with its corresponding PL spectrum (red). The χ
(2) 

dispersion of the MoSe2 

monolayer shows the following characteristics:  

(i) For the short wavelengths (photon energies above the optical band edge, i.e., the 

A-exciton state), the χ
(2)

 is almost unchanged with a value of ~10 pm/V, although slight 

enhancement in 𝜒(2) is observed over a broad range of 640 nm – 700 nm. This effect can be 

attributed to two-photon resonance at excited exciton states. Wang et al. have also observed 

enhanced SHG at excited exciton levels such as X𝐴
2𝑝

 (2p A-exciton) and X𝐵
2𝑝

(2p B-exciton) at 

low temperature (𝑇 = 4 K).[101] However, in our case, there is a noticeable redshift in the 

excitonic states[104] since our experiment was conducted at room temperature. Even with a 

large 1s-2p splitting ~0.18 eV, these states are predicted to be stable at room temperature 

because of binding energies on the order of ∼ 0.32 eV = 0.5 eV– 0.18 eV, where the ground-
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state binding energy is about 0.5 eV. [105]  

(ii) χ
(2)

 is maximum at the A-exciton resonance, which is ~50 pm/V. This value is 

about 25% greater than that of the sulfur analogue, ~40 pm/V[89, 93] – see also Fig. 4-4(b). 

Interestingly, the resonance effect in our MoSe2 is only significant at the A-exciton, which is 

5.0× greater than those at the B-exciton and excited exciton states in the shorter wavelength 

range. We note that the recent low-temperature experiment shows an opposite trend,[101] 

where SHG is even stronger at the excited states than at the 1s ground-states of both A- and 

B-excitons. The observed SHG dispersion of our MoSe2 is also rather different from that 

observed in MoS2 monolayers where the resonance factor at the B-exciton is comparable to 

that at the A-exciton as shown in Fig. 4-4(b). As evident from these rather different resonance 

behaviors, the SHG coupling to a specific exciton state might be a subtle process that can 

even be possibly affected by extrinsic factors.  Clearly, more experiments should be 

conducted to understand the overall SHG resonance across the major exciton states using 

MoX2 monolayers prepared under different conditions. 

(iii) Most interestingly, two significant features seem to clearly manifest themselves 

at and even below the optical band edge. While the sharp SHG response at ~806 nm stems 

from the A-exciton resonance, SHG is also strongly enhanced starting from ~825 nm to 

longer wavelengths. This quasiparticle state can be attributed to the trion state (T) based on 

the spectral separation of 28 – 35 meV from the A-exciton energy, which is consistent with 

the reported trion binding energy Ebinding = 34 meV[104, 106]  exceeding the room 

temperature thermal energy kBT = 26 meV. The existence of trions is less clear in the PL 

spectrum of our monolayer MoSe2, only slightly discernible as PL tailing when plotted on a 

semi-log scale as shown in Fig. 4-2(c) or the dashed blue trace in Fig. 4-4(a). The low-energy 

tail extending to the near infrared may arise from other bound excitonic states overlapped by 

thermal broadening effects. Being real transition levels, this continuum of bound excitonic 

states causes a large 𝜒(2) value of ∼40 pm/V far below the optical gap, when it is two-photon 

resonant with the fundamental photon energy.  While such a behavior also seem to exist in 

MoS2 as shown in Fig. 4-4(b), it is interesting that the effect is much more pronounced in 

MoSe2. While this effect is desirable for NLO applications in the infrared, our results also 

show that the SHG technique can be utilized to efficiently probe trions and bound excitons in 

TMDCs. 
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Figure 4-4 (a) Broadband χ(2)  dispersion of the MoSe2 monolayer and (b) MoS2 monolayer 

with superimposed PL spectra (solid red traces).  The major excitonic levels are indicated. 

For high-power NLO applications, applicable materials should possess a sufficiently 

high optical damage threshold. Therefore, the laser-induced damage threshold (LDIT) of 

monolayer MoSe2 was evaluated to consider the feasibility of utilizing this novel material as 

a high-power laser component such as a frequency converter or a saturable absorber. In fact, 

saturable absorption was recently demonstrated using MoS2 suspensions.[107, 108] 

The LIDT measurement was performed by recording the spectrally integrated SHG 

counts as a function of laser intensity at the fundamental Nd:YAG line (1064nm), which is a 

typical wavelength for picosecond NLO applications. These peak laser intensities are the 

time-averaged values over 2000 cycles. Since the fundamental photon energy is ~1.2 eV, the 

simultaneous absorption of two photons is necessary for the real excitation across the 

bandgap (𝐸𝑔 ∼ 1.53 eV). While SHG is a virtual two-photon process yielding a frequency-

doubled photon in the final state by leaving an NLO medium in the ground state, it is 

important to note that two-photon absorption (2PA) involves simultaneous absorption of two 

photons to promote an electron from a valence band to a conduction band, i.e., non-

parametric.[109] Therefore, two-photon absorption (2PA) is expected to be the dominant 

mechanism for optical breakdown when significant. 

The damage mechanism under picosecond-pulse excitation is attributed to electron 

avalanche breakdown [110-112]  where electrons are initially populated into the conduction 

band via optical excitation. The relaxation of electrons involves a transfer of energy to 
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phonons until enough electrons have been generated to damage the crystal through resistive 

Joule heating. A crystal’s bandgap strongly governs the LIDT particularly in the case of the 

excitation photon energy being tuned below the bandgap as in this study. Since the 

population of initial electrons and further excitation of these charges is a result of 2PA, the 

LIDT should exhibit some dispersion as well as a dependence on the excitation pulse 

duration. The LIDT is also dependent on the overall band structure which dictates the 

strength of the electron-phonon coupling and governs the energy transfer rate between 

conduction-band electrons and phonons.  

Figure 4-5 plots the intensity-dependent SHG response for MoSe2 (circles) and MoS2, 

(dots), respectively, when the input irradiance was varied from 3 – 60 GW/cm
2
. We found 

that SHG is more efficient in MoSe2 than MoS2 at  = 1064 nm. In the low-intensity regime 

where 2PA is minimal, square-law fitting, 𝐼𝑆𝐻𝐺 = 𝛼𝐼2 can be used to explain the dependence 

of SHG intensity 𝐼𝑆𝐻𝐺  on the laser intensity 𝐼 as shown by the solid red solid line of Fig. 4-5. 

In this case, 𝛼 is an overall scaling factor that includes|𝜒(2)|
2
. Such dependence is no longer 

maintained when the peak input intensity is larger than ~16 GW/cm
-2 

for our MoSe2 

monolayer and the sample damage could be readily observed by imaging the flake onto the 

CMOS camera. The LIDT of a CVD-grown MoS2 monolayer was also assessed and was 

measured to be ~24 GW/cm
2
. This higher LIDT is expected since MoS2 is a wider bandgap 

material and thus more resilient to optical damage. Most of all, it is noteworthy that in both 

cases the monolayer shows almost 10 stronger LIDT than benchmark NLO crystals such as 

AgGaSe2 ( 𝐸𝑔 ~ 1.8 eV) and AgGaS2 ( 𝐸𝑔 ~ 2.4 eV) under the same experimental 

condition.[113] In fact, these LIDT values of the TMDC monolayers are truly impressive 

when considering their lower bandgaps.  These exceptionally high LIDTs seem to originate 

from good thermal conductivity[114] of TMDC monolayers together with inefficient 2PA in 

an atomically thin interaction length; 2PA is basically volume excitation. 
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s  

Figure 4-5: SHG power dependence of MoSe2 monolayer (white dots) and MoS2 monolayer 

(black dots) plotted on a log-log scale. The solid red lines are square-law fitting lines. 

4.4 Chapter summary 

We have reported the NLO characteristics of monolayer MoSe2 both as a function of 

input intensity as well as wavelength over the key optical transition range.  From basic 

optical measurements, Raman fingerprints and PL, we have confirmed that our monolayer 

MoSe2 flake exhibits a high crystal quality. We have estimated the χ
(2)

 dispersion in a broad 

range of spectral wavelengths. Furthermore, we have also observed strong two-photon 

resonant enhancement in χ
(2) 

especially at the A-exciton state and bound exciton states in the 

crystal. We have also demonstrated that the SHG scan efficiently probes bound excitons and 

trions. Finally, the strong LIDT was measured in comparison with monolayer MoS2, showing 

strong potential for high-power NLO applications. We believe that our findings will pave the 

way to a new era of 2D NLO devices with large χ
(2) 

over a wide spectral range from the 

visible to near-infrared when sufficient knowledge and control are available to stack these 

layered 2D materials to form especially 2D heterostructures.  
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 Impact of selenium doping on resonant second Chapter 5:

harmonic generation in monolayer MoS2  

5.1 Introduction 

5.1.1  Overview 

 

Second harmonic generation (SHG), an optical frequency doubling process, is 

historically a bulk process where nonlinear light-matter interaction coherently builds up with 

increasing interaction volume in a noncentrosymmetric crystal. In addition, SHG is a 

powerfully versatile and nondestructive technique that has been widely used to investigate 

the surface and interface of biological specimens where the inversion symmetry is inherently 

broken.[115, 116] The subject of SHG studies has also become important in atomically thin 

layered materials that provide an ideal two-dimensional (2D) world for exploring new 

physics. Especially, the advent of monolayer transition metal dichalcogenides  (TMDCs), 

MX2 (M = Mo, W; X = S, Se, Te), has drawn significant interest from various perspectives, 

especially optoelectronics as these semiconductors exhibit properties distinct from their bulk 

counterparts.[117] An indirect-to-direct bandgap[118] transition occurs for monolayer 

TMDCs, yielding strong luminescence in the visible or near-infrared (IR) range.[20] 

Moreover, inversion symmetry ceases to exist in the hexagonal TMDC lattice as a 

consequence of being a monolayer, rendering them to be SHG-active. Many theoretical and 

experimental investigations on single- and odd-layered TMDCs  have reported strong 

second-order nonlinear susceptibility,  𝜒(2) , especially at the exciton resonances for 

monolayer MoS2,[119] MoSe2,[120] WS2,[121] and WSe2.[122, 123] Additionally, TMDCs 

possess high laser-induced damage thresholds making them great candidates for high-

powered nonlinear optical (NLO) devices.[120, 124]  

5.1.2  Motivation 

 

Two critical issues that must be considered for NLO applications are i) the magnitude 

of the optical nonlinearity and ii) the spectral range of the material for efficient SHG. 

