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CHAPTER I 
INTRODUCTION 

 
 

In this first chapter, the literatures and properties of InGaPN are presented. 

The objectives and organization of the thesis are also described.  

  

1.1   Overviews 

 

 Dilute nitride semiconductors have attracted intense interest during the recent 

decade, especially, GaAsN and GaPN alloys. The incorporation of small amount of 

nitrogen can lead to novel physical properties of these alloys. This results in 

drastically reduction of the bandgap energy. Figure 1.1 shows the bandgap energy as a 

function of lattice constant for the ternary and quaternary III-V compounds. Notice 

that, the incorporation of 1% of N into GaAs can cause the bandgap energy to reduce 

from 1.42 to 1.25 eV at room temperature [1], although the bandgap energy of GaN is 

much larger (3.299 eV). This is an advantage for the bandgap engineering which done 

by controlling the amount of nitrogen in the III-V based materials. Moreover, this 

bandgap reduction, which is due to the incorporation of nitrogen, comes from 

lowering of the conduction band edge [2]. These lead to a large conduction band 

offset which is beneficial for heterostructures. Recently, the variety of materials in 

this group, such as GaAsN [3], InGaAsN [4] and GaPN [5], have been grown and 

investigated. The GaPN was discovered in the late 1960s [6], and later leads to the 

fabrication of light emitting diodes (LEDs) [7, 8]. For GaAsN and InGaAsN, they 

have received a great deal of the attention because their bandgap bowing makes 

possible 1.3 and 1.55 μm Bragg reflectors (as shown in Fig. 1.1) which can be applied 

in many devices, such as optical fiber.            



 2

Figure 1.1: The relationship between the bandgap energies and the lattice 

constants of III-V compounds [9]. 

 
Nowadays, InxGa1-xP1-yNy (or InGaPN for short), which is a novel material in 

this group, have attracted intense interest for optoelectronic devices operating at the 

visible wavelength regions (yellow to red region). As the major material, GaP, the 

InGaPN has a zinc-blende structure. This alloy material becomes much interesting 

because it could have a large impact in materials science and device applications. 

Since it is a quaternary alloy, so its lattice constant can be tuned by adjusting the 

compositions (x, y) of the material. An indium (In) atom has atomic size larger than 

that of gallium (Ga), phosphorus (P) and nitrogen (N), so adding In results in an 

increase of the lattice constant of the alloy. On the other hand, a nitrogen atom has the 

atomic size smaller than others, so adding N results in a decrease of the lattice 

constant. This can make the lattice-matching with many commercial substrates such 

as GaP, InP and GaAs. The lattice-matching condition between InGaPN and GaP can 

be determined using an interpolation method, as follows  

                                                                                             

                                                                                                       ,                          (1.1) 1,,
059.0418.0

947.0
≤

+
= yx

y
yx
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where x and y are the concentrations of In and N, respectively. The lattice-matching 

condition between the film and substrate prevents the epitaxial layers from a misfit 

dislocation, which degrades the quality of the grown layers. The physical properties of 

the InGaPN alloy can be estimated by the properties of the related binary compounds, 

as shown in Table 1.1. For the bandgap engineering, by adjusting the compositions of 

InGaPN, its bandgap energy also can be tuned. The bandgap energy of InGaPN is in 

the range between the bandgap energy of InP (1.4236 eV) and that of GaN (3.299 eV). 

This is of interest for a variety of high-brightness light-emitting and laser applications 

such as automotive lighting, optical media reader/writer, billboard, media display 

panel and traffic light etc.  

The InGaPN alloy can be invented for optoelectronic devices, like the GaPN 

and GaPAsN based devices. In the late 1960s, Thomas and Hopfield discovered the N 

isoelectronic trap in GaP:N for low N concentration (~ 1018 cm-3) [6], which led this 

structure to fabrication of high-efficient green light emitting diodes (LED’s) [7, 8]. 

This phenomenon is caused by the producing of localized N-related trap states in the 

bandgap which lower than the indirect bandgap energy level of GaP [6], as shown in 

Fig. 1.2. The A-line (or N state in Fig. 1.2) is due to an exciton bound to an isolated N 

atom. It is known that the exciton is a one type of carriers in semiconductors. Because 

the free hole and the free electron are opposite charges, so there is the coulomb 

Table 1.1: Physical properties of binary compounds [10] which are components of 

InGaPN alloy. 
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attraction. Hence, the electron orbits around the hole as a hydrogen-like atom and 

exhibits as the neutral carrier. In addition, the deeper series of NN lines are bound 

states of the exciton to two nitrogen atoms at various interatomic spacing. Figure 1.3 

depicts the NN1, NN2 and NN3. As a result, the carriers are attracted by these strong 

localized states and then recombination. These make the GaPN material to be the 

quasi-direct semiconductor with lowering the optical transitions. The same effect is 

also expected for the InGaPN material. 

InGaPN/GaP lattice-matched single quantum wells (SQWs) was first purposed 

by Onabe et al [13]. They have demonstrated that the InGaPN alloy can be        

lattice-matched to GaP substrate with a narrower bandgap than GaP. This material 

also exhibit the large reduction of the bandgap energy which caused by lowing of the 

Figure 1.2: The N trap states which lie under the indirect gap of GaP (labeled by 

EG) and free exciton level (labeled by EX) [11]. A-line (or N) state [12] is also 

denoted by an arrow.  
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Figure 1.3: Schematic illustration showing the NNi ((a) NN1, (b) NN2 and (c) 

NN3) pairs which can be bound the excitons. 
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conduction band edge. As a result, these introduce the InGaPN/GaP structure as an 

alternative heterostructure with a large barrier height for an electron confinement in 

the InGaPN/GaP quantum structures, and exhibit higher characteristic temperature for 

laser application. Also, the InGaPN/GaP strained quantum well by molecular beam 

epitaxy (MBE) is reported by Odnoblyudov and Tu [14]. From above promising 

advantages, InGaPN/GaP will allow brighter and cheaper LED chips.  

 

1.2   Objectives and Organization of the Thesis 

 

 The objectives of the thesis is to investigate structural and optical properties of 

lattice-matched InGaPN/GaP single quantum wells (SQWs) grown by metalorganic 

vapor phase epitaxy (MOVPE). Effects of well-width and composition on both the 

structural and optical properties of the lattice-matched SQWs are discussed. 
      
 The thesis is organized as follows: 
 

 In Chapter I, as described above, the literature and physical properties of                

III-V-Nitrides are reviewed. Especially, InGaPN alloy, InGaPN/GaP heterostructure 

and their applications are focused. 
 

In Chapter II, the basic knowledge which related to the single quantum well 

(SQW) structures are introduced. The superior properties of quantum well structures 

(2-dimentional system) over the bulk film (3-dimentional system) are described. Then, 

characterization methods are briefly described. 
 

In Chapter III, the InGaPN/GaP SQWs with different well-widths were 

investigated. Structural quality, well-thickness and alloy compositions, which were 

analyzed by high resolution X-ray diffraction (HRXRD) and the dynamical theory 

simulation software, are described. Effects of the well-width variation on optical 

properties of the SQWs, which were characterized by photoluminescence (PL) and 

photoluminescence-excitation (PLE), are discussed.  
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In Chapter IV, effects of the compositional variation on both structural and 

optical properties of the SQWs, which were investigated by HRXRD, PL and PLE, 

are discussed in details. 
 

In Chapter V, the valence and conduction band offsets of the InGaPN/GaP 

heterostructures were examined. The comparison results between the transition energy, 

which was obtained from the PL peak positions and PLE absorption edge, and that 

from the finite square well method, are mainly focused. 
 

Finally, the conclusions of the thesis are given in Chapter VI. 

     

                       

 
 

      



 

CHAPTER II 
QUANTUM WELL STRUCTURE 

AND CHARACTERIZATION 
 

 

In this chapter, the physics of quantum well structure and characterization 

methods are briefed. For the physical characteristics of quantum well structure, the 

calculation of a finite-depth square quantum well and the advantages of 

heterostructure are demonstrated. Moreover, several characterization methods for the 

quantum well structure are introduced. 

 

2.1   Basic Physics of Quantum Well Structures 

 

2.1.1   Introduction 

 

 In a semiconductor quantum well (QW) structure (often abbreviated as 

heterostructure), two different semiconductors with different bandgap energies are 

brought into physically contact. In practice, a very thin semiconductor A is epitaxially 

grown on top of a semiconductor B and then the semiconductor B is repeatedly grown 

over the thin semiconductor A again, as shown in Fig. 2.1 (a). The semiconductor A is 

called “well layer” which usually not thicker than 10 nm and semiconductor B is 

called “barrier”. Typically, the bandgap energy of the well layer is smaller than that of 

the barrier. This structure generates the potential well which can confine the carriers. 

The energy of the carriers will be quantized. The difference of the conduction band 

edge between the well layer and the barrier is called “conduction band offset, ΔEc” 
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Growth direction (Z)

conduction band          
(CB)

valence band 
(VB)

well

barrierbarrier well 
layer

and that of the valence band edge is called “valence band offset, ΔEv”, see Fig 2.1 (b). 

