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ABSTRACT 

Although the efficiency of AlGaN-based optoelectronic devices has improved in 

recent years, the realization of high external quantum efficiency (EQE) ultraviolet (UV) 

light emitting diodes (LEDs) with wavelengths below 360 nm is still challenging. In spite 

of the development of growth techniques, the lack of native lattice-matched, cost-

effective, and suitable substrates produces high densities of threading dislocations and 

point defects which act as nonradiative recombination (NRR) centers or trap centers in 

the crystal. The defect mediated NRR centers reduces the carrier lifetime and are 

responsible for the low efficiency of the devices. To resolve these problems, it is 

indispensable not only to understand the basic mechanism of grown-in defects and 

imperfections in these materials, but also to find out the correlations of these defects with 

the performance and reliability limiting problems and impute them to their physical origin. 

Thus, the study of NRR centers is likely to remain an important and active research thrust 

for the realization of high efficiency AlGaN UV light emitting devices.  

In this study, different AlGaN-based multiple quantum wells (MQWs) samples 

have been investigated by photoluminescence (PL) and two-wavelength excited 

photoluminescence (TWEPL) methods. In the TWEPL, an intermittent below-gap 

excitation (BGE) light whose photon energy is lower than the bandgap energy of the 

material (hBGE < Eg), is superposed on a constant above-gap excitation (AGE) light 

(hAGE > Eg) at the same point of the sample surface. The intensity change in 

photoluminescence (PL) due to the addition of a BGE light on an AGE light implies the 

presence of NRR levels in the energy position corresponding to the photon energy of the 

BGE source. 

The NRR centers in two UV-C (deep UV) AlGaN MQW samples, grown at two 

different growth temperatures 1140 °C and 1180 °C, on c-plane sapphire substrate by 

metal-organic chemical vapor deposition (MOCVD) technique, have been studied by 

TWEPL at about 25 K. The PL intensity decreased by the superposition of BGE light of 

photon energies between 0.93 eV and 1.46 eV over an AGE light of energy 4.66 eV. This 

is explained by a two-level recombination model based on Shockley–Read–Hall (SRH) 

statistics. The model indicates the presence of a pair of NRR centers in both samples, 
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which are activated by the BGE. The degree of PL quenching for the sample grown at 

1140 oC is higher than that of the sample grown at 1180 oC for BGE energies 0.93 eV, 

1.17 eV, and 1.27 eV. The defect density ratio of 1.5, for the BGE energy of 1.27 eV, was 

obtained from a qualitative simulation. This result implies that a slight difference in 

growth conditions changes defect densities. 

Superlattice (SL) period (SLP) dependence on NRR centers of UV-B AlGaN 

MQW samples, grown on c-plane sapphire substrate at 1150oC by MOCVD technique, 

have been studied by TWEPL. The SLP affects the lattice relaxation of SL and n-AlGaN 

layer. The NRR centers in n-AlGaN and QW layers of these samples have been detected 

by adding BGE light of energies 0.93 eV, 1.17 eV, 1.27 eV, and 1.46 eV over an AGE 

light of energy 4.66 eV at 30 K. By the superposition of these BGE light on AGE, the PL 

intensity decreased and the degree of PL quenching from both the layers of the sample 

with SLP 100 is lower than those of other samples with SLP 50, 150, and 200. By a 

qualitative simulation with the dominant BGE of photon energy 1.27 eV, the density-ratio 

of NRR centers in n-AlGaN layers of 50:100:150:200 SLP samples is obtained as 

1.7:1.0:6.5:3.4. This result implies that the number of SLP changes lattice relaxation and 

determine density of NRR centers in n-AlGaN layer and as a whole in QW layer which 

affects the performance of LEDs. 

NRR processes through defect states and their temperature dependence in UV-B 

AlGaN MQW sample on sapphire substrate grown by MOCVD technique have been 

studied by photoluminescence (PL) spectroscopy. We detected NRR centers by adding a 

below-gap excitation light with photon energies from 0.93 eV to 1.46 eV on an above-

gap excitation light of 4.66 eV. All the BGE energies decreased PL intensity at 25 K, and 

the most-distinct quenching is observed by 1.27 eV BGE at the same BGE photon number 

density. The temperature-dependent PL intensity for the BGE energy of 1.27 eV is 

interpreted by three NRR centers. The one-level model dominates over that of two-level 

model in the temperature range 58 K < T < 88 K. The two-level model prevails in other 

region of temperature. The combination of one-level and two-level models is consistent 

with the spectral peak-energy shift as a function of temperature. 
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CHAPTER 01 

INTRODUCTION 

1.1 Motivation 

Group-III nitrides such as aluminium nitride (AlN) gallium nitride (GaN), indium 

nitride (InN), and their alloys are the key materials for efficient optoelectronic devices in 

ultraviolet (UV), blue and green spectral range [1]. In addition, large bandgap and break-

down electric field of AlN and GaN make them an attractive choice for power electronics 

[2]. The bandgap energies of these materials can be varied from 0.7 eV for InN, 3.4 eV 

for GaN up to 6.2 eV for AlN by alloying InN or AlN with GaN to suit the desired 

application in the range of infrared to deep ultraviolet [2,3]. The research story of nitrides 

began in the late 1960’s [4] but became popularities after the development of controlled 

growth and doping techniques by Akasaki and Amano in the late 1980’s [5,6]. In the 

middle of 1990’s, Nakamura et al. [7,8] developed and commercialized InGaN blue light-

emitting diode (LED), and the performance of this LED was beyond the expectation 

irrespective of the number and degree of structural imperfections compared with the other 

III-V optoelectronic devices [9].  

Research into AlGaN-based UV LEDs for wavelengths shorter than 360 nm was 

initiated by several research groups between 1996 and 1999 [10–13]. The efficiency of 

these devices has improved in recent years and the highest reported EQE is 14.3% ever 

for DUV-LED [14]. Recently, the demand of cheap, environmentally friendly and smart 

AlGaN UV LEDs and LDs with wavelengths below 360 nm has arisen because of its 

legionary potential applications, such as those in immunotherapy (310 nm), for vulgaris 

treatment (310 nm), gravitational sensors, plant lighting (310 nm), water sterilization, 

assisting in the transportation of foods, the manufacture of bank notes, the production of 

vitamin D3 in the human body (294–304 nm), the detection of biochemical agents, 

fluorescence detection, and the identification of proteins, DNA, and bacteria [3,10,15–
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20]. Research leading to improve the efficiency of AlGaN UV devices is essential 

especially in the range of 220 nm to 350 nm for the fulfilment of the aforesaid and other 

applications [10]. 

Although the efficiency of the AlGaN-based devices has improved in recent years, 

but the realization of high-EQE UV LEDs with wavelengths below 360nm is still 

challenging [10]. In spite of the development of growth techniques, the lack of lattice-

matched, cost-effective, and suitable substrates produces high densities of threading 

dislocations and point defects which act as nonradiative recombination (NRR) centers or 

trap centers in the crystal [3,21–25]. One of the main concerns for crystal growers is to 

minimize such below-gap states which act as NRR centers. To improve the internal 

quantum efficiency (IQE) and overall EQE of light emitting materials, it is indispensable 

to reduce the densities of NRR centers. Besides, it is essential an in-depth understanding 

of the basic mechanism of grown-in defects and imperfections in these materials for the 

improvement in efficiency and the reliability of AlGaN UV light emitting devices by 

mitigating the NRR centers. Such advancement requires a way to identify NRR levels in 

AlGaN materials conclusively, evaluate their influence on relevant material properties, 

and ascribe them to their physical sources. Thus, the study of NRR centers is likely to 

remain an important and active research thrust for the realization of high efficiency 

AlGaN UV light emitting devices. 

Several methods have been used to study the defect levels in GaN-based materials 

including deep-level transient spectroscopy (DLTS) [26–29], deep level optical 

spectroscopy (DLOS) [22,30], capacitance-voltage method [31,32], and photo-

capacitance method [33]. However, all these methods are confined due to the necessity 

of preparing suitable samples for the measurement with Schottky contacts or an 

appropriate p–n junction. On the other hand, two-wavelength excited photoluminescence 

(TWEPL) is a versatile, non-contacting, non-destructive and purely optical characterizing 

scheme; there is no need for any special kind of sample preparation to investigate the 

deep levels (NRR centers) in the semiconductors.  

 

1.2 Objectives 

Crystal imperfections and various defect levels in AlGaN materials that act as 

nonradiative recombination (NRR) centers in the crystal are the main reason for the 
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reduction of efficiency, lifetime as well as reliability of the devices. It is indispensable to 

reduce or eliminate such NRR centers to improve the efficiency of AlGaN materials and 

overall the performance of AlGaN-based devices. In addition, understanding the basic 

physical properties of these materials is essential to control the defect formation in the 

crystal during the growth and also the device processing situation. The main objective of 

this research is to characterize the defect states acting as NRR centers in the various types 

of promising and high efficiency AlGaN-based light emitting semiconductor materials by 

TWEPL technique. To investigate the distribution of NRR centers within the forbidden 

energy gap of the materials by adding below-gap excitation (BGE) light with different 

photon energies using TWEPL technique is also an aim of this study. The second goal of 

this research is to propose carrier recombination model between the valence band (VB) 

and conduction band (CB) via NRR centers for the interpretation of experimental results 

and finally quantitative detection of NRR parameters by rate equation analysis. 

 

1.3 Organization of the thesis 

The motivation and objectives of this research are introduced in Chapter 1. The 

layout of this dissertation also presented here. 

Chapter 2 deals with the background of this work. The basic properties of AlGaN-

based materials and common defects present in these semiconductors are discussed. 

Fundamental of heterojunctions specially quantum well and multi-quantum well 

structures and Shockley-Read-Hall (SRH) recombination theory are briefly described 

there. A survey of prospects and application of two-wavelength excited 

photoluminescence is also presented in this chapter. 

In chapter 3, detail experimental setup of conventional photoluminescence and 

two-wavelength excited photoluminescence (TWEPL) is demonstrated.  

Chapter 4 describes the result of UV-C (deep ultraviolet) AlGaN MQW samples 

grown at different temperatures on sapphire substrate by metal-organic chemical vapor 

deposition (MOCVD) technique. A recombination model is proposed based on the 

experimental evidence. The effect of the growth temperature of samples on the formation 

of NRR centers has been explained.  Defect related parameters have been estimated by 

model calculation and fitting the result with experiment. 
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Chapter 5 deals with the effect of the number of superlattice periods (SLPs) on 

NRR centers in n-AlGaN and quantum well (QW) layers of UV-B AlGaN MQW samples 

grown on c-plane sapphire substrates by MOCVD technique. A recombination model is 

proposed based on the experimental results. The rate equation analyses have been 

performed to justify the phenomenological recombination model.  

In chapter 6, the temperature dependence of NRR processes in UV-B AlGaN QW 

by below gap-excitation light is described. A recombination model is proposed based on 

the experimental results to explain the temperature dependent TWEPL. The defect related 

parameters have been estimated by rate equation analyses from the recombination model.    

Finally, the summary of this work and guideline for future research is presented 

in chapter 7.  
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CHAPTER 02 

BACKGROUND 

2.1 Basic properties of AlGaN materials 

Aluminum gallium nitride (AlGaN) is an alloy of aluminum nitride and gallium 

nitride with useful semiconductor properties. It is a member of group III-nitride 

semiconductors and the most studied semiconductor for GaN microelectronics. There are 

basically two types of crystalline structures in group III-nitride semiconductors: the 

wurtzite (WZ) and zinc blende (ZB). There also be a laboratory form of crystalline 

structure ‘rock salt’ which only possible under very high pressure. The wurtzite (WZ) 

structure is thermodynamically and chemically stable under ambient conditions for bulk 

AlN, GaN, InN, and its alloys specially AlGaN [2]. The zinc blende structure for GaN 

and InN has been stabilized by epitaxial growth of thin films on (0 1 1) crystal planes of 

cubic substrates only. 

The AlxGa1-xN semiconductors cover a wide range of band-gap energies, 

depending on the value of Al composition (x), tailored from 3.4 eV (x = 0) to 6.2 eV (x = 

1) [3,34]. The direct bandgap nature of these semiconductors makes them promising 

candidates for light emitting materials. The material is free from As, Hg, Pb, P (i.e. 

environmentally friendly) and its thermal conductivity is relatively high 1.3-2.1 W/cm.K. 

The material is hard which is suitable for long-lifetime device. These semiconductors also 

possess relatively high electron mobility, and high break-down filed. The high mobility 

and high breakdown field open great opportunities of fabricating high-power and high-

frequency devices like photodetector, transistors, and switches. The Bandgap energies 

and emission wavelength of the wurtzite (WZ) InAlGaN material system and other III–

V and II–VI compound semiconductor materials as a function of their lattice constant is 

shown in Fig. 2.1. However, InGaN and AlInN alloys with a high In content are still 

unfeasible due to the large mismatch between the lattice parameters which limiting the 

structural quality. 
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Fig. 2. 1 Bandgap energies and emission wavelength of InAlGaN material system and 

other III–V and II–VI compound semiconductor materials (adapted from Ref. [3]). 

The dependencies of the energy bandgap of a ternary alloy AxB1-xN on alloy composition 

x is assumed to fit a simple quardatic formula [35–37]. 

 𝐸𝑔(𝑥) = 𝑥𝐸𝑔.𝐴 +(1-x)𝐸𝑔.𝐵 − 𝑏𝑥(1 − 𝑥) (2.1) 

where Eg(x) is the unstrained bandgap energy of the alloy, Eg.A (Eg.B) is the bandgap of 

AN (BN) binary alloy, and b is the bowing parameter. The bowing parameter represents 

the second order correction to the linear dependence. A very good fitting is observed for 

the AlxGa1-xN alloy when the value of b = 1 [35,36].  

For comparison of the InxGa1-xN alloys, a rather complex situation observed to 

estimate the bowing parameter b. In this case, it is quite difficult to describe the Eg(x) 

curve with a single bowing parameter. The value of b depends on the In composition (x) 

and expressed by 𝑏(𝑥) = 𝛼 (1 + 𝛽𝑥)⁄ , where  and  are the fitting parameters. Recent 

few reported values of band bowing parameter b for the AlxGa1-xN and InxGa1-xN alloys 

are shown in Table 2.1.  
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Table 2. 1 Band bowing parameter b for AlxGa1-xN and InxGa1-xN alloys. 

Alloys Composition (x) 
Bowing parameter (b) 

[eV] 
References 

AlxGa1-xN 
0  x  0.45 0.69  0.49 [38] 

0  x  1 1 [35,36]  

InxGa1-xN 

0  x  0.12 3.5 [39] 

0  x  0.5 1.4 [40] 

0  x  1 3.5 - 0.9  [36] 

 

2.2 Defects in AlxGa1-xN materials 

Defect levels always exists in all crystals even though the development of high 

technology fabrication process. Common defects present in AlGaN crystal are shown in 

the following diagram (Fig. 2.2).  

 

Fig. 2. 2 Common defects presents in AlxGa1-xN crystal. 

The point defects associated with a single atomic site and zero-dimensional 

defects. Point defects are where an atom is missing or is in an irregular place in the lattice 

structure. Point defects include vacancies, interstitial atoms, substitutional atoms and 

antisites. Vacancies are empty spaces where an atom should be but is missing. They are 

common, especially at high temperatures when atoms are frequently and randomly 

change their positions leaving behind empty lattice sites. For AlGaN semiconductors, 

vacancies can either be cation (VAl and/or VGa) or anion (VN) vacancies. If an atom is 

occupied in between regular atoms in spite of regular crystal site, it is called an interstitial 

impurity atom. When an impurity atom substitutes an atom of the host crystal, it is 

referred to as a substitutional impurity. Common examples of substitutional defects in 

AlGaN are Oxygen on N site (ON), Carbon on N site (CN), and Si on Al and/or Ga site 
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(SiAl and/or SiGa). If the substitution occurs between the host atoms of the crystal, then it 

is called antisite defects, i.e., N on Ga site (NGa). Point defects can either be intrinsic or 

extrinsic depending on the involvement of atoms. Vacancies, self-interstitials, and 

antisites are intrinsic since they come from crystal itself. However, extrinsic point defects 

comprise of substitutional impurities and interstitial impurities due to the involvement of 

foreign atoms. 

The line defects are one-dimensional defects which associated with a direction. 

Line defects include dislocations and stacking faults. Dislocations are defined as an 

abrupt change in the regular ordering of atoms along a dislocation line in the solid. 

Dislocation usually originates from the lattice and thermal coefficient mismatch between 

the substrate and succeeding layer. On the other hand, the partial displacements of the 

lattice ordering sequence which upset the regular sequence in the stacking of lattice planes 

is referred to stacking faults. 

Aforementioned defects can be formed during AlGaN crystal growing, device 

processing, and by the working environment. To improve the performance of the devices, 

it is indispensable to understand the properties and the origin of the defects. A lot of effort 

has already been made to know the nature of defects in GaN materials. Depending on the 

earlier reports, a summary of the defect states present in the GaN is listed in Table 2.2. 
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Table 2. 2 Defect properties in GaN     

Defects Transition levels (ET) [eV] Charge states References 

ON Near EC  [41,42] 

SiGa Near EC  [42] 

VN-H Near EC  [42] 

CGa 
EC - 0.11 

EC - 0.18 
 

[43] 

[41,44] 

IC EC - (1.28 - 1.35)  [43] 

VGa 

EV + 2.06 

EV + 1.1 (EC - 2.3) 

EV + 0.8 

3-/2- 

3-/2- 

2-/- 

[45,46] 

[42,43,47] 

[42] 

VGa-ON 

EV + 1.85 

EV + 1.76 

EV + 1.1 

EV + 0.7 

0/- 

2-/- 

2-/- 

-/0 

[45] 

[45] 

[42,47] 

[42] 

VGa-SiGa 
EV + 1.74 

EV + 2.13 

0/- 

2-/- 

[45] 

[45] 

CN-ON 
EV + 0.75 

EV + 0.14 

0/+ 

+/2+ 

[41] 

[41] 

CN 

EC - 3.28 

EV + (0.43 - 0.48) 

EV + 0.9 

EV + (1.06 - 1.09) 

 

0/+ 

-/0 

-/0 

[43] 

[41,45] 

[48] 

[41,45] 

MgGa EC - 3.22  [43,49] 

The defects present in GaN also propagate to AlxGa1-xN alloys just changing their 

transition energies with the incorporation of Al content in GaN. Besides these, new 

defects also incorporated to the AlxGa1-xN alloys due to the lattice mismatch between the 

substrate and AlxGa1-xN. 

 

2.3 Quantum well and multi-quantum wells 

A quantum well (QW) is a particular kind of heterostructure in which one thin 

“well” layer is surrounded by two “barrier” layers. In another words, a QW is a special 

kind of heterostructure formed by two heterojunctions or three layers of materials such 

that the middle layer has the lowest energy for electrons or the highest energy for holes. 

The electrons and holes are both confined in this thin layer, and it is so thin (typically 

about 100 Å, or about 40 atomic layers) that we cannot neglect the fact that the electron 

and hole are both waves. In fact, the allowed states in this structure correspond to standing 

waves in the direction perpendicular to the layers. Because only particular waves are 

standing waves, the system is quantized, hence the name "quantum well". 
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A quantum well confines carriers (electrons or holes) in a two-dimensional (2-D) 

system. In a bulk semiconductor, electron can be moved in all directions (3D) and their 

energy above the conduction band edge is continuous and can be expressed by [50]  

 𝐸 − 𝐸𝐶 =
ℏ

2𝑚𝑒∗
(𝑘𝑥
2 + 𝑘𝑦

2 + 𝑘𝑧
2) (2.2) 

where 𝑚𝑒
∗  is the associated effective mass of electrons. The carriers are confined in one 

direction (say x-direction, kx=0) inside the QW, thus, the energy is no longer continuous 

on the x-direction but becomes quantized in sub-bands.  

The quantization of carriers inside the well depends on two important parameters: 

well width, Lx, and well height, b. Solution of the Schrödinger equation inside the well 

is 

 Ψ(𝑥) = 𝑠𝑖𝑛 (
𝑖𝜋𝑥

𝐿𝑥
) (2.3) 

 and (x) will be zero in the boundaries if and only if b is infinite. The pinning of nodes 

at the well boundaries leads to the quantization of sub-bands with an energy of  

 𝐸𝑖 =
ℏ2𝜋2𝑖2

2𝑚∗𝐿𝑥2
 (2.4) 

The minimum requirement to be a quantum well is that the quantized energy is 

much larger than kT, and Lx is smaller than the mean free path and the de-Broglie 

wavelength [50]. If the quantum wells are separated from one another by thick barrier 

layers and there is no communication between them, then the system is called multiple 

quantum wells (MQWs). Multiple quantum wells are a key feature of modern high-

efficiency optical devices.  

 

2.4 Shockley-Read-Hall (SRH) recombination theory  

One of the major important factors for light emitting diodes (LEDs) and laser 

diodes (LDs) is the carrier recombination. For the understanding of light emitting 

mechanism, it is essential to know the recombination physics. Defects inside the 

semiconductor crystal can introduce energy levels within the bandgap, usually known as 

trap levels or non-radiative recombination (NRR) centers. Recombination of electrons 

and holes at NRR centers is the most important mechanism that influences the carrier 

lifetime.  
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The electron and hole emission and capture mechanism at NRR centers were 

firstly explained and formulated comprehensively by William Shockley and W. T. Read, 

Jr. [51] and by R. N. Hall [52] in 1952. These are known as the Shockley-Read-Hall 

(SRH) recombination statistics. The four possible transitions mechanism of an electron 

or hole within the bandgap between a trap and the conduction band (CB) or the valence 

band (VB) are depicted in Fig. 2.3 

 

Fig. 2. 3 Basic processes involved in Shockley-Read-Hall recombination by trapping; (a) 

electron capture, (b) electron emission, (c) hole capture, and (d) hole emission. 

Here, Et represents the energy level of the trap. Ev and Ec denotes the VB and CB energies, 

respectively. 

The four processes are: 

(a) Electron capture process: An electron is captured by an empty center or 

unoccupied electron trap from the conduction band, 

(b) Electron emission process: This is just the reverse process of electron capture. 

In this case, a trapped electron is released or emitted to the conduction band. 

(c) Hole capture process: A hole is captured by a trapped electron from the 

valence band. This can be indicated by a transition of a trapped electron to an 

unoccupied electron state in the valence band. 

(d) Hole emission process: This is the reverse process of hole capture. In this 

case, a hole is released or emitted from the unoccupied electron trap. It can 

be explained by capture of an electron from the valence band. 

The electron occupation function of the trap () is expressed by Fermi-Dirac statistics and 

it depends on the energy level of the trap (Et) and the Fermi level (EF): 
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 𝑓 =
1

1 + 𝑒𝑥𝑝[(𝐸𝑡 − 𝐸𝐹)/𝑘𝑇]
  (2.5) 

where, T is the temperature, and k is the Boltzmann constant. Thus, the probability of that 

state become empty or occupied by the hole is (1- ). 

 𝑓𝑝 = 1 − 𝑓 = 𝑓𝑒𝑥𝑝[(𝐸𝑡 − 𝐸𝐹)/𝑘𝑇] (2.6) 

The rate of electron capture (ra) is proportional to the concentration of free electrons n 

and the concentration of traps not occupied by electrons. Thus, 

 𝑟𝑎 = 𝑣𝑡ℎ𝜎𝑛𝑛𝑁𝑡(1 − 𝑓) (2.7) 

where vth is the speed of an electron, σn is the capture cross-section for electrons, n is the 

electron concentration, Nt is the trap density, and f is the probability of occupation of a 

center by an electron. The average probability of an electron be captured per unit time by 

an empty trap is called as the electron capture coefficient and expressed by 

 𝐶𝑛 = 𝑣𝑡ℎ𝜎𝑛 (2.8) 

where, 𝐶𝑛 [cm3s-1] is the electron capture coefficient. 

The rate of electron emission (rb) is proportional to the concentration of traps which are 

occupied by electrons. Thus, 

 𝑟𝑏 = 𝑒𝑛𝑁𝑡𝑓 (2.9) 

where en is the electron emission coefficient from the trap. 

The hole capture rate, by analogy to process (a), is given by 

 𝑟𝑐 = 𝑣𝑡ℎ𝜎𝑝𝑝𝑁𝑡𝑓 = 𝐶𝑝𝑝𝑁𝑡𝑓 (2.10) 

where, Cp is the hole capture coefficient, and p is the hole concentration. 

Finally, the rate of hole emission, process (d), is 

 𝑟𝑑 = 𝑒𝑝𝑁𝑡(1 − 𝑓)  (2.11) 

where, ep is the hole emission coefficient from the trap. 

Now at thermal equilibrium condition the rate of capture and rate of emission must be 

equal, i.e.: 

 𝑟𝑎 − 𝑟𝑏 = 𝑟𝑐 − 𝑟𝑑 = 0 (2.12) 

and the Fermi level (EF) must be replaced by intrinsic Fermi level (Ei). 
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The free carrier densities can be calculated by using the Boltzmann statistics;  

 
                 𝑛 = 𝑛𝑖𝑒𝑥𝑝[(𝐸𝐹 − 𝐸𝑖)/𝑘𝑇],    

                   and 𝑝 = 𝑛𝑖𝑒𝑥𝑝[(𝐸𝑖 − 𝐸𝐹)/𝑘𝑇] 
(2.13) 

Then the electron emission coefficient is 

 𝑒𝑛 = 𝑣𝑡ℎ𝜎𝑛𝑛𝑖𝑒𝑥𝑝[(𝐸𝑡 − 𝐸𝑖)/𝑘𝑇] (2.14) 

and the hole emission coefficient is  

 𝑒𝑝 = 𝑣𝑡ℎ𝜎𝑛𝑛𝑖𝑒𝑥𝑝[(𝐸𝑖 − 𝐸𝑡)/𝑘𝑇] (2.15) 

On the other hand, in the non-equilibrium, but in steady state condition  

 𝑟𝑎 − 𝑟𝑏 = 𝑟𝑐 − 𝑟𝑑 ≠ 0 (2.16) 

Let us consider that, Eq. (2.14) and (2.15) continue to be valid in the out of 

equilibrium. From Eq. (2.7), (2.9) - (2.11), and (2.16) the electron occupation function 

can be evaluated as: 

 𝑓 =
𝜎𝑛𝑛 + 𝜎𝑝𝑛𝑖𝑒𝑥𝑝[(𝐸𝑖 − 𝐸𝑡)/𝑘𝑇]

𝜎𝑛[𝑛 + 𝑛𝑖𝑒𝑥𝑝[(𝐸𝑡 − 𝐸𝑖)/𝑘𝑇]] + 𝜎𝑝[𝑝 + 𝑛𝑖𝑒𝑥𝑝[(𝐸𝑖 − 𝐸𝑡)/𝑘𝑇]]
 (2.17) 

Substituting Eq. (2.17) in Eq. (2.7) and (2.9) and assuming that the capture cross-section 

of holes and electrons are equal (𝜎𝑝 = 𝜎𝑝 =  𝜎), the net recombination rate of electrons 

and holes can be obtained by 

 𝑟𝑎 − 𝑟𝑏 = 𝑟𝑐 − 𝑟𝑑 = 𝜎𝑣𝑡ℎ𝑁𝑡
𝑝𝑛 − 𝑛𝑖

2

𝑝 + 𝑛 + 2𝑛𝑖𝑐𝑜𝑠ℎ[(𝐸𝑖 − 𝐸𝑡)/𝑘𝑇]
 (2.18) 

   

2.5 Two-wavelength Excitation PL (TWEPL): a powerful tool for 

defect characterization   

The two-wavelength excