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ABSTRACT 

 

III-nitrides, 2D transition metal dichalcogenides, and their heterojunctions  

 

Group III-nitride materials have attracted great attention for applications in high efficiency 

electronic and optoelectronics devices such as high electron mobility transistors, light emitting 

diodes, and laser diodes.  

On the other hand, group VI transition metal dichalcogenides (TMDs) in the form of MX2 

has recently emerged as a novel atomic layered material system with excellent 

thermoelectric, electronic and optoelectronic properties. Also, the recent investigations reveal 

that the dissimilar heterojunctions formed by TMDs and III-nitrides provide the route for novel 

devices in the area of optoelectronic, electronics, and water splitting applications. In addition, 

integration of III-nitrides and TMDs will enable high density integrated optoelectronic circuits 

and the development of hybrid integration technologies.  

In this work, we have demonstrated kinetically controlled growth processes in plasma 

assisted molecular beam epitaxy (PAMBE) for the III-nitrides and their engineered 

heterostructures. Techniques such as Ga irradiation and nitrogen plasma exposure has been 

utilized to implement bulk GaN, InGaN and their heterostructures in PAMBE. For the growth 

of III-nitride based heterostructures, the in-situ surface stoichiometry monitoring (i-SSM) 

technique was developed and used for implementing stepped and compositionally graded 

InGaN-based multiple quantum wells (MQWs). Their optical and microstrain analysis in 

conjunction with theoretical studies confirmed improvement in the radiative recombination 
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rate of the graded-MQWs as compared to that of stepped-MQWs, owing to the reduced strain 

in graded-MQWs.  

Our achievement also includes the realization of the p-type MoS2 by engineering 

pristine MoS2 layers in PAMBE. Mainly, Ga and nitrogen plasma irradiation on the pristine 

MoS2 in PAMBE has resulted in the realization of the p-type MoS2.  Also, GaN epitaxial thin 

layers were deposited on MoS2/c-sapphire, WSe2/c-sapphire substrates by PAMBE to study 

the band discontinuity at GaN/TMDs heterointerface. The determination of band offset 

parameters for both GaN/MoS2 and GaN/WSe2 heterostructures revealed realization of type-II 

band alignment. 

Also, heterojunctions such as AlGaN/MoS2 is implemented to achieve type-I 

heterojunction. This work may open up a new avenue towards photonic quantum devices 

based on the integration of III-nitrides with 2D TMDs. 
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Introduction Chapter 1: 

In this chapter, in Section 1.1 the basic materials properties of the III-nitride semiconductors 

followed by basic material properties of transistion metal dichalgiginides (TMDs) in section 1.2 

is introduced. Finally, the importance of the III-nitrides/2D-TMDs heterojunctions is dicussed in 

section 1.3. 

 Group III-Nitride Materials  1.1

The group III-nitride material family, includes gallium nitride (GaN), indium nitride (InN), 

aluminum nitride (AlN) and their alloys. This material system has major importance for 

optoelectronic and electronics devices. Other binary III-nitride compounds such as boron nitride 

(BN) also exist but relatively less common for device applications. This section mainly focuses 

on the binary GaN, InN and AlN semiconductors and they share a certain number of common 

features. 

1.1.1 Crystal Structures 

Group III-nitrides have two common crystallographic types, namely hexagonal wurtzite and 

cubic zinc blende structure. Also, another rock salt structure for group III-nitrides exists under 

very high pressure. At room temperature, the wurtzite structure thermodynamically more 

stable as compared to the other structures. The schematic of wurtzite structure for GaN is 

depicted in Figure 1(a). The wurtzite and zinc blende structures are similar as in both cases the 

bonding of the nearest neighbor is tetrahedral, with each of the group III atoms having four 

adjoining nitrogen and vice versa. The difference between these structures is their Bravais 

lattice and their stacking sequence [10]. The stacking of the layers of atoms along the c-axis for 

the wurtzite structure of GaN is of the form ABABAB: 

                                 ...GaANAGaBNBGaANAGaBNBGaANAGaBNB...  
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Figure 1  Wurtzite structure of GaN with Ga atoms in red and N atoms in black. 
(b) The unit cell of wurtzite GaN with stacking sequence of ABAB. 

whereas the cubic zincblende stacking sequence is ABCABC:  

                                 ...GaANAGaBNBGaCNCGaANAGaBNBGaCNC... 

 Figure 1(b) shows the unit cell of the wurtzite structure of GaN with the a-axis and c-axis 

indicated. The length and height of the unit cell, and therefore the hexagon, are defined as the 

a and c lattice constants. The wurtzite bilayer structure consists of two hexagonal close packed 

(HCP) sublattices of group III and N atoms, offset along the c-axis by 5c/8.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

The compounds AlN and InN have the same form, with the Ga atoms substituted for Al and In in 

each case. The lattice constants differ for each binary compound due to the size of the atomic 

radii of the group III elements and bonding energy of the III-N binaries (see Table 1). In Table 1, 

ao, and co refers to the lattice constants, Eb and Eg are bonding and bandgap energies. All the 

samples studied in this study are wurtzite grown in the c-direction [0001], which is the standard 

growth direction for the III-nitride materials. Many factors can influence the ideal crystal 
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structure and lattice constants for each of the III-nitride compounds such as growth conditions, 

defects, doping concentrations, temperature, composition, and choice of substrate.  

Table 1. The properties of wurtzite GaN, InN, and AlN at 300K. 

Material 𝑎0 (Ao) 𝑐0 (Ao) E𝑏 (eV) E𝑔 (eV) 

InN 3.548 5.76 1.93 0.7 

GaN 3.189 5.185 2.2 3.4 

AlN 3.112 4.982 2.88 6.0 

 
 

1.1.2 Optical Band Gap 

The band gap of III-nitrides covers a broad range from 0.7 to 6.0 eV. Also, their wurtzite phases 

have a direct band gap. These unique optical properties make them a suitable material system 

for the verity of optoelectronic devices such as LEDs, LDs, and photodetectors operating in the 

UV-visible range. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure 2 Band gap energies of III nitrides and III-V semiconductors, at room 
temperature as a function of the lattice constant a [6]. 
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Figure 2 shows the band gap energies of nitride binaries and their lattice constant values a. GaN 

and AlN have closer lattice constants than InN. The band gap energies of nitrides is summarized 

in Table 2. 

Table 2. Band gap energies of binary III-nitride compounds at room temperature. 

Material E𝑔 (eV) 

InN 0.7 

GaN 3.4 

AlN 6.0 

 
 
The band gap energy in the range of 0.7-6.0 eV can be obtained by changing the composition in 

their ternary and quaternary compounds (Ga, In) N, (Al, Ga) N, (In, Al)N and (Al, Ga, In) N. The 

band gap energy of an A1-xBxN alloy can be calculated approximately by; 

Eg(x) = (1 − x)EgAN + xEgBN − bx(1 − x) 

where b is the bowing parameter.  
 

1.1.3 Substrates For The Epitaxial Growth Of Group III-Nitrides 

 
 Epitaxial growth of GaN has witnessed colossal attention and proven to have vital importance 

in the optoelectronic, and microelectronic devices. However limited availability, small size (~1 x 

3 cm2), and the high cost of bulk GaN substrates limit its use for homoepitaxy of GaN [11]. Thus 

heteroepitaxy of GaN on most commonly used foreign substrates such as Sapphire, SiC, and Si is 

preeminent despite their large lattice and thermal expansion mismatch with GaN [12]. In 

addition, dissimilar chemical bonding, surface symmetry mismatch, surface states, and surface 

dangling bonds also enhance the complexity involved in heteroepitaxy. As a result, addressing 
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dislocations, point defects, and residual stress from overgrown epitaxial GaN layers on these 

substrates turns out to be quite challenging. However, tremendous efforts made researchers to 

attain relatively improved GaN material quality on sapphire substrates possessing large lattice 

mismatch of ~16%. Therefore, to grow defect-free and device quality material, GaN epitaxy still 

in need of lattice matched substrates which can address the issues involved with heteroepitaxy. 

Thus further investigation for an alternative route of GaN heteroepitaxy on foreign substrates 

(Sapphire, Si, SiC, etc.) is warranted. 

1.1.4 Challenges  

 

Despite the III-nitrides being the key driver for solid-state lighting technology, the device 

performance at high injection current density is limited by efficiency droop. Some possible 

mechanisms had been suggested to account for the droop, as follows: Auger recombination 

[13], carrier delocalization [14], current injection efficiency quenching [15]. The severe band 

bending in c-plane InGaN/GaN multiple quantum well (MQW) arising from the built-in 

spontaneous and piezoelectric polarization fields [16-18] was also accounted for the major 

cause of the issue. The severe band banding leads to the reduced oscillator strength, which is 

inversely proportional to the spatial electron-hole separation, non-uniform distribution of 

carriers in MQW, and electron leakage, particularly in the QW closest to p-GaN [19-21]. Thus in 

this work, we realized compositionally graded InGaN/GaN MQWs to reduce piezoelectric 

polarization fields and also investigated the epitaxial growth of GaN on close lattice matched 

layered-MoS2. In the subsequent section, the introduction, physical properties of transition 
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metal dichalcogenides (TMDs) and further the importance of forming a heterojunction between 

III-nitrides/TMDs is presented. 

 

 Transition Metal Dichalcogenides (TMDs)  1.2

Transition Metal Dichalcogenides (TMDs) are denoted by MX2, where M and X representation 

of a transition metal (such as Mo, W, Ti, Hf, Nb, etc.), and a chalcogen (S, Se, and Te) 

respectively. In the period table, from group 4 to group 10 belongs to the transition metals and 

have different numbers of d-electrons. Thus valance d-electrons of different transition metals 

and gives rise to different electronic behavior such as metallic, semiconducting, insulating, and 

superconducting. 

 
 
Figure 3 About 40 different layered TMD compounds exist. The transition metals and the three 
chalcogen elements that predominantly crystallize in the layered structure are highlighted in 

the periodic table. Partial highlights for Co, Rh, Ir and Ni indicate that only some of the 
dichalcogenides form layered structures. For example, NiS2 is found to have apyrite structure, 

but NiTe2 is a layered compound  [22]. 
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The existence of TMDs in layer form at the atomic scale containing 1 or few monolayers 

considered as two-dimensional (2D) TMDs or layered TMDs. Figure 3 shows different possible 

TMDs compounds in the periodic table. 2D-TMDs have vital importance as they exhibit novel 

and intriguing properties suitable for various applications in the field effect transistors, 

optoelectronics, water splitting, bio and chemical sensors and so on.  

1.2.1 Crystal Structure  

 

 

 

 

 

 

Figure 4 Crystal structures of layered 1T- and 2H-MoS2. The individual S-Mo-S layer, 
compounded by covalent bonds, for a single-layer (SL- or 1L-) MoS2. The individual SLs are 

stacked (in a period of 0.65 nm) by van der Waals (VDW) interactions to form the bulk crystal. 
The 2H and 1T phases are distinguished by the in-plane rotational relationship of the sulfur 

sublattice [23]. 
 

A single layer of MoS2 constitutes a sandwiched sub-layer of Mo atoms in between two sub-

layers of S atoms with the covalent bonds as depicted in Figure 4. Such tri-layer sandwich 

structure is considered as a monolayer of MoS2. In layered hexagonal structure, every metal 

atom is always surrounded by six chalcogen atoms. Individual monolayers are held together by 
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Figure 5 Band structure of bulk and monolayer MoS2 [7]. 

the weak interaction i.e. by van der Waals forces and thus forming multiple (bi, tri, and so on) 

layered MoS2. These vdW interactions allow MoS2 to form a bulk crystal of different phases, 

which vary by atomic coordination and stacking order. Different phases such as 1T- or 2H-

structure (with the sub sulfur layers 180o- or 0o- rotated with respect to each other) without 

surface dangling bonds; the 1T forms metallic phase while 2H forms semiconductor phase. An 

additional phase, the 3R type has rhombohedral symmetry with three S-Mo-S units also exist. 

Both the 1T and 3R types are metastable, and semiconduction phase i.e. 2H, can be easily 

attained via high-temperature annealing 2H-MoS2 or using high temperature during deposition 

processes such as chemical vapor deposition (CVD).   

1.2.2 Electrical And Optical Band Gap 

 Bulk MoS2 is an indirect band gap semiconductor, whereas monolayer of MoS2 (ML-MoS2) is 

direct band gap semiconductor.  

 

 

 

 

 

 

 

              Bulk-MoS2                                         Monolayer-
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For the bulk-MoS2, the top of the valence band situated at the Γ point, whereas the bottom of 

the conduction band lies in between the Γ and K points and hence constituting the indirect 

band gap of 1.2 eV as shown in figure 5 (a). Direct band gap at the bulk MoS2 K point also exist 

but is larger than the fundamental indirect band gap. With the decrease in the number of 

layers, the increment in the fundamental indirect band-gap occurred because of quantum 

confinement effect. Specifically for monolayer MoS2, fundamental indirect bandgap becomes 

larger than the direct band-gap located at the K-point, which has an insignificant variation as 

compared to that of bulk. In the monolayer limit, MoS2 changes from a bulk indirect band-gap 

semiconductor to a 2D direct band-gap semiconductor as shown in figure 5 (b). The indirect 

bandgap of bulk MoS2 (1.2 eV) is modified into the direct band-gap (1.9 eV) at the monolayer 

MoS2. 

 III-Nitride/TMDs Based Heterojunctions  1.3

 
In 1984, Koma et al. utilized alternative route of Van Der Waal’s epitaxy for heteroepitaxy of 2D 

materials system such as NbSe2/MoS2 and selerium/tellurium proven to mitigate most of 

challenges involved with regular heteroepitaxy [24]. VDWE includes weak bond at the sharp 

interface that formed between the overgrown three dimensional (3D) bulk material and 

underlying 2D layered substrate. The bonds associated with Van der waal epitaxy are of two 

orders lower in bond strength as compared to the covalent bonds between 3D-epitaxial-layer/ 

3D-substrates [25-28]. Such weak bonds in between 3D-epitaxial-layer/2D-layer accommodate 

thermal mismatch between 3D-epitaxial-layer and the foreign substrate during the epitaxial 
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growth at the elevated growth temperatures. Thus high thermal mismatch between GaN and 

sapphire can be addressed by VDWE route. Also, by choosing a proper 2D layer material with 

similar lattice constant and crystal structure as that of the GaN material, the issues due to 

lattice mismatch can also be addressed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Figure 6 Band gap versus in-plane lattice parameter for different III-nitrides and TMDs. The 
lattice mismatch of MoS2 with respect to GaN is 1.0 % [29]. 

 
For GaN bulk epitaxy, layered 2D MoS2 is promising as it has only 0.9% of lattice mismatch as 

compared to the GaN, whereas lattice mismatch between GaN/sapphire is 16% [9, 10]. Figure 6 

shows the bandgap versus in-plane lattice parameter for different III-nitrides and TMDCs. WS2 

and MoS2 have a lattice mismatch of only 0.9% and 0.8%, respectively to the `a' lattice 

parameter of GaN. In 1990, Yamada et al. demonstrated GaN epitaxy for the first time using 
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molecular beam epitaxy on bulk MoS2 but provided no detailed growth mechanism of the GaN 

epitaxy on layered-MoS2 [30, 31].  

Recent advances in achieving a large area of layered-MoS2 by using physical and chemical vapor 

deposition (CVD) methods provide a route for the scalability of the epitaxial process [32-34]. 

Such advances further open up the feasibility of using layered-MoS2 as a promising platform for 

GaN epitaxy. In addition, TMDs and III-nitride combinations find potential application in 

optoelectronic devices. 

Also, designs based on MoS2/AlN (GaN) van der Waals (vdW) heterostructures have been 

theoretically predicted for highly efficient visible-light photocatalysts that can separately 

produce hydrogen and oxygen at the opposite surfaces of the heterostructures [8, 35]. For such 

heterostructures, AlN (GaN) and MoS2 behave as the electron donor and electron acceptor, 

respectively.  

  

 
 

Figure 7 (a) Schematic illustration for MoS2/AlN(GaN) vdW heterostructures as the 
photocatalysis for water splitting, where VBM refers to valence band maximum and CBM refers 

to conduction band minimum. (b) Band edge positions calculated by hybrid-DFT. The dashed 
lines are standard water redox potentials. The reference potential is the vacuum level [8]. 

(a) (b) 
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Figure 7(a) shows the mechanism of the solar energy driven water splitting process using 

MoS2/AlN(GaN) vdW heterostructure . Figure 7(b) shows calculated band edge positions for 

MoS2, AlN, GaN, and MoS2/AlN(GaN) heterostructures. As shown in figure 7(b), monolayer 

MoS2 has an optimum band position for water splitting, whereas, for AlN and GaN monolayers, 

the VBM is negative as compared to the water oxidation potential, and the CBM is much more 

negative relative to the hydrogen reduction potential, and thus AlN and GaN  are not suitable 

for water splitting. For MoS2/AlN(GaN) heterostructures, the VBM locates more positive as 

compared to the water oxidation potential, and the CBM is more negative with respect to the 

hydrogen reduction potential, hence satisfying required conditions for the water splitting. Such 

realignment of both VBM and CBM in such dissimilar heterostructures has been attributed to 

the weak vdW forces. 

 
 
 
 
 
 
 
 

Figure 8 Transfer process for MoS2/GaN diode (1) p-MoS2 was grown on sapphire. (2) Ohmic 
contacts were evaporated on MoS2 and (3) devices were isolated by reactive ion etching. (4) 

PDMS was spun onto the processed samples and (5) PDMS-coated mesas were removed from 
the sapphire substrate by bubbling with a NH4OHþH2O2þH2O solution and (6) transferred to 

GaN. PDMS was removed, revealing the processed diodes [36]. 
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Recently, Lee II et al. implemented layered transferred MoS2/GaN based p-n diode. The 

adopted transfer process steps for implementing p-n diode is schematically described in Figure 

8 [36]. Ruzmetov et al. demonstrated MoS2/GaN heterojunction by depositing CVD based MoS2 

flakes on top of GaN/c-sapphire substrate [37]. However, in this work, we have implemented 

III-Nitride/TMDs heterojunction by molecular beam epitaxy of III-nitride onto CVD based 

MoS2/sapphire.  
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 Experimental Methods  Chapter 2:

 Plasma-Assisted Molecular Beam Epitaxy  2.1

 
Molecular beam epitaxy (MBE) was developed in the late 1960s by A.Y, Cho, and his coworkers. 