Therefore, enhancing 𝜒(2)  over a broad spectral range is significantly beneficial for 

developing realistic 2D NLO devices. To address the former issue, several studies reported 
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the enhancement of SHG by applying external stimuli under different mechanisms. Yu et 

al.[45] employed a back-gate electric field to induce nonzero SHG in “centrosymmetric” 

bilayer WSe2 under a charge accumulation state. On the other hand, SHG could be efficiently 

implemented by manipulating neutral and charged excitons through a resonance effect. Very 

recently, Seyler et al.[125] demonstrated electrically enhanced SHG around the spectral 

position of the A-exciton in monolayer WSe2 up to a factor of four at room temperature and a 

factor of ten at low temperatures. This work was fundamentally based on the electrostatic 

doping controlled exciton. In contrast, the latter issue has not been actively pursued, although 

the performance range of SHG could potentially be tuned by spectrally shifting exciton 

energies through controlled alloying. Recent progress in 2D growth allows the synthesis of 

completely tunable monolayer ternary alloys MoS2(1-x)Se2x and Mo1-xWxSe2.[126-128] 

However, to the best of our knowledge, the alloying effects on TMDC crystallinity in terms 

of highly efficient SHG remain almost unexplored, thus prompting us to study the second-

order NLO properties of TMDC alloys and gain physical insight for NLO applications. 

In this chapter, we synthesized high-quality monolayer ternary alloys MoS2(1-

x)Se2x (0 ≤ 𝑥 ≤ 0.62) using the chemical vapor deposition (CVD) approach in an effort to 

spectrally tune resonant SHG over a wide range of wavelengths. The chemical composition 

of alloy samples was analyzed by X-ray photoemission spectroscopy (XPS). Since the 

chemical composition of a single specimen can slightly vary from flakes to flakes, the actual 

x values for monolayer flakes under investigation were estimated by the spectral position of 

the A-exciton of monolayer alloys. Furthermore, the structural and linear optical properties 

were respectively characterized by Raman scattering and photoluminescence (PL) 

spectroscopy. Due to their atomic-scale thickness, X-ray diffraction cannot efficiently probe 

the crystalline properties of the monolayers. Therefore, the monolayer ternary alloys were 

subjected to polarization-dependent SHG, confirming the underlying D3h structure. We 

calculated the  𝜒(2) dispersion for monolayer alloys with varying Se composition to observe 

the effect of Se doping on the SHG characteristics by employing wavelength-dependent SHG 

scan. The main results were also compared with those obtained from a pure MoSe2 

monolayer prepared by pulsed laser deposition (PLD) assisted CVD to understand the overall 

behavior over a wide doping range including the two end members. We experimentally 

demonstrate that Se alloying not only enhances 𝜒(2)but also broadens the excitonic resonance 
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range significantly. Our approach provides a novel concept for engineering highly efficient 

2D materials for NLO applications.  

5.2 Result and discussion 

Ternary alloys MoS2(1-x)Se2x (0 ≤ 𝑥 ≤ 0.62) were grown onto SiO2 (300 nm)/Si 

substrates by atmospheric pressure CVD, which employed MoO3 powder and a mixture of 

chalcogen powder S/Se as reactants. By varying the Se and S molar ratio, we were able to 

grow controlled compositions of ternary alloys. 

5.2.1 The growth of monolayer MoS2(1-x)Se2x alloys:  

The growth was performed in a sealed vacuum quartz chamber under ambient 

pressure. ~2 mg of high-purity MoO3 (Sigma Aldrich, 99.99%) powder in a graphite crucible 

was placed at the entrance of the tube in the high-temperature zone. Meanwhile, a specified 

amount of mixed sulfur/selenium powder (Sigma Aldrich, 99.99%) was put in another 

graphite crucible placed at the exit of the quartz tube and varied to yield the desired Se 

concentration in the grown monolayer. The SiO2/Si substrate was securely laid face down 

onto a designated quartz plate. The temperature of the MoO3-containing zone was risen to 

400ºC and kept constant for 5 min, while the corresponding temperature of the mixed 

chalcogen powder was 130ºC. Next, the high-temperature zone was heated up to the reaction 

temperature ~950ºC, while the chalcogen-powder-contained zone was kept at a lower 

temperature of ~450ºC. During heating, a mixture of high-purity 10 sccm Ar and 2 sccm H2 

gas were introduced to the chamber as a carrier gas.  

 

Initially, the surface morphology of as-grown alloys was characterized using standard 

spectroscopic imaging tools for 2D materials i.e. an optical microscope (OM, Nikon system) 

and an atomic force microscope (AFM, MFP-3D). Under the optical microscope, the 

domains with an average size of ~50 μm were clearly seen with a homogenous color together 

with flakes having an equilateral triangular shape toward the edge of the substrates, Fig. 5-

1(a). Merged domains and star-like domains formed at the central part of the sample are 

commonly observed for CVD-grown TMDCs. For our study, an isolated single domain flake 

was selected from each sample (See Fig. 5-2) and the corresponding AFM height profile was 
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measured to confirm the monolayer thickness, which is required to accurately assess 𝜒(2) of 

the monolayer. This single domain is also confirmed by polarization-dependent SHG study. 

We found that the thickness of the selected flakes is in the range of ~0.8 – 1.0 nm. For 

example, Fig. 5-1(b) displays a typical AFM image of a single flake of MoS2(0.55)Se2(0.45). The 

overlaid height profile (blue trace) indicates that the thickness of the as-grown flake is ~0.83 

nm which closely matches the thickness of a monolayer alloy in a previous report.[126]  

 

 Figure 5-1: (a) Optical microscopic image (scale bar is 30 μm) and (b) representative AFM 

image (𝑥 = 0.45). Normalized (c) Raman spectra and (d) PL spectra for monolayer alloys as a 

function of Se composition, x. For comparison, the data for PLD-assisted grown MoSe2 is 

plotted together (dark yellow curve). 
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Figure 5-2: CMOS images of alloy flakes selected for the SHG study. The beam size  is ~100 

μm in diameter as indicated by the circle. 

The phonon modes of our as-grown alloy monolayers were characterized by 

analyzing the Raman spectra at room temperature. A continuous wave 514.5 nm Ar
+
 beam 

(Melles Griot, 35-LAP-431-220) was utilized as the excitation source with a beam power of 

~0.1 mW and tightly focused down to a spot size of ~1 μm in diameter. Fig. 5-1(c) shows 

composition-dependent normalized Raman spectra of as-grown monolayer MoS2(1-x)Se2x. For 

comparison, the Raman spectrum from the monolayer MoSe2 is plotted together.
7
 All Raman 

active modes of pure MoS2 and pure MoSe2 are clearly observed. There are two Raman 

peaks associated with Mo-S coordination: the in-plane 𝐴1𝑔 mode (404.7 cm
-1

) and the out-of-

plane 𝐸2𝑔
1 mode (387.4 cm

-1
) in the higher frequency range. Similarly, there are two 

noticeable peaks associated with Mo-Se coordination: one for the in-plane 𝐴1𝑔 mode (240.6 

cm
-1

) and one out-of-plane 𝐸2𝑔
1 mode (285.5 cm

-1
) in the lower frequency range. In addition, 

we also observed peak splitting of the MoS2-like 𝐸2𝑔
1 mode when x is in the range of 0.18–

0.45 and splitting of the MoSe2-like 𝐴1𝑔 mode at x = 0.62. This splitting stems from the 

difference in structural arrangement of S/Se atoms relative to Mo atoms.[129] The 

contrasting evolution of peak intensities was found in between MoS2-like and MoSe2-like 
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vibrational modes as Se composition changes. This is consistent with previous studies on 

monolayer MoS2(1-x)Se2x.[126, 127]  More specifically, the MoS2-like 𝐴1𝑔  and 𝐸2𝑔
1 modes 

appear strongly at lower Se compositions, but they are more suppressed and eventually 

vanish from the Raman spectra upon increasing Se composition. Meanwhile, the MoSe2-like 

𝐴1𝑔and  𝐸2𝑔
1 modes are initially missing and then progressively become more pronounced.  

 

Figure 5-3 (a) PL (circles) of monolayer alloy MoS2(0.82)Se2(0.18) with Gaussian fit curves 

to the A-exciton (blue traces), B-exciton (magenta trace), and trion (green trace) to produce 

the overall fit (brown trace). (b) A-exciton (squares) and B-exciton (circles) spectral position 

as a function of x.  Also plotted is the energy separation (spin-orbit splitting) between the two 

exciton states (blue diamonds). Star dots are data from our previous publication regarding the 

PLD-assisted grown monolayer MoSe2 

Room-temperature PL was measured to determine the spectral positions of excitons 

in the as-grown monolayers. Fig. 5-1(d) shows normalized PL spectra as a function of x (see 

SI for the determination of x), together with the result from the MoSe2 monolayer (x = 1) to 

discern the tunability of excitonic states. All PL spectra show a prominent peak with a higher 

energy shoulder, which can be assigned to A- and B-exciton band-edge transitions, 

respectively, where the associated energy splitting arises from the large spin-orbit splitting of 

the valence band maximum at the K (K’) point. The Gaussian fits were carefully performed 

to precisely deduce the A- and B-excitonic levels as shown in Fig. 5-3(a). As Se composition 

increases, we observed a variation in the optical bandgap of the alloys from 1.87 eV to 1.53 

eV as evidenced by red-shift in the PL spectral peak position from 660 nm (pure MoS2) to 
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810 nm (pure MoSe2). When x varies from 0 to 1, the B-exciton also red-shifts in the range of 

~2.0 eV – 1.72 eV as shown in Fig. 5-3(b). Furthermore, spin-orbit splitting, ∆𝐸𝑆𝑂, calculated 

from the PL data is in the range of 150 meV – 200 meV and agrees well with theoretical 

results.[130] Additionally, the trion (negatively charged exciton) level can be also seen in the 

long-wavelength tail as evidenced from the fit in Fig. 5-3(a). Since our experiment was 

performed at room temperature, bound exciton states may be overlapped due to thermal 

broadening effects in the near-IR range. We also found that the PL intensity significantly 

reduces and the exciton peaks broaden when Se composition increases (Fig. 5-4), which is 

consistent with observation in the literature.[131] While such a behavior is typical in alloys 

and sometimes interpreted as a negative effect of alloying, our major result indicates that 

bandgap engineering of MoS2 by Se substitution is indeed beneficial in terms of stronger and 

broader NLO response as discussed below.  

 

Figure 5-4 Room-temperature PL spectra of monolayer ternary alloys 

In order to determine the crystal symmetry and orientation of monolayer ternary 

alloys, we carried out a polarization-dependent SHG measurement, which is schematically 

illustrated in Fig. 5-5(a). A typical monolayer flake for polarization-dependent SHG is shown 

in Fig. 5-5(b), which was imaged by the CMOS camera. For MoS2 and MoSe2, their bulk and 

even-layered slabs belong to the D6h symmetry, which possesses inversion symmetry, 

signifying 𝜒(2) = 0  and hence no SHG.  In contrast, odd-layered TMDCs possess D3h 
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symmetry, which lacks inversion symmetry, yielding a strong SHG signal.  For monolayer 

alloys, phase separation, such as local MoS2 and MoSe2, is absent in the formation of 

monolayer ternary MoS2(1-x)Se2x due to small lattice mismatch.[132] Accordingly, the 

single/double Se substitution could randomly occur at different S sites in the hexagonal 

lattice of MoS2, which was experimentally observed and analyzed in detail using atomic 

resolution annual dark field imaging.[131] This arbitrary substitution of S by Se in the 

primitive unit cell can result in an additional SHG field which is absent in pure MoX2. As 

global symmetry is no longer precisely D3h, other components, d15, d31, and d33, emerge with 

Se substitution. However, our density functional theory (DFT) calculations confirmed that 

those components are much smaller than d22 ≡ χ𝑥𝑥𝑥
(2)

/2 at most by 4 – 6% for x = 0.5. 

Monolayer alloys thus approximately assume D3h crystal symmetry. As a result, we expect 

that the monolayer ternary alloys should exhibit the same polarization-dependent SHG 

response as MoS2 and MoSe2, whose second-order susceptibility tensor can be expressed by 

one independent element,  χ𝑥𝑥𝑥
(2)

= − χ𝑥𝑦𝑦
(2)

= −χ𝑦𝑦𝑥
(2)

= − χ𝑦𝑥𝑦
(2)

. Accordingly, the resultant 

SHG with polarization states being parallel and perpendicular to the fundamental beam 

should respectively be proportional to  cos2[3(𝜃 + 𝜃0)]  and  sin2[3(𝜃 + 𝜃0)] , where 𝜃 

denotes the angle between the incident linear polarization and the mirror axis of the crystal 

and 𝜃0  denotes the initial angular offset.  Fig. 5-5(c) shows the normalized polarization-

dependent SHG intensity as a function of 𝜃 for parallel (blue squares) and perpendicular (red 

dots) configurations in monolayer MoS2(0.82)Se2(0.18) at the fundamental wavelength of 1360 

nm. The solid red and blue traces are the fit curves to both polarization states using a least-

squares method. We observed one oscillation peak in the SHG intensity when each sample 

was rotated through 60º in 10º steps, indicating the six-fold symmetry through one full 

azimuthal rotation. Likewise, all monolayer alloys with different x values display a similar 

six-fold pattern for polarization-dependent SHG (see details in Fig. 5-6). The sharp six-fold 

pattern in the polarization-dependent SHG measurement along with PL spectra suggests that 

the as-grown alloys possess high structural and optical quality. 
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Figure 5-5: (a) SHG experimental setup, (b) CMOS images of a targeted sample, and (c) 

polarization-dependent SHG through 60º rotation of monolayer MoS2(1-x)Se2x (x=0.18).  

Scattered symbols are experimental data and solid traces are corresponding fitting curves. 

 

Figure 5-6: Polarization-dependent SHG through a 60º rotation of MoS2(1-x)Se2x (x = 0.3, 0.45, 

0.62) monolayers. The input wavelength was chosen where the SHG response is maximum. 

Scattered blue and red dots are experimental data for SHG which were parallel and 

perpendicular to the input polarization state of the fundamental beam, respectively. Solid 

traces are corresponding fitting curves. 
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The SHG response was measured as a function of wavelength to calculate the  𝜒(2) 

dispersion in these monolayer alloys. A bulk z-cut quartz single crystal was utilized as a 

reference material for the calibration of the SHG efficiency. In order to probe optical 

transitions near the band edge and exciton resonance effects, we varied the wavelength from 

𝜆 = 1000 nm – 1800 nm in sufficiently fine steps of Δ𝜆 = 20 nm.  In an effort to account for 

any discrepancy in the monolayer flake sizes spanning from ~50 μm to 100 μm, the SHG 

intensities were properly scaled and normalized to a single monolayer domain size of 100 μm 

(Fig. 5-2). Resonantly enhanced SHG at the excitonic levels can be clearly seen by 

overlapping the PL spectra and wavelength-dependent SHG of monolayer MoS2(1-x)Se2x 

(0 ≤ 𝑥 ≤ 0.62)  as depicted in Fig. 5-3. We observed a general trend in the broadband SHG 

spectra for all monolayer alloys including pure MoS2 and MoSe2 which can be described as 

follows.  

At shorter wavelengths (< 600 nm) where the two-photon virtual energy level of the 

SHG process is above the excitonic transitions, SHG intensities are relatively unchanged, 

indicating no resonance effects; our monitoring range is below the C-exciton level. 

Meanwhile, for wavelengths near A- and B-excitonic levels, SHG intensities are strongly 

enhanced for all of our bandgap-engineered monolayers. This enhancement in SHG is 

attributed to exciton resonance effects where the tunable virtual state of the SHG process lies 

energetically close to the real energy level of the excitons. As previously demonstrated,[133] 

, fine-scale SHG scan typically yields a precise information on the resonance level even for 

the optically inactive transition. This effect is consistently observed for binary TMDCs in 

previous publications.[134] When Se composition increases, the resonantly enhanced SHG 

peaks at the A and B-exciton states red-shift and spectrally match well to the corresponding 

PL peaks.  Interestingly, the resonance effect is more significant near the B-exciton level than 

the A-exciton level for monolayer alloys, whereas the B-exciton resonance seems to be much 

suppressed for pure MoS2 (black curve) and MoSe2 (orange curve). As clearly shown in Fig. 

5-7, this phenomenon becomes more pronounced with higher Se compositions. For low Se 

compositions (x = 0.18, 0.3), SHG near the B-exciton becomes stronger and even comparable 

to that near the A-exciton. As the Se concentration increases further, the SHG intensity near 

the B-exciton is more significant than that near the A-exciton.  For example, at x = 0.62, the 

SHG intensity at the B-exciton is two times stronger than that close to the A-exciton. We 
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believe that this could be an extrinsic effect associated with defects and/or state broadening, 

which resulted from the fluctuation of surrounding electrostatic potential caused by the 

random distribution of Se atoms. This random substitution could lead to local electronic 

structure change as clearly seen in scanning tunneling microscopy/spectroscopy studies for 

Mo1-xWxS2.[135]  In fact, the state broadening is clearly seen through the increase in the full 

width at half maximum of the PL spectra (see Table 2). It is also demonstrated that SHG 

efficiency could be slightly enhanced by chemically introducing the dopants in the lattice of 

monolayer TMDCs, such as MoSe2.[136] The doping effect on SHG is expected to be most 

obvious at MoS2(1-x)Se2x (x = 0.5), where the local density of states significantly 

changes.[137] This is also consistent with the widest exciton resonance at x = 0.45 from 

Table 2 and Fig. 5-7. However, our hypothesis needs more detailed theoretical calculations as 

well as additional measurements for a rigorous explanation. 

 

Table 2: Full width and half maximum of A- and B-exciton calculated from PL for different 

Se composition. 

Se composition 

(x) 

A-exciton 

(meV) 

B-exciton 

(meV) 

0 52  93 

0.18 71 110 

T0.3 68 109 

0.45 70  180 

0.62 74 110 

 

More importantly, Fig. 5-3 shows that monolayer alloys exhibit much wider 

resonance through broadening of the A and B-exciton states without hampering the maximum 

SHG response. Therefore, we clearly demonstrate that state broadening by alloying is 

beneficial for stretching the efficient performance range of SHG.  The impact of trions on 

SHG resonance in monolayer alloys is less clear, although it may contribute to the 
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broadening of the resonance near the A-exciton towards the longer wavelength range, which 

is most evident for the 𝑥 = 1 case.  We also note that B-exciton resonance may have two 

peaks as most well demonstrated by the x = 0.18 case.  This could be due to an alloying-

induced splitting of the conduction band at the minimum in which electron-hole exchange 

interaction further splits the four-fold degenerate B excitons into the singlet and triplet states.  