For the dilute nitride semiconductors, it is known that adding small amount of N 

decreases the bandgap, which mainly affects the conduction band (CB) states. This 

led the heterostructure to a large ΔEc and only a small valence-band offsets (∆Ev). For 

example, the effect of ~1% of N on the valence band of GaAs is negligible [2]. So, the 

valence band offset which is depicted in the Fig. 2.1 (b) is estimated to be very small 

comparing to the conduction band offset. 

However, the heterostructures can be classified according to the alignment of 

the band of the two semiconductors. Two different alignments of the conduction and 

valence bands and of the forbidden gap are shown in Fig. 2.2. In Fig. 2.2 (a), this 

shows the most common alignment which will be referred to as the “straddled 

alignment” or “Type-I” alignment. This type of the alignment shows the valence band 

edge of the well layer is higher than that of the barrier. Another type is shown as     

Figure 2.1: (a) Single quantum well structure (SQW). (b) Electronic structure of 

SQW. 
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Figure 2.2: Types of energy band lineups: (a) straddled or Type-I lineup.   
(b) staggered or Type-II lineup. 

Fig. 2.2 (b) which called “staggered alignment” or “Type-II” alignment. In the 

contrast, Type-II alignment shows the valence band edge of the well layer is lower 

than that of the barrier. In the case of Type-I alignment, the carriers will recombine 

down to the quantum level in the well region. But, for Type-II, they are instead 

recombining to the valence band of the barrier. The recombination efficiency in this 

case is lower than that of the Type-I because it is the indirect transition. So, the 

applications for light emitting and laser diodes prefer the Type-I alignment due to its 

higher recombination efficiency.  

 

2.1.2   Finite-Depth Square Quantum Wells 
 

Consider an electron in the conduction band of the quantum well of width L 

and the finite well height of V0, as in Fig. 2.3. This finite well height is equal to the 

conduction band offset between the well layer and the barrier. The electron effective 

mass in the well and the barrier are  and , respectively (in the case of two 

barriers are the same materials). The potential energy profile in z direction is given as 

seen in Fig. 2.3.  On the other hand, the potential energy along the x-y plane is 

constant. Therefore, the Schrödinger’s equation can be separated in the x, y, and z 

directions. The wave function of electron must satisfy the Schrödinger’s equation. In 

the well region, the Schrödinger’s equation for the z direction can be written as: 

∗
wm ∗

bm
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                                                                                              ,                                   (2.1) 

 

where , ϕω (z), and E are the electron effective mass, the wave function of electron 

in the well region along the z direction and the energy of electron for the z direction, 

respectively. Hence, the wave function of electron inside the well in the z direction is: 

∗
wm

 

                                                                                                      ,                           (2.2) 

where  2
2

1
2
h

Em
k w

∗

=  

The Schrödinger’s equation in the barrier region is:  

 

                                                                                                     ,                            (2.3)  

 

where  and ϕ b (z) are the electron effective mass and the wave function of electron 

in the barrier along the z direction, respectively. So, the wave functions of electron in 

the barrier are: 

∗
bm

 

 

Figure 2.3: The finite-depth square potential well. 
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The boundary conditions are: 
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The symmetric solution (B = 0) can be calculated from the equation: 
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For asymmetric solution (A = 0): 
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Notice that the number of energy states lying within the well decreases as L becomes 

smaller. For L < 30 Å only one energy state exist which is the ground state. In order to 

obtain the ground state solution, the symmetric solution is selected. Eq. (2.8) can be 

written as: 
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Eq. (2.10) can be solved numerically or graphically for the value of x and then the 

lowest quantized state can be obtained.  

 

2.1.3   Advantages of the Lattice-matched Quantum Wells 
 

There are several advantages for the fabrication of the quantum well structures.  

First, the density of states property for the quantum well is superior over that 

of the bulk. The density of states for a parabolic two-dimensional system is given by 

  

                                                                                     ,                                          (2.11) 
22
hπ

ρ
∗

=
m

D

 

where m* is the electron effective mass. This density of states is constant for all 

energies above the energy threshold. Because the quantum well has the subband more 

than one, it yields a staircase density of states profile, as shown in Fig. 2.4 for a 

square quantum well. For the comparison, the density of states for the bulk layer is 

also shown in the dashed line which follows: 

                                                                                                                                     

                                                                                                                                (2.12) 
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From the comparison, it is seen that the absorption edge for the case of quantum well 

Figure 2.4: Staircase density of states for a 2D quantum well. The dashed line is 

the 3D case. 
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has the density of states higher than that of the bulk. This indicates that for the lowest 

threshold, the quantum well provides the number of carriers larger than that for the 

bulk. In addition, for the same number of carriers, the quantum well yields the smaller 

energy fluctuation, which is advantage for the laser applications. 

  Secondly, the quantum well structure improves the capture efficiency. The 

electrons are down into the potential well in the conduction band and the same 

situation occurs with the holes in the valence band. This condition enhances the 

electron and hole wave functions overlapping which leads to the increasing of 

recombination efficiency. Moreover, the effects of surface states are reduced because 

the electron and hole are trapped by the potential wells. From above reasons, the 

quantum well structure yields the increasing of the emission efficiency. This is 

advantage for both light emitting diode (LED) and laser diode (LD) applications. 

 The benefits of the lattice-matched condition are next described. The lattice-

mismatch between the layers in the sample induces the misfit dislocations which are 

believed to cause the non-radiative recombination. The non-radiative recombination is 

the recombination between the electron and hole with no emission of light or photon. 

It is not required for the optoelectronic devices. Moreover, in the quantum well 

structure, the lattice-mismatch induces the strain in the samples. This strain distorts 

the potential well as drawn in the Fig. 2.5. The distorted potential well reduces the 

overlap of electron and hole wave functions. This reduces the probability of 

recombination between electron and hole, leading to the lower emission intensity.  

 

unstrained SQW strained SQW

CB

VB

CB

VB

Figure 2.5: The wave functions of electron and hole in SQW for both of 
unstrained and strained cases. 



 15

2.2   Characterization Methods 

 

2.2.1   High-resolution X-ray Diffraction 

 

High-resolution X-ray diffraction (HRXRD) is a versatile ex-situ investigation 

of the epitaxial layer and structure. The measurement is done by projecting the X-ray 

beam onto the sample. This X-ray beam is diffracted by the atomic planes in the 

sample. The d-spacing between the atomic planes cause the path difference of the 

diffracted X-ray beam, and then result in the diffraction patterns (see Fig. 2.6). The 

obtained diffraction patterns concern the composition, the uniformity of each layer, 

their thickness, the built-in strain and strain relaxation, and the crystalline perfection 

related to their dislocation density. 

The measurement was done using the Bruker-AXS D8 DISCOVER at the 

Scientific and technological research equipment centre, Chulalongkorn University. 

The Kα1 radiation from the anode at a wavelength of 1.54056 Å was selected for the 

experiment. The monochromator consists of two components, a graded parabolic 

mirror and a (022) channel-cut Germanium crystal. The graded parabolic mirror 

eliminates the Kβ radiation and the Ge crystal removes the Kα2 component from the 

beam. The sample is placed on an Euler cradle. The Euler cradle permits an 

dsinθ

λ

θθ

incident light diffracted light

atomic plane

d

Figure 2.6: X-ray scattering geometry. d: d-spacing of atomic plane, θ: Bragg 
angle. 
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independent variation of the incident angle (ω), the angle around the surface normal 

and the angle around an in-plane horizontal direction. Moreover, for the high 

resolution, the measurement was performed with a secondary Ge (220) crystal 

monochromator in front of the detector. The setup is shown in Fig. 2.7. 

There are several scan modes in the routine HRXRD measurements, i.e. 

“ω−scan”, “2θ−scan” and “2θ/ω−scan”. For the “ω−scan” mode, it can do by varying 

the angle of the incident X-ray beam. The information obtained is the orientation of 

the Bragg planes in the sample. The “2θ−scan” is achieved by varying the angle of the 

detector scanning, and the result shows the d-spacing fluctuation of the one Bragg 

plane that we intentionally observe. Finally, for the “2θ/ω−scan”, which we adopt in 

our experiment, it is done by varying both the incident angle and the detector 

scanning angle. The diffraction pattern which obtained from this mode provides 

information about the lattice parameters and quality of the sample. For the bulk layer, 

we can gain the lattice parameters, i.e. lattice constants of all layers in the sample 

which relate directly to the peak position of each layer. The composition which relate 

to the peak position is also obtained. However, for the single quantum well structure, 

because of the well layer is very thin, the XRD peak of the well layer cannot be 

observed, and the composition cannot be directly obtained. So, the simulation 

software with a dynamical theory is used to determine the composition and the 

thickness of each layer. 

 
Figure 2.7: Schematic drawing of the HRXRD setup. 

X-ray tube 
2θ

sample

Euler cradle
Ge (220)

hybrid monochromator

mirror

detector

ω

monochromator
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2.2.2   Photoluminescence 

 

 Photoluminescence (PL) spectroscopy is a routine, powerful, contactless and 

nondestructive method for probing the electronic structure of materials. The 

measurement is done by projecting monochromatic light or photon direct onto the 

sample. This photon is absorbed by the sample and then an electron-hole pair is 

created. The electron is excited to the permissible excited states which cause the 

electron unstable. So, the electron recombines down to the equilibrium state and 

simultaneously release the excess energy. This excess energy can be dissipated 

through the emission of light or photon, which called “luminescence”. Because the 

source which excites the electron is light or photon, so this measurement method is 

called “photoluminescence”.  

 In general case of quantum well, the bandgap energy of barrier material is 

larger than that of the well layer material. So, the energy of exciting photon should be 

larger than the bandgap energy of the barrier. When light is projected direct to the 

quantum well sample, the electron is first excited to the conduction band of the barrier. 

Then, it relaxes to the energy level of quantum states lining in the well. After that, in 

case of Type-I quantum well, it recombines to the valence band of the well layer. 

However, for Type-II quantum well, it instead recombines to the valence band of the 

barrier.                  

In this thesis, the raw data from PL results were obtained from Prof. Kentaro 

Onabe’s laboratory, Department of Advanced Materials Science, the University of 

Tokyo. The PL setup is shown in Fig. 2.8. In this experiment, the He-Cd laser with 

325 nm (3.815 eV) line of continuous-wave at the power density of 1.0 W/cm2 was 

used as the light source. The laser is focused by the focusing lens onto the mirrors 

before reflecting onto the sample fixed in a cryostat. The cryostat is used for cooling 

the sample. The luminescent light from the sample is collected by the collecting lens. 

Then, it is dispersed to the monochromator for distinguishing photon energy before 

count by the detector. The lock-in amplifier and chopper are applied to increase the 

signal-noise ratio.    

 

 



 18

He-Cd laser

chopper
mirror

focusing    
lens

sample  
collecting    

lens

monochromator

detector

lock-in 
amplifier

λ = 325 nm

Figure 2.8: Schematic drawing of photoluminescence setup. 

2.2.3   Temperature Dependent Photoluminescence 

 

Thanks to the technology of cryostat sample holder, the temperature of the 

sample can be adjusted in the range of 4 – 300 K. The increasing temperature causes 

the thermal energy of carriers in the sample to increase. So, the carriers are excited up 

to higher permissible excited states. The results from the temperature dependent PL 

show the evolution of PL features with the temperature. Moreover, a fitting of the 

graph which is plot between an integrated PL intensity and temperature provides the 

parameters which relate to the localized energy or the activation energy.            

 

2.2.4   Photoluminescence-excitation 

 

 Photoluminescence-excitation (PLE) spectroscopy is essential an inverse of 

photoluminescence spectroscopy. In this technique, the detection system is set to 

detect emission of the particular photon energy which inside the photoemission band 

of the sample. The exciting light shined onto the sample is tuned. In this thesis, the 

raw PLE results were also obtained from Prof. Kentaro Onabe’s laboratory, 
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Department of Advanced Materials Science, the University of Tokyo. The PLE 

system is shown in Fig. 2.9. The 500 W Xe-lamp is used as the exciting light source. 

This halide lamp emits the light with the wide range of frequency. Thus, it is 

dispersed by the monochromator A to be a monochromatic light. So, we can tune the 

exciting light by changing the slit in the monochromator A. If the energy of the 

exciting light coincides with a permissible excited state in the sample, this photon is 

absorbed and then the electron-hole pair is created. The electron is excited to that state. 

Next, the electron relaxes down to the excited discrete states which lower in energy 

than that before recombination which is radiative or non-radiative. After the 

absorption and relaxation processes, the emitted light which identical to the setting 

photon energy of the monochromator B is then collected and passed to the detector for 

counting. Thus, the intensity of this emission is then recorded as a function of the 

excitation photon energy.  

The result from PLE shows the mechanism of excitation and relaxation of 

carriers. It demonstrates the origin of the carrier which recombines at the setting 

energy state (interesting energy state). Moreover, the PLE spectrum is roughly 

Xe lamp 
(500 W)

chopper
mirror

focusing    
lens

sample  
collecting    

lens

monochromator  B

detector

lock-in 
amplifier

monochromator  A

Figure 2.9: Schematic drawing of photoluminescence-excitation setup. 
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equivalent to the absorption spectrum of the sample. However, the intensities of the 

different features do not represent actual absorption strengths. Rather, they reflect the 

effect that such absorption has the recombination efficiency at the setting energy state. 

Thus, absorption in regions where recombination is very efficient could, in principle, 

produce considerable intensity of features in the PLE spectrum. 

PLE technique is popular for studying thin epilayers grown on opaque bulk 

substrates. It is not necessary to polish the substrate out, in contrast to the absorption 

spectroscopy which requires removing the substrate. PLE measurement can therefore 

be performed on the quantum well structure which typically thin sample and difficult 

to remove the substrate.  



 

CHAPTER III 
EFFECTS OF WELL-WIDTH 

VARIATION  
 

 

In this chapter, structural and optical investigation results of InGaPN/GaP 

SQWs with different well-widths are described. The high-resolution X-ray diffraction 

(HRXRD) and optical microscopy are used to characterize alloy compositions, layer 

thickness, interface properties and surface morphology, respectively. For the optical 

characterization, photoluminescence (PL) and photoluminescence-excitation (PLE) 

techniques are employed.    

  

3.1   Sample Description 

 

 All the InxGa1-xP1-yNy/GaP SQWs and the InxGa1-xP1-yNy bulk layers used in 

this study were grown on GaP (001) substrates by metalorganic vapor phase epitaxy 

(MOVPE) at Prof. Kentaro Onabe’s laboratory, the University of Tokyo by               

Dr. Nobuhiro Nakadan and Dr. Tokuharu Kimura. The precursors for Ga, In, P and N 

are trimethyl-gallium (TMGa), trimethyl-indium (TMIn), PH3 and 1,1-dimethyl-

hydrazine (DMHy), respectively. The carrier gas is H2. After the growth of the 

around 0.3 µm-thick GaP buffer layer at 710°C, a thin InxGa1-xP1-yNy well layer and a 

GaP cap layer were respectively grown at 635°C. The compositions of InxGa1-xP1-yNy 

well layer for all of samples were controlled in the same compositions which were 

nominally lattice-matched to GaP. The well-widths of InxGa1-xP1-yNy were varied by 

the growth time of InxGa1-xP1-yNy layer (2 - 8 seconds). The InxGa1-xP1-yNy bulk layers 

without the GaP cap layer were also prepared for a comparative study. The growth 
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parameters such as V/III ratio, DMHy flow rate, were based on the growth of the 

InxGa1-xP1-yNy bulk layers [15, 16].  

 

3.2   Structural Investigation 

 

3.2.1   HRXRD and Simulation Results 

 

 All the samples were investigated by HRXRD in order to determine the    

well-width and alloy composition and check the structural quality. As in Fig. 3.2, 

shows (004) 2θ/ω-scan HRXRD patterns of four InGaPN/GaP SQWs with different 

well-widths. The InGaPN well layers were grown at the same growth rate and flow 

rate of precursors but the growth time were different (2, 3, 4 and 8 seconds). These 

different growth time lead to the different well thickness. All the samples show a 

similar shape of diffraction patterns. The main sharp peaks at the angle of 68.8° 

correspond to the reflection from the (004) GaP. In addition, the additional diffracted 

peaks at lower angles, the broad satellite fringes and the frequent Pendellösung 

fringes are clearly observed.  

For the bulk layer, the composition can be obtained directly from the angle 

position of the diffracted peak. In the case of SQWs, the well layer is very thin, not 

larger than 10 nm. So, the diffracted peak of the well layer cannot be clearly observed. 

Figure 3.1: Schematic illustration of the InGaPN/GaP SQW and InGaPN bulk 

layer. 

GaP substrate

GaP cap

GaP buffer

well-width
(LZ )

GaP buffer

GaP substrate

InxGa1-xP1-yNyInxGa1-xP1-yNy

Single quantum well (SQW) Bulk film



 23

10-4

10-3

10-2

10-1

100

101

102

103

104

105

106

107

108

109

1010

1011

1012

1013

1014

1015

1016

X
R

D
 in

te
ns

ity
 (a

rb
. u

ni
ts

)

Figure 3.2: HRXRD patterns of InGaPN/GaP SQWs with the growth time of 

InGaPN layer were different. 
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The existence of this layer is shown through the interference fringe which called 

“satellite fringes”. In order to determine the composition and the thickness of each 

layer in the SQWs, the dynamical theory [17] simulation software is employed. The 

initial parameters that need in the simulation software are the composition and the 

thickness of each layer, and the strain of whole sample.  

In this experiment, the initial composition and the thickness of well layer were 

estimated from the bulk growth condition. The strain was approximated to be zero due 

to lattice-matching condition. The simulation results from the software are depicted in 

Fig. 3.3, along with the experimental patterns, which show a very match to the 

experimental results. From the simulation, the In and N concentrations in the     

InxGa1-xP1-yNy well layer are almost the same for all the SQWs. The In and N 

concentration were examined to be at x = 0.050 and y = 0.025, respectively. But the 

well thickness or well-width are different as labeled in Fig. 3.3. Moreover, the 

additional diffracted peak at the lower angle is corresponding to (004) InGaP. The 

existence of InGaP is due to the diffusion of a small amount of In (~ 0.5%), which has 

been existed in the growth system, into the GaP buffer layer during the growth. In 

addition, the clearly observed interference fringes from the experimental results 

indicate that the excellent crystal quality and fairly flat interface have been grown. 

Furthermore, the extremely matching between the GaP diffracted peak and the zero 

order of satellite fringes, as shown by dashed line in Fig. 3.3, indicate the           

lattice-matching between InGaPN well layer and GaP barriers. These demonstrate that 

the lattice-matched InGaPN/GaP SQWs were successfully achieved.  

 

3.2.2   Surface Images from the Optical Microscopy 

 

 In order to indicate the lattice-matching condition, surface morphologies were 

investigated for the other evidence. Figure 3.4 illustrates the surfaces of SQWs (Fig. 

(a) – (d)) which are the same series shown in last section together with the film 

surface of GaP substrate (Fig. 3.4 (e)). All the samples show the smooth surface 

without appearing of cross-hatch patterns, which is usually observed in the highly 

lattice-mismatched films. For the comparison, the surface morphology of highly 

lattice-mismatched GaP1-xNx (x = 0.023)/GaP with cross-hatch patterns [18] is shown 
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Figure 3.3: HRXRD patterns of InGaPN/GaP SQWs with different well-widths 

(LZ = 1.6 -6.4 nm) and the simulations. 
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LZ = 1.6 nm
InGaPN/GaP SQW

LZ = 2.4 nm
InGaPN/GaP SQW

Figure 3.4: Surface images from the optical microscopy: (a) InGaPN/GaP SQW 

with LZ = 1.6 nm, (b) InGaPN/GaP SQW with LZ = 2.4 nm, (c) InGaPN/GaP SQW 

with LZ = 3.2 nm, (d) InGaPN/GaP SQW with LZ = 6.4 nm, (e) GaP substrate, (f) 

GaPN/GaP bulk layer from Ref. [18]. 
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in Fig. 3.4 (f). It is well known that the cross-hatch pattern is originated from the 

generation of misfit dislocations at the interfaces, which is due to lattice-mismatch 

between the layers in the film. This observation indicates that the samples have 

excellent quality without generation of misfit dislocation at the interface. Such    

cross-hatches do not appear at all on the surface when the lattice-mismatch is less than 

0.3% [18] which is very much small. So, this series of samples are in the            

lattice-matching condition. The lattice-matched InGaPN/GaP SQWs were confirmed. 

 

3.3   Optical Investigation 

 

3.3.1   Low-temperature Photoluminescence 

 

 Figure 3.5 shows the low-temperature (LT, 10 K) PL spectra of 

In0.050Ga0.950P0.975N0.025/GaP lattice-matched SQWs with well-widths of LZ = 1.6, 2.4, 

3.2 and 6.4 nm, as well as the In0.050Ga0.950P0.975N0.025 bulk layer. All samples show an 

evidence of the strong light emission in the visible (λ = 560 – 680 nm) region as 

shown by the light spectrum above the figure. Compare to the bulk film, the PL peak 

position of SQWs exhibit a blue-shift of about 38 meV (measure from the top peak) 

for the narrowest SQW (LZ = 1.6 nm). This blue-shift is much consistent with the 

quantum confinement by the well. Moreover, it is found that an extra peak appears at 

higher-energy side of the main peak when the well-width is about LZ = 3.2 nm or 

narrower. Nevertheless, this feature grows up and shifts toward the higher energies 

with a decreasing of well-width. Since, for the N concentration close to y = 0.02, the 

average distance between the N atoms is about 1.3 nm [19], which is comparable to 

the width of the narrowest well of LZ = 1.6 nm. Additionally, thanks to this InGaPN 

lattice-match to GaP, so they have the lattice constant equal to GaP which is 5.45 Å. 

The SQW with the narrowest well (LZ = 1.6 nm) is approximated around 2-3 

monolayers. So, the N atom might be vanished at some locations. Thus, the N 

concentration in the In0.050Ga0.950P0.975N0.025 well near the interfaces with the GaP 

barrier is expected as somewhat lower than the inner zone which is y = 0.025. As a 

result, the splitting of this PL sub-peak might be caused by the recombination of 
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Figure 3.5: Low-temperature (10 K) PL spectra for InGaPN/GaP SQWs   

(x = 0.050, y = 0.025) with different well-widths LZ = 1.6 – 6.4 nm as well as the 

bulk layer. The arrows indicate the extra peak that appears at the higher energy. 

The light spectrum above the figure shows the emission region of the samples. 
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excitons due to the lattice fluctuation or well-width fluctuation, as shown in Fig. 3.6 

which are induced by random distribution of the N atoms within the well.  

As clearly seen from the 10 K PL spectra in Fig. 3.5, the PL spectrum contains 

several sub-peaks. The number of sub-peaks and the peak positions were preliminary 

obtained by derivative method. The solid line in Fig. 3.7 is the 10 K PL spectrum of 

the In0.050Ga0.950P0.975N0.025/GaP lattice-matched SQW with LZ = 1.6 nm which 

exhibits three distinct spectral features, denoted by arrows. The dotted line is the 

numerical derivative (with respect to photon energy) of the PL data. The sub-peak 

positions of the three features were accurately obtained from the zero-crossing         

(A and B) and an inflection point (C). For in-depth analysis, a quantitative fit to the 

PL spectra, by assuming a Gaussian distribution of the density of state, has been 

utilized to accurately evaluate their own energy peak positions. Figure 3.8 (a) and (b) 

show the fitting results of the bulk film and the example of SQW with well-width of 

1.6 nm, respectively. For the bulk film, the fitting result shows the three sub-peaks, 

which are X, Y and Z. For the SQW shown in Fig.3.8 (b), the four features of sub-

peaks denoted as A, B, C and D are visible. The sub-peak Z in the case of bulk film 

and the sub-peak D in the case of SQW were added in order to fulfill the PL spectrum 

in the low energy region. The sub-peak Z in the case of bulk film is determined by the 
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Figure 3.6: Schematic drawing of lattice fluctuation or well-width fluctuation in 

the InGaPN/GaP SQW. 



 30

band-tail of an electronic structure, which is typically observed in other dilute nitride 

semiconductors [18, 19]. For an ideal crystal with no impurity perturbation, the 

conduction band edge should be sharp. However, for the real situation, the crystal is 

adulterated by impurities [20]. These impurities exert the force on the conduction 

band and valence band. Since impurities are distributed randomly in the host crystal, 

this leads the conduction band and valence band are rough bands, as shown in Fig. 3.9. 

Since the N has high electronegativity (3.0) and N levels close to the conduction band, 

so the very distinct long band-tail in this InGaPN and other dilute nitride alloys might 

due to the strong interaction between N and the conduction band. These rough bands 

might lead to the rising of sub-peak D in the case of quantum well sample. 

Evolution of PL sub-peaks of SQWs related to well-width is shown in Fig. 

3.10. The progression in the blue-shift of all the PL sub-peaks denoted as A, B, C and 

D confirms the quantum confinement of the well. 

Figure 3.7: 10 K PL spectrum of the In0.050Ga0.950P0.975N0.025/GaP lattice matched 

SQW with well-width of 1.6 nm. The dotted line is the numerical derivative of the 

PL data (solid line). The energies (A, B and C) denoted by arrows. 
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Figure 3.8: (a) 10 K PL spectra for InGaPN/GaP bulk layer (x = 0.050, y = 0.025), 

as well as the fitting (b) 10 K PL spectra for InGaPN/GaP SQWs (x = 0.050,   

y = 0.025) with well-widths LZ = 1.6 nm, as well as the fitting. 
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Figure 3.9: (left) the perturbation of the band edge by the inhomogeneous 

impurities. (right) The formation of tails of states, the dashed lines show the 

distribution of states in the unperturbed case [20]. N(E) is the density of state. 

2.18

Figure 3.10: Dependence of the PL peak position and the well width for the 

InGaPN/GaP SQWs (x = 0.050, y = 0.025) with various well-widths. 
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3.3.2   Photoluminescence-excitation  
 

Figure 3.11 illustrates the 10 K photoluminescence-excitation (PLE) spectra 

monitored at 1.89 eV for the In0.050Ga0.950P0.975N0.025/GaP SQWs with different     

well-widths (LZ = 1.6 – 6.4 nm) together with the In0.050Ga0.950P0.975N0.025 bulk layer. 

In the bulk layer, a broad absorption band at about 2.08 - 2.40 eV and a step 

absorption edge at 2.86 eV are clearly distinguished. It should be noted that these 

features are similar to those in the GaP1-x-yAsxNy (y = 0.02) [19] and GaP1-yNy            

(y = 0.014) [21, 22, 23] bulk layers. From the comparison results, there are four notice 

points in Fig. 3.11, three for no well-width variation and one with well-width 

variation. The three dotted lines indicated the features that no variation of the energy 

position with the well-widths. First, the step sharp peak at the energy of 2.87 eV (A) 

is attributed to the absorption by the direct bandgap of GaP, which is the barrier of 

SQWs. Second, the sharp peak at 2.31 eV (B) is the A-line or NN¶ which is the 

localized state generated by an isolated N atom. Third, the absorption at 2.18 eV (C) 

is corresponded to the NN1 state, which is the localized state created by the close 

nearest neighbor N atom pair.  

In the case of incorporating with N, the N atom locates among the Ga atoms. 

Because N has the electronegativity much higher than P, these N atoms can attract the 

carriers or exciton to localize around them. In addition, the atomic size of N atom is 

much smaller than P, leading to the lower potential at this N atom position. Hence, the 

carriers or exciton are trapped at this position. 

In addition, the feature with the well-width variation is the absorption edges 

indicated by the arrows. Comparing to the bulk film, the PLE spectra have shown the 

blue-shift of the fundamental absorption edge to 2.17 eV for LZ = 1.6 nm from       

2.08 eV for the bulk. The amount of the blue-shift is increased with the decreasing of 

the well-width. This confirms the quantum confinement by the well. Moreover, from 

the above results, it could be interpreted that the three features indicated by the dotted 

line are the absorption of the GaP barriers because they do not change with the well-

width variation. In contrast, the absorption edge is the absorption from the InGaPN 

layer because it exhibits the blue-shift with decreasing the well-width. In SQWs, the 
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Figure 3.11: 10 K PLE spectra for InGaPN/GaP SQWs (x = 0.050, y = 0.025) with 

different well-widths (LZ = 1.6 – 6.4 nm) as well as the bulk layer. The arrows 

indicate the absorption edge and the dotted lines indicate the features that no  

well-width variation. 
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absorption from the barriers has higher intensity. This indicates that the carriers 

generate mainly in GaP barriers and then transfer to the InGaPN well layer. 

 

3.4   Temperature Dependent PL 

 

 In order to investigate the evolution of the optical transition in the SQWs with 

the temperature, the temperature dependent PL was done. Figure 3.12 shows the PL 

spectra for the In0.050Ga0.950P0.975N0.025/GaP SQW with LZ = 2.4 nm as dependent on 

temperature. At the temperature of 5 K, the PL spectrum consists of four PL          

sub-peaks as describe in previous section. With increasing of temperature, the 

intensity of sub-peak A  gradually decreases with compare to other sub-peaks and be 

completely quenched at the temperature about 77 K. For the temperature higher than 

77 K, the intensity of the sub-peak B decreases and be completely quenched at the 

temperature around 143 K. On the other hand, only the sub-peaks C and D can be 

survived for the temperature higher than 143 K and can be observed until 200 K. The 

SQWs with other well-widths have the similar trend of temperature dependent PL 

results. According to the theory of the thermodynamic, the increasing of temperature 

raises the thermal energy of the carriers, as following, 

                                                                                                                                                                   

                                                                                    ,                                             (3.1) TkE B=
 

where E is the thermal energy of the carriers, kB is Boltzmann’s constant and T is the 

temperature of the sample. After the carriers obtain this thermal energy, they are 

activated, and then can escape from the potential well. So, the energy that assists the 

carriers to “activate” (escape) from the potential well is called “activation energy”. 

From the results, the sub-peaks A and B are quenched at the temperature about 77 K 

and 143 K. So, the activation energy for the sub-peaks A and B are approximated to 

be about 6.6 and 12.3 meV, respectively. The lower in activation energy of the      

sub-peak A than that of the sub-peak B indicate that the emission of sub-peak A is 

generated from the shallower potential well.  

From the temperature dependent PL, we can see that the evolution of PL 

spectrum with the temperature can be separated into two trends. First, the PL         
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Figure 3.12: Temperature dependent PL of In0.050Ga0.950P0.975N0.025/GaP SQW 

with LZ = 2.4 nm. 
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sub-peaks quenched in low temperature region, sub-peak A and B. Secondly, the PL 

sub-peaks that survive in high temperature region, sub-peak C and D. In addition, the 

relationship between the positions of PL sub-peaks and well-width, which is shown in 

Fig. 3.10, indicates that the blue-shift also could be divided into two trends (sub-peaks 

A and B, and another sub-peaks C and D). Because the sub-peak A is attributed to the 

lattice fluctuation, so the sub-peak B might be also attributed to the lattice fluctuation. 

In the quantum well material systems, there are two kinds of fluctuations, the lattice 

fluctuation and the compositional fluctuation. Thanks to the sub-peak D is the       

band tail which believed the result of random distribution of N atoms or called 

compositional fluctuation, so the sub-peak C, which has the same trend of progression, 

might be also attributed to the compositional fluctuation. 

 In addition, we can obtain the approximation of activation energy of the     

sub-peak, which survives for the high temperature, by plotting the natural log of the 

overall integrated PL intensities as a function of the inverse temperature. So, the 

natural log of the overall integrated PL intensities of the SQWs is plotted as a function 

of the temperature shown in Fig. 3.13, together with that of the bulk layer for the 

comparison. With increasing temperature, the overall integrated emission intensity of 

the PL spectra gradually decreases. This indicates a large number of non-radiative 

recombination centers. The activation energy can be obtained from the equation [24],                          

 

                                                                                                    ,                             (3.2) 
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where I(T) is the integrated PL intensity at temperature T, I(0) is the integrated PL 

intensity at temperature 0 K, kB is Boltzmann’s constant, T is the temperature, Pnro/Pr 

is effectively the ratio of non-radiative (Pnro) to radiative (Pr) recombination 

probability and Ea is the activation energy. The best fit above 145 K yields the      

non-radiative recombination of Pnro/Pr ~ 106 - 107. The activation energies of the 

SQWs together with the bulk layer are shown in Fig. 3.13. The activation energies of 

the SQWs are higher than that of the bulk layer, indicating the SQWs has the 

efficiency for confining the carriers better than that of the bulk layer. 

Based on the PLE results, it is found that the values of Ea ~ 200 - 250 meV are 

in an agreement well with the energy difference between the PLE absorption edge of 
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Figure 3.13: Integrated PL intensity of the SQWs plotted as a function of the 

temperature, together with that of the bulk layer for the comparison. The activation 

energy of SQWs and the bulk film are also depicted. 
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the In0.056Ga0.944P0.975N0.025 bulk (~ 2.08 eV at 10 K) and the bandgap of GaP         

(2.35 eV ), which amounts to 250 meV. It is also expected by calculation [25, 26] that 

the most part of the bandgap difference contributes to the conduction-band offset ∆Ec. 

Therefore, the Ea values for SQWs are considered as coming form the GaP barrier 

height for the carrier over flow from the quantum well, while for the bulk is from the 

localization energy of the bound excitons. These results demonstrate an efficient 

carrier confinement, which is realized in the lattice-matched 

In0.056Ga0.944P0.975N0.025/GaP SQWs with a large conduction band offset                   

∆Ec ~ 200 - 250 meV, giving the highly efficient PL at higher temperatures.  
 

3.5   Summary 

 

Structural and optical properties of In0.050Ga0.950P0.975N0.025/GaP with different 

well-widths were investigated. The compositions and the well-widths of SQWs were 

obtained by HRXRD results and their simulation. HRXRD results demonstrate the 

lattice-matched SQWs. In addition, the surface images from the optical microscopy 

were used to confirm the lattice-matched SQWs with the strain less than 0.3% and no 

generation of misfit dislocation. The PL peak position and PLE absorption edge 

observed from the SQWs exhibit the blue-shift comparing to the bulk film. This   

blue-shift was increase with decreasing of the well-width, which is attributed to the 

quantum confinement effect by the well. The temperature dependent PL results show 

that the SQWs has the activation energy higher than that of the bulk film, indicating 

the SQWs has the efficiency for confining the carriers better than that of the bulk 

layer. The larger activation energies in the SQWs are due to the large conduction band 

offset (200 -250 meV). 

 



 

CHAPTER IV 
EFFECTS OF COMPOSITIONAL 

VARIATION 
 

 

 

In this chapter, structural and optical investigational results of both the    

InxGa1-xP1-yNy bulk layer and the InxGa1-xP1-yNy/GaP SQWs with different In and N 

concentrations are described. High-resolution X-ray diffraction (HRXRD) was 

performed to characterize the structural properties. For the optical characterization, 

photoluminescence (PL) and photoluminescence-excitation (PLE) techniques were 

employed.    

  

4.1   Sample Description 

 

 All the InxGa1-xP1-yNy/GaP SQWs and the InxGa1-xP1-yNy bulk layers used in 

this study were grown on GaP (001) substrates using metalorganic vapor phase 

epitaxy (MOVPE) technique at Prof. Kentaro Onabe’s laboratory, the University of 

Tokyo by Dr. Nobuhiro Nakadan and Dr. Tokuharu Kimura. The precursors for Ga, In, 

P and N are trimethyl-gallium (TMGa), trimethyl-indium (TMIn), PH3 and             

1,1-dimethyl-hydrazine (DMHy), respectively. The carrier gas is H2. After the 

growth of the around 0.3 µm-thick GaP buffer layer at 710°C, a thin InxGa1-xP1-yNy 

well layer and a GaP cap layer were respectively grown at 635°C. The composition of 

the InxGa1-xP1-yNy well layers, which are nominally lattice-matched to GaP, were 

controlled to be x = 0.050 – 0.135 and y = 0.025 – 0.071. The well-widths were 

controlled to be the same in the same series of the samples. The InxGa1-xP1-yNy bulk 



 41

layers without the GaP cap layer were also prepared for a comparative study. The 

growth parameters such as V/III ratio, [DMHy] molar flow rate, were based on the 

growth of the InxGa1-xP1-yNy bulk layers [15, 16]. A schematic illustration of the 

InGaPN/GaP SQW and InGaPN bulk layer are shown in Fig. 4.1. 

 

4.2   Structural Investigation 

 

 Figure 4.2 shows the (004) 2θ/ω-scan HRXRD patterns of three                  

InxGa1-xP1-yNy /GaP SQWs, which use different molar flow rates of precursors for the 

same growth-time. These different molar flow rates lead to the difference in 

compositions (x, y) of the InxGa1-xP1-yNy layer. All samples show the similar shape of 

diffraction patterns. The main sharp peak at the angle of 68.8° correspond to the 

reflection from the (004) GaP. In addition, the additional diffracted peaks at lower 

angle of (In)GaP buffer layer, the broad satellite fringes and the frequent 

Pendellösung fringes are clearly observed. All features are similar to the results 

discussed in previous chapter (section 3.2.1). 

Likewise the previous chapter, the simulation software was used to determine 

well thickness and the compositions. The simulation results obtained from the 

software are depicted in Fig. 4.3 together with the experimental diffraction patterns. 

As shown in the figure, the simulation results are very match to the experimental 

Figure 4.1: Schematic illustration of the InGaPN/GaP SQW and InGaPN bulk 

layer. 
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results. According to the simulation, the well thickness or well-width of the       

InxGa1-xP1-yNy well layers of LZ = 2.4 nm are fixed and the same for all the SQWs. But 

the In and N concentrations in the well layers are different (x = 0.050, y = 0.025),      

(x = 0.080, y = 0.048) and (x = 0.135, y = 0.071), respectively, as labeled in the figure. 

In addition, from the experimental results, the Pendellösung fringes for SQWs 

with compositions of (x = 0.080, y = 0.048) and (x = 0.135, y = 0.071) are not clearly 

seen than that of the SQW with compositions of (x = 0.050, y = 0.025). So, the crystal 

quality degradation caused by high N incorporation. The degradation of the crystal 

quality might be due to the composition fluctuation of high N containing InGaPN 

materials. However, they can still be observed, this indicates the fairly flat interfaces. 

Furthermore, the closely matching between the GaP diffracted peak and the zero order 

of satellite fringes indicate the lattice-matched InGaPN/GaP SQWs.  

 

4.3   Optical Investigation 

 

4.3.1    Bandgap Energy of InxGa1-xP1-yNy Alloys 

 

In order to estimate the bandgap energy of each alloy composition, the PLE 

results obtained from the bulk layers are considered. Figure 4.4 depicts the PLE 

spectra of the bulk layers with alloy compositions of (x = 0.050, y = 0.025), (x = 0.080, 

y = 0.048) and (x = 0.135, y = 0.071), respectively. The absorption edge of the PLE 

spectra for each alloy composition is determined as the effective bandgap energy of 

that. The estimated absorption edges are 2.08, 1.96 and 1.86 eV for the compositions 

of (x = 0.050, y = 0.025), (x = 0.080, y = 0.048) and (x = 0.135, y = 0.071), 

respectively. With increasing In and N concentrations, the absorption edge exhibits a 

red-shift. This indicates a reduction of the bandgap energy due to the incorporation of 

both In and N. For the bulk sample with composition of (x = 0.135, y = 0.071), the 

bandgap energy determined by surface photovoltage spectroscopy (SPS) have been 

reported by Hsu et al. [27]. From their results, the bandgap energies at 0 K and the 

room temperature are 2.008 ± 0.005 and 1.922 ± 0.025 eV, respectively. This is 

closely comparable to the effective bandgap energy at 10 K which is 1.86 eV. The 

difference might come from the difference in characterization methods and the fitting 
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Figure 4.4: 10 K PLE spectra of InGaPN/GaP bulk layers on GaP with different In 

and N concentrations. The arrows indicate the absorption edge. 
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procedures. In addition, PL results of the same series are also shown in Fig. 4.5. They 

also show the red-shift of PL peak positions with increasing both In and N 

concentrations. This evidence confirms the large lowering of the bandgap energy, 

which is mainly due to the N incorporation.  

From the approximation with no valence band offset for the dilute nitrides [2], 

the conduction band offsets for the InGaPN/GaP SQWs with the compositions of      

(x = 0.050, y = 0.025), (x = 0.080, y = 0.048) and (x = 0.135, y = 0.071) can be 

estimated to be 270, 390 and 490 meV, respectively, as shown in Fig. 4.6. These 

values indicate the large barrier height for an electron confinement in the 

InGaPN/GaP quantum structures. In addition, the value of 270 meV for the 

composition of (x = 0.050, y = 0.025) is comparable with the activation energy, 

obtained by the fitting of the temperature dependent PL results described in Chapter 3. 

Moreover, to date, fundamental type of bandgap for the InGaPN alloy is still 

not manifest. Hsu et al. reported that InGaPN is a direct bandgap semiconductor. 

However, our PLE results show that it seems to be a quasi-direct semiconductor 

because its PLE absorption edge is not sharp. In the case of direct bandgap 

semiconductors, in general, their absorptions are very steep (for example, the 

absorption of direct bandgap of GaP at 2.87 eV as shown in Fig. 3.11). The band 

formation of InGaPN alloy with low In concentration might be the same for GaPN 

which is also dilute nitride material. For the incorporation of small amount of N into 

GaP which is an indirect bandgap semiconductor, the N atoms form many trapping 

states under the indirect gap of GaP and independent with wave-vector (k) [28]. The 

most prominent of the N trapping state is the A-line that is originated from an isolated 

N atom which exhibits as the trapping defect [29]. For N > 1%, these N trapping 

states merge together and form the new band with independent with wave-vector (k), 

as shown in Fig. 4.7. Hence, this new band leads GaPN to the quasi-direct 

semiconductor. The same situation is also expected for InGaPN, which has the 

concentrations of In and N much smaller than that of Ga and P.  
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Figure 4.5: 10 K PL spectra for the InGaPN/GaP bulk layers on GaP with 

different In and N concentrations. 
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Figure 4.6: Schematic drawing of the approximated conduction band offsets (ΔEc) 

of InGaPN/GaP SQWs with different In and N concentrations. The Eg1, Eg2 and 

Eg3 are the bandgap energies of the InGaPN bulk layers with the compositions of 

(x = 0.050, y = 0.025), (x = 0.080, y = 0.048) and (x = 0.135, y = 0.071), 

respectively. 

 

 

Figure 4.7: Schematic drawing for the formation of the conduction band edge of 

GaPN alloy [23]. 
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4.3.2    Photoluminescence of InGaPN/GaP SQWs 

 

Low-temperature (10 K) PL spectra of the InxGa1-xP1-yNy/GaP SQWs with 

various In and N concentrations of (x = 0.050, y = 0.025), (x = 0.080, y = 0.048) and 

(x = 0.135, y = 0.071) but the same well-width of LZ = 2.4 nm were shown in Fig. 4.8. 

With increasing In and N concentrations whereas the well-width was fixed, the PL 

main peak exhibits red-shift. This indicates a reducing of the optical transition energy 

which is due to the lowering conduction band edge of InxGa1-xP1-yNy well layer. Also, 

for the highest N-incorporating SQW sample, the intensity of PL main peak rapidly 

decreases. This is owing to the high-concentration of non-radiative recombination 

defects in the high N-incorporating SQW. The non-radiative defects are the defects 

that trap the carriers. So, the carriers cannot recombine or recombine without photon 

emission (might be phonon emission). In addition, the sharp NNi lines and their 

phonon replicas [29] are clearly observed in all SQWs. The dotted lines indicate the 

NNi lines which have an intense intensity, i.e., A-line (2.31 eV) and NN3 (2.26 eV). 

The A-line and NN3 are attributed to the recombination from the isolated N atom 

states and third nearest neighbor N atom site state, respectively [29]. Unlike the PL 

main peak, these NNi lines still remain their energy with increasing In and N 

concentrations. It is interpreted that the PL main peak was emitted from InGaPN well 

layer. In contrast, the sharp NNi lines, they were emitted from the GaP barrier. This 

might due to the N atoms penetration in GaP barriers during the growth, or it is the 

recombination of excitons near the interface of InGaPN and GaP. Thus, the cause of a 

large reduction of PL intensity may be owing to the rising of non-radiative defects 

which related to the incorporation of In and N. 

 

4.3.3   Photoluminescence-excitation of InGaPN/GaP SQWs 

 

Figure 4.9 illustrates the 10 K PLE spectra monitored at 1.89 eV for the 

InxGa1-xP1-yNy/GaP SQWs with various In and N concentrations of (x = 0.050,             

y = 0.025), (x = 0.080, y = 0.048) and (x = 0.135, y = 0.071) but the same well-width 

of LZ = 2.4 nm. The features of PLE are similar to previous chapter. With increasing 

In and N concentrations whereas the well-width was fixed, the absorption 
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Figure 4.8: 10 K PL spectra for InGaPN/GaP SQWs of well-width 2.4 nm with 

different In and N concentrations. The dashed lines indicate the A-line and NN3 

line. The light spectrum above the figure shows the emission region of samples. 
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Figure 4.9: 10 K PLE spectra for InGaPN/GaP SQWs with fixed well-width of 2.4 

nm and with different In and N concentrations. The arrows indicate the absorption 

edge. 
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edges of PLE exhibit the red-shift. This confirms a reduction of the optical transition 

energy which is due to the lowering conduction band edge of the InxGa1-xP1-yNy well 

layer. The amount of the red-shift is 68 meV from the composition of (x = 0.050,            

y = 0.025) to (x = 0.080, y = 0.048). For the highest N-incorporating SQW, the 

intensity of the emission is too low for determining the features. So, the well-defined 

PLE spectrum cannot be observed for such high N-containing sample. 

 

4.4   Summary 

 

Structural and optical properties of InxGa1-xP1-yNy/GaP with different In and N 

concentrations, which are (x = 0.050, y = 0.025), (x = 0.080, y = 0.048) and (x = 0.135, 

y = 0.071), both bulk layers and SQWs were invatigated. For the bulk layers, the 

absorption edges exhibit a red-shift with increasing In and N concentrations. This 

indicates the reduction of the bandgap energy due to the incorporation of In and N. It 

is found that the conduction band offsets for SQWs can be estimated to be 270 - 490 

meV. These values indicate the large barrier height for electron confinement in the 

InGaPN/GaP quantum structures. 

For SQWs, the composition and the well-width of SQWs were obtained by the 

HRXRD results and simulations. The HRXRD results had shown the lattice-matched 

SQWs and the degradation of the crystal quality which might due to the composition 

fluctuation of high N-containing in InGaPN materials. Moreover, the PL peak 

position and PLE absorption edge exhibited the red-shift with increasing In and N 

concentrations. This is owing to a reduction of the optical transition energy which is 

due to the lowering conduction band edge of InxGa1-xP1-yNy well layer. Our results 

demonstrate that the large reduction of conduction band edge is mainly due to the 

incorporation N. With higher incorporation of N, the intensity of PL main peak 

rapidly decreases, owing to the high-concentration of non-radiative defects which 

strongly related to the incorporation of N. 

 

 



 

CHAPTER V 
FINITE-DEPTH SQUARE 

POTENTIAL WELL 

CALCULATION 
 

 

In this chapter, the finite-depth square potential well calculation is used to 

interpret the PL and PLE results that obtained from the InGaPN/GaP SQWs. As an 

example, the valence band offset of InGaPN/GaP SQW is discussed. The difference 

of well-widths which causes the lattice fluctuation seen on PL spectra in Chapter 3 is 

also clarified.   

 

5.1   Comparison between Absorption Edge and  

         Finite-Depth Square Well Calculation 

 

 In order to determine the quantum well characteristic of the novel 

InGaPN/GaP system, the series of In0.050Ga0.950P0.975N0.025/GaP SQWs, which have 

emission in PLE results for all well-widths, are selected for comparing with the 

potential well calculation as a function of well-width. With benefits of lattice-matched 

condition, the finite-depth square potential well calculation without the effects of 

hydrostatic strain can be used to interpret the PL and PLE results obtained from the 

lattice-matched InGaPN/GaP SQWs. In order to obtain the transition energy, the 

valence band offset (ΔEv) of InGaPN/GaP system is required. First, the valence band 

alignment of the In0.050Ga0.950P0.975N0.025 alloy is calculated. In this study, the valence 
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band lineup of In0.050Ga0.950P0.975N0.025 is obtained from the binary materials which are 

the components of the InGaPN, i.e. GaP, InP, GaN and InN. The interpolation rule for 

the physical properties (P) of InxGa1-xP1-yNy alloy is [30] 

 

                                                                                                                                  (5.1) 

 
InNGaNInPGAP

InGaPN

PyxPyxPyxPyx
yxP

∗∗+∗∗−+∗−∗+∗−∗−
=

)1()1()1()1(
),(

The data of the valence band alignments for III-V binary compounds is shown in    

Fig. 5.1. This information is obtained from the theoretical calculation by the Wei and 

Zunger [31]. However, they have reported that the uncertainty of their calculation is 

about 0.05 eV (50 meV) and the error can be larger for systems between nitrides and 

other III-V compounds.  

From the interpolation rule, the valence band alignment for the 

In0.050Ga0.950P0.975N0.025 is estimated to be 0.95 eV. So, comparing the GaP which is 

the barrier, the valence band offset of In0.050Ga0.950P0.975N0.025/GaP is small as              

-0.04 eV. The minus sign indicates that the valence band of In0.050Ga0.950P0.975N0.025 is 

lower than that of GaP which is the barrier. This shows the Type-II quantum well 

which is hardly possible because the PL results show the strong luminescence. 

However, the value of valence band offset of 0.04 eV is smaller than the error which 

Figure 5.1: Calculated natural valence band alignment of III-V semiconductor 

compounds [31]. 
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Wei and Zunger gave in their calculation. So, the valence band offset for this system 

can be approximated to zero. Next, in order to establish the well height, the 

conduction band offset (ΔEc) needs to be determined. In this calculation, the PLE 

absorption edge of In0.050Ga0.950P0.975N0.025 bulk layer (~ 2.08 eV) is used as the 

effective bandgap of the InGaPN well layer. The barrier potential is determined by 

energy level of the indirect bandgap of GaP (2.35 eV). Consequently, the value of ∆Ec 

is estimated to be about 270 meV. Although the HRXRD results show that the one 

side of the barriers is the (In)GaP which is caused by the insertion of small amount of 

In into the GaP buffer layer, but this small amount of In (~ 0.5%) cannot perturb the 

indirect bandgap of GaP, as seen in Fig. 1.1. So, the model with the same height of 

both sides of barriers is still valid.  

Because there is only conduction band offset, hence the other required 

parameter is the electron effective mass ( ) of the In0.050Ga0.950P0.975N0.025. The 

interpolation rule is used again. The electron effective masses of the binary materials 

[10] and In0.050Ga0.950P0.975N0.025 from the interpolation are shown in Table 5.1. The 

calculation procedures of the finite-depth square potential well have been already 

shown in Chapter 2. Thus, the optical transition energy (ET) can be written as 

∗
em

 

                                                                                                                                                                        (5.2) EEE InGaPNgT += ,

 

materials
electron 

effective mass
)( ∗

em

GaP

InP

GaN

InN
In0.050Ga0.950P0.975N0.025

0.13

0.0795

0.15

0.12

0.128

Table 5.1: The electron effective mass of III-V binary compounds [10] and  

In0.050Ga0.950P0.975N0.025. 
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2.35 eV

2.08 eV

A schematic for the calculation is shown in the Fig. 5.2. The energy positions of the 

PL main peak and the PLE absorption edges as a function of well-widths are 

illustrated in Fig. 5.3 together with the calculated transition energies from Eg. (5.2). 

Both the PL peak position and PLE absorption edge exhibit the same trend with the 

calculated optical transition energies, confirming the quantum confinement effect of 

the well. However, both of them show the lower in the energy than the calculated 

optical transition energies. This difference might be due to the difference in the 

electron effective mass and the valence band offset. However, in this work, we have 

calculated the optical transition energies using the electron effective mass obtained 

from the interpolation rule. It is known that in dilute III-V-N system, the electron 

effective mass is significantly increased with incorporation of N [33, 34]. So, the 

electron effective mass in real situation might be heavier than that of the calculation. 

Moreover, in this InGaPN/GaP structure, the valence band offset might be larger than 

zero, leading the PLE absorption edge to be lower in energy than the calculation. On 

the other hand, it is evidence that the PL peak positions are much lower in the energy 

than the PLE absorption edges and the calculated value of optical transition energies. 

This evidence implies that the energy at the PLE absorption edge is the energy that 

excites the electron up to the energy at quantum state but the energy at PL emission 

might be originated from the emission of exciton. The difference in the transition 

energy in the case of the PLE and PL might be owing to the exciton binding energy. 

Figure 5.2: Schematic drawing for the calculation of the optical transition energy. 

Eg, InGaPN
ET

Eindirect, GaPΔEc

E
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2.30

This exciton binding energy will be increased with decreasing well-width since the 

electron and hole are forced to be closer to each other [35]. This reason might be the 

cause of increasing the separation between the energy of the PLE absorption edge and 

that of PL peak position with decreasing well-width.  

 

5.2   Effect of Lattice-fluctuation 

 

In the Chapter 3, the PL results of the well-width dependence (Fig. 3.5) show 

the splitting of the PL peaks into sub-peak A and sub-peak B which due to the   

lattice-fluctuation. For the PL spectrum of In0.050Ga0.950P0.975N0.025 /GaP SQW with 

Figure 5.3: The energy positions of the main PL peaks and the PLE absorption 

edges as a function of well-widths together with the calculated transition energies. 

The error bars in the case of PLE absorption edges come from the procedure of 

determination of the absorption edges. The error bars in the case of PL peak 

positions come from the resolution of PL measurement.
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well-width of 1.6 nm, the energy difference of sub-peak A and sub-peak B is 

determined to be 44 meV, as shown for example in Fig. 5.4. If the sub-peak B is the 

emission from the region, which has the well-width of 1.6 nm, so the sub-peak A 

which has the emission at higher energy is the emission from the thinner zone. From 

the finite-depth square potential well calculation, the value of 44 meV is comparable 

to the difference in the optical transition energy from the SQW which difference in 

well-width of about one lattice-constant (0.54 nm).  

 

5.3 Summary 

 

The electron effective mass of In0.050Ga0.950P0.975N0.025 calculated from the 

interpolation rule is 0.128. The valence band offset of the In0.050Ga0.950P0.975N0.025/GaP 

structure is discussed. In addition, the results from the interpolation of the valence 

band alignments of the binary materials show that the valence band edge of 

Figure 5.4: PL spectrum of In0.050Ga0.950P0.975N0.025 /GaP SQW with well-width of 

1.6 nm together with the value of difference in energies of the splitting sub-peaks. 
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In0.050Ga0.950P0.975N0.025 lie at 0.95 eV. This leads the valence band offset of 

In0.050Ga0.950P0.975N0.025/GaP structure to be very small and is approximated to be zero 

in this calculation. 

The comparison between the PLE absorption edge and the optical transition 

energy from the finite-depth square well calculation are shown. The PLE absorption 

edges exhibit the same trend with optical transition energies from the calculation, 

confirming the quantum confinement effect of the well. In addition, by using this 

calculation, the lattice fluctuation in the novel InGaPN/GaP SQWs is estimated to be 

about one lattice-constant (0.54 nm). 



 

CHAPTER VI 
CONCLUSIONS 

 
 

In this thesis, the physical properties of the lattice-matched InxGa1-xP1-yNy/GaP 

single quantum well (SQWs) grown by MOVPE were analyzed. The structural 

properties were mainly characterized by high-resolution X-ray diffraction (HRXRD) 

whereas the optical properties were characterized by photoluminescence (PL) and 

photoluminescence-excitation (PLE). The InxGa1-xP1-yNy/GaP SQWs used in this 

study were separated into two series. First series is the fixed alloy composition  

InxGa1-xP1-yNy/GaP SQWs with different well-widths (LZ = 1.6 -6.4 nm) and the other 

is the fixed well-width InxGa1-xP1-yNy/GaP SQWs with different alloy compositions      

(x, y) in the well layer ((x = 0.050, y = 0.025), (x = 0.080, y = 0.048) and (x = 0.135,   

y = 0.071)). The analyses were mainly divided into two parts, the effects of           

well-width variation and the effects of compositional variation. The discussion was 

focused on the evidences of the quantum confinement effect in the SQWs.  

The main results and conclusions obtained in this research work are 

summarized as follows: 

 

(1) HRXRD results and surface images demonstrate that the lattice-matched 

InxGa1-xP1-yNy/GaP SQWs with high crystal quality and fairly flat heterointerface were 

obtained. 

 

(2) For the fixed composition InxGa1-xP1-yNy/GaP SQWs with different      

well-widths, PL peak position and PLE absorption edge shift to higher energy     

(blue-shift) with decreasing well-width. This confirms the quantum confinement 

effect of the well. In addition, the well-resolved PL sub-peaks in the SQW with the 

narrowest well is attributed to the lattice fluctuation (or well-width fluctuation). The 
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lattice-fluctuation was examined to be about one lattice-constant (1.06 nm) in such 

SQWs. 

 

(3) For the fixed well-width InxGa1-xP1-yNy/GaP SQWs with different alloy 

compositions, PL peak position and PLE absorption edge shift to lower energy     

(red-shift) with increasing both the In and N concentrations. However, it is believed 

that the large red-shift is due to the incorporation of N, resulting in a large reduction 

of the conduction band edge of InxGa1-xP1-yNy well layer. This also confirms the 

quantum confinement effect of the well. However, for the highest In- and N-

containing SQWs (x = 0.135, y = 0.071), the intensity of PL main peak is rapidly 

decreased. The cause of a large reduction of the PL intensity may be owing to the 

rising of non-radiative defect density, which is related to the incorporation of In and N. 

 

(4) PL results demonstrate that the InxGa1-xP1-yNy/GaP SQWs exhibit the 

luminescence in the visible-wavelength region (yellow to red emission). Particularly, 

there are strong luminescence in the InxGa1-xP1-yNy/GaP SQWs with lower 

compositions of (x = 0.050, y = 0.025) and (x = 0.080, y = 0.048). 

 

(5) The conduction band offsets (ΔEc) of InxGa1-xP1-yNy/GaP (x = 0.050 – 

0.135, y = 0.025 – 0.071) SQWs are examined to be 270 – 490 meV. These values 

indicate the large barrier height for an electron confinement in the InGaPN/GaP 

quantum structures. However, for the highest In and N incorporating SQWs               

(x = 0.135, y = 0.071), although its conduction band offset is as high as 490 meV, the 

PL and PLE results show the low emission intensity which is caused by the large 

number of non-radiative defects. This means that these non-radiative defects are 

possibly related to the In and N. Therefore, the incorporation of In and N for 

achieving the bandgap in the red region of visible-wavelength is limited due to an 

insufficient crystal quality of the well layer.  

 

Based on our results, the quantum confinement effect in these lattice-matched 

InxGa1-xP1-yNy/GaP SQWs is confirmed. The optical transition energy can be 

engineered by tuning the well-widths and compositions in the InGaPN quantum well 

layer. The decreasing of well-width causes the emission in higher transition energy 
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whereas the increasing of In and N concentrations effects the emission in lower 

transition energy. However, the increasing of In and N concentrations in the well 

layer are limited by the degradation of crystal quality. The transition energies of all 

the InxGa1-xP1-yNy/GaP SQWs as well as the bulk layers are summarized in Table 6.1. 

Hence, the lattice-matched InGaPN/GaP SQWs with transparent substrate has the 

promising for optoelectronic device applications such as light emitting and laser 

devices in the yellow to red emission region.  

Table 6.1: The transition energies obtained from InxGa1-xP1-yNy/GaP SQWs as 

well as the bulk films, and the light spectrum in the yellow to red emission region 

is also shown. 

well-width

composition

bulk

6.4 nm

3.2 nm

2.4 nm

1.6 nm

x = 0.050, 
y = 0.025

x = 0.080, 
y = 0.048

x = 0.135, 
y = 0.071

2.084

2.102

2.112

2.118

2.123

1.949

1.959

1.960

2.011

2.046

1.877

1.945

580 590 600 610 620 630 640 650 660 nm
2.14 2.06 2.00 1.94 1.88 eV

no emission or emission in very low intensity
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APPENDIX A 
Contributions from this thesis to the field 
 

 

The MOVPE growth samples that have been used in this thesis, were prepared 

at Prof. Kentaro Onabe’s laboratory, the University of Tokyo by Dr. Nobuhiro 

Nakadan and Dr. Tokuharu Kimura. The photoluminescence and photoluminescence-

excitation measurements were also performed at Prof. Kentaro Onabe’s laboratory, the 

University of Tokyo.  

I took the raw data from PL and PLE measurements and did the calculation 

and analysis in Thailand. I participated during the HRXRD measurement at the 

Scientific and Technological Research Equipment Centre (STREC), Chulalongkorn 

University. I did the simulation and analysis of the obtained HRXRD results. I 

performed the optical microscopy at the National Metal and Materials Technology 

Center (MTEC) and interpreted the obtained results. I summarized all results, 

concluded the work and wrote two following international scientific papers. 

 

Paper 1: D. Kaewket, S. Tungasmita, S. Sanorpim, F. Nakajima, N. Nakadan,                

                  T. Kimura, R. Katayama and K. Onabe, “Photoluminescence and   

                  photoluminescence-excitation spectroscopy of InGaPN/GaP lattice- 

                  matched single quantum well structures grown by MOVPE”, (2007)  

                  Journal of Crystal Growth, 298, 531-535. 

 

Paper 2: D. Kaewket, S. Tungasmita, S. Sanorpim, R. Katayama and K. Onabe,  

                  “Visible photoluminescence from InGaPN/GaP lattice-matched single    

                  quantum well structures grown by MOVPE”, (2007) Proceedings of the   

                  2nd IEEE International Conference on Nano/Micro Engineered and  

                  Molecular Systems, 695-700. 
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Moreover, I attended and presented my works in 6 Conferences, as following: 

 

1. “Photoluminescence and photoluminescence-excitation spectroscopy of  

        InGaPN/GaP lattice-matched single quantum well structures grown by MOVPE”   

        13th International Conference on Metal Organic Vapor Phase Epitaxy   

        (ICMOVPE 13), Miyazaki, Japan, May 22-26, 2006. [Poster presentation] 

 

2.   “Visible photoluminescence from InGaPN/GaP lattice-matched single quantum   

        well structures grown by MOVPE” The 2nd IEEE International Conference on  

        Nano/Micro Engineered and Molecular Systems (IEEE-NEMS 2007), Bangkok,   

        Thailand, January 16-19, 2007. [Oral presentation] 

 

3.     “Red emission from InGaPN/GaP lattice-matched single quantum well structures   

         grown by MOVPE” 32nd Congress on Science and Technology of Thailand   

        (STT 32), Bangkok, Thailand, October 10-12, 2006. [Oral presentation] 

 

4.  “Optical properties of InGaPN/GaP lattice-matched single quantum well  

         structures grown by MOVPE” 6th National Symposium on Graduate Research,  

         Chulalongkorn University, October 13-14, 2006. [Oral presentation] 

 

5.    “Optical characterization of InGaPN/GaP lattice-matched single quantum wells”  

        Siam Physics congress 2007, Nakorn Pathom, March 22-24, 2007.                  

        [Oral presentation] 

 

6.   “Optical investigation of InGaPN/GaP lattice-matched single quantum wells”  

         14th Academic Conference, Faculty of Science, Chulalongkorn University,  

         March 16-17, 2006. [Oral presentation] 
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