It has the capability to grow epitaxial layers with atomic layer precision on a crystalline 

substrate. In this dissertation, the groups III-nitride layers were deposited by plasma-assisted 

molecular beam epitaxy (PAMBE) VEECO GEN 930 system. PAMBE system mainly constitutes 

three chambers namely load-lock, buffer and growth chambers. The load-lock chamber is for 

sample loading/unloading and pre-degassing at 200 oC of the samples before transferring to the 

buffer chamber. Load-lock chamber pumping is assisted by the typical turbo molecular pump 

with dry scroll pump which can achieve background of ~10-8 Torr. Before transferring the 

substrate to the growth chamber, the substrate is further outgassed at higher temperature 

range 500 – 600 oC in the buffer chamber. The pumping of buffer chamber is performed by the 

Ion pump and can achieve background of ~10-9 Torr. Finally, the substrate is transferred to the 

growth chamber which is pumped using two different pumps, i.e., ion pump and Cryo-Torr-8 

cryopump (with CT8000 compressor).  Figure 9 shows schematic showing a cutaway view of a 

typical Cryo-Torr pump. During operation, high-pressure helium from the compressor enters 

the cold head at the helium supply connector and flows through the displacer-regenerator 

assembly, crankcase, and motor housing before exiting through the helium gas return 

connector and returning to the compressor [2]. Helium expansion in the displacer-regenerator 

assembly provides cooling at the first and second stage cold stations. The cold head consists of 

a two-stage cold head cylinder (part of the vacuum vessel) and drives unit displacer assembly; 
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they produce closed-cycle refrigeration at temperatures that range from 60 to 120 K for the 

first-stage cold station to 10 to 20 K for the second-stage cold station, depending on operating 

conditions. Within the drive unit displacer assembly, the drive unit actuates the displacer-

regenerator assembly located in the cold head cylinder and thereby controls the flow of helium 

into the cold head. Within the drive unit are located the crankcase and drive motor, which is a 

direct-drive constant-speed motor, operating at 72 rpm on 60 Hz power and 60 rpm on 50 Hz 

power.  

In vacuum vessel and arrays, the 80 K condensing array condenses to water and hydrocarbon 

vapors, whereas the 15 K array condenses nitrogen, oxygen, and argon while the specially 

processed charcoal of this array traps helium, hydrogen, and neon. 

 

 

 

 

 

 

 

 

 

Figure 9 Schematic showing a cutaway view of a typical Cryo-Torr pump [2]. 



31 
 

In addition to active pumping, the double walled cryo-panel of growth chamber is cooled by 

feeding it with liquid nitrogen which is being supplied by liquid nitrogen cylinders through a 

phase separator.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Active nitrogen was obtained using a Veeco Uni-Bub radio frequency plasma nitrogen source. 

High purity nitrogen gas (99.9999%) was passed into inert gas purifier before being supplied to 

the growth chamber. The group III metals (Ga, In, and Al) and dopants (Si, and Mg) are supplied 

by standard Knudsen cells.  SUMO crucibles were used to charge the solid metals in the 

Knudsen cells. The flux (beam equivalent pressure) of metals can be controlled by varying the 

Knudsen cell temperature. Beam fluxes can be interrupted by mechanical shutters. Also, by 

utilizing the smart shuttering sequence for different metals source, abrupt composition 

variation within a monolayer can be achieved in MBE. Figure 10 shows plasma assisted 

Figure 10 Plasma assisted molecular beam epitaxy (PAMBE) at Photonics 
laboratory, KAUST. 
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molecular beam epitaxy (PAMBE) at Photonics Laboratory, KAUST having the capability of in-

situ growth monitoring by Reflection high-energy electron diffraction (RHEED) technique. 

RHEED is a technique for in-situ characterization of the epi-surface by the diffraction of high-

energy electrons. High energy electrons at a grazing angle of incidence get diffracted from the 

first few atomic layers of the epi-surface and hence utilized to probe the in-situ information 

during the epitaxial growth.  

2.1.1 Radio Frequency Nitrogen Plasma in Plasma assisted molecular beam 

epitaxy 

 

Plasma is also known as the fourth state of matter which occurs in the form of an ionized gas 

containing freely and randomly moving electrons and ions. Plasma is considered to be 

electrically neutral as positively charged particle density closely matches with the negatively 

charged particle density. Plasma can be generated by applying RF frequency to the gases like 

O2, N2, Argon, etc. At low frequencies regime, a plasma behaviour is more like a conductor 

whereas at sufficiently high frequencies its behaviour is like a dielectric medium [38]. In PAMBE 

VEECO GEN930 system, weakly ionized nitrogen plasmas are  generated at low pressure 

using  Veeco's Uni-Bulb RF Plasma Source. Charge particles of such weakly ionised plasma have 

freedom to move in response to the application of any external fields. Weakly ionized plasma 

also constitutes neutral species such as atoms, molecules, and free radicals. 

The UNI-Bulb consituting a one-piece PBN gas inlet tube and plasma bulb combined with an 

innovative dual coaxial RF coil for power coupling [39]. Such RF coil design also contributes to 

plasma reproducibility and stability. Heat removal of plasma source is assisted via Integral 
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water-cooling lines. The exit hole design minimizes ion content in the beam. Angled-holes in the 

endplate ensures improved flux uniformity across the substrate. 

In this work, Nitrogen plasma has been used for the III-nitride epitaxy, and its impact on layered 

TMDs in particular on MoS2 layer has been investigated. Figure 11 shows the schematic 

representation of nitrogen plasma active species transfer to the episurface. 

 

 

 

 

 

 

 

 

 

 

Active species of nitrogen plasma includes nitrogen atom (N), excited metastable nitrogen 

molecule 𝐴3∑𝑈
+, and ionic species. Generally, nitrogen atom content remains insufficient for 

epitaxial growth of III-nitrides and 𝐴3∑𝑈
+ remains a dominant species for the epitaxial growth of 

III-nitride [40, 41]. Also dominant role of  𝐴3∑𝑈
+ has been identified in nitrogen doping of II-VI 

compound semiconductors [42, 43].  

 

Viewport N
2
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Active Species 
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Figure 11 Schematics represetation of Active species tranfer to the episurface. 
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 Photoluminescence   2.2

Photoluminescence (PL) is a non-destructive, contactless method to study the optical 

transitions in the semiconductors materials. It is a direct evaluation of optical properties of the 

optical materials. Fundamental optical band edge transition, doping and defect related 

transitions can be studied by PL. Incident light onto the sample is absorbed by it, and excess 

energy is transferred to the sample by photoexcitation. The Photo-excitation provides energy to 

the electrons to get excited from equilibrium state and move to the allowed excited states. 

Further, excess energy gets dissipated through the radiative or non-radiative process. In the 

radiative process, i.e., luminescence the energy of the emitted light is equivalent to the 

difference in energy of the excited state and the equilibrium state. Figure 12 shows schematic 

of a typical PL set-up which includes basic components such as laser source for PL excitation, 

filters and collecting optics, sample holder, and an optical detector [4].  

 

 

 

 

 

 

 

 

 

 

Figure 12 Schematic of PL set-up [4]. 
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The PL measurements were performed at room temperature as well as close to liquid Helium 

temperatures.  In this work, different laser sources emitting at 325 nm, 405 nm, and 473 nm are 

used as the excitation source, the laser beam passes through filters which select the main laser 

emission line and cut off undesirable lines, and is then focused to a small spot on the sample. 

The luminescence from the sample is collected by condenser optics and converted to a 

collimated beam. The beams that pass through the spectrometer are detected by a 

photomultiplier and are converted to an electrical signal. The AC signal is then fed to a lock-in 

amplifier, and the amplified signal is fed into a computer to be collected and analyzed. 

 Atomic Force Microscopy 2.3

Atomic Force Microscopy (AFM) is a mechanical technique which was used to study surface 

topography with atomic scale resolution. A cantilever with a mounted sharp tip is positioned 

close to the surface of the sample. The deflection of the cantilever is consistent with the 

interactive force between cantilever tip and the sample surface. Figure 13 shows the schematic 

of the AFM operation.  

Typically a deflection sensor is used to measure the cantilever displacement and to achieve high 

signal-to-noise ratio an optical reflection scheme is used. Based on displacement in the 

cantilever due to interactive force between tip and sample surface, the reflection of the laser 

beam will also get displaced on the surface of the position-sensitive photodiode. The electronic 

systems of the AFM consist of feedback and control circuit that can adjust and record the 

motion of the tip. In this work, tapping mode was used to produce the AFM imaging. 
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AAC mode in Agilent 5400 SPM (Agilent Technologies) is used to get the topography imaging on 

the surface. In this mode, the tip ‘taps’ the surface by oscillating the cantilever at its resonance 

frequency. Silicon AFM probes with the spring constant of 2.8 N/m are employed for the 

measurement with 0.5 Hz scanning speed.  

 High-Resolution X-Ray Photoelectron Spectroscopy 2.4

X-ray photoelectron spectroscopy (XPS) technique is also known as electron spectroscopy for 

chemical analysis (ESCA) and is used for the surface analysis of materials. It was developed by K. 

Siegbahn and his research group at the University of Uppsala, Sweden in the 1960s [44]. The 

basic working principle of X-ray photoelectron spectroscopy (XPS) is photoelectric effect 

introduced by Einstein in 1905. 

The photoelectric effect or photoemission principle states that if an atom absorbs a photon, an 

electron from the core-shell of the atom will be ejected out from the atom, provided that the 

Figure 13 Schematic of the AFM operation. 
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Figure 14 shows the schematic diagram of the photoemission process. The vacuum level 
(EV ) is the energy of an electron at rest (zero kinetic energy) in a vacuum far away from 
neighbouring particles such that it has no interaction with them. The work function (Ф) 

of a solid is defined as the minimum energy to remove an electron from the highest 
occupied energy level in the solid to the vacuum level. 

photon energy is greater than the sum of that electron binding energy (BE) and the work 

function (Ф) between Fermi level (EF ) and Vacuum level (EV ). The typical photoemission in the 

XPS process is shown schematically in Figure 14.  

 

 

 

 

 

 

 

 

 

 

The resultant kinetic energy, KE, of the photoelectrons and Auger electron with reference to 

the Fermi level, will be given by the following equation. 

𝐾𝐾 = ℎ𝜈 − 𝐵𝐾 − Ф 

Although it is the kinetic energy of the outgoing photoelectrons is measured experimentally, 

spectra are usually displayed on a binding energy scale to allow easy elemental identification. If 

ℎ𝜈 and Ф are known, the measured KE would allow us to obtain the BE of characteristic core 

levels in the sample. Since each element has unique set of core levels, kinetic energies, this can 

be used to identify elements from the XPS spectrum. Chemical shifts in peak position due to 

charge transfer in different elements provide valuable information on the valence state of 
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elements, the spectra around the Fermi level, also gives useful information of the occupied 

states in the valence band.  

Figure 14 shows a schematic example of an HRXPS instrument [1]. The electrons, which are 

generated by thermionic emission process from a proximal tungsten filament, accelerate onto 

the high voltage (≈15kV) anode that is coated either with Al and Mg and generates the X-ray 

photons. By using with mono-energetic Al kα x-rays, the surface of a sample is excited and 

which causes the emission of photoelectrons from the sample surface. Electron energy analyzer 

measures the energy of the emitted photoelectrons. From the intensity of a photoelectron 

peak, and binding energy, the elemental identity, chemical state, and concentration of a 

detected element can be investigated. 

 

 

 

 

 

 

 

 

 

 

The average depth of analysis for an XPS measurement is approximately 5 nm. It enables to 

obtain spectra with a lateral spatial resolution as small as 7.5 µm. Concentric hemispherical 

Figure 15 Schematic of HRXPS instrument [1]. 
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analyzer (CHA) which acts as a band-pass filter is employed (Figure 15) for the collection of the 

photoelectrons generated, with high resolution. The use of monochromatic in high resolution 

(HR)-XPS has many advantages over standard XPS technique. Mainly, lower spectral 

background, improved chemical selectivity based on reduced energy width, and reduction in 

the x-ray induced damage to the sample are important advantages attained in HRXPS system.  

In this work, the HRXPS studies were carried out with a Kratos Axis Ultra DLD spectrometer 

equipped with a monochromatic Al Kα X-ray source (hν = 1486.6 eV) operating at 150W, a 

multichannel plate, and a delay line detector under a vacuum of ~7.5 × 10-10Torr. The samples 

were mounted in a floating mode to avoid differential charging. Binding energies were 

referenced to the C 1s binding energy of adventitious carbon contamination which was taken to 

be 284.8 eV. 

 

 Transmission Electron Microscope  2.5

Early in the 20th century, the discovery of the dual nature, i.e., wave like and particle like of 

electron consistent with the Einstein’s photon description of electromagnetic radiation. The 

wavelength of an electron can be evaluated by using the following Louis de Broglie equation: 

𝜆 =
ℎ
𝑝

=
ℎ
𝑚𝑚

 

where ℎ = 6.626 × 10−34 Js is the Planck constant; 𝑝, 𝑚, and 𝑚 are momentum, mass, and speed 

of the electron respectively. From heated filament electrons are emitted under vacuum, and 

they are accelerated to 𝑚 = 4.2 × 106𝑚/𝑠  with 𝜆 = 0.17𝑛𝑚 by applying potential difference 
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of 50V. Such slow electrons with 𝜆 = 0.17𝑛𝑚 are strongly diffracted from the array of the 

atoms on the surface of the crystal. However by applying, higher accelerating potential (~50 

kV), speed of the electron can be further enhanced and thus reducing the electron wavelength.  

Electron with 𝜆 = 0.005𝑛𝑚 can achieve penetrate depth in the crystals to several µm and the 

electrons gets diffracted by the planes of atoms mimicking the x-ray diffraction phenomenon. 

Thus transmission electron diffraction pattern of a thin crystal can be achieved and it was 

demonstrated for the first time by Thomson in 1927. Also transmitted electrons could be 

focused; their very short wavelength would allow the specimen to be imaged with a spatial 

resolution far superior to that of the light-optical microscope. In addition to the wavelike 

behavior of the electrons, its negative charge assists in the focusing of electron beam by 

utilizing the electric and magnetic field.  

Figure 16 shows the schematic of transmission electron microscopy with two stages of image 

acquisition [3]. In stage A, the incident electron beam scattered by a sample specimen. The 

scattered beam is focused by passing it through the objective lens and forms a primary image. 

Subsequently, this primary image magnifies in stage B by using additional lenses to form a 

highly magnified final image. In the process of the primary image formation, the diffraction 

pattern is produced at the back focal plane of the objective lens. The primary image formation 

relies on the two stages of Fourier transformation which includes generation of diffraction 

pattern via Fourier transform of the scattered electron wave and finally primary image 

formation via Fourier transformation of the diffraction pattern. This two-step process forms the 

basis of image formation during high-resolution transmission electron microscopy (HRTEM). 
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The high-resolution image is, in effect, an interference pattern of the beams formed at the back 

focal plane of the objective lens 

. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16 Schematic of tranmission electron microscopy with different stages of image 

acquisition [3]. 
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Figure 17 Imaging principle of atomic-resolution phase contrast and z-contrast 

transmission electron microscopy (TEM) [5]. 

 

 

 

Figure 17 shows Imaging principle of atomic-resolution phase-contrast and Z-contrast imaging 

[5]. In phase contrast imaging, a parallel beam illuminates the specimen, and the atomic image 

is formed by interference between direct and diffracted waves; this is exemplified by one 

diffracted wave in Figure 16. Given the successful −π/2 phase shift (ideally) to diffracted waves 

for a wide scattering range at the objective lens (known as the Scherzer condition24), the 

resultant image contrast reveals the electrostatic potential of the specimen. Therefore, the 

projected atomic positions are expected to be imaged as a dark region; though, it is noted in 

particular that the contrast appearances vary significantly depending on the defocus values, 

which control the phase difference between the direct and diffracted waves.  

http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs35303b#imgfig4
http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs35303b#cit24
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On the other hand, STEM combined with an annular-detector provides atomic-resolution 

images by effectively illuminating each atomic column one-by-one as a finely focused electron 

probe (<∼2 Å) scans across the specimen, generating an intensity map at the annular 

detector (Figure 17, right). The atomic images may, to a good approximation, be interpreted 

assuming independent scattering from individual atomic columns, and hence the observed 

intensity distribution (I(R)) can be simply described by a convolution between a probe-intensity 

function (P(R)) and a scattering object function (O(R)):  

𝐼(𝑅) = 𝑂(𝑅) ⊗𝑃(𝑅) 

This feature is referred to as incoherent imaging, in the sense that it always reveals atomic 

positions as bright dots without any contrast reversal. This is in sharp contrast to the phase-

contrast TEM imaging based on wave interferences (i.e., coherent imaging), by which, again, 

the atomic positions appear to be either dark or bright depending on the conditions. With a 

simple imaging basis, STEM provides the intuitive atomic images that can be directly related to 

the atomic structure. 

 High-Resolution X-Ray Diffraction  2.6

X-ray diffraction (XRD) is a non-destructive technique for investigating the crystalline structure, 

strain, thickness, composition, and defect densities of semiconductor materials. X-rays are 

electromagnetic radiation of short wavelength (~1 Å) having similar nature as of visible light. 

The x-ray wavelength (~1 Å) is consistent with the spacing of atoms in crystals. The Periodic 

arrangement of atoms in the lattice supports the coherent scattering of the x-rays.  In the XRD 

http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs35303b#imgfig4
http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs35303b#imgfig4
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technique, incident x-ray radiation of wavelength (λ) falls on the crystal at an angle θ and gets 

diffracted by the parallel lattice planes, as shown in Figure 18 [9].  

 

 

 

 

 

 

 

 

 

Scattering of x-ray takes place by the lattice points of each atom in the crystal. Constructive 

interference for the scattered x-rays occurs when the Bragg’s law is satisfied as described by 

the following equation;  

nλ = 2d sinθ 

where n is an integer representing the order of diffraction, λ is the x-ray wavelength, nλ is the 

path difference AB, θ is the incident angle of the monochromatic x-ray beam, and d is the 

spacing between the ‘planes’ of atoms from which diffraction is occurring.  

In this research, a Bruker XRD system is used to study III-nitride semiconductors. Figure 19 

shows the typical schematic diagram of an XRD system. An x-ray source, beam conditioner, and 

detector are the main components of an X-ray system. X-rays are produced in an X-ray tube by 

accelerating a high-energy electron beam towards a metal anode, resulting in characteristic x-

Figure 18 Schematic of x-ray diffraction; illustration of the conditions required for 
Bragg diffraction to occur [9].  
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ray transitions in the anode. The beam conditioners are used to collimate and monochromatic 

the x-rays. The specimen is mounted on a sample holder which can rotate along three axes: Phi 

(Φ), Psi (Ψ) and Omega (Ω). A detector is used to collect the diffracting x-rays, where the 

detector can move through the Bragg angle while scanning. 

 

 

 

 

 

 

  

 

In subsequent chapters, work on III-Nitrides, and their heterostructures based on kinetically 

controlled growth processes using molecular beam epitaxy are presented. For the growth of 

bulk III-Nitrides or/and InGaN/GaN MQWs, techniques such as Ga irradiation and plasma 

exposure have been used for removing native oxide from the template substrate and for 

establishing an in-situ surface stoichiometry monitoring (i-SSM) technique for the growth of 

MQWs, respectively. By using in-situ surface stoichiometry monitoring (i-SSM), we 

demonstrated PAMBE based growth of stepped- and graded-MQWs. The effectiveness of our 

growth technique has been demonstrated by the optical and microstrain analysis of stepped 

and graded-MQWs. Our experimental observation was well corroborated by theoretical 

Figure 19 Schematic of high-resolution x-ray diffraction setup [9]. 
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investigations using nextnano simulations. Further, optimized growth conditions for III-nitride 

epitaxial growth and established techniques such as nitrogen plasma and Ga irradiation were 

adopted on the TMDs platform for the possible application of TMDs as a buffer layer and 

subsequently implemented III-nitrides/TMDs heterojunctions.  

 

 

 

 

 

  



47 
 

 Implementation And Characterization Of III-Nitrides And Their Chapter 3:

Heterostructures 

 Epitaxial Growth And Characterization Of Bulk (Ga, In)N 3.1

Epitaxial growth of III-nitrides occurs mainly in three different growth regimes, mainly classified 

as (i) Nitrogen rich (or N stable), (ii) metal-rich (or Ga stable) and (iii) intermediate regimes. 

Different growth regime results in different surface morphology for example atomically smooth 

surface morphology is obtained in the metal-rich region, but this is accompanied by the 

formation of metal droplets on the surface. Nitrogen-rich regime results in rough and grain-like 

surface morphology. In the case of Intermediate growth regime, the atomically smooth surface 

is obtained without any metal droplets on the surface. Thus for growing III-nitrides, growth 

diagram considered to be useful tools to get appropriate growth conditions for growth of 

sample in desirable growth regime. Growth diagrams for binary (GaN, InN, AlN) [45-48] and 

ternary (AlInN, InGaN) [49, 50]. However, samples grown in metal-rich and nitrogen rich regime 

have disadvantages over samples grown in an intermediate regime which is explained in the 

following the discussion. 

Sample grew in metal-rich condition having the atomically smooth surface morphology. 

However, the presence of Ga droplets on the sample surface leads to change in the local 

surface morphology and the bulk properties of GaN by creating nitrogen vacancies locally below 

the Ga droplets [51]. Similar compositional fluctuation and variation in bulk properties also 

observed in InGaN samples grown in metal-rich condition due to Indium droplets on the surface 

observed [52]. In the case of nitrogen rich regime, rough surface morphology is obtained along 

with structural defects for e.g. Gallium vacancies in GaN and In vacancies in InGaN. Different 
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remedies were adopted to overcome the disadvantages of the sample grown in metal-rich and 

nitrogen rich region discussed as follows.  

The growth interruption and in-situ annealing at high temperature used as a remedy to 

demonstrate droplets free GaN surface grown in the metal-rich regime. However, for growing 

InGaN/GaN quantum wells for LEDs, LDs in metal-rich regime the method of interruption and 

in-situ annealing will lead to out diffusion of Indium from the well region and interruption also 

causes structural defects in GaN. However, atomically smooth surface morphology and 

improved structural quality by using Indium as a surfactant during GaN growth in nitrogen rich 

regime demonstrated [53, 54]. Indium helps in enhancing the surface diffusion of gallium and 

nitrogen which improves the surface morphology of In assisted grown GaN, but the 

incorporation of Indium by itself into the crystal depends on the growth conditions. We 

established the comprehensive growth diagrams for Indium assisted GaN and InGaN in different 

growth regime for different In/(Ga+In) as shown in Figure 19. Surface morphology and Indium 

behavior during growth were studied using in-situ RHEED, atomic force microscopy (AFM), and 

photoluminescence (PL) for establishing such growth diagram. 

Comprehensive growth diagram is shown in Figure 20 for two sets of samples A and B with 

In/(In+Ga) as 0.37 and 0.5 respectively for Indium assisted GaN and InGaN films grown at 

different growth temperatures. The pink color line is subdividing the growth diagram into two 

regions, i.e. Indium assisted GaN growth and InGaN Growth.  
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Figure 20 Growth phase diagram with Gallium beam equivalent pressure (a) Set A samples with 
In/(In+Ga)=0.37 (b) Set B samples with In/(In+Ga)=0.5. 

 

In assisted GaN growth is the region where indium is behaving as a surfactant during growth 

kinetics. The behavior of indium as a surfactant can be obtained if any of the following 

conditions is satisfied. (i) Higher growth temperature (> ~ 590oC), which can be explained as 

higher growth temperature will cause a higher rate of thermal decomposition of InN and 

Indium without getting incorporated will behave as a surfactant during the growth of GaN, and 

(ii) Under (φGa>φN), no indium incorporation takes place even if the flux of indium is increased 

as Ga and In compete to get incorporated into the crystal, but higher surface segregation 

property of In makes Ga as priority candidate to get incorporated into the film.  In the metal-

rich growth condition, the reduction in the incorporation of In was verified by PL and XRD 

results. Indium concentration incorporation in metal-rich condition governs by the following 

expression [55]. 

𝑥 =
𝑓𝐺𝐺 − 𝑓𝑁

𝑓𝑁
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RMS 7.53nm RMS 0.76 nm RMS 1.12 nm 

where x is Indium concentration, fGa is incident Gallium flux; fN is incident active nitrogen flux. 

This is well known that higher growth temperature is favorable for good crystal quality of GaN 

growth, but in the presence of Indium comparable crystal quality of GaN is obtained. Different 

growth regimes Metal-rich, intermediate, Nitrogen rich are also classified in the growth 

diagram. Typical in-situ RHEED pattern and corresponding surface morphology measured using 

atomic force microscopy (AFM) for the GaN samples grown in different growth regimes are 

shown in Figure 20. 

 

GaN samples were grown with different Indium fluxes beam equivalent pressure (BEP); their 

growth conditions are tabulated in Table 3.  Use of higher flux of Indium is more favorable as it 

gives smoother surface morphology with RMS roughness of 0.75 nm. Also, surface morphology 

obtained using AFM shows reduction in the density of nano pits with enhanced Indium flux as 

shown in Figure 22(b). However, crystal quality for both the samples is similar as full wave half 

Figure 21 (a-c) In-situ RHEED observed during differnt growth regimes: metal rich, intermediate 
and nitrogen rich in plasma assisted molecular beam epitaxy (PAMBE) and, (d-e) corresponding 

surface morphology measured using atomic force microscopy (AFM). 
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Figure 22 Surface morphology measured using AFM of GaN grown with different Indium flux, 
beam equivalent pressure (BEP) (a) with In flux BEP 0.7x10-7 Torr. (b) with In flux BEP 1.2 x10-7 
Torr (c) Corresponding room temperature PL for GaN growth with (high In BEP) and without 

(low In BEP) In surfactant effect. 

maximum (FWHM) are 3.84nm and 4nm as obtained from PL spectra of GaN samples. 

 Table 3 Effect of surfactant Indium flux on GaN surface morphology 

Sample ~Ga Flux 

(in Torr) 

~In Flux 

in Torr) 

Growth 

temperature 

(oC) 

RMS 

roughness(nm) 

scale(5µmx5µm) 

Growth 

regime 

(a) 1.2x 10-7 0.7 x 10-7 610 1.77 Intermediate  

(b) 1.2x 10-7 1.2 x10-7 610 0.75 Intermediate 

 

 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

The optical properties of InGaN depend on various factors like indium molar fraction, growth 

rate, and growth temperatures as well as the thickness of the InGaN [56]. Room temperature PL 

(c) 

(a) (b) 
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Figure 23 Room temperature photoluminescence of bulk InGaN samples grown at different 
growth temperatures (530oC-630oC). 

spectra shown in Figure 23 for samples growth with Ga and Indium flux were ~1.1 x 10-7 Torr 

and 6.6 x 10-8 Torr respectively with In/(In +Ga) ~ 0.37. Changing growth temperatures in 

between 630 oC to 530 oC, peak wavelength gets shifted from 361.9 nm to 455.5 nm as shown 

in Figure 23. The redshift with decreasing growth temperature can be explained as; at higher 

growth temperature indium loss is significant, which is attributed to the thermal decomposition 

of InN bonds and evaporation from physisorbed surface states. In addition to this, Ga gets 

preference over Indium to get incorporated because of strong Indium surface segregation [52, 

57]. No indium incorporation for growth temperature greater than 590 OC. With decreasing 

growth temperature FWHM of PL peak increases which are attributed to enhanced 

inhomogeneity due to indium composition fluctuation.  
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Figure 24 Room temerature photoluminescence of bulk InGaN with different composition. 

Further, by changing Ga flux, the indium composition tuning was established, and InGaN 

samples with different In composition (5 to 25 %) were grown covering violet to green 

spectrum. Room temperature PL spectra of such samples are shown in Figure 24. This can be 

observed the reduction in PL intensity, as well as an increment in FWHM, can be observed with 

increasing indium composition, which occurs mainly due to inhomogeneity of indium.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Further, to investigate the reliability of established growth conditions, we designed and 

implemented InGaN/GaN-based heterostructures. Subsequent sections will provide details of 

theoretical designs of implemented InGaN/GaN multiple quantum wells. 

 Theoretical Study Of GaN/InGaN MQWs 3.2

Simulations were performed considering energy band alignment, comparison of carrier 

densities in MQW, spatial wavefunction overlap, electric field, and recombination rates using 
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the NEXTNANO software [58]. The active region of the simulated structure was assigned an 

unintentional background electron carrier concentration of 1x1016 cm-3 to prevent doping 

induced non-radiative recombination, and impurity scattering. The conduction-to-valance-band 

offsets ratio, ∆Ec/∆Ev, was taken as 70:30 for the material system [59]. Band parameters for 

ternary alloy InGaN were calculated based on Vegard’s law [60]. 

𝑋(𝐼𝑛𝑥𝐺𝑎1−𝑥𝑁) = 𝑥.𝑋(𝐼𝑛𝑁) + (1 − 𝑥).𝑋(𝐺𝑎𝑁) − 𝑏. 𝑥. (1 − 𝑥) 

where b is the bowing parameter and X(InN), and X(GaN) are the material parameters of 

binaries InN and GaN with values mentioned in Table 1. 

The electron and hole, effective masses, and the elastic, piezoelectric and deformation 

potentials for the ternary compound were extrapolated linearly [61]. The Arora model was used 

to obtain doping dependent mobilities for the intrinsic InGaN [62]:  

𝑢(𝑇,𝑁𝑖) = 𝑢𝑚𝑖𝑚
𝑚,𝑝 (

𝑇
𝑇𝑜

)𝛼𝑚
𝑛,𝑝

+
𝑢𝑑
𝑚,𝑝(𝑇𝑇𝑜

)𝛼𝑚
𝑛,𝑝

1 + ( 𝑁𝐷 + 𝑁𝐴
𝑁𝑜
𝑚,𝑝(𝑇𝑇𝑜

)𝛼𝑁
𝑛,𝑝)𝐴𝑎

𝑛,𝑝(𝑇𝑇𝑜
)𝛼𝑎
𝑛,𝑝  

where umin, ud,αm,αd,αN, αa, N0 are Arora model fitting parameters [63]. NA + ND represents 

total concentration of ionized impurities. 

When the carriers are injection into the active region, carriers may recombine either radiatively 

or non-radiatively. Following models were used in the simulation for calculating the 

recombination rates: 

( )Tot Inj SRH Auger DirectR R R R R= − + +                                      
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where  

                                 

                                                       ( ) ( )
2.

τ τ. .
i

SRH
p i n i

p n n
R

n n p n
−

=
+ + +                                                 

                                                       
2 2 2 2.( ). .( ).Auger p i n iR C n n p C p n n= − + −                                      

                                                       
2.( . )Direct iR C n p n= −                                                              

where τn, τp, Cn and Cp are Shockley-Read-Hall, Auger and direct radiative recombination rates 

coefficients, respectively.  

For the current problem, the poison and Schrodinger equations are calculated self-consistently. 

Quantum region is defined in the active region to model quantum confinement, quantum 

current flow, and tunneling. 

Despite the InGaN-based LEDs being the key driver for solid-state lighting technology, the 

device performance at high injection current density is limited by efficiency droop. Some 

possible mechanisms had been suggested to account for the droop, summarized as follows: 

Auger recombination [13], carrier delocalization [14], current injection efficiency quenching 

[15]. The severe band bending in c-plane InGaN/GaN multiple quantum well (MQW) arising 

from the built-in spontaneous and piezoelectric polarization fields [16-18] was also accounted 

for the major cause of the issue. As the severe band bending leads to the reduced oscillator 

strength, which is inversely proportional to the spatial electron-hole separation, non-uniform 

distribution of carriers in MQW, and electron leakage, especially at the QW closest to p-GaN 

[19-21].  
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In typical LED structures, the electron blocking layer (EBL) has been incorporated between the 

active region and p-GaN to increase overall carrier concentration by reflecting electrons back 

into the active region. The downside of the EBL scheme is the reduction of the hole injection 

efficiency, due to severe band bending and valance band offset at AlGaN/GaN interface which 

can promote electron leakage [64-66]. Solutions suggested to partly mitigate the side-effects of 

EBL are: graded-EBL [67], lattice-matched InAlN-EBL [68, 69], superlattice-EBL [70, 71] and, 

graded-superlattice-EBL [20, 72]. EBL-less designs based on insertion of undoped-GaN-layer in 

between active-region and p-GaN layer [73], GaN-AlGaN-GaN as last barrier [74], AlGaN-step-

like-barriers [75], thin-AlGaN-barriers [76], specially-designed p-InGaN barrier [77], and two-

step Mg-doped p-GaN [78] were also proposed to improve carrier confinement. Although the 

carrier concentration improves in these theoretical and experimental studies, the issues of non-

uniform carrier distribution remain, which may again lead to efficiency droop of MQW. Thus, 

active region design that promotes uniform carriers distribution for reducing electron leakage, 

and improving hole injection becomes important. One of the possible ways to increase the 

output power and alleviate efficiency droop is to improve the wavefunction overlap in the 

InGaN QWs by using QWs with non-conventional shapes [79-85] or non-polar [86] QWs as the 

active material in LED structures.  

Thus, we designed the EBL-less, graded-MQW active region to achieve uniform carrier 

distribution with high radiative recombination in the active region, as compared to the 

conventional stepped-MQW-LED. In agreement with the obtained simulation results, extended 

quantum efficiency rollover threshold was obtained for graded-MQW-LED as compared to the 

conventional stepped-MQW-LED. To investigate the effect of grading profile on carrier 
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distribution and recombination rate considering growth implementation, we have studied 

various graded schemes, i.e. the linear, parabolic and Fermi-function profiles in the simulation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 25 shows the designed layer structures for the stepped- and graded-MQW on sapphire-

based GaN template substrate. Figure 26(a) shows calculated energy band diagram with the 

electrons and holes quasi-Fermi-levels (Efn and Efp) for the stepped-MQW-LED at a forward bias 

of 3 V at room temperature. Abruptness at the polarization mismatch hetero-interfaces 

(GaN/InGaN stepped MQW) leads to large sheet charges at the interfaces, which result in 

triangular shaped QW as shown in Figure 26(a). For simplicity, five stacks of QW along the 

[0001] growth direction are indicated by QW1-5 with QW1 adjacent to the n-GaN and QW5 

adjacent to p-GaN. The Efp in the stepped-MQW-LED mimics a staircase pattern with effective 

potential barriers of 848 meV, 848 meV, 821 meV, 713 meV and 622 meV in QW1-5 

respectively. This leads to the non-uniform distribution of hole concentrations with maximum 

and minimum values in QW5 and QW1, correspondingly (see Figure 26(b)). Non-uniform 

electron concentration among the five QWs was also obtained due to overall downward 

Figure 25 Schematic diagram simulated structures with stepped-MQW, and the 
compositionally graded-MQW. 
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bending of conduction band along the growth direction. Thus, most electrons get accumulated 

in the QW5. Such non-uniform distribution of carrier concentrations among the QWs in the 

active region will be detrimental to device performance. 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A graded-MQW scheme was conceived and optimized in this work. Figure 26(c) shows the 

energy band diagram of a graded-MQW-LED in which the 3 nm thick stepped QW was replaced 

by 1.75 nm linearly down-graded indium composition layer, 0.5-nm-thick In0.2Ga0.8N, and 1.75 

nm linearly up-graded indium composition layer, which resulted in a reduced polarization 

mismatch. This leads to the absence of staircase Efp profile. 

Figure 26 The respective energy band diagram and carrier concentration at 3V 
bias voltage for stepped-MQW in (a) and (b) and for graded MQW-LED (c) and 

(d), respectively (Shaded regions represent the QW). 
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Moreover, since the active region and p-GaN sees the same potential barrier of 492 meV, the 

uniform distribution of carriers are greatly facilitated into the five quantum wells in the linearly 

graded-MQW-LED as shown in Figure 26(d). Also, improved spatial overlap for graded-MQW 

(for QW3 19.6%) as compared to stepped-MQW (for QW3 4.9%) was obtained. To shed light on 

the role of a thin compositionally graded layer in reducing the abruptness of polarization 

mismatch in achieving uniform carrier distribution in the active region, the electrical field 

profile was examined. As evident in Figure 27, we obtained lower electric fields in the active 

region of the graded-MQW-LED as compared to that of stepped-MQW-LED, resulting in a lower 

band bending and hence a more uniform carrier distributions within the active region of 

graded-MQW-LED. 

  

Figure 27 Calculated electric field of stepped-MQW-LED and graded-MQW-LED under 
the bias of 3V. 
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In general, compositional grading in InGaN graded layers is experimentally implemented by 

employing a change in growth temperature [80, 82-85]. However, the resulting grading in the 

composition may not be perfectly linear [87-89]. Also, the role of non-linear grading profiles on 

Figure 28 Radiative recombination rate of compositionally graded-MQW-LEDs with 
different indium grading schemes (linear, Fermi-function, Parabolic) and stepped-MQW-

LED (schematics of bandgap profile for different schemes were also shown). Electrons 
(b) and, hole (c) concentrations in graded-MQW-LEDs with different compositional 

grading profile (linear, Fermi-function, and parabolic). (d) The calculated electric field of 
graded-MQW-LED with the linear (red curve), Fermi-function (green curve), and 

parabolic (blue curve) grading profiles under the bias of 3V. 
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carrier distribution in MQW based LEDs remains unaddressed [90, 91]. Thus we further 

investigated the effect of different grading profile, such as linear, parabolic and Fermi-function 

numerically, on the carrier distribution and radiative recombination for the graded-MQW-LED 

design compared to the stepped-MQW-LED. 

As shown in Figure 28(a), all three grading schemes resulted in comparable radiative 

recombination across all five QWs while stepped-MQW-LED showed disparate radiative 

recombination with three orders of magnitude difference between QW1 and QW5. Moreover, 

graded-MQW-LED with parabolic compositional profile attaining the highest radiative 

recombination rate of 3.3x1029 cm-3s-1 which is attributed to its higher electron and hole 

concentrations obtained in QW1-5 as compared to linear and Fermi-function profiles (see 

Figure 28(b) and (c)). To verify the highest radiative rate with a parabolic profile, we further 

examined electric field in the active regions with different grading profiles. As shown in Figure 

28(d), the lowest electrical field was obtained using parabolic profile based graded-MQW, and 

as a consequence, lower band bending and higher electron-hole wavefunction overlap were 

obtained. Thus, the parabolic shape has a high radiative rate as a result of high carrier 

concentration and high electron-hole wavefunction overlap [92]. 

 Epitaxial Growth And Characterization Of GaN/InGaN MQWs 3.3

The InGaN/GaN MQW structures with stepped- and graded-MQW were grown on sapphire 

substrates using VEECO GEN930 plasma assisted molecular beam epitaxy (PAMBE).  Active 

nitrogen was obtained using a Veeco Uni-Bulb radio frequency plasma nitrogen source. For Ga, 

two different Knudsen cells (Ga1 and Ga2) and for Indium one standard Knudsen cell was 
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(b) (a) 

utilized.  High purity Nitrogen gas (99.9999%) was passed into inert gas purifier before being 

supplied to the growth chamber. GaN template substrate with hydride vapor phase epitaxy 

(HVPE) grown GaN (~500nm) and physical vapor deposited (PVD) AlN nanocolumns on c-plane 

sapphire having 1°-offcut towards a-plane supplied by Kymatech was utilized for epitaxial 

growth.  

  

 

 

 

 

 

 

 

Epitaxial growths of stepped- and graded-MQW were implemented by PAMBE. Growth 

conditions were optimized for growth of active region by using in-situ RHEED and were 

confirmed using an optical microscope and atomic force microscopy (AFM). Gallium flux 

optimization to achieve desired growth regimes like metal stable, Ga limited, Stoichiometric 

using in-situ RHEED is shown in Figure 29(a). Only Ga flux was varied. However, other growth 

conditions such as growth temperature 585 oC, Nitrogen flow rate and RF power i.e. 0.4sccm 

and 200W respectively, were kept constant. In the optimization work for the growth of 

Figure 29 Gallium flux optimization using in-situ RHEED to achieve desired growth regimes 
like metal stable, Ga limited, Stoichiometric, (b) Plasma exposure experiment: highlighted 

region indicated plasma exposure region. 
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compositionally graded InGaN layers, two different scenarios, “Ga+N shutters open” (i.e. Ga and 

Nitrogen plasma sources shutters are open) and “Ga+In+N shutters open” (i.e. Gallium, Indium, 

and Nitrogen Plasma source shutters were open) were considered.  

 

 

 

 

 

 

 

For scenario “Ga+N shutter open,” different Ga fluxes between 6.3x 10-8 to 5.9x10-8 Torr, were 

used to investigate the variation of RHEED specular intensity with “Ga+N shutters open,” for Ga 

flux > 6 x10-8 Torr, after opening Ga+N shutters, the RHEED intensity decreases. Decrease in 

RHEED intensity after opening shutters occurred in metal stable condition due to metal adlayer 

formation on the surface which does not diffract the electron beam. Thus for Ga flux > 6 x10-8 

Torr, Ga stable condition (ϕGa < ϕN) is identified. Where ϕGa, ϕIn and, ϕN represents incident flux 

for Gallium, Indium, and active nitrogen, respectively.  With Ga flux = 6 x10-8 Torr, no significant 

change in the RHEED intensity is observed after opening Ga+N shutters, thus at Ga flux = 6 x10-8 

Figure 30 Growth schematic of stepped and graded-QW. 
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Torr, stoichiometric condition (ϕGa = ϕN) is identified. With Ga flux < 6 X 10 -8 Torr, Ga limited 

condition (ϕGa < ϕN) obtained as after opening Ga+N shutters RHEED intensity increases thus 

growth conditions with Ga flux < 6 X 10 -8 Torr, identified as Ga limited (ᵠGa < ᵠN) conditions. 

 This is well established that in Ga limited condition, rough surface morphology is obtained, 

whereas, in Ga stable condition, smooth surface morphology is obtained [45]. However, Ga 

stable conditions are prone to the formation of Ga droplets on the GaN surface [45, 46]. Now 

considering second scenario i.e. “Ga+In+N shutters open” shown in Figure 28(a), for which 

RHEED intensity shows a reduction in the intensity after opening the shutter as shown in Figure 

1 using green curve. With Ga flux 5.9 X10-8 Torr in the first scenario, Ga limited (ϕGa < ϕN) 

condition obtained in the first scenario, whereas this Ga limited (ϕGa < ϕN) condition in the 

second scenario, switched to metal-rich condition ((ϕGa + ϕIn) < ϕN) using additional Indium flux 

of 8.5 x 10-8Torr. Usually, the growth kinetics of InGaN growth favors Indium incorporation under 

Ga limited (ϕGa < ϕN) but metal-rich condition ((ϕGa + ϕIn) < ϕN) below growth temperature of 

590oC. The decomposition rate of InN limits the higher value of the growth temperature of the 

InGaN. For the growth of InGaN, both Gallium and Indium atoms compete to get incorporated 

into the crystal. However, Gallium atoms get the priority to be incorporated because of higher 

surface segregation property of Indium. Indium concentration incorporation in metal-rich 

condition governs by the following expression. So the Ga stable (ϕGa>ϕN) condition inhibits 

indium incorporation into the crystal regardless of the Indium flux used. Thus Ga limited (ϕGa < 

ϕN) but metal-rich condition ((ϕGa + ϕIn) < ϕN) condition is favorable for the growth of InGaN. 
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As narrow growth window for GaN growth in stoichiometric condition (ϕGa = ϕN) is obtained 

poses the challenge of GaN growth with atomically smooth surface morphology and without 

any Ga accumulation. Thus we performed additional plasma exposure experiment to avoid any 

Ga droplet accumulation after the GaN barrier grown under stoichiometric/slightly metal-rich 

conditions. In plasma exposure experiment, the time duration of the plasma exposure after the 

GaN barrier growth is optimized utilizing the in-situ RHEED as shown in Figure 29(b). In this 

specular spot, RHEED intensity is recovered by plasma exposure of the epi surface after the 

growth GaN barrier grown under slightly metal rich/stoichiometric growth condition. The time 

duration of plasma exposure depends on the recovery of the RHEED intensity as shown with the 

shaded region in Figure 29(c). Such plasma exposure of GaN barrier surface will ensure the Ga 

droplet free surface, which is desirable for the growth of stepped- and compositionally-graded- 

InGaN well layers. Utilizing experimental conditions obtained in optimization experiments and 

by implementing the growth schematic of stepped- and graded-QW as shown in Figure 29, we 

grew stepped and graded-MQW structures. GaN barriers were grown under slightly metal-rich 

condition. Before the growth of InGaN QW, plasma exposure was done for an optimized time 

duration to ensure epi surface to be without any excess Ga accumulation. After the growth of 

InGaN well layers, GaN capping layer was grown at the same growth temperature, followed by 

barrier growth at the higher temperature. This is important to point out that for achieving 

compositional grading in InGaN layers in graded QW were achieved by the changing the Ga flux 

by varying the Ga cell temperature linearly as shown in Figure 30. It is expected that a parabolic 

compositional grading is achieved with linear variation in gallium effusion cell temperature. The 

optimized conditions fulfilled growth kinetics (ϕGa + ϕIn) > ϕN, (ϕGa < ϕN) conditions for graded-
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(a) (b) 

MQW. Controllability of our kinetically optimized process has been verified by observing secular 

spot RHEED intensity for InGaN MQW growth as shown in Figure 31(a). Plasma exposure region 

is indicated with highlighted regions; this can be observed that after each cycle of plasma 

exposure the behavior of RHEED intensity variation remains consistent and controllable. 

 

 

 

 

 

 

 

 

 

The zoom image of one cycle of specular spot RHEED intensity variation during the QW growth 

is shown in Figure 31(b), in-situ images show RHEED diffraction patterns. Details of shuttering 

sequence are also indicated in Figure 31(b). First Ga1+In+N shutters were opened for InGaN 

well layer growth for 70 seconds, RHEED intensity reduced sharply after opening the shutters 

because of accumulation of excess metal for InGaN well. The dim streaky diffraction pattern of 

RHEED shown as an in-situ figure in Figure 31(b) also confirms the metal-rich condition for 

InGaN well growth. Then GaN capping layer with Ga2+N was grown at a similar growth 

temperature of well. Slight increase in RHEED intensity can be observed during GaN capping 

Figure 31 (a) Specular spot RHEED instenity variation during controllable MQW growth  by 
using plasma exposure technique, (b) Specular spot RHEED instenity variation during one 

cycle of QW growth with insitu images of RHEED differaction patterns obtained at 
different stages. 
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layer due to reduced total metal BEP. After GaN capping layer growth, all shutters were closed 

as indicated by the red color arrow in Figure 31(b). At this point growth temperature ramping 

up was initiated for barrier growth at the higher growth temperature, which again resulted in 

an increment in the RHEED intensity. Relatively brighter streaky diffraction pattern obtained 

after GaN barrier growth indicates slightly metal-rich growth condition. After completing GaN 

barrier growth, Ga2 cell shutter was closed and only nitrogen shutter i.e. N was open for 

plasma exposure, to ensure Ga free epi surface before the growth of subsequent QW. After 

completing the plasma exposure, the bright streaky diffraction pattern is obtained which also 

indicates smooth surface morphology after the growth of one cycle of QW. Such technique 

enables controllability and repeatability of the grown structures.  

3.3.1 Optical And Microstrain Analysis Of Stepped- And Graded-MQW 

For optical characterizations, grown samples were characterized using the micro-

photoluminescence (PL), micro-Raman spectroscopy. FIB milling using Helios-400S was adopted 

for cross-section sample preparation for acquiring Cross-sectional HAADF-STEM Images. 

Aberration-corrected HAADF-STEM images of stepped and graded MQWs were acquired using 

TITAN CsP probe corrected microscope from FEI Company. Further Geometrical phase analysis 

(GPA) software package from HREM Research installed as a plugin in Gatan Microscope Suit 

(GMS) was used for the study of strain in the stepped- and graded-MQW. Figure 32(a-b) 

contains power dependent PL emission from stepped- and graded- MQW, respectively. PL 

blueshift was reduced from 17 meV (for stepped-MQW) to 10 meV (for graded MQWs) 

indicating the mitigation of QCSE in the presence of reduced strain in graded-MQW [93, 94]. 
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Figure 33(a-b) contains PL spectra collected at increasing temperatures (from 10K to 300K) 

from stepped- and graded-MQW. Gaussian peak fitting curves for stepped- (P1, P2, and P3) and 

graded-MQW (P1 and P2) along with cumulative peak fit for measured PL spectra at 10K are 

also presented in the inset of Figure 33(a) and Figure 33(b).  As shown in the inset of Figure 

33(a), in the case of stepped-MQW, contribution for the cumulative peak fit (pink curve) from 

P1 (red curve) and P2 (blue curve) are competing, whereas P3 (green curve) contributions are 

relatively small and thus insignificant.  However, in the case of graded-MQW, the major 

contribution to cumulative peak fit is only from P2 (blue curve), whereas P1 (red curve) has an 

insignificant contribution towards the cumulative peak fit. Thus, single dominant PL peak 

obtained at 10K demonstrates reduced In clustering and, therefore, reduced localization 

centers in graded-MQW as compared to the stepped-MQW. In the stepped-MQW, the spacing 

Figure 32 Power dependent PL results of stepped (a), and graded-MQW (b). 



69 
 

between P1 and P2 is less than the optical phonon energy (~92 meV) in the InGaN alloy. Thus,  

P1 is expected to originate from the radiative recombination of localized exciton in MQW, and 

P2 originated by radiative recombination of excitons confined in the regular MQW [95]. 

However, P1 and P2 in graded-MQW are the radiative recombinations of excitons confined in 

the regular MQW as their spacing is 157 meV. Peak energy obtained at different temperatures 

for stepped and graded-MQW are shown in Figure 33(c). The competition between In cluster 

sites is pronounced in the stepped-MQW leading to the U-shaped energy versus temperature 

spectrum; whereas the graded-MQW demonstrated sigmoid-shaped spectrum. Such behavior 

has been reported for InGaN alloys due to localized excitons effect [96]. For the lower range of 

temperature from 10 K to 140 K both samples demonstrate redshift of 18 meV and 20 meV, for 

stepped- and graded-MQW respectively. Such redshift with increasing temperature under 

lower temperature ranges 10K to 140 K mainly attributed to the hopping of weakly localized 

carriers towards relatively stronger localized states and thermalization effect [97-99]. Above 

140K, for the stepped-MQW large blueshift of 21meV is obtained. Such blueshift is mainly due 

to the full-delocalization of carriers from the localized states [99].  
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However, small peak shift is observed as Varshni’s effect in this temperature range 

overcome thermal delocalization effect for the graded-MQW. These observations support the 

existence of higher strain in stepped-MQW which causes compounding of the localization and 

InN-rich region clustering during growth, whereas reduced strain is expected in the case of 

graded-MQW [100].  

 

 

 

 

 

 

 

 

 

 

 

Figure 33(d) shows normalized integrated PL intensity versus temperature range of 10– 300 

K. To further analyze this; the temperature-dependent PL integrated intensity was fitted using 

Figure 33 Temperature dependent PL results of (a) stepped-MQW (fitted curves as 
inset) and (b) graded-MQW (fitted curves as inset), (c) PL spectrum peak position with 
respect to temperature for stepped- and graded-MQW, (d) Temperature dependence 

of the integrated PL intensity for stepped- and graded-MQW. 
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the following Arrhenium equation [101, 102]: 

I(T) = 𝐼𝑜 �1 +  C1 exp �
−EA1
kBT

�  +  C2 exp �
−EA2
kBT

��
−1

 

where, I0 and kB are integrated PL intensity at 0 K and Boltzmann’s constant respectively. 

The parameters C1 and C2 are two constants related to the density of non-radiative 

recombination centers in the samples. EA1 and EA2 are the activation energies are corresponding 

to luminescence from thermal activation of defects (larger value) and delocalization of carriers 

(smaller value) respectively. 

The obtained values of EA1 for stepped-MQW (92 meV) is relatively higher than that of 

graded-MQW (74 meV). This further confirms localization potential formed by In clusters is 

deeper for the stepped-MQW. The values of EA2 for stepped-MQW (21 meV) is also relatively 

higher than that of graded-MQW (9 meV). This indicates relatively deeper localization minima 

in stepped-MQW as compared graded-MQW, which mainly dominates in the low-temperature 

range (up to 50 K). However, for higher temperature range (above 50 K) process related to EA1 

becomes dominant.  Reduced thermal quenching is obtained for graded-MQW as shown in the 

inset of Figure 33(d) because of its EA1 and EA2 both have relatively smaller values as compared 

to that of stepped-MQW. Thus implemented graded-MQW points toward to the reduced strain 

and thus mitigation of  QCSE effect in graded-MQW as compared to the stepped-MQW.  

To confirm the strain reduction and In compositional distribution in graded-MQW, we 

performed the Raman spectroscopy. Figure 34(a) shows room temperature Raman spectra of 

stepped- and graded-MQW obtained using two different excitation sources; 325 nm He-Cd 

(solid curves) and 473 nm (dashed curves) laser. Both excitation sources resulted in same value 
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for E2 (GaN) phonon mode (570 ± 0.5 cm-1), which is similar to the previously reported value 

[103]. However, obtained values for A1 (LO) phonon mode is excitation source dependent.  

With 473nm excitation source A1 (LO) phonon mode is obtained at 737.4 ± 0.5 cm-1 for both 

stepped and graded MQW samples. However, with 325nm excitation source A1 (LO) phonon 

mode positions are 730.5 ± 0.5 cm-1 and 732.8 ± 0.5 cm-1 for stepped- and graded-MQW 

respectively. 

 

 

 

 

 

Different results obtained with different excitation source are mainly dependent on the 

penetration depth of the corresponding excitation laser source. For 473 nm excitation source, 

higher penetration depth reveals phonon modes primarily from bulk GaN, whereas lower 

penetration depth (~100 nm) of 325 nm laser enables signal acquisition from the active region.  

Thus obtained A1 (LO) phonon mode positions are 730.5 ± 0.5 cm-1 and 732.8 ± 0.5 cm-1 for the 

stepped- and graded-MQW respectively, are the signatures of strain and composition in MQW. 

A1 (LO) peak shift toward higher wave number in case of graded-MQW indicates the presence 

Figure 34 (a) Raman spectroscopy results of stepped-MQW (black color curves) and graded-
MQW (red color curves) using different excitation laser sources. Raman spectra obtained 

using 325nm and 473nm lasers shown using solid and dashed curves respectively. (b) Raman 
spectra of stepped- and graded MQW zoomed at A1 (LO) phonon mode. 
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of lower In composition in the graded-MQW [104]. The FWHM of A1 (LO) peak is 16.64 and 

19.65 for stepped and graded-MQW. Relatively broader FWHM of A1 (LO) for graded-MQW 

sample points towards the larger distribution of strain at the interface of the well and barrier 

i.e. reduced abruptness in the strain distribution.  

3.3.2 Geometrical Phase Analysis Of GaN/InGaN MQWs 

To verify obtained the extended distribution of strain for graded-MQW using Raman 

spectroscopy, GPA was applied to HR-STEM images. The images were recorded onto an HAADF 

attached above the projection chamber of the microscope. It should be noted that the strain 

fields are the derivatives of the displacement fields along the x- and y-axes and can be defined 

as follows;  

                                             𝑒𝑥𝑥 = 𝜕𝑢𝑥(𝑟)
𝜕𝑥

= − 1
2𝜋|𝑔1|

𝜕𝑃𝑔1(𝑟)
𝜕𝑥

                                                      (3) 

                                            𝑒𝑦𝑦 = 𝜕𝑢𝑦(𝑟)
𝜕𝑦

= − 1
2𝜋|𝑔2|

𝜕𝑃𝑔2(𝑟)
𝜕𝑦

                                                      (4) 

 

where, exx, eyy, ux(r), uy(r), g1, g2, Pg1(r), and Pg1(r) are the in-plane biaxial strains, out-of-plane 

strain (along growth direction), displacement field along x, displacement field along y, 

reciprocal vector along x, reciprocal vector along y, and corresponding phase images 

respectively [105]. The GPA analysis based on the above formulation was applied to several 

HAADF-HRSTEM images for the determination of strain fields in samples. HAADF-HRSTEM 

image for stepped- and graded-MQW (Figure 35a and b, respectively) and their corresponding 

GPA results (Figure 35c and d, respectively. 
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Figure 35 (a) HAADF-HRSTEM image of (a) stepped-MQW, (b) graded-MQW. Strain 
maps obtained using geometrical phase analysis for (c) stepped-MQW, (d) graded-
MQW. Strain profile of (e) stepped-MQW and (f) graded-MQW. HAADF intensity 

line profiles for (g) stepped-QW and (h) graded-QW. 
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It can be noticed from the results in Figure 35(c) that significant strain build-up is observed for 

the top QW in stepped-MQW. In contrast, the well layers of graded-MQW are uniformly 

strained in the growth direction as in Figure 35(d). Also, the strain in the growth direction was 

also quantified by generating a line profile across the dotted areas shown in the strain maps. 

Figure 35(e) and (f) show strain profile across three QWs, and it was found to match with the 

prediction of reduced strain in the graded-MQW via other indirect probes such as Raman 

spectroscopy, power dependent PL and temperature dependent PL. In addition to this, HAADF 

intensity profiles were also acquired from HAADF-HRSTEM images. HAADF intensity profiles for 

stepped- and graded-QW are shown in Figure 35(g) and Figure 35(h) respectively. In the 

intensity profile of graded-QW relatively gradual change of intensity is observed as compared to 

that of stepped-QW.  Overall, about ~ 1% of strain reduction is directly measured for the graded 

MQW as compared to the stepped MQW was measure owing to the soft profiling of the 

graded-QW at the interface of GaN barrier and InGaN well. The reduction of strain in graded-

MQW is expected to lead to a reduction in quantum-confined stark effect (QCSE) / polarization 

field. Obtained strain reduction in implemented graded-MQW also supports efficient 

implementation of compositionally graded InGaN layers in graded QW design using our PAMBE 

technique [106]. Further, the established techniques such as nitrogen plasma and Ga irradiation 

and optimized kinetically controlled growth process in MBE were utilized to engineer the TMDs 

and for implementation of III-nitride/TMDs heterojunction. 
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 Impact Of MBE Processes On MoS2 Layers Chapter 4:

The recent investigations reveal that the dissimilar heterojunctions formed by TMDs and 

III-nitrides provide the route for novel devices in the area of optoelectronic, electronics, and 

water splitting applications. [8, 36, 107, 108] also, 2D materials such as graphene, boron nitride 

nanosheets and layered transition metal dichalcogenides (TMDs) were investigated as potential 

buffer layers for the epitaxial growth of III-V semiconductors on foreign substrates.[28, 29, 109, 

110] Use of TMDs, in particular, layered-MoS2 as a buffer layer attracts the potential interest of 

researchers to address the issues such as large lattice and thermal expansion mismatch for the 

growth of GaN [12, 111]. As layered-MoS2 exhibits only ≈0.8% of lattice mismatch with GaN, 

whereas the lattice mismatch between GaN/Sapphire is as high as 16% [12, 112]. Moreover, the 

Van Der Waal’s epitaxy (VDWE) of bulk GaN on layered-MoS2 serves in addressing thermal 

mismatch issues as well. Recently, GaN epitaxy on layered-MoS2 flakes was demonstrated using 

high temperature (~1000 oC) growth process of metal-organic chemical vapor deposition 

(MOCVD)[29]. 

In contrast to MOCVD process, MBE method has the advantage of low growth temperature 

and ultra-high vacuum with a low partial pressure of oxygen (~10-11 Torr). Yamada et al. 

demonstrated GaN epitaxy using molecular beam epitaxy on bulk MoS2. In their work, they 

investigated the effect of nitrogen plasma (N2
∗) and Ga-irradiation on the surface morphology of 

overgrown GaN. However, the effect of N2
∗- moreover, Ga-irradiation on the 2D layered-MoS2 in 

high to ultra-high vacuum (UHV) environment has not been explored. Such study is important 

as GaN/2D-MoS2 based heterojunctions have potential applications in optoelectronics, 
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electronics, and water splitting. Lee II et al. demonstrated 3D (n-GaN)/2D (p-MoS2) 

heterojunction diode via non-monolithic approach. In their work, film transfer technique was 

adopted with complicated fabrication steps [36]. Focusing on MoS2, the tunability of doping 

[113-117], optical [118-120], and structural [121] properties of the layered-MoS2 has been 

reported by employing the plasma (O2
∗  or N2

∗) irradiation. However, in most of these studies, 

~150 Torr of the background utilized during plasma irradiation, whereas in PAMBE, low 

background ~10 -6 Torr can be used for tuning the properties of layered-MoS2. Here, we present 

the demonstration of p-type monolayer (ML) MoS2, by N2
∗- and Ga-irradiation under ultra-high 

vacuum conditions using PAMBE, and subsequently demonstrated the intrinsic GaN/p-type 

MoS2 heterojunction by GaN overgrowth. 

We deposited layered-MoS2 on the c-sapphire substrates using CVD, details published 

elsewhere.[34] The N2
∗- and Ga-irradiation were performed using VEECO GEN930 plasma 

assisted molecular beam epitaxy (PAMBE) system at a substrate temperature of 450 oC. Active 

nitrogen species (N2
∗) were provided by using a Veeco Uni-Bub radio frequency plasma N2 

source supplied through inert gas purifier fed with high purity N2 gas (99.9999 %). N2 plasma 

conditions i.e. RF power 300 W, N2 flow rate 1 sccm were used. Ga was evaporated by standard 

dual filament Knudsen cell with beam equivalent pressure (BEP) value of 6 × 10-8 Torr. The 

realization of p-type MoS2 through N2
∗- and Ga-irradiation were confirmed by using Raman 

spectroscopy and HRXPS analysis. For analyzing the optical quality of ML-MoS2 samples post 

MBE processes, photoluminescence (PL) spectroscopy was used. Further GaN growth on ML-

MoS2/sapphire was implemented in PAMBE by using two step 450 oC/700 oC growth 

temperatures. Finally, sustainability of ML-MoS2, post GaN epitaxy revealed by aberration 
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corrected high angle annular dark field (HAADF) high-resolution scanning transmission electron 

microscopy (HR-STEM) cross-section analysis. It was carried out by preparing a cross-sectional 

TEM specimen by using Focused ion beam (FIB) of model Helios-400S. For HRSTEM analysis, a 

probe-corrected TEM of model Titan 80-300 ST was employed and was operated at 300 keV 

during the mentioned analysis.  For micro-PL and micro-Raman spectroscopy, we used 473 and 

325 nm laser sources equipped in Horiba Aramis system. The high-resolution X-Ray 

photoelectron spectroscopy (HRXPS) studies were carried out with a Kratos Axis Ultra DLD 

spectrometer equipped with a monochromatic Al Kα X-ray source (hν = 1486.6 eV) operating at 

150 W, a multichannel plate, and a delay line detector under a vacuum of 7.5 × 10−10 Torr. The 

samples were mounted in floating mode to avoid differential charging. Binding energies were 

referenced to the C 1s binding energy of adventitious carbon contamination which was taken 

to be 284.8 eV. The data was analyzed with the commercially available software program 

CASAXPS. 

 Impact Of Nitrogen Plasma Irradiation On Layered-MoS2  In PAMBE 4.1

Figure 36 shows Raman spectrum of the pristine-MoS2 and layered-MoS2 samples with different 

time durations of N2
∗-irradiation. The pristine-MoS2 exhibits characteristic phonon modes i.e. in-

plane E2g1  and out-of-plane A1g modes at ~ 385.3 cm-1 and ~ 405 cm-1 respectively which stem 

from the pristine-MoS2 [34, 122, 123]. The spacing between these modes is 19.7 cm-1, which 

signifies monolayer (ML) MoS2 [108, 124]. Gradual shifts in the A1g  and E2g1  phonon modes are 

obtained with increasing N2
∗-irradiation time. Relative to pristine ML-MoS2, the shift of 1.79cm-1 

(for A1g) and 1.11 cm-1 (for E2g1 )  towards higher and lower wavenumber value, respectively 
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obtained for the 3 min N2
∗-irradiated ML-MoS2.   

 

 

 

 

 

 

 

Such relative shift of phonon modes in the opposite direction has been predicted to be caused 

by p-type doping in ML-MoS2[125]. Observed softening in E2g1  is expected due to substitutional 

incorporation and resulted in Mo-N bond. As pristine ML-MoS2 prone to have S vacancies, 

hence the incorporation of N atoms is favorable during N2
∗-irradiation [126, 127]. Therefore, 

enhancement of compressive strain with increasing N incorporation in ML-MoS2 occurs, due to 

smaller atomic radii of N atoms as compared to that of sulfur (S) atoms, and hence promoting 

softening of E2g1  phonon mode [117, 128]. Whereas, for n-type doping, softening of A1g phonon 

mode thus shifts towards lower wavenumber has been reported [129]. Further enhancement in 

carrier concentration has been identified by analyzing the ratio of the A1g to E2g1  peak 

intensities i.e. I (A1g)/I (E2g1 ) with different N2
∗-irradiation time as shown in Figure 37. We 

obtained increase in I (A1g)/I (E2g1 ) values from 2.11 to 2.24, with increasing N2
∗-irradiation time 

Figure 36 Raman spectroscopy of pristine and N2
∗ −irradiated ML-MoS2. 
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from 0 to 3 min. For mulilayered-MoS2, and ML-MoS2 such increase in the I (A1g)/I (E2g1 ) value 

has been attributed to the increasing the carrier density for p- as well as n-type of doping [115, 

125, 130]. Hence, uplifting of the I (A1g)/I (E2g1 ) points towards the increasing in the carrier 

density via N2
∗-irradiation on the ML-MoS2. Such increase in intensity ratio is expected due 

suppression the in-plane movement of the Mo−S atom and thus suppressing E2g1  with respect 

to that of A1g under enhanced compressive strain due to increasing N incorporation into 

layered-MoS2 [131]. However, with increasing N2
∗-irradiation time, FWHM of E2g1  also, increases 

from 5.63 (for pristine-MoS2) to 11.09 (for 3 min N2
∗-irradiation) as shown in Figure 37.  

 

 

 

 

 

 

 
 

 

Such increase in the FWHM points towards the increase in the doping level as well as defects 

generation. Thus to evaluate the effect of N2
∗-Irradiation on the optical quality of MoS2, we 

performed PL on the samples. Figure 38 shows PL spectra of ML- MoS2 samples. With increasing  

Figure 37 Intensity ratio of characteristic phonon modes, i.e. I (A1g)/I (E2g1 ) and 
FWHM of E2g1  versus plasma irradiation time. (c) PL of pristine and N2

∗-irradiated 
ML-MoS2. 



81 
 

N2
∗-irradiation duration, reduction of PL intensity observed. N2

∗-Irradiation on ML-MoS2 for 3 

min resulted in complete quenching of its PL signal possibly due to dopant incorporation and 

structural damage which possibly can be limited by optimization of RF power and irradiation 

time.  

 

 

 

 

 

 

 

 

 

Similar PL quenching has been reported in the literature due to increment in non-radiative 

recombination in Mn-doped MoS2-layer  [132]. Also, charge transfer interaction also reported 

as a cause of PL quenching in the Au treated MoS2 hybrid flakes [133].  Charge-transfer 

interaction resulted in the electronic structure change in such system, which occurs due to the 

electrons transfer from MoS2 layer to the Au, hence creating the hole carriers in the MoS2 layer 

and thus resulting in the p-type MoS2 layer. Also, defects generated in MoS2 layer due to 

nitridition leads to such PL quenching with extended duration of nitridition. 

The tunability of p-type doping in layered-MoS2 via varying N2
∗-irradiation time was further 

Figure 38 PL PL of pristine and N2
∗-irradiated ML-MoS2. 
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confirmed by performing HRXPS study. Figure 39(a-c) shows the Mo 3d, Mo 3p3/2/N 1s, and  S 

2p XPS spectra for the pristine and N2
∗-irradiated (for 1 and 3 min) ML-MoS2. Mo 3d5/2, Mo 

3p3/2, and S 2p3/2 peaks show shifts toward lower binding energies for N2
∗-irradiated ML-MoS2  

samples.  In particular, Mo 3d5/2 peak for pristine ML-MoS2 obtained at 229.8 eV, after the N2
∗-

irradiation for 3 min  shift of 0.2 eV towards lower binding energy is obtained. In addition, the 

Mo3p3/2/N 1s region shows the existence of N 1s peak at binding energy ~398.7 eV after N2
∗-

irradiation of ML-MoS2 confirming the formation of N-Mo bonds [114, 115, 117] as shown in 

Figure 39(b) and thus confirming p-type doping.  Figure 39(d-f) depicts the valence band 

spectrum acquired from the pristine- and plasma treated layered-MoS2 samples. The valance 

band maximum (VBM) of pristine ML-MoS2 is 1 eV, which is in consistence with previous value 

in the literature [108, 134]. For N2
∗  treated ML-MoS2 samples for 1 min (3 min), the binding 

energy of VBM is 0.9 (0.5) eV. It is found that the VBM decreases with increasing  N2
∗-irradiation 

time and hence confirming enhancement of p-type doping in layered-MoS2 as predicted by the 

results of Raman spectroscopy discussed above [135]. 

K. Ohkawa et al., also utilized nitrogen plasma irradiation for implementing p-type doping in the 

ZnSe compound semiconductors [42]. Nitrogen plasma consitutes mainly radical molecular N2 

i.e. 𝐴3∑𝑈
+ with a lifetime of 2 seconds with enhanced sticking coefficient [136].  While 𝐴3∑𝑈

+, 

approching towards the episurface, increase in the bond length between N atoms in the radical 

N2 molecule takes place and eventually it dissociates into atomic nitrogen atoms due to 

redistribution of orbital electrons [137].  
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Figure 39 (a) Mo 3d, (b) Mo 3p3/2/N 1s, and (c) S 2p HRXPS spectra of pristine-MoS2 and plasma 
treated (for 1min and 3 min) layered-MoS2. (d) The valence-band spectrum for pristine-MoS2 

and N2
∗-irradiated ML-MoS2 samples for (e) 1 min, and (f) 3 min. 
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Such energitically active N atom will eventually occupy the S vacancy in the CVD grown MoS2 

layer and hence resulting in the formation of Mo-N covalent bond which results in p-type 

doping in the MoS2 layer.  Formed Mo−N bond carries covalent bond character due to the 

strong hybridization between the N 2p and Mo 4d orbitals [117]. 

 Impact Of Ga Irradiation On Layered-MoS2 in PAMBE  4.2

 

 

 

 

 

 

 

Further, we investigated the effect of Ga-irradiation on ML-MoS2. Figure 40 shows Raman 

spectroscopy of pristine-, Ga irradiated, and 2-steps i.e. Ga-irradiation for 30 sec (step 1)/ N2
∗-

irradiation for 1 min (step 2) treated ML-MoS2 samples. The shift of 1.51 cm-1 in A1g is obtained 

towards higher wavenumber for both Ga-irradiated samples, whereas E2g1  mode shows the shift 

of 0.93 cm-1, and 2.83 cm-1 towards lower wave number for Ga irradiated and two steps treated 

samples respectively as depicted in Figure 40. Such shift of phonon modes in the opposite 

Figure 40 Raman spectroscopy of pristine-, Ga irradiated, and two steps i.e. 
Ga-irradiation (step 1)\ N2

∗-irradiation (step 2) treated ML-MoS2 samples. 
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direction reveals realization of p-type doing in Ga-irradiated ML-MoS2 as discussed in the case 

of N2
∗-irradiation samples. 

 

 

 

 

 

 

 

 

As shown in Figure 41, carrier density enhancement was further confirmed by enhanced I 

(A1g)/I (E2g1 ) values of 2.46 and 2.31 obtained for Ga-irradiated (30 sec) and two-steps treated 

sample respectively, as compared to that of 2.11 for pristine ML-MoS2. Also, increase in FWHM 

as shown in Figure 41 after Ga-irradiation shows enhancement in doping as well as possible 

degradation of ML-MoS2. Thus we further investigated the optical quality of samples via PL 

measurement.  

 

  

 

Figure 41 Intensity ratio of characteristic phonon modes, i.e. I (A1g)/I 
(E2g1 ) and FWHM of E2g1  of pristine- and Ga-irradiated samples. 
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Figure 42 shows PL of pristine-, Ga irradiated, and two steps treated ML-MoS2 samples. PL 

signal from ML-MoS2 samples gets quenched after Ga-irradiation, no recovery of PL signal from 

ML-MoS2 was achieved even after N2
∗-irradiation i.e. for the two steps treated sample. 

However, phonon mode shifts and enhancement of intensity ratio indicates towards p-type 

doping of ML-MoS2 by Ga- irradiation. Such p-type doping by Ga-irradiation has been achieved 

due to the lower number of valence electrons of Ga as compared to that of Mo, in the ML-

MoS2. Here, the adsorbed Ga on the ML-MoS2 surface or/and Ga as substitutional dopant 

assumed to have assisted in the realization of p-type doping.  Thus HRXPS was implemented to 

confirm the p-type doping by Ga-irradiation. Work towards electrical characterization is also in 

progress to investigate the carrier concentrations and carrier mobility. Figure 43(a) shows the 

Mo 3d XPS spectra of ML-MoS2 samples.  

Figure 42 PL of pristine-, Ga irradiated, and two steps treated 
ML-MoS2 samples. 
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                        The Ga Figure 43 (a) Mo 3d, (b) Ga 2p1/2, and (c) S 2p HRXPS spectra of pristine-, Ga-
irradiated, and two steps i.e. Ga-irradiation (step 1)\ N2

∗--irradiation (step 2) 
treated ML-MoS2 samples. 
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irradiated samples Mo 3d5/2 peak shifted toward lower binding energies relative to that of 

pristine ML-MoS2. Ga irradiated samples show a significant shift of 0.5 eV in Mo 3d5/2 peak 

relative to that of pristine ML-MoS2. Figure 43(b) shows Ga 2p for pristine ML-MoS2 and Ga 

irradiated sample. Figure 43(c) shows the S 2p XPS spectra of ML-MoS2 samples. The binding 

energy for the S 2p3/2 for both Ga irradiated samples without/with N2
∗-irradiation is at 229.3 eV 

and shows a shift of 0.6 eV towards lower binding energy relative to that of pristine ML-MoS2. 

 

 

 

 

 

 

 

Figure 44 depicts the valence band spectrum acquired from the Ga-irradiated ML-MoS2 sample. 

Ga irradiated ML-MoS2 sample shows a reduction in binding energy of EV which is 0.2 eV points 

towards increment of hole concentrations after the Ga-irradiation and hence realization of p-

type ML-MoS2 [117, 138]. Figure 45 shows energy band diagrams of pristine ML-MoS2 and p-

type ML-MoS2 realized by N2
∗- and Ga-irradiation in MBE.  The reported electronic band gap of 

2.15 eV for the ML-MoS2 has been used in energy band diagram [134].  

Figure 44 The valence-band spectrum of Ga-irradiated ML-MoS2. 
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The spacing between Valance band (Ev) and Fermi energy level (EF) has been obtained by 

valence band spectra obtained in HRXPS measurements. With 3 min of N2
∗-Irradiation and 30 

sec of Ga-irradiation in MBE enabled the realization of p-type ML-MoS2 [139]. Further, the 

polarity change of carriers for pristine and treated samples was verified by  Van der-Pauw Hall 

effect measurements having the sheet hole carrier concentration in the range of 2.64 × 1012 to 

5.74 × 1013 cm−2, which is consistent with the literature as shown in Figure 45 (b-c).  Table 4 

summarizes the various doping methods such as chemical, ion implantation, and plasma 

irradiation methods, for realizing n- and p-type of MoS2 layers along with their electrical 

characterization results acquired from Hall effect measurement or field effect transistor. 

Further, the effect of GaN overgrowth on ML-MoS2 was investigated. 

Figure 45 (a) Energy band diagram for pristine and treated –MoS2 samples. (b) Sheet carrier 
concentrations (cm−2) for pristine-MoS2 and (c) realized p-type MoS2 layers and their 

comparison with the values taken from the existing literature in table 4. 
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Table 4 Methods and characteristics of doped MoS2 layers 

Reference Deposition 

Method 

monolayer 

/multilayer 

Doping 

method 

/type 

Resistivity 

(Ω-cm) 

Carrier 

density  

(cm-3) 

Sheet 

carrier conc. 

 (cm-2) 

Mobility 

(cm2Vs-1) 

Fivaz  et 

al. [140] 

 Bulk MoS2 n - -  200-500 

Novoselo

v  et al. 

[141] 

Mechanical 

transfer 

Monolayer Intrinsic - 

n-type 

behavior 

- - 1012 to 1013 0.5 to 3 

Radisavlje

vic et al. 

[142] 

Mechanical 

transfer 

Monolayer intrinsic - - - 200 

Remark: 

Enhanced 

mobility in 

top-gated 

(30nm 

HfO2) 

transistor 

Suh et al. 

[143] 

CVD Single 

crystals 

Substitutiona

l Nb-

doping/p 

- ~ 3x1019 ~1.8 x 1014  

Radisavlje

vic et al. 

[144] 

Mechanical 

transfer 

monolayer n-type - - ~3.6x1013 184 in FET 

Su et al. 

[115] 

CVD multilayers N-plasma 

exposure , RF 

power 30-

50W, 

exposure 

time 5 min 

(Working 

background 

~5.2x10-3 

Torr) 

/n-type 

3 x10-4 

to 

8 x10-4 

 

- 1015 to 1017 - 

Andleeb Mechanical multilayers p-toluene - - - 84 in FET 
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et al. 

[145] 

transfer sulfonic acid 

(PTSA) 

molecular 

doping/n-

type 

D Lim et 

al. [146] 

Mechanical 

transfer 

multilayers Hydrazine 

doping/n-

type 

- - 107 to 1012 ~25 in FET 

Laskar et 

al. [130] 

CVD Thin film Substitutiona

l Nb-

doping/p 

- 3.1 x1020 - 8.5 

Nipane et 

al. [138] 

 Monolayer Phosphorus 

Implantation 

/p-type 

- 1017 

to 

1020 

1010 to1012 8.4 

(degenera

tely 

doped) 

,137.7 

(non-deg. 

doped) 

Azcatl et 

al. [117] 

 Multilayer Nitrogen 

plasma 

exposure/p-

type 

- 2.5x1018 

to 

1.5x1019 

- - 

Liu et al. 

[147] 

 Multilayer Chemical 

doping using 

AuCl3 /p-type 

- - - ~65(300K) 

and 132 

(at 132K) 

in FET 

Xue et al. 
[148] 

Mechanical 

transfer 

Multilayer SF6 Plasma 

irradiation/p-

type 

- - - - 
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 Implementation And Characterization Of III-Nitrides/TMDs Chapter 5:

Heterojunctions 

 GaN/MoS2 Heterojunction 5.1

 

Band offset parameters are well investigated for either group III nitrides on various 

other semiconducting materials or solely TMDs based dissimilar heterostructures by using 

photoemission core-levels measured with respected to the valence band spectra and bandgap 

studies. However, band offset parameters (Junction type: valence band offset- ΔEv & 

conduction band offset- ΔEc) are measured for various heterojunctions in the literature, such as 

InN/GaN (Type-I: 0.58±0.08 & 2.22±0.1 eV) [149], GaN/AlN (Type-I: 0.8±0.3 & ≈1.6 eV) [150], 

InN/AlN (Type-I: 1.52±0.17 & 4.00±0.2 eV) [151], and MoS2/WSe2 (Type-II: 0.83 & 0.76 eV) . To 

date, there is no experimental report on the determination of band offset parameters (ΔEv and 

ΔEc) and type of heterojunction by HRXPS for epitaxially formed GaN/single-layered MoS2 

heterojunction. This determination plays a crucial role to evolve the electron transport 

properties of future devices consisting of this heterojunction. Thus, the growth of GaN/ML-

MoS2 and the study of band offsets open up a new way to integrate group III nitrides (3D layers) 

with TMDs (2D layers) for designing and modeling of their heterojunction based electronic and 

photonic devices.  

The band alignment at the heterojunction formed by GaN/ML-MoS2, epitaxial GaN 

layers are grown on CVD prepared single-layer MoS2. Then the optical properties of GaN 

epitaxial layers and MoS2/c-sapphire substrates are studied using Raman and micro-

photoluminescence spectroscopic measurements, which confirmed sustainability of ML-MoS2 
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at GaN growth temperature, in agreement with HRTEM cross-section analysis. Further, the 

band offsets parameters of GaN/single-layer MoS2 heterojunction are determined using high-

resolution x-ray photoelectron and micro-photoluminescence spectroscopic measurements. 

MoS2 single-layers are deposited on c-sapphire substrates using CVD techniques. 

Further, the growth experiments of GaN on MoS2/c-sapphire substrates are performed by 

PAMBE at a substrate temperature of 600 oC. The ion and a cryo pumps are used to achieve a 

base pressure of 3×10-11 Torr and oxygen partial pressure <10-12 Torr, as determined by a 

residual gas analyzer (RGA). The substrates are thermally degassed in introduction chamber at 

200 oC for 30 mins; further cleaning was carried out in preparation chamber at 300 oC for 60 

mins and in the growth chamber at 400 oC for 30 mins. 

While preparing the substrate in the growth temperature, the degradation of MoS2 is 

monitored by in-situ reflection high-energy electron diffraction (RHEED). For GaN growth, the 

nitrogen plasma source is operated with the flow rate of 1 standard cubic centimeter per 

minute (sccm) and RF power of 300 W and Ga metal is evaporated by standard Knudsen cell 

with beam equivalent pressure (BEP) value of 2.10×10-8 Torr. The corresponding chamber 

pressure is ≈2.5×10-5 Torr. The thickness of the bulk like GaN samples is measured by stylus step 

and is found to be ≈500 nm. Transmission Electron Microscopy (TEM) studies are carried out 

using Titan with electron beam energy of 400 keV. The band edge emission of GaN and MoS2 

samples are obtained using Aramis room temperature micro-photoluminescence (µPL) with 

excitation line as He-Cd laser of 325 nm with a power of 200 mW and Cobalt laser with 
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excitation wavelength 473 nm were utilized having objective lenses of 40× and 100×, 

respectively.  

 

 

 

 

 

 

 

The High-resolution XPS measurements were carried out using a Kratos Axis Ultra DLD 

spectrometer equipped with a monochromatic  Al Kα X-ray source (hν = 1486.6 eV) operating at 

150W, a multi-channel plate and delay line detector under a vacuum of ~10-9 mbar. The 

instrumental resolution is 0.45 eV. All spectra were recorded using an aperture slot of 300 × 

700 μm2. The high-resolution spectra were collected at fixed analyzer pass energy of 20 eV. A 

clean copper (Cu) foil was electrically connected to the sample surface so as to compensate the 

photoemission induced positive charge shifts. Further, binding energies were referenced to the 

adventitious carbon signal. The peak deconvolution is accomplished by CasaXPS software. In 

this study, CVD grown single-layer MoS2 (sample A), MBE-grown GaN/ML-MoS2 (sample B) and 

Figure 46 (a-c) show the micro-Raman spectra of samples A-C acquired on MoS2, 
GaN/MoS2, and epi-GaN samples, respectively. The inset (d) shows the HRTEM cross-

sectional image obtained at the typical GaN/ML-MoS2/c-sapphire heterojunction. 
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GaN epilayer (sample C) are used to determine the band offsets at GaN/MoS2 heterostructure. 

The thickness of GaN layer in sample B was estimated to be 3±1 nm from growth rate 

calibrations. 

To assure that the CVD grown MoS2 consists of a single layer in samples (A & B) and the quality 

of epitaxial GaN (in samples B & C), micro-Raman spectroscopic measurements are carried out.  

Figure 46(a-c) shows the Raman spectra for MoS2/c-sapphire, GaN/MoS2/c-sapphire, and 

GaN/c-sapphire. Figure 46(a and b) show the E1
2g and A1

g phonon modes at 385.5±0.5 and 

405.0±0.5 cm-1, which correspond to the in-plane vibration of Mo and S atoms (E1
2g) and out of 

plane vibration of S atoms (A1
g) in MoS2, respectively. The low-intensity broad peak at ≈465 cm-

1 in Figure 46(a and b) represents 2LA mode [152]. The separation between E1
2g and A1

g phonon 

modes is observed to be 19.5±0.5 cm-1 which confirm that the MoS2 on c-sapphire deposited by 

CVD is a single-layer [153]. The intensity ratio (IA/IE) of A1g and 𝐾2𝑔1  modes decreases from 

sample A to B which could be due to the unintentional doping of MoS2 monolayer in sample B. 

This doping may arise from the exposure to nitrogen plasma during the growth of GaN on 

single-layer MoS2 in UHV-MBE environment. In addition to these MoS2 phonon modes, sample 

B consists of low intense 𝐾2𝐻 phonon characteristic for 3nm thick GaN layer grown on ML-MoS2. 

Thereby Figure 46(b) concludes that the sustainability of single-layer MoS2 during the epitaxial 

growth of GaN. Figure 46(c) shows the Raman spectra acquired on GaN epi-film having high 

intensity 𝐾2𝐻 phonon mode at 567±0.5 cm-1 which matches with the 𝐾2𝐻 phonon mode of GaN 

epilayer in sample B. This infers that GaN thin layer in sample B is as relaxed as the sample C 

which is due to the less lattice mismatch (0.8%) between GaN and MoS2 single-layer. The inset 

represents the cross-sectional HRTEM image acquired at the typical GaN/ML-MoS2/c-sapphire 
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heterojunction having a thickness of MoS2 is ≈0.8 nm which is in agreement with the thickness 

of S-Mo-S single-layer. Thus, micro-Raman and HRTEM measurements confirm that the 

existence of single layered MoS2 during the growth of relaxed GaN. 

 

 

 

             

 

 

 

 

 

 

 

 

 

The optical quality of both MoS2 and bulk like GaN epilayer (samples A and C) are verified by 

room temperature µPL measurements. Figure 47 shows the RT μPL and optical absorption 

spectra obtained on sample A and the respective inset shows the µPL bandedge emission for 

sample C. As represented in Figure 47 the observed states XA and XB at 1.88 and 2.02 eV in 

absorption and µPL spectra are the exciton resonances corresponding to the transitions from 

broken inversion symmetry induced two spin-split valence sub-bands to the conduction band 

and vice versa [154-156]. This observation confirms that the CVD grown MoS2 sample is in the 

form of single-layer, as corroborated by earlier micro-Raman and HRTEM measurements, 

Figure 47 shows the micro-photoluminescence (right y-axis) and absorbance spectra (left 
y-axis) of MoS2. The inset is micro-photoluminescence for GaN epilayer. 
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exhibiting the direct optical bandgap (Eopt
MoS

2) value of ≈1.88 eV. The inset of Figure 47 shows 

the optical band edge emission for GaN (Eopt
GaN) at ≈3.43 eV. However, these are not an exact 

band to band transitions due to the involvement of excitons. The electronic band gap is a 

measure of the actual gap of a material which is the summation of optical bandgap and exciton 

(electron-hole) binding energy (Eg=Eopt+Eb) [157]. Hence, these observed optical bandgap values 

differ from reported electronic bandgap values of Eg
 ML-MoS

2=2.15 eV and Eg
GaN=3.45 eV by their 

respective exciton binding energy (Eb) values of ≈0.220 eV and ≈0.023 eV in the literature[157-

159].   

              
Figure 48a (i and ii) show the Mo 3d core-level and valence band spectra of single-layer MoS2. 

b(i and ii) show Ga 2p core-level and Mo 3d spectra of GaN/ML-MoS2. c(i and ii) show Ga 2p 

core-level and valence band spectra acquired on GaN epilayer. High-resolution XPS 

measurements are direct, most reliable and extensively employed to determine the valence 

band offset (VBO) of a heterojunction interface. To evaluate VBO at GaN/ML-MoS2 

heterointerface, the energy difference between the Ga and Mo core levels from the GaN/ML-

MoS2 heterojunction sample and the energy of core levels relative to the respective valence 

band maximum of the GaN epilayer and ML-MoS2 samples need to be acquired. Since the 

escape depth of photoemitted electrons in HRXPS is remarkably low, overgrown GaN layer of 

heterojunction sample has to be thin enough in such a way that the electrons knocked out from 

both thin overgrown GaN and underlying ML-MoS2 layers can be easily probed [160]. 
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Figure 48 (a) (i and ii) show the Mo 3d core-level and valence band spectra of single-layer 
MoS2.(b) (i and ii) show Ga 2p core-level and Mo 3d spectra of GaN/ML-MoS2. (c) (i and ii) 

show Ga 2p core-level and valence band spectra acquired on GaN epilayer. 
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The valence band offsets (VBO) for GaN/ ML-MoS2 heterojunction, can be calculated by 

the method provided by Kraut et al. [161], expressed as    

GaN
VBMpGa

MoSGaN
dMopGa

MoS
VBMdMov EEEE −−− ∆−∆+∆=∆

2/3

2

2/52/3

2

2/5 2
/

323                      (5.1.1) 

where the first term on right side of the equation (1) is the core-level energy of Mo3d5/2 

determined with respect to the valence band maximum for ML-MoS2. 

Figure 48(a-i) shows the Mo 3d and S 2s core-level spectra collected from ML-MoS2 which 

can be deconvoluted using Voigt line shapes, with Mo-S and S-Mo chemical states. Additionally, 

Mo 3d has an additional low-intensity chemical state at 232.54eV which corresponds to Mo-O 

chemical state that results from a MoO3 precursor or excess Mo metal exhibited a bond with 

the oxygen of c-Al2O3 at the interface of MoS2/c-sapphire during CVD growth. Figure 48(a-ii) 

shows VB spectra where the valence band maxima of the samples are obtained by an 

extrapolating linear leading edge to the baseline of respective valence band photoelectron 

spectrum. This VBM is measured to be 1.00 eV as depicted in Figure 48(ii).  

Thereby, the separation between the core-level energy of Mo3d5/2 and valence band 

maximum ( 2

2/53
MoS

VBMdMoE −∆  = 22

2/53
MoS

VBM
MoS

dMo EE − ) for ML-MoS2 is determined to be 228.60±0.08 eV as 

described in Figure 48(a).  The subsequent term in eq (5.1.1) represents the core-level 

difference that measured from the photoelectron spectrum of heterojunction sample GaN/ML-

MoS2. Figure 48b (i and ii) shows the Ga 2p and Mo 3d core-levels which result from the GaN/ 

ML-MoS2, respectively. Figure 48(b-i) is the Ga 2p core-level spectrum which is fitted by solely 

Ga-N bonding. The Figure 48(b-ii) shows the deconvoluted Mo 3d core-level spectrum 

establishes three Mo 3d5/2 chemical states at ≈229.31, ≈227.97, and 232.95 eV, assigned to the  



100 
 

Mo-S in 2H-MoS2 (trigonal prismatic), Mo-S in 1T-MoS2 (octahedral) and Mo-O in MoO3, 

respectively. The presence of octahedral phase could be due to the unintentional N-plasma 

intercalation to MoS2 layer during GaN growth [156]. The peak at ≈226.59 eV corresponds to 

the S 2s core-level indicates S-Mo bonding. The S 2s core levels in Figure 48(a-ii) and (b-i) are 

fitted with similar peaks having same fitting parameters. The extremely high intensity of Mo-S 

peak infers the sustainability of ML-MoS2 at GaN growth temperature under UHV oxygen free 

conditions. The absence of any other chemical state associated with Mo or S in Ga 2p core-level 

spectrum is a clear evidence of Vander Waal epitaxy. The energy difference ( 2

2/52/3

/
32

MoSGaN
dMopGaE −∆ =

2

2/5

2

2/3

/
3

/
2

MoSGaN
dMo

MoSGaN
pGa EE − ) between Mo 3d5/2 and Ga 2p3/2 core-levels is observed to be 

888.50±0.08eV.  

The last term indicates the core-level energy (1115.23±0.08 eV) of Ga2p3/2 measured 

relative to the respective VBM of 2.27 eV ( GaN
VBMpGaE −∆

2/32 = GaN
VBM

GaN
pGa EE −

2/32 ) as described in Figure 

48(c). Here in Figure 48c(i), Ga 2p3/2 core-level is fitted with Ga-N bonding state at 1117.50 eV. 

The observed broad tails at ≈1135 eV in Figure 48b(i) and c(i) are due to the inelastic scattering 

loss of electrons (satellite peaks) in GaN. Based on the Fermi level position with respect to the 

VBM infers that the GaN epilayer and ML-MoS2 are slightly n-doped materials. The Mo 3p, 4p, 

and Ga 3d core-level peaks have not been considered in the analysis since these levels closely 

merge with N-like s levels at the bottom of the valence band. In such a case, the s-like 

contribution cannot be easily distinguishable from the p or d-like contribution as the peak 

fitting cannot be accomplished with the same symmetric Voigt functions, and thus these core-

levels are not useful in determining band offsets. 
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Thereby substitution of VBO (ΔEv) obtained from HRXPS analysis (Figure 48) and electronic 

bandgap (Eg) values of ML-MoS2 and GaN epilayer in the following equation, allows to measure 

the conduction band offset (CBO) cE∆  for GaN/ML-MoS2 heterostructure.  

GaN
gv

MoS
gc EEEE −∆+=∆ 2   (5.1.2) 

Thus, measured CBO (ΔEc) is 0.56±0.1 eV which can render a less potential barrier height and 

favor good electron transport properties. The obtained offset parameters are represented as a 

schematic of band alignment diagram in Figure 49 which infers that this band alignment 

pertains to type-II heterostructure [108].  

 

 

 

 

 

 

 

 

 

Figure 49 the schematic representation of band alignment at GaN/ML-MoS2 
heterojunction. 
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 GaN/WSe2 Heterojunction 5.2

 

Thin GaN layers were epitaxially grown on a CVD prepared ML-WSe2. The sustainability 

of ML-WSe2 during GaN growth is confirmed by the atomic force microscopy (AFM), micro-

photoluminescence (µPL) and Raman spectroscopies. Also, the band offset parameters for 

GaN/ML-WSe2 heterojunction were determined using high-resolution x-ray photoelectron 

spectroscopy (HRXPS) and electronic band gap values of respective constituent layers in the 

heterojunction. 

The growth experiments of GaN on WSe2/c-sapphire substrates were carried out by 

PAMBE at a substrate temperature of 500 ºC. The large area WSe2 SLs were prepared on c-

sapphire substrates using CVD 17. The ion and a cryo pumps were employed to attain a base 

pressure of 3×10-11 Torr and oxygen partial pressure <10-11 Torr, as obtained by a residual gas 

analyzer (RGA). The substrates were thermally outgassed in introduction chamber at 200 OC for 

30 mins; further cleaning was carried out in preparation chamber at 300 ºC for 60 mins and in 

the growth chamber at 400 OC for 30 mins. For GaN growth, the nitrogen plasma source was 

operated with the flow rate of 1 standard cubic centimeter per minute (sccm) and RF power of 

300 W and Ga metal was evaporated by standard Knudsen cell with beam equivalent pressure 

(BEP) value of 2.10×10-8  Torr. The corresponding chamber pressure was ≈2.5×10-5  Torr. The 

thickness of the GaN epilayer (sample C) is measured to be ≈500 nm. The thickness of GaN layer 

in sample B was estimated to be 3±1 nm from growth rate calibrations. Using Horiba Aramis 

room temperature (RT) µPL, the emission of GaN and WSe2 layers was deduced with excitation 

lines of He-Cd laser of 325 nm and He-Ne laser of 633 nm, respectively. Absorbance spectra 
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were acquired with a Shimadzu UV3600 spectrophotometer equipped with an integrating 

sphere. The high-resolution XPS measurements were carried out using a Kratos Axis Ultra DLD 

spectrometer equipped with a monochromatic  Al Kα X-ray source (hν = 1486.6 eV) operating at 

150 W, a multi-channel plate and delay line detector under a vacuum of ~10-9 mbar. The 

instrumental resolution is 0.45 eV. All spectra were recorded within the limits of spatial 

resolution. The high-resolution spectra were collected at fixed analyzer pass energy of 20 eV. To 

compensate the photoemission induced positive charge shifts, a clean copper (Cu) foil was 

electrically connected to the sample surface. The remnant binding energy shifts were 

referenced to the adventitious carbon signal. In this study, CVD grown ML-WSe2 (sample A), 

MBE grown GaN on ML-WSe2 (sample B) and GaN epilayer (sample C) were used to determine 

the band offsets at GaN/ML-WSe2 hetero-interface.  

Figure 50(a-c) show the AFM surface topography scans collected on samples C, A and B, 

respectively. The AFM images were obtained at different scales to view the fine features 

according to surface smoothness of the formed films. Color bars on top of the respective 

images in Figure 50 show height contrast of the features. From Figure 50 (a), the root mean 

square (rms) surface roughness for GaN film is ≈2 nm. Moreover, AFM is one of the most 

commonly used technique to determine the number of monolayers of TMDs samples. The 

thickness of the large area WSe2 layer is found to be ≈0.76 nm from the line profile as shown in 

Figure 50(b) for sample A, which is in agreement with the thickness of Se-W-Se single-layer 

[162]. The inset to Figure 50(b) displays the optical microscopy image of large area WSe2 layer. 

Figure 50(c) shows the AFM surface morphology for sample B exhibiting surface rms roughness 

of ≈4 nm which is higher than that of relaxed GaN epilayer (sample C) that results from the 
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lattice mismatch between thin GaN and WSe2. Thus, AFM study confirms that the CVD 

deposited large area WSe2 is in the form of a single layer. 

                 

 

Figure 50 shows the AFM scans for (a) GaN epilayer, (b) WSe2 and (c) GaN/WSe2 samples, 
respectively. The line profile of 1(b) represents the thickness of WSe2 layer. The inset to Figure 
1(b) is optical microscopy image of WSe2 sample. Figure 1(d) shows the HRXRD 2θ-ω scans of 
on-axis and off-axis reflections and the inset shows the respective ω-scans acquired on GaN 

epilayer. 
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Further, HRXRD measurements were performed to investigate the crystalline structure and 

quality of the GaN epilayer (sample C). Figure 50(d) presents the 2θ-ω scans, which were 

obtained on the symmetric (on-axis) and asymmetric (off-axis) planes of sample C. Figure 50(d) 

displays c-oriented peaks: at GaN(0002) at 34.52o, GaN(0004) at 73.20o along with the buffer 

layer AlN(0002) at 35.89o and Al2O3 substrate (0006) at 41.45o, respectively. The asymmetric 

reflection shows GaN( 1110 ) peak at 36.81o GaN( 2220 ) at 78.77o along with the substrate peak 

Al2O3( 3211 ) at 43.08o, respectively. The respective inset shows the ω scans for on-axis 

GaN(0002) and off-axis GaN( 1110 ) reflections, with broadening values of ≈350 and ≈1150 arc-

Figure 51 (a and b) show the low and high magnification cross-sectional images of 
high-angle annular dark field - scanning transmission electron microscopy (HAADF-
STEM) for sample B. (c) shows the STEM-EELS elemental color maps (W-Blue, Se-

Green, Ga-Red, and Al-Yellow). (d) represents the STEM-EDS elemental line profiles 
acquired across the GaN/WSe2/c-sapphire heterojunction. 
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sec, respectively. Thus, from HRXRD analysis, sample C possess single crystalline wurtzite 

structure grown along c-axis exhibiting moderate crystal quality. 

HAADF-STEM studies were performed on sample B (GaN/WSe2/c-sapphire) to confirm 

the existence and the thickness of GaN and WSe2 layers. Figure 51(a) shows the cross sectional 

HAADF-STEM image recorded on sample B which is prepared by FIB.  Before this, the Ti metal 

layer having a thickness of ≈500 nm was deposited on sample B by an e-beam evaporation 

method to avoid any physical damage of thin GaN and WSe2 layers at the heterojunction 

caused by focused ion beams while the sample preparation was done for STEM studies. This 

reveals that the thickness of GaN/WSe2 heterojunction is ≈7 nm. Figure 51(b) shows the 

magnified STEM image of Figure 51(a) obtained across the GaN/WSe2/c-sapphire 

heterojunction (sample B). STEM-EELS imaging data sets were acquired to generate the 

elemental maps of W, Se, Ga and Al elements by employing W-M (1809 eV), Se-L (1436 eV), Ga-

L (1117 eV), and Al-K (1560 eV) EELS edges, respectively. The elements W, Se, Ga and Al across 

the junction are, respectively, represented by Blue, Green, Red, and Yellow colored pixels. 

Figure 51(c) depicts the elemental mapping of heterojunction showing the existence of both W 

and Se atoms at the interface. An STEM-EDS line profile was generated to re-confirm the 

presence of SL-WSe2 that is sandwiched between the sapphire substrate and GaN thin film. 

Figure 51(d) represents the EDS line profiles obtained for elements Al, Ga, W and Se across the 

junction. The intensity of line profiles for W and Se atoms increases in the region of SL-WSe2 

whereas the line profiles for Ga and Al elements exhibit high intensity in the regions of 

overgrown GaN and underlying sapphire substrates, respectively, as shown in Figure 51(d).  

Therefore, it is noted that the line profiles in Figure 51 (d) were in accordance with the 
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respective elemental color mapping as depicted in Figure 51 (c). Thus, Figure 51 (b-d) depict the 

existence of WSe2 in the form of a single layer having a thickness of ≈0.78 nm which is in 

corroboration with AFM analysis. Overall, the HAADF-STEM analysis is a clear evidence of the 

formation of GaN/SL-WSe2 heterojunction. 

     

 

 

 

 

 

 

 

Micro-Raman spectroscopy was used to confirm that the CVD grown WSe2 is an SL. 

Figure 52(a-d) shows the Raman spectra for WSe2/c-sapphire, GaN/WSe2/c-sapphire, and 

GaN/c-sapphire. To obtain the enhanced Raman signal from GaN and WSe2 layers, the 

measurements were carried out with excitation lines of 325 and 633 nm by which signal can 

overcome the reduced resonant excitation effect. Thus, both the excitation sources are 

Figure 52 (a-d) show the micro-Raman spectra of samples A-C collected on WSe2, GaN/WSe2, and 
bulk GaN samples, respectively. Here, He-Cd (325 nm) and He-Ne (633 nm) excitation sources 

(Eexc > Eg) are used to enhance the Raman signal based on the band gap of each material. 
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required to acquire the high-intensity phonon modes from the individual layer in GaN/ML-WSe2 

heterojunction as described in Figure 52(b and c). The two characteristic peaks in Figure 52(a 

and b) observed at 248 cm-1 and 259 cm-1 are attributed to 
1
2gE  and A1g phonon modes[162, 

163]. These modes correspond to the in-plane vibration of W and Se atoms (
1
2gE ) and out of 

plane vibration of Se atoms ( gA1 ) in WSe2. The observed peaks at 222, 241, 377 and 398 cm-1 

stems from the WSe2 layers are in agreement with the previous studies [163, 164]. The peaks 

represented by asterisks are from the sapphire substrate. The absence of a peak at ≈307 cm-1 

confirms that the formed WSe2 is a single layer which is corroborated by AFM studies. These 

results also show the sustainability of WSe2 layer during the growth of GaN in PAMBE. In 

consequence of the reduced resonant excitation effect, in Figure 52(b), 
HE2  mode of GaN 

exhibits lower intensity than the 
1
2gE and A1g phonon modes of WSe2 while the sample is 

excited with 633 nm line. In contrast, the intensity of 
HE2  mode for GaN is higher than that of 

the 
1
2gE  mode of WSe2 with 325 nm excitation. Further, Figure 52(c) shows a low-intensity 

single peak for both
1
2gE  and A1g phonon modes which is in good agreement with the literature 

[165-167]. In Figure 52(b and c), the 
HE2  peak of thin GaN grown on WSe2 is blue shifted from 

that of the bulk GaN having peaked at 568.5±0.5 cm-1 which result from the strain accompanied 

by the lattice mismatch (≈3.2%) between GaN and ML-WSe2. Thus, AFM and micro-Raman 

measurements confirm that the existence of ML-WSe2 during the growth of GaN.        
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Figure 53 (a and b) show the micro-photoluminescence (right y-axis) and absorbance spectra 

(left y-axis) of GaN and WSe2 samples. 
   

  To investigate the optical quality of both WSe2 and bulk like GaN epilayer (samples A 

and C) room temperature µPL and absorbance measurements were performed. Figure 53(a and 

b) show the RT μPL and optical absorbance spectra acquired on GaN epilayer and WSe2. The 

optical band edge emissions ( GaN
optE and 2WSe

optE ) for GaN and WSe2 are observed at ≈3.43 and 

≈1.63 eV, respectively. Thus, WSe2 exhibits the direct optical bandgap which is matching with 

single layer value. As represented in Figure 53(b) the observed states XA, XB, XAʹ and XBʹ at ≈1.63, 

≈2.08, ≈2.44 and ≈2.91 eV in the absorbance spectrum are the exciton resonances 

corresponding to the transitions from broken inversion symmetry induced two spin-split 

valence sub-bands to the conduction band and vice versa [156]. Thus, the spin splitting of WSe2 

is observed to be ≈0.45 eV which is smaller than that of MoSe2 exhibiting the largest value of 

≈0.55 eV among MX2 family [157, 168]. Thus, this observation confirms that the CVD grown 

WSe2 sample is in the form of SL, as corroborated by earlier micro-Raman and AFM 
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measurements. However, these are not an exact band to band transitions due to the 

involvement of excitons. The electronic band gap is a measure of the actual gap of a material 

which is the summation of optical bandgap and exciton (electron-hole) binding energy 

(Eg=Eopt+Eb) [157]. Hence, these observed optical bandgap values differ from reported 

electronic bandgap values of 2WSeSL
gE − =2.08 eV and GaN

gE =3.45 eV by their respective exciton 

binding energy (Eb) values of ≈0.450 and ≈0.023 eV as reported in the literature [134, 158, 159].  

                 High-resolution XPS measurements were extensively used to measure the valence 

band offset (VBO) of a heterointerface. To evaluate VBO at GaN/ML-WSe2 interface, the energy 

difference between the Ga and W core levels from the GaN/SL- WSe2 heterojunction sample 

and the energy of core levels relative to the respective valence band maximum (VBM) of the 

GaN epilayer and SL- WSe2 samples need to be acquired. As the escape depth of photo emitted 

electrons in HRXPS is significantly low, over grown GaN layer of heterojunction sample has to 

be thin enough so that the electrons removed from both thin overgrown GaN and underlying 

SL- WSe2 layers can be easily examined [160]. However, the surface area of ML-WSe2 is large 

enough to carry out the XPS measurements, due to the non-continuity of the WSe2 film on a 

sapphire substrate, the region of interest on WSe2/sapphire and GaN/WSe2 samples was 

selectively chosen within the spatial resolution of HRXPS measurements [134, 169]. This is 

executed by comparing the intensity of Ga 2p, W 4f, and Al 2p core-levels which allowed us to 

collect the photoemission signal from solely ML-WSe2/sapphire and GaN/ML-WSe2 

heterostructures for samples A and B, respectively. The valence band offset (VBO) for GaN/ ML-

WSe2 heterojunction, can be calculated by the method provided by Kraut et al. [161], expressed 

as  
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From Figure 54a (i and ii), the first term of equation (1) deduced by taking into account the 

position of W 4f7/2 core-level referenced on the VBM, which is measured to be 31.56±0.1 eV. 

Before this, W 4f core-level is deconvoluted so as to access the accurate value that contributed 

solely from W-Se bonding in ML-WSe2. In this peak deconvolution process, we use Voigt (mixed 

Lorentzian-Gaussian) line shapes for fitting the W-Se and W-O chemical states, respectively, 

centered at 32.52 and 36.15 eV. The later state with low-intensity results from a WO3 precursor 

or excess W metal bonding with the oxygen of c-Al2O3 at the interface of WSe2/c-sapphire 

during high-temperature CVD growth.  

To evaluate the subsequent term, GaN/ML-WSe2 sample is used for XPS measurements 

where we consider the difference between Ga 2p3/2 and W 4f7/2 core-levels. Figure 54b (i and ii) 

depicts the Ga 2p and W 4f core-levels which are acquired on GaN/ML-WSe2 heterointerface. 

Figure 54(b-i) represents the Ga 2p core-level which is deconvoluted with Ga-N bonding, and 

any other states are not observed. The Figure 54(b-ii) shows the fitting of W 4f core-level 

equipped with three W 4f7/2 chemical states at 30.81±0.1, 31.94±0.1, and 35.17±0.1 eV, 

attributed to the W-Se bonding in 1T-WSe2 (octahedral), W-Se bonding in 2H-WSe2 (trigonal 

prismatic), and W-O bonding in WO3, respectively [170].   
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Figure 54  (a)(i and ii) present the W 4f core-level and valence band spectra for ML-WSe2. b(i 
and ii) show the spectra of Ga 2p and W 4f core levels for GaN/ML-WSe2. c(i and ii) show Ga 2p 
core-level and valence band spectra acquired on GaN epilayer. The peak pos positions of core-

levels are shown in parentheses. 
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The W 4f5/2 core-level has similar deconvolutions at higher binding energy values differed by 

≈2.16 eV from W 4f7/2 bonding states. The octahedral phase could be due to unintentional N-

plasma intercalation of the WSe2 single layer during GaN growth which is as similar as lithium 

intercalation reported for the case of MoS2 [156]. The W-Se bonding peak infers that the 

sustainability of ML-WSe2 at GaN growth temperature under UHV oxygen free environment. 

The absence of any other chemical state associated with W or Se in Ga 2p core-level spectrum 

is a clear evidence of Vander Waal epitaxy. Thus, the energy difference between W 4f7/2 and Ga 

2p3/2 core-levels is observed to be 1085.92±0.1 eV as described in Figure 54(b).  

             

 

 

 

 

 

 

The last term indicates the core-level energy 1115.23±0.1 eV of Ga2p3/2 measured relative to 

the respective VBM of 2.27±0.15 eV as shown in Figure 54(c). In Figure 54c(i), Ga 2p3/2 and p1/2 

core-levels are deconvoluted with Ga-N bonding state at 1117.50±0.1 and 1144.40±0.1 eV, 

respectively. The Fermi level position with respect to the VBM as shown in Figure 54(a-ii and c-

ii) infers that GaN epilayer and ML-WSe2 are nearly intrinsic materials. Thus, the VBO from 

equation (5.2.1) is determined to be ≈2.25±0.15  eV. As a result, the substitution of VBO (ΔEv) 

ΔEv=2.25eV 
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Figure 55 shows the schematic representation of band alignment at GaN/ML-WSe2 

heterointerface 
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Figure 56 Schematic of n-GaN template substrate with overgrown 
n-GaN /AlGaN using PAMBE. 

Sapphire ~500 µm 

AlN ~350nm 

n-GaN ~5 µm 

n-GaN ~ 100 nm 
AlGaN ~10 nm 

n-GaN template 
substrate 

MBE grown 
AlGaN/n-GaN 

obtained from HRXPS analysis (Figure 54) and electronic bandgap (Eg) values of ML-WSe2 and 

GaN epilayer in equation (5.2.2), allows to measure the conduction band offset (CBO) ΔEc for 

GaN/ML-WSe2 heterostructure.  

GaN
gv

WSe
gc EEEE −∆+=∆ 2

                              (5.2.2) 

 

Thus, the CBO (ΔEc) is determined to be 0.8±0.15 eV which facilitates in understanding the 

electron transport properties across the heterojunction. Thereby, the experimentally measured 

offset parameters from this study are presented as a schematic of band discontinuity diagram 

in Figure 55 which pertains to type-II heterostructure [171].  

 AlGaN/MoS2 Heterojunctions 5.3
 

 

 

 

 

 

 

 

Figure 56 shows schematic of n-GaN template substrate with overgrown n-GaN /AlGaN layeres 

by using PAMBE used for the deposition of CVD based layered MoS2. Three different samples 

prepared with different Al composition in the AlGaN layer for investigating the effect of Al 

composition in the band alignement between AlGaN/MoS2 heterojunction. 
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Figure 57 (a) shows in-situ streaky RHEED pattern obtained for the n-GaN template substrate 

before starting the growth, which indicates smooth surface mporphology of the template 

substrate, which is  also verfied by AFM measurements giving rms roughness of 0.5 nm for 5 µm 

× 5 µm area. PAMBE based n-GaN layer of ~100 nm was grown on the template substrate under 

metal-rich condition to achieve smooth surface morphology.  

 

 

 

 

 

 

 

 

The smooth surface morphology of PAMBE grown n-GaN is also confirmed by the dim streaky 

pattern obtained in in-situ RHEED as shown in Figure 57(b).  Three different samples namely A1, 

A2 and A3 on n-GaN template were prepared, constituting of the n-GaN layer and strained 

AlGaN layers with different composition in three different samples. 

Figure 57 In-situ RHEED pattern obtained for (a) n-GaN template substrate (b) 
PAMBE grown n-GaN layer, (c-e) PAMBE grown AlGaN layers with different Al 

composition achieved by different growth conditions. 
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Figure 58(a-c) HRXRD of PAMBE grown AlGaN layeres with differen Al 

compositions 
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Growth condition was optimized to achieve smooth surface morphology and was confirmed by 

the streaky RHEED pattern as shown in Figure 57(c-e) obtained for the samples A(1-3) 

respectively. Samples A(1-3) were further characterized by using HRXRD for evaluating Al 

composition. The HRXRD data was fitted using LEPTOS simulator considering fully strained 

AlGaN layers on n-GaN and the sample A1, A2 and A3 have ~17%, ~60% and ~98% of estimated 

Al composition respectively as shown in Figure 58(a-c). In Figure 58, with blue arrow relaxed 

GaN and AlN peaks which are indicated originated from thick n-GaN (> 5µm) and AlN 

nanocolumns, whereas with green arrow strained AlGaN layers are indicated. 2D MoS2 layers 

were deposited on AlGaN samples using CVD method and samples were further analysed by 

using HRXPS for investigating the type of heterojunction between AlGaN/MoS2. The band gap 

of AlxGa1-xN can be evaluated based on the following Vegard’s law: 

Eg(x) = xEgAlN + (1 − x)EgGaN − bx(1 − x) 

Where Eg is band gap of AlGaN, b is the bowing parameter, and x is the composition of Al. In 

our case the estimated bandgap for sample A1, A3 and A3 is 3.7 eV, 4.7 eV and 6 eV 

respectively and are consistent with both theoritical work [172] based on density functional 

theory (DFT) within the local density approximation (LDA), and reported experimental work 

[173].  

Figure 59a (i and ii) show the Mo 3d core-level and valence band spectra of single-layer MoS2. 

b(i and ii) show Mo 3d and Al 2p spectra of AlGaN/ML-MoS2. c(i and ii) show Al 2p core-level 

and valence band spectra acquired on AlGaN epilayer.  
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Figure 59 (a) (i and ii) show the Mo 3d core-level and valence band spectra of single-layer 
MoS2.(b) (i and ii) show Mo 3d core-level and Al 2p spectra of AlGaN/ML-MoS2. (c) (i and 

ii) show Al 2p core-level and valence band spectra acquired on AlGaN epilayer. 
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Figure 60 Schematic representation of band alignment at 
AlGaN/ML-MoS2 heterojunction. 

The valence band offsets (VBO) for GaN/ ML-MoS2 heterojunction, can be calculated by the 

method provided by Kraut et al. [161], expressed as    
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where the first term on right side of the equation (5.3.1) is the core-level energy of Mo3d5/2 

determined with respect to the valence band maximum for ML-MoS2. 
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2p3/2 core-levels is observed to be 155.53±0.1eV. The last term indicates the core-level energy 

(71.01±0.1 eV) of Al2p3/2 measured relative to the respective VBM of 2.47 eV ( AlGaN
VBMpAlE −∆

2/32 =

AlGaN
VBM

AlGaN
pAl EE −

2/32 ) as described in Figure 59(c). 
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Thus, the VBO from equation (5.3.2) is determined to be ≈2.06 ± 0.1  eV.  Thereby 

substitution of VBO (ΔEv) obtained from HRXPS analysis Figure 59) and electronic bandgap (Eg) 

values of ML-MoS2 and Al0.98Ga0.02N epilayer in the following equation, allows to measure the 

conduction band offset (CBO) cE∆  for Al0.98Ga0.02N /ML-MoS2 heterostructure.  

v
MoS
g

AlGaN
gc EEEE ∆−−=∆ 2                                                                            (5.3.2) 

Thus, measured CBO (ΔEc) is 1.79±0.1 eV.The obtained offset parameters are represented as a 

schematic of band alignment diagram in Figure 60 which infers that this band alignment 

pertains to type-I heterostructure.  
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 Concluding Remarks Chapter 6:

 Conclusion 6.1

In summary, we have established epitaxial growth conditions for GaN, InGaN, AlGaN, InAlN 

using different growth regimes such as metal-rich, nitrogen rich, and intermediate in molecular 

beam epitaxy. For the growth of bulk III-Nitrides or/and InGaN/GaN MQWs, techniques such as 

Ga irradiation and plasma exposure have been used for removing native oxide from the 

template substrate and for establishing an in-situ surface stoichiometry monitoring (i-SSM) 

technique for the growth of MQWs, respectively.  By using in-situ surface stoichiometry 

monitoring (i-SSM), we demonstrated PAMBE based growth of stepped- and graded-MQWs. 

This technique ensures no accumulation of Ga metal before the InGaN or graded-InGaN well 

layers for their kinetically controlled growth. The effectiveness of our growth technique has 

been demonstrated by the optical and microstrain analysis of stepped and graded-MQWs. Our 

experimental observation was well corroborated by theoretical investigations using nextnano 

simulations. Theoretically, we have compared graded-MQW designs with conventional 

stepped-MQW; the graded-MQW having enhanced carrier uniformity due to reduced 

polarization field as obtained numerically. Different grading schemes based on linear, parabolic 

and Fermi-function were taken into account. In particular, graded-MQW-LED with parabolic 

grading profile showed the highest radiative recombination rate with uniform carrier 

distribution. The reduced blueshift measured in power dependent photoluminescence in 

graded MQWs of 10 meV as compared to 17 meV for stepped-MQWs highlights the mitigation 

of QCSE in the presence of reduced polarization fields in graded MQWs. The mitigation of the 

polarization field effect in graded-MQWs was evident in the direct measurement of strain 



122 
 

reduction (~1%) in graded-MQWs as compared to the stepped-MQWs, using geometrical phase 

analysis (GPA) on the acquired images of HAADF-STEM. In stepped-MQWs, large strain 

gradients caused by the GaN/InGaN lattice mismatched due to compositional abruptness in 

InGaN/GaN layers. However, in the graded-MQWs design, the obtained strain reduction is 

achieved by reducing the compositional abruptness and thus reducing lattice mismatch 

abruptness between the GaN and InGaN layers.  

Further, optimized growth conditions for III-nitride epitaxial growth and established techniques 

such as nitrogen plasma and Ga irradiation were adopted on the TMDs platform for the 

possible application of TMDs as a buffer layer and quantum active region.  

We investigated effect of N2
∗- and Ga-irradiation on ML-MoS2 in molecular beam epitaxy. P-

type doping in the ML-MoS2 in ultra-high vacuum MBE environment via N2
∗- and Ga-irradiation 

was achieved. Nondestructive Raman spectroscopy technique predicted p-type doping and 

increment in hole concentrations. Opposite direction shifts in characteristic phonon modes (i.e. 

E2g1 , and A1g) obtained for both N2
∗- and Ga-irradiated samples confirmed p-type doping. 

Further uplift of intensity ratio (from 2.11 to 2.24, 2.48 for N2
∗-, Ga-irradiation samples 

respectively);   I(A1g)/I (E2g1 ) confirmed the increase in carrier concentration in both cases as 

compared to that of pristine ML-MoS2. P-type doping was also confirmed by HRXPS analysis, by 

comparing the valence band maximum value of ≈1.0 eV for pristine ML-MoS2, with reduced 

VBM values of 0.9 eV (0.5 eV) for N2
∗  treated ML-MoS2 for 1 min (3 min). Similarly, ML-MoS2 

irradiated with Ga for 30 sec also shows reduced VBM binding energy of 0.2 eV thus confirming 

realization of p-type doping.  
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Further, GaN epitaxial layers were deposited on ML-MoS2/c-sapphire substrates by 

molecular beam epitaxy to study band alignment of the GaN/ML-MoS2 heterostructure.  

We confirm that MoS2 is a single-layer by measuring the separation and position of micro-

Raman modes, absorbance, and photoluminescence studies. This is further verified by HRTEM 

cross-section analysis. The determination of band offset parameters at GaN/ML-MoS2 

heterostructure is carried out by using high-resolution X-ray photoelectron and 

microphotoluminescence spectroscopies. We determine a valence band offset value of 1.86 ± 

0.08 eV and conduction band offset of 0.56 ± 0.1 eV with type II band alignment at GaN/ML-

MoS2 heterostructure. This determination of unprecedented band offset parameters opens up 

a way to integrate 3D group III nitride materials with 2D transition metal dichalcogenide layers. 

However, type-II band alignment finds more application in electronics instead of 

optoelectronics. 

Furthermore, wide band gap ternary III-Nitride compounds growth of AlGaN with their 

structural properties has been studied.  For the exploration of their type-I heterojunction with 

monolayer MoS2. Monolayer MoS2 was deposited using CVD method on prepared AlGaN 

templates.  Subsequent band alignment studies between AlGaN/MoS2 heterojunction was 

implemented. AlGaN forms a type-I heterojunction with a MoS2 layer for a higher compositional 

range of Al in AlGaN Matrix.  
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 Future Outlook On III-Nitrides/TMDs Heterojunctions 6.2

This work paves the way for the realization of the quantum well constituting III-nitride 

(such as AlGaN, InAlN, AlInGaN) as a quantum barrier and TMDs as a quantum well layer having 

type-I heterojunction for the optoelectronic device applications. Also, such integration of III-

nitrides/TMDs will enable high density integrated optoelectronic circuits involves the 

development of hybrid integration technologies.  

On the other hand demonstrated type-II heterojunction offers favourable conditions electronic 

device applications. In particular, for photodetector devices based on the type-II 

heterojunctions, the charge separation of photo-excited carriers occurs efficiently due to the 

type II alignment of their valance and conduction bands at the interface [174-176]. Despite 

demonstration of ultrasensitive photodetectors based on MoS2, the speed remains a critical 

issue with the TMDs based photodetectors [177]. Reported decay time is in the 0.3–4,000 s 

range, possibly due to differences in surface hydrophobicity [177]. Recently, the rise (τr) and 

decay (τf) times of the photocurrent, are ~1.8 ms, and ~2 ms respectively has been achieved by 

Wang et al. [178]. In their work, they implemented ferroelectrics/TMDs hybrid structure for 

improving the speed of photodetector. Hence III-Nitrides/TMDs  type-II heterojunctions 

expected to improve the response time of photodetectors. Hence demonstrated III-

Nitrides/TMDs  type II heterojunctions might offer required criteria for the charge separation of 

photo-excited carriers at the junction [174-176]. Thus their potential application as 

photodetectors can be explored. 
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