In fact, this effect is theoretically predicted to be stronger for the B-exciton state, especially 

for Se-containing Mo-based TMDCs.[138]
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Figure 5-7: SHG spectra (dotted traces) of monolayer alloys and corresponding room-

temperature PL spectra (solid traces). Spectral positions of the A- and B-excitons are 

indicated. For comparison, SHG of PLD-assisted grown MoSe2 is plotted together.  

In order to calculate the absolute  𝜒(2) dispersion, we used our previously reported 

equation [134] that effectively considers monolayer TMDCs as “polarized dipole sheets” 

using the experimental SHG intensities as input values. The equation can be given as 

follows: 

𝜒alloy
(2)

=
𝜒𝑞

(2)
[𝑛𝑞(𝜔) + 1]

3

16𝜋ΔℎΔ𝑘𝑞𝑛𝑞(𝜔)𝑛𝑞
1/2(2𝜔)

(
𝜆

𝜆𝑞
)(

𝐼alloy(2𝜔)

𝐼𝑞(2𝜔)
𝐹𝑞)

1/2

           (1) 

In Eq. (1), Δℎ represents the measured thickness of the monolayer from AFM; we used the 

averaged value ~0.8 nm. 𝜒𝑞
(2)

= 0.6 pm/V is second-order susceptibility of quartz,[139] and 

𝑛𝑞(𝜔) and 𝑛𝑞(2𝜔) denote the linear refractive indices of quartz at frequency 𝜔  and 2𝜔 , 

respectively.  Δ𝑘𝑞 is the wavelength-dependent phase-mismatch term in quartz calculated 

from the refractive indices. 𝐼alloy(2𝜔) and 𝐼𝑞(2𝜔) are the measured SHG intensities from the 

monolayers and quartz, respectively. 𝜆𝑞 is the wavelength at which the constructive spectral 

Maker fringe occurs for the reference quartz, where sin2(Δ𝑘𝑞𝐿𝑞/2) = 1  and the SHG 

intensity from quartz (𝐼𝑞) is a maximum in the monitored spectral range. Since the thickness 

of the monolayer alloys is much smaller than the excitation wavelength (Δℎ ≪ 𝜆), phase-

matching factors are not taken into account for the monolayers. 𝐹𝑞 represents the Fresnel 

coefficient of quartz, which compensates for reflection/transmission losses.
30
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Figure 5-8: (a)  𝜒𝑥𝑥𝑥
(2)

 dispersions of monolayer alloys with different Se compositions and (b) 

static 𝜒(2)  values as function of Se composition. The solid line is a theoretical prediction. 
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  Fig. 5-8(a) displays the calculated  𝜒(2) 
dispersions for monolayer alloy MoS2(1-x)Se2x 

 (0 ≤ 𝑥 ≤ 0.62) , in which we include the PLD assisted CVD-grown MoSe2 result for 

comparison. A different flake size effect was taken into account as explained in SI. For all 

monolayer alloys, 𝜒(2) 
is a maximum in the SHG wavelength range of 660 – 680 nm. These 

 𝜒(2) peak values are between ~40 – 80 pm/V,  which are consistent with the experimentally 

reported values
 
for the pure MoS2 and MoSe2.[119, 120] Fig. 5-8(b) shows composition-

dependent 𝜒(2) values near the static range (the long-wavelength range away from excitonic 

transitions). These absolute values are calculated by averaging values over the SHG spectral 

range of 𝜆 = 880 – 900 nm [shaded area in Fig. 5-4(a)] and can be used to compare the zero-

frequency 𝜒(2) response among the alloyed monolayers since they are far from resonance.  

The  𝜒(2) values at the static
 
range increase with increasing Se composition which can be 

explained based on the decreased bandgap in monolayer alloys. This trend was indeed 

theoretically predicted in a previous study on monolayer TMDCs based on first principle 

calculations.[123] To semi-quantitatively assess the bandgap dependence on the static 𝜒(2), 

we plot a simple theoretical prediction, 𝜒(2) ~ 𝐸𝑔
−3/2

, in Fig. 5-4(b), which was firstly 

proposed by Jackson et al.[140]  The model fits rather well with the experimental data within 

the investigated range. Clearly, the observed dependence confirmed that doping Se atoms 

into monolayer MoS2 can enhance second-order NLO properties at the off-resonant range 

purely due to bandgap decrease. 

For all SHG dispersions, we observed an enhancement in  𝜒(2) at exciton levels by a 

factor of ~3 compared to the static values. It is noteworthy that resonant  𝜒(2) values at the B-

exciton for low Se compositions (x = 0.18 and 0.3) are two times greater than that of the A-

exciton for pure MoS2 (black curve). More interestingly, Fig. 5-4(a) illustrates that spectral 

broadening of the SHG resonance is evident in alloys, compared with that of monolayer 

MoS2 or MoSe2.  Our results therefore infer that more efficient SHG in terms of both 

magnitude and breadth can be obtained by Se alloying. Our results further implies that one 

can expect to obtain broader and even stronger resultant SHG by preparing a hetero-bilayer 

consisting of different Se contents, rather than merely 4× stronger enhancement within a 

narrow range in the case of homo-bilayer MoS2 as experimentally observed in a previous 

publication.[21] With recent advances in the vertical stacking technique, we believe that 
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higher efficiency frequency-conversion devices could be achieved by multi-layer 

heterostructure stacking, where the crystal orientation and the Se content of the constituent 

TMDC layers can be customized to controllably enhance SHG at specific wavelengths.   

5.3 Chapter summary: 

In conclusion, we have studied the impact of Se alloying in the benchmark TMDC 

monolayer of MoS2 on SHG characteristics over a broad Se composition range up to x = 0.62. 

Raman scattering, photoluminescence and polarization-dependent SHG analysis show that 

our ternary alloys possess high crystalline and optical quality.  Furthermore, we calculated 

the  𝜒(2) dispersions for the monolayer alloys using a polarized sheet model in which the 

monolayer thickness is much smaller than the excitation wavelength.  We have clearly shown 

that resonant SHG of monolayer MoS2 can be spectrally tuned by alloying. Most importantly, 

we demonstrated that alloying MoS2 with Se further enhances and broadens the overall SHG 

efficiency. Further theoretical and experimental studies with a finer SHG scan step are 

required to elucidate a key correlation between alloying ratio and exciton resonance, 

especially at the B-exciton. Nonetheless, as a preliminary result, our findings imply potential 

to engineer monolayer alloys through oriented vertical stacking to fabricate NLO materials 

working over a broad spectral range with a high frequency-conversion efficiency. This 

combination could potentially spark generation of new and exciting ultrathin NLO devices. 
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 Preliminary results of broadband resonant Chapter 6:

second harmonic generation of artificially stacked 

heterostructures  

6.1 Introduction: 

6.1.1 Overview 

 

Group-VI transitional metal dichalcogenides (TMDCs, MX2; where M = Mo, W and 

X = S or Se) are hexagonally packed two-dimensional (2D) semiconductors with excellent 

optoelectronic properties. In the monolayer regime, MX2 has a direct energy gap with broken 

inversion symmetry. Moreover, the band structure of monolayer MX2 possesses doubly 

degenerate but inequivalent energy valleys (local band extrema) at K and K’ in k-space, 

which is a direct consequence of broken inversion symmetry and restoration of time reversal 

symmetry. As a consequence, the TMDC system has hosted fascinating phenomena such as 

significant valley polarization,[141, 142] strong optical nonlinearity[143] with a high laser-

induced damage threshold,[144] and exceptionally strong excitonic effects.[145, 146] These 

apparently distinct subjects of valleytronics, nonlinear optics, and excitonics are indeed 

closely interrelated in the monolayer TMDCs. For example, helicity-flipping “valley” 

selection rules for “nonlinear optical” second harmonic generation (SHG) and two-photon-

induced “excitonic” luminescence were theoretically predicted and experimentally confirmed 

in monolayer TMDCs,[73, 147, 148],
 
providing a better understanding of the combined 

effects offered by this unique material class. 

6.1.2 Motivation 

 

From the standpoint of nonlinear optics, however, a large bulk phase is generally 

preferred because the SHG field for instance increases with the interaction volume.  

Unfortunately, this is not the case in TMDCs since they stack in 2H order by alternating the 

orientation of each layer along the c-axis, rendering only layers with an odd number SHG-

active.[61-63, 73, 149] This implies that artificial stacking of layers with the same orientation 

is required for maximizing SHG, in which the effect of stacking angle is clearly 

demonstrated for MoS2 bilayers.[21]  Controlled stacking of the same member of monolayer 
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MX2 however only enhances the SHG intensity, which is strongest at the exciton 

resonance.[143] Recently, our group showed that engineering of  valence-band splitting 

through alloying chalcogen anions with a controlled ratio of S/Se can significantly improve 

the SHG efficiency in terms of both strength and spectral breadth.[150] Our main thesis of 

this work is therefore towards boosting both working efficiency and range of SHG by the 

combination of both approaches (stacking and alloying) in artificially stacked 

heterostructures (HSs). Clearly, such a 2D scaffold with enhanced optical nonlinearity is 

highly desirable for realizing efficient second-order nonlinear optical devices. 

To construct such a delicate artificial system, chemical vapor deposition (CVD) 

method has been conventionally used to yield large and high-quality monolayers MX2,[59, 

151] alloys WxMo(1-x)S2(1-x)Se2x with a controlled x value,[57, 152] and also their vertical 

HSs.[153] However, the precise stacking of each layer without angle tilt in the HSs is critical 

for efficient SHG, which cannot be directly controlled by the CVD growth method. We used 

a micro-manipulator to build 2D vertical HSs by accurately aligning the orientation of 

different monolayers of varying chemical compositions in X. We investigated the SHG 

response of artificially stacked vertical HSs that include a homo-bilayer (MoS2/MoS2), a 

hetero-bilayer; MoS2/MoS2(1-x)Se2x, and a hetero-trilayer; Mo2xS2(1-x)Se2x/MoS2/Mo2x’S2(1-

x’)Se2x’. Morphological and optical inspections were initially carried out to examine the 

surface and optical quality of the HSs. The photoluminescence (PL) spectra showed a broad 

feature arising from both A- and B-excitonic transitions from each individual layer, indicating 

the excellent optical quality of the prepared samples. Wavelength-dependent SHG 

measurements were done using a picosecond pulsed laser (𝜆 = 1100 nm – 1600 nm) to probe 

broadband SHG response. Intriguingly, we found that the SHG efficiency can be 

significantly enhanced to a desired wavelength range by controlling the Se concentration in 

the alloy layers within the HS system. Our findings imply the feasibility of artificial 

broadband nonlinear optical materials, which could be potentially important for compact 

optical communication in which wavelength multiplexing can be achieved by nonlinear 

optical wavelength conversion of the seed beam. 
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6.2 Result and discussion 

High-quality CVD-grown monolayer flakes of MoS2 and its alloys with an average 

size of ~50 μm were selected to fabricate the vertical HSs. The HSs were assembled using a 

PMMA (Poly-methyl methacrylate)-involved transferring process by using the micro-

manipulator. Since the SHG intensity strongly depends on stacking orientation,[21, 143] the 

constituent layers in the HS systems were stacked in such a fashion that their corresponding 

armchair directions lied parallel to each other. The optical microscopic (OM) image of a 

typical hetero-bilayer used in our study is shown in Fig. 6-1(a).  Fig. 6-1(b) shows the atomic 

force microscopic (AFM) topographic image of the vertical stack taken from the red square 

in Fig.6-1 (a). The thicknesses of monolayer and bilayer regions were found to be ~1.0 nm 

and 2.3 nm, respectively. The slightly larger thickness of the two-layer region can arise from 

absorbents on the substrate surface,
[28, 154]

 residue trapping during the transferring process, or 

even the measurement uncertainty.
[155]

 The HS sample was further examined by Raman and 

PL spectroscopy at room temperature using a cw laser ( = 473 nm). The blue trace in Fig. 6-

1(c) is the Raman spectrum from an isolated MoS2 region, showing two dominant peaks at 

~384.1 cm
-1

 and ~402.8 cm
-1

, which correspond to 𝐸2𝑔
1  (in-plane) and 𝐴2𝑔 (out of plane) 

vibrational modes, respectively. The corresponding peak separation ∆ω ~18 cm
-1

 further 

confirms that MoS2 is indeed a monolayer, which is consistent with the AFM result. The red 

trace in Fig. 1(c) corresponds to the MoS2-like 𝐸2𝑔
1  (~378.1 cm

-1
) peak from the monolayer 

alloy MoS2(0.7)Se2(0.3) region undergoes slight red-shift with Se doping. This frequency shift is 

consistent with the previous result.[150] The Raman spectrum acquired from the HS region 

(black trace in Fig.6-1(c)) shows all active vibrational modes of individual constituting 

layers. 
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Figure 6-1: (a) OM image of a typical hetero-bilayer consisting of MoS2 (top layer) and 

MoS2(0.7)Se2(0.3) (bottom layer). (b) AFM image obtained from the red square in Fig.6-1(a) 

with the overlaid height profile. (c) Raman and (d) photoluminescence spectra acquired from 

this hetero-bilayer (black) and its constituent layers: MoS2 (blue) and MoS2(0.7)Se2(0.3) (red).  

The excitonic states of our HSs were assessed with PL at room temperature. Two 

pronounced peaks at ~670 nm (~1.84 eV) and ~710 nm (~1.73 eV) in Fig. 6-1(d) correspond 

to the neutral A-excitonic transitions for monolayer MoS2 and monolayer alloy, respectively. 

The strong PL emission reflects the direct bandgap nature of the monolayers. Additionally, 

B-excitonic transitions, which involves the second highest valence band due to the strong 

spin-orbit coupling, could also be observed at ~630 nm (~1.96 eV) and ~650 nm (~1.9 eV). 

Using the modified Vegard’s law, we identified the Se composition from the spectral position 

of the A-exciton. 

𝐸𝑔(𝑥) = 𝑥𝐸𝑔(MoSe2) + (1 − 𝑥)𝐸𝑔(MoS2) − 𝑏𝑥(1 − 𝑥)           Eq. (1) 
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where 𝐸𝑔(MoS2) = 1.87 eV, 𝐸𝑔(MoSe2) = 1.53 eV, and the band-bowing parameter is given 

by b = 0.05.[122, 127].  Interestingly, we found that the PL spectrum of the HS (black trace 

in Fig. 6-1(d)) cannot be simply explained by any linear superposition of the PL spectra from 

the two constituting layers. This implies that interlayer optical transitions such as the one 

between the conduction band of MoS2 and the valence band of MoS2(0.7)Se2(0.3) may occur. 

Besides, we noted that the relative PL intensity of the HS is weaker than those of individual 

layers, indicating a good coupling between the two layers:[156, 157] Typically, the PL is 

much weaker in a homo-bilayer when compared with that in a monolayer, which is also 

likely valid for our case of the hetero-bilayer of slightly different Se/S ratios. It is worth 

mentioning here that the black trace in Fig. 6-1(d) reflects the broadening the exciton 

resonance achieved by both intra-layer excitons and interlayer excitons. This in turn broadens 

the efficient SHG performance range as discussed below. Similar features were also observed 

from another hetero-bilayer with a different Se doping ratio (x=0.45), consisting of 

monolayer alloy MoS2(0.45)Se2(0.55) and monolayer MoS2.  

SHG produces a single photon at 2ω as a consequence of simultaneous absorption of 

two photons of a frequency at ω, as schematically illustrated in Fig.6-2(a).  The process is 

typically virtual as it does not necessarily involve transitions to any real state.  However, a 

resonance effect can occur provided the tunable virtual state by input-frequency tuning 

spectrally overlaps with the real A- and B-exciton states by two-photon resonance.
[149, 158]

 In 

our SHG measurement, the exciton resonance effect was assessed by varying the 

fundamental wavelength 𝜆 = 1100 nm – 1600 nm with sufficiently fine steps ∆𝜆 = 5 nm 

across the band edges of each individual layer.  Fig. 6-2(b) shows the image of the hetero-

bilayer seen through a CMOS camera.  The orientation angle 𝜃 between the two emitted SHG 

fields from the constituent layers, as indicated by the red and blue arrows is nearly 0°.  

Therefore, the overall SHG intensity will be maximum owing to the constructive interference. 

For comparison, Fig. 6-2(c) plots the wavelength-dependent SHG responses (solid 

symbol) of monolayer MoS2 (blue), monolayer MoS2(0.7)Se2(0.3) (red) and the hetero-bilayer 

(black), respectively. To correlate SHG enhancement with the exciton levels, the 

corresponding PL spectra (solid traces) were superimposed over the SHG spectra.  The 

dramatic SHG enhancement can be clearly observed at wavelengths near the A- and B-



 
 

91 

 

excitons. In particular, the SHG is greatly enhanced by 10 and 5 times for at A- and B- 

exciton for monolayer MoS2. Meanwhile, the SHG responses were intensified by 10 and 8 

times for A- and B-exciton, respectively, compared with those at off resonance for monolayer 

alloy. Interestingly, the SHG  response at B-excitonic transition from the alloy (red dots) was 

more intense when compared with that from pure MoS2 (blue dots), in which the SHG 

response at B-excitonic transition (~630 nm) is significantly smaller than that at A-excitonic 

transition (~670 nm). A similar behavior was also observed from monolayer alloys with 

varying Se ratios in which we attributed this phenomenon to extrinsic effects related to 

defects and/or state broadening.[150]
 
 However, Zhao et al. reported that some binary 

monolayers such as 2H-MoS2 or 3R-MoS2 exhibit efficient SHG at the B-exciton resonance 

as strong as SHG at the A-exciton resonance.[159] Clearly, more investigation is required to 

resolve this issue. For VHS region, the resultant SHG reflected the constructive interference 

of both SHG signals from the constituents.  

 

Figure 6-2: (a) Energy-level diagram for SHG in monolayer TMDC. The dashed 

lines represent virtual states and the solid lines represent real states in momentum space; A- 
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and B- exciton levels (red). (b) CMOS image of the hetero-bilayer. The arrows schematically 

represent the SHG fields of MoS2 (blue), MoS2(0.7)Se2(0.3) (red), and the hetero-bilayer (black), 

respectively. (c) SHG spectra (solid symbols) superimposed with the PL (solid traces) 

obtained from monolayer MoS2 (bottom panel), monolayer MoS2(0.7)Se2(0.3)  (middle panel), 

and the hetero-bilayer (top panel). The dashed lines indicate the exciton resonances of the 

constituents. 

We now discuss the SHG efficiency of the hetero-bilayer by directly comparing with 

that of the homo-bilayer (MoS2/MoS2). The dots in Fig. 6-3(a) correspond to the wavelength-

dependent SHG response of the homo-bilayer.  The red trace is the PL from the bilayer. In 

principle, SHG response is expected to vanish in an as-grown homo-bilayer due to the 

restoration of inversion symmetry in energetically stable AB Bernal stacking.  However, in 

artificially stacked homo-bilayers, Hsu et al. showed that the SHG intensity is strongly 

dependent on the stacking angle between the constituent layers:[21]  

 

 

where 𝐼𝑆(2𝜔), 𝐼1(2𝜔), 𝐼2(2𝜔) are the radiated SHG intensities from the homo-bilayer, the 

first monolayer, and the second bilayer, respectively, and 𝜃 is the associated stacking angle. 

When ~0° , the SHG fields from each constituent layer coherently add up to yield four times 

stronger SHG than that from a monolayer.  However, we observed SHG enhancement only a 

factor of ~2 at non-resonance range, while a factor of 4 is observed near A- and B-exciton of 

monolayer MoS2. The reason for a factor of 2 of SHG loss needed more additional 

experiments using higher repetition rate and shorter pulse duration to understand. 

𝐼𝑆(2𝜔) = 𝐼1(2𝜔) + 𝐼2(2𝜔) + 2√𝐼1(2𝜔)𝐼2(2𝜔) cos 3𝜃   Eq. (2) 
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Figure 6-3. (a) Wavelength-dependent SHG from the homo-bilayer overlaid with the PL 

spectrum, clearly showing the A- and B- exciton resonances. (b) Comparison of the SHG 

intensities between the homo-bilayer (black: MoS2/MoS2) and the hetero-bilayer (red: 

MoS2(0.7)Se2(0.3)/MoS2). (c) Ratio between the SHG intensities of the two samples, displaying 

the improved performance of the heterobilayer. (d) Spin-orbit splitting as a function of Se 

doping concentration x in our previous publication.[150](e) Schematic illustration of three 

possible SHG enhancements in the hetero-bilayer via AA-, BB-, and AB-couplings. 
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Interestingly, Fig. 6-3(b) shows that the hetero-bilayer (red) outperforms the homo-

bilayer (black) in terms of the breath of the exciton resonance where the SHG efficiency is 

significantly enhanced. This effect is more clearly seen from Fig. 6-3(c), which plots the ratio 

between the red and the black in Fig. 6-3(b). Since the effect of Se doping on SHG in the 

alloy involves extension of the resonance width as well as enhancement of the B-exciton 

contribution (Fig. 6-2(c)), it is rather complicated to analyze the combined SHG effect from 

the hetero-bilayer (MoS2(0.7)Se2(0.3)/MoS2), whereas the case for the homo-bilayer is 

straightforward (Fig. 6-4).  For simplicity, however, we can roughly interpret the result in 

terms of a “resonance proximity effect” where the energetically close exciton states from 

different layers likely produce the coupling of SHG resonances. For bilayer stacking, there 

are three possible SHG couplings, i.e. AA-, AB- and BB-couplings, between A- and B- 

excitons of the top and bottom layers, which jointly and coherently contribute to the overall 

SHG response, as schematically illustrated in Fig. 6-3(e). In this scenario, the BB-coupling 

contributes to the SHG enhancement below 640 nm. The most striking effect was observed 

from the AA-coupling, rendering up to ~3 times more efficient SHG over a significant range 

of 700 nm – 750 nm. Moreover, there exists partial enhancement in the range of 640 nm – 

700 nm that arises from the AB-coupling. 
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Figure 6-4 Wavelength dependent SHG for monolayer (black trace)and homobilayer (red 

trace) MoS2. 

This proximity effect demonstrates that Se doping in one monolayer plays a vital role to 

improve the overall SHG efficiency by exploiting the HS system, since the spectral structure 

of the resonance can be manipulated by tuning the Se concentration, x.  In this sense, a 

detailed study on spin-orbit splitting in the valence bands as a function of x (0 ≤ 𝑥 ≤ 1) 

would be beneficial for designing high-performance SHG devices derived from TMDCs. 

Generally, both A- and B-excitons redshift in energy with increasing x in MoS2(1-x)Se2x (Fig. 

6-3(d)). We found that a more significant shift was observed (~1.83 eV – 1.53 eV) for the A-

exciton, when compared with the B-exciton (~2.02 eV – 1.72 eV) as x varied from 0 to 1, 

which is consistent with the literatures.[57, 152] Most importantly, we experimentally 

showed that vertical stacking of monolayer alloys with different x is beneficial for enhancing 

SHG, which was also confirmed by our artificially stacked hetero-trilayer as further 

discussed later.  
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Figure 6-5. (a) OM image of the hetero-trilayer comprised of three layers with different Se 

concentrations. (b) Schematic illustration of the trilayer showing stacking order. AFM 

images measured at areas marked by (c) the red square and (d) the blue square in (a), 

respectively. (e) Raman spectra of the hetero-trilayer and its constituent layers. (f) Room-

temperature PL spectra of the hetero-trilayer and its constituent layers. 

In attempt to further enhance SHG, we designed a hetero-trilayer, comprised of three 

monolayers of pure MoS2, MoS2(0.55)Se2(0.45), and MoS2(0.7)Se2(0.3), as depicted in Fig. 6-4(a). 

Here, the as-measured Se concentrations by spectroscopy were indeed initially chosen such 

that the exciton energies lie sufficiently close to each other to exploit the resonance proximity 

effect. The stacking configuration of the trilayer is displayed in Fig 6-4(b). The thicknesses 
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of the bottom layer and the bilayer were found to ~0.83 nm and ~1.83 nm, respectively, as 

shown in the AFM height profile (blue trace) in Fig 6-4(c). The thickness (~0.75 nm) of the 

top layer was measured separately as shown in the height profile of the AFM image (Fig 6-

4(d)). Our AFM results confirm that all the layers in this HS are indeed monolayers.  The 

green trace in Fig. 6-4(e) corresponds to the Raman spectrum of the hetero-trilayer. The 

MoS2-like𝐴1𝑔 characteristic peak remains almost unchanged in frequency through alloying, 

while the MoS2-like- 𝐸2𝑔
1

 peak significantly downshifts in frequency. Note that these peaks 

become weaker in intensity with the increase of the Se concentration, x.  Meanwhile, the 

stronger MoSe2-like 𝐴1𝑔  peaks at ~270.7 - 272.3 cm
-1

 develop as x increases. This 

observation is in accordance with previous result.[152]
  
Fig. 6-4(f) shows the PL spectra of 

the hetero-trilayer and its constituents measured at room temperature.  By fitting the PL 

assuming a Lorentzian PL shape, we deconvoluted the A- and B-exciton PLs of each layers. 

Specifically, the noticeable peaks centered at ~ 675 nm (~1.84 eV), ~710 nm (~1.73 eV), and 

~725 nm (~1.70 eV) can be assigned to A-excitonic transitions of pure MoS2, MoS2(0.7)Se2(0.3) 

and MoS2(0.55)Se2(0.45), whereas the broad peaks located at ~620 nm (~1.99 eV), ~645 nm 

(~1.91 eV) and  ~655 nm (~1.89 eV)  can be attributed to B-excitons of the corresponding 

layers. These peak positions match reasonably well with those in each individual layers as 

indicated by the dashed lines. 

 

Figure 6-6 (a) Wavelength-dependent SHG measured from the hetero-trilayer (purple) 

overlaid with the PL spectra from individual layers; monolayers MoS2(1-x)Se2x; x=0 (blue), 

0.3 (red), 0.45 (black), and the hetero-trilayer (dark yellow). The spectral locations for the 

resonance are indicated by the dashed lines of the corresponding color. (b) Comparison of the 
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SHG efficiency of the two hetero-trilayers prepared with different stacking schemes; 1) x = 

0.45 (black) and 2) x = 0.62 (red) in the third layer, whereas the bottom bilayers are identical 

in chemical composition, i.e., the hetero-bilayer (MoS2(0.7)Se2(0.3)/MoS2).  See SI for the latter 

case of the trilayer. Here, each SHG efficiency is scaled by that of the hetero-bilayer in Fig. 

6-3(b). 

Fig. 6-5(a) shows the broadband SHG response of the hetero-trilayer (purple), overlaid 

with the PL spectra from each constituent and the trilayer itself. The SHG resonances 

become readily distinguishable by comparing with the PL spectra of individual constituents 

in the HS system. Particularly, the strongest SHG response was found in wavelengths 

between 650 nm – 670 nm, which arises most likely from the approximate triple overlapping 

of BBA-coupling in the alloys and MoS2, respectively.  The proximity effect in the BB-

coupling is remarkably stronger when the two constituent alloy layers have a small difference 

in  ∆𝐸𝑠𝑜 . The A-excitonic related features of MoS2 and MoS2xSe2(1-x) (x=0.3) can be 

respectively seen as shoulder peaks at ~670 nm and ~710 nm, whereas that of MoS2xSe2(1-x) 

(x=0.3) manifests itself as a pronounced peak around 725 nm. Compared to the hetero-bilayer, 

which has two layers with the same Se doping concentrations, the enhancement of SHG 

efficiency happens especially strongly near A- and B-excitons range of the ad2ditional layer, 

as shown in Fig. 6-5(a). However, the expected SHG enhancement factor of ~2.25 could not 

be seen at the non-resonance range in which the wavelength is below 600 nm. This can 

probably be attributed to optical degradation. This hypothesis is clearly required further 

experiments to confirm. Our conceptual study indicates that one can continuously improve 

the SHG performance in a vertical HS system by carefully stacking more layers of varying 

Se compositions but with the same orientation, especially via the resonance proximity effect 

across the constituents. A similar behavior was observed for another trilayer prepared with a 

different stacking configuration with the top layer having a high Se concentration (x= 0.62) 

(see Fig. 6-6).  



 
 

99 

 

 

Figure 6-7: Wavelength-dependent SHG measured from the hetero-trilayer (pink) overlaid 

with the PL spectra from individual layers; monolayers MoS2xSe2(x-1); x=0 (blue), 0.3 (red), 

0.62 (black), and the hetero-trilayer (green). 

Although it also has a high SHG efficiency especially in the range of 650 nm - 670 nm 

due to strong AB-coupling between the alloy and pure monolayers, its SHG performance is 

less efficient at longer wavelengths. Specifically, broader SHG enhancement was clearly 

observed for the stacking scheme (1) than that the stacking scheme (2) at near-IR ranges 

(~700 nm – 750 nm), as evident in Fig. 6-5(b). The better SHG performance of the former 

trilayer suggests that the proximity effect can be maximally utilized for building a highly 

efficient wavelength converter by deliberately choosing monolayers with a series of similar 

Se doping concentrations. In other words, vertical stacking of multiple alloy layers with 

gradual increase in the Se concentration would provide a new venue for wider and stronger 

SHG performance. 

6.3 Chapter summary: 

 

In summary, we probed the SHG characteristics across the bandgap edges of 

monolayer MoS2 and its alloys in vertical stacked HSs systems including homo-bilayer, 

hetero-bilayer and hetero-trilayer using pico-second pulsed laser excitation source. 

Intriguingly, we found that stacking of monolayer MoS2 with its gradually increased alloys 



 
 

100 

 

will broaden the resonant SHG performance from visible to near IR range. Unfortunately, we 

could not assess the exact χ
(2)

 values for our heterobilayers and heterotrilayers. However, 

these results preliminarily showed the feasibility of artificial broadband materials by using 

vertically stacked monolayers of different TMDCs materials. This work is still on-

going .Although the scope of this study is limited to monolayer MoS2 and its alloys, we 

believe that the outcomes of this study will contribute to solving the quest of artificial 

nonlinear optical materials for even more broad spectral range.  
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Conclusion: 

The advanced analysis and successive scientific discoveries provides the better 

understanding for scientists about the chemical, physical and mechanical properties of 

materials. In return, material scientists with state-of-art growth techniques supplies novel 

materials with intriguing and tunable properties subjected not only to fundamental studies but 

also further to industrial field. This mutual interaction gains more physical insight of material 

science. In this case, this is physical science in 2D monolayer TMDCs.  

In this work, I have successfully grown continuous, large-sized monolayer TMDCs, 

specifically MoX2 and their ternary alloys using chemical vapor deposition. The quality of 

continuous film was confirmed by different analysis techniques such as Raman and 

photoluminescence spectroscopy, atomic force microscopy, X-ray photoemission. The 

quality of as-grown specimens is comparable to the mechanically exfoliated specimens. The 

tunable band-gap monolayers were also synthesized by adopting chemical vapor deposition. I 

have basically characterized the electrical performance of Metal-Semiconductor-Metal 

photodetector based on monolayer MoS2. Although there is a degradation issue on grain 

boundaries of continuous MoS2 that have to be addressed, but its potential use for new- 

generation fast response and high performance is rather high. 

Additionally, I have provided the comprehensive study on NLO properties of 

monolayer TMDC. This NLO have been assessed using the low repetition rate pulsed laser 

and different measurement geometries. Broadband χ
(2) 

dispersion were estimated for 

monolayer MoX2 as well as their ternary alloys. The SHG signals are resonant with excitonic 

states for pure monolayers grown on different substrates. I also demonstrated that by varying 

the Se doping concentration in monolayer alloys, the SHG resonance can spectrally tuned in 

wide spectral range. Finally, I provided preliminary evidences that stacked heterostructures 

comprised of monolayers MoS2(1-x)Se2x can be exploited in order to spectrally stretching the 

SHG resonance. By designing the 2D Van der Waal heterostructures, I showed that the SHG 

performance can be improved based on the spectral peak position of intralayer A- and B-

exciton. However, there is some technical limitation when using picosecond pulsed laser to 

measure hetero multilayers. The balance between sufficient signal-to-noise and monitoring 

beam size without damaging the stacked area is very hard to achieve using low repetition rate 

laser. Another challenge is that stacked area is smaller than laser beam size. Then, the exact 
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value of χ
(2)

  stacked areas could not precisely assessed. Therefore, it is necessary to employ 

pulsed laser with either higher repetition rate (GHz/MHz) or shorter pulse duration (fs pulsed 

laser) in the future work.  
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Kim*, Maeng-Je Seong, and Young Dong Kim*, Applied Spectroscopy Reviews (Appl. 

Phys. Rev.) 51(7-9), 621-636 (2016) (DOI: 10.1080/05704928.2016.1166436) (IF: 

4.254@2016, < 5%, ISSN 0570-4928)  (2016.03.23) 

8) Erratum: Strong optical nonlinearity of CVD-grown MoS2 monolayer as probed by 

wavelength-dependent second, Daniel. J. Clark, Velusamy Senthilkumar , Chinh Tam Le, 

D. L. Weerawarne, Bonggu Shim, Joon Ik Jang*, J. H. Shim, J. Cho, Yumin Sim, 

Maeng-Je Seong, Sonny. H. Rhim, A. J. Freeman, Koo. Hyun Chung and Yong Soo 

Kim*, Phys. Rev. B 92, 159901(E) (2015) (DOI:10.1103/PhysRevB.92.159901),(IF: 

3.838, @ 2016, <40%) (2015. 10. 12) 

9) Near bandgap second-order nonlinear optical characteristics for MoS2 monolayer 

tranferred on transparent substrate, Daniel. J. Clark, Chinh Tam Le, Velusamy 

Senthilkumar, Farman Ullah, Heung-Yeol Cho, Yumin Sim, Maeng-Je Seong, K. -H. 

Chung, Y. S. Kim*, and J. I. Jang, Applied Physics Letters (Appl. Phys. Lett.) 107, 

131113-5 pages (2015) (DOI http://dx.doi.org/10.1063/1.4932134 (IF: 3.41 @2016, < 

20%) (2015.10.01) 

10) Photosensitive study of metal-semiconductor-metal photodetector based on chemical 

vapor deposited monolayer MoS2, Chinh Tam Le, Velusamy Senthilkumar, Yong Soo 

Kim*, Journal of Nanoscience and Nanotechnology (J. Nanosci. Nanotech.) 15, 8133-

8138 (2015) (IF: 1.483@2016, ISSN: 1533-4880,<60%, DOI:10.1166/jnn.2015.11255) 

(2015. 10. 01) 

11) Direct vapor phase growth process and robust optical properties of large area MoS2 layer, 
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V. Senthilkumar, Le C. Tam, Yong Soo Kim,* Yumin Sim, Maeng-Je Seong, Joon I. 

Jang, Nano Research 7(12), 1759-1768 (2014) (DOI 10.1007/s12274-014-0535-7 ) (IF: 

7.354 @2016, ISSN: 1998-0124, < 10%) (2014.12.01) 

12) Strong optical nonlinearity of MoS2 monolayer as probed by wavelength-dependent 

second harmonic generation, Daniel. J. Clark, Velusamy Senthilkumar, Chinh Tam Le, 

D. L. Weerawarne, Bonggu Shim, Joon Ik Jang*, J. H. Shim, J. Cho, Yumin Sim, 

Maeng-Je Seong, Sonny. H. Rhim, A. J. Freeman, Koo. Hyun Chung and Yong Soo 

Kim*, Physical Review B 90(12), 121409(R)-5 (2014) (IF: 3.664@2013, ISSN: 1098-

0121, <20%) 

B. International Conference Meetings  

1) (Poster) Monolayered MoSe2-WSe2 lateral heterostructure growth and its potential 

use in valleytronics, Farman Ullah, Chinh Tam Le, Yumin Sim, Maeng-Je Seong, Joon I. 

Jang, The 22ndt International Conference on Electronic Properties of Two-Dimensional 

Systems (EP2DS-22) and 18th International Conference on Modulated Semiconductor 

Structures, Penn State University, USA. 

2) (Invite Talk) 2D Semiconductor, transitional metal dichalcogenide growth and its 

application, Yong Soo Kim*, Chinh Tam Le, Farman Ullah, and Joon I. Jang, The 3rd 

International Workshops on Nano Materials for Energy Conversion (NMEC-2017), NMEC-

2017 Programs and Abstract, p.70-73, Ho Chi Minh City, Vietnam.  

3) (Poster) Synthesis of high quality monolayer WS2 using chemical vapor deposition, 

Chinh Tam Le, Farman Ullah, Jong-Won, Yun, Yong Soo Kim*, American Physical Society 

March Meeting (APS March Meeting, 2017) Bulletin of the American Physical Society 62(4), 

p.53, New Orleans, Louisiana, USA.  

4) (Oral) Polarization resolved photoluminescence study of pulse laser deposition 

assisted grown monolayer MoSe2-WSe2 lateral heterojunction, Farman Ullah, Chinh Tam Le, 

Tri Khoa Nguyen, Jong-Won Yun and Yong Soo Kim*, American Physical Society March 

Meeting (APS March Meeting, 2017), Bulletin of the American Physical Society 62(4), p.48, 

New Orleans, Louisiana, USA.  

5) (Invite Talk) Atomically Thin Semiconductor, Transition Metal Dichalcogenides 

Growth and Its Nonlinear Optical Characteristics, Velusamy Senthilkumar, Chinh Tam Le, 
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Farman Ullah, Daniel J. Clark, Joon Ik Jang, and Yong Soo Kim*,  SEMICON KOREA, 

SEMI Technology Symposium (STS) 2017, S2; Advanced Process Technology; Dielectric, 

Metals and other Materials, COEX, Seoul, Korea. 

6) (Poster) Hydrogen Evolution Reaction Enhancement of CVD-growth Continuous 

Monolayer MoS2 Film using a Pretreated Substrate, Heung-Yeol Cho, Tri Khoa Nguyen, 

Chinh Tam Le and Yong Soo Kim*, JSAP (The Japan Society of Applied Physics) Kyushu 

Annual Meeting 2016 Int’l Session; Tsushima, Japan, p. 11. 

7) (Poster) Hydrogen evolution reaction enhancement of CVD-growth continuous 

monolayer MoS2 film using a pretreated substrate, Heung-Yeol Cho, Tri Khoa Nguyen, 

Chinh Tam Le, Farman Ullah, Jong-Won Yun and Yong Soo Kim, 3rd International 

Symposium on Frontier in Materials Science, FMS2016, 2016, Hanoi, Vietnam  

8) (Oral) Plasma treated MoS2 basal planes for application in hydrogen evolution 

reaction, Tri Khoa Nguyen, Chinh Tam Le, Farman Ullah, Yong Soo Kim*, 3rd International 

Symposium on Frontier in Materials Science, FMS2016, Sep. 28-30, 2016, Hanoi, Vietnam  

9) (poster) Spectroscopic Ellipsometry Study on the Temperature Dependent Optical 

Properties of Monolayer MoS2 from 35 to 350 K, Hwa Seob Kim, Han Gyeol Park, Tae Jung 

Kim, Le Van Long, Chinh Tam Le, Yong Soo Kim, Maeng-Je Seong, and Young Dong Kim, 

33rd International Conference on the Physics of Semiconductors (ICPS2016), Beijing  China, 

Abstract, p.532  

10) (Oral) Se doping-induced tunability of second harmonic generation of monolayer, 

Chinh Tam Le, Daniel J. Clark, Velusamy Senthilkumar, Joon Ik Jang and Yong Soo Kim*, 

33rd International Conference on the Physics of Semiconductors (ICPS2016) Beijing China, 

Abstract, p.374  

11) (Oral) Tunable second harmonic generation of monolayer MoS2 by Se doping, Chinh 

Tam Le, Daniel J.Clark, Velusamy Senthilkumar, Joon Ik Jang, Heung-Yeol Cho, and Yong 

Soo Kim, American Physical Society March Meeting (APS March Meeting, 2016), 

Baltimore, ML, USA, p 657. 

12) (Poster) Temperature dependence of critical points of monolayer MoS2 film by 

ellipsometry, Han Gyeol Park, Tae Jung Kim, Hwa Seob Kim, Chang Hyun Yoo, Nilesh S. 

Barange, Le Van Long, Hyoung Uk Kim, Yong Soo Kim, Velusamy Senthilkumar, Chinh 

Tam Le, Young Dong Kim, The 2nd International conference & exhibition for Nanopia, 
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Nanopia 2015 

13) (Poster) Ellipsometric Study on the Temperature Dependent Dielectric Function of 

Monolayer MoS2, Hwa Seob Kim, Han Gyeol Park, Tae Jung Kim, Chang Hyun Yoo, 

Velusamy Senthilkumar, Yong Soo Kim, Chinh Tam Le, Young Dong Kim, The 9th 

International Conference on Advanced Materials and Devices (ICAMD 2015), p86, Jeju, 

Korea. 

14) (Poster) Strong optical nonlinearity of CVD-grown Mo(S,Se)2 monolayer as probed 

by wavelength-dependent second harmonic generation, Chinh Tam Le, Yong Soo Kim*, The 

9th International Conference on Advanced Materials and Devices (ICAMD 2015), p.76, Jeju, 

Korea. 

15) (Poster) Synthesis of band-gap tunable monolayered-MoS2xSe2(1-x) alloys, Chinh 

Tam Le, Velusamy Senthilkumar, Yumin Sim, Mae -Je Seong and Yong Soo Kim*, 

International Workshop on Nanoscience and Nanotechnology and Joint 4th Asia-Pacific 

Chemical and Biological Microfluidics Conference (IWNN-IPCBM 2015), Danang, Vietnam.  

16) (Invite talk) Next generation MoX2 (X; S, Se) monolayer-based nanoscale nonlinear 

optics devices, Chinh Tam Le, Velusamy Senthilkumar, Daniel J. Clark, Joon Ik Jang and 

Yong Soo Kim*, International Workshop on Nanoscience and Nanotechnology and Joint 4th 

Asia-Pacific Chemical and Biological Microfluidics Conference(IWNN-IPCBM 2015), 

Danag, Vietnam. 

17) (poster) Critical Points of Monolayer MoS2 Film by Spectroscopic Ellipsometry, 

Han Gyeol Park, Tae Jung Kim, J. C. Park, K. H. Nam, Le Van Long, Yong Soo Kim, 

Velusamy Senthilkumar, Chinh Tam Le, and Young Dong Kim, The 21st International 

Conference on Electronic Properties of Two-Dimensional Systems (EP2DS-21) and 17th 

International Conference on Modulated Semiconductor Structures, Sendai, Japan. 

18) (poster) Controlled synthesis of single layer MoSe2 by chemical vapor deposition, 

Chinh Le Tam, V. Senthilkumar, Y. Sim, M.-J. Seong, Yong Soo Kim*,International 

Symposium on Nano-Materials, Technology and Application (NANOMATA 2014), Hanoi, 

Vietnam, p125-126  

19) (poster) Wafer-level uniform few-layer MoS2 by chemical vapor deposition, Chinh 

Le Tam, V. Senthilkumar, Y. Sim, M.-J. Seong, Yong Soo Kim*, The 12th Int. National 

Symposium & Nano-convergence Expo. (Nano-Korea 2014), Seoul, Korea, p. 72. 
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(  ) Domestic Conference Meetings   

1) (Invite Talk) 2D Semiconductor, Transition Metal Dichalcogenides Growth and Its 

Applications, Yong Soo Kim*, Chinh Tam Le, Farman Ullah, Joon. I. Jang, 한국자기학회 

2017 년도 임시총회 및 하계학술연구발표대회, 논문개요집, p.43, 부산, 한화리조트 

해운대 티블리  

2) (Oral) Tuning resonant second harmonic generation of monolayer MoS2 by selenium 

doping, Chinh Tam Le, Farman Ullah,  Sonny H. Rhim, Joon Ik Jang,  Koo Hyun Chung,¶ 

Maeng-Je Seong, Sungkyun Park, Yong Soo Kim, 한국물리학회 2016 년 가을 

학술논문발표회 및 임시총회 (한국물리학회), 한국물리학회 회보 34(2), p.32, 

김대중컨벤션센터.  

3) (Oral) Synthesis and Characterization of Three Monolayer Thick Continuous 

Uniform Tungsten Selenide Film, Farman Ullah, Chinh Tam Le, Heung-Yeol Cho, Ahmed I. 

Ali, Yong Soo Kim*, 한국물리학회 2016년 봄 학술논문발표회 및 제 92회 정기총회 

(한국물리학회), 한국물리학회 회보 34(1), p.65, 대전컨벤션센터.  

4) (Oral) Polarized Raman and Photoluminescence spectroscopy with differing angles of 

laser incidence on a single layer MoS2, Hyun-Jai, Ahn, Velusamy Senthilkumar, Chinh Tam 

Le, Yong Soo Kim, Maeng-Je Seong, 한국물리학회 2016 년 봄 학술논문발표회 및 제 

92회 정기총회 (한국물리학회), 한국물리학회 회보 34(1), p.43, 대전컨벤션센터.  

5) (Poster) Highly crystalline monolayer MoSe2 flakes and continuous film by 

selenization of pre-deposited Molybdenum trioxide (MoO3) thin film by pulse laser 

deposition, Farman Ullah, Chinh Tam Le, V. Senthilkumar, Sun Ho Kim, and Yong Soo 

Kim*, 한국물리학회 2015 년 가을 학술논문발표회 및 제 92 회 임시총회 

(한국물리학회), 한국물리학회 회보 33(2), p.105, 화백컨벤션센터.  

6) (Poster) Controllable Grain Size Distribution and Readily Transferable Growth of 
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MoS2 Monolayer Flakes Using a Seed of PTAS by CVD Process. H.-Y. Cho, Chinh Tam Le, 

Velusamy Senthilkumar, and Yong Soo Kim*,한국물리학회 2015 년 가을 

학술논문발표회 및 제 92회 임시총회 (한국물리학회), 한국물리학회 회보 33(2), p.147, 

화백컨벤션센터.  

7) Second harmonic generation of monolayer CVD-grown MoSe2, Chinh Tam Le, 

Daniel J. Clark, Velusamy Senthilkumar, Joon Ik Jang, 조홍열, Yong Soo Kim*, 2015년 봄 

학술논문발표회 및 제 91 회 정기총회 (한국물리학회), 한국물리학회 회보 33(1), 

p.117대전켄벤션센터(DCC).  

8) Polarized Raman Spectroscopy with Differing Angles of Laser Incidence on a Few 

Layers of MoS2 GeaunHeo, Velusamy Senthilkumar, Tam Le Chinh, Maeng-Je Seong and 

Yong Soo Kim, 2014 년 봄 학술논문발표회 및 제 50 회 정기총회 (한국물리학회), 

한국물리학회 회보 32(1), p.53 (2014.04.23-25), 대전켄벤션센터(DCC). 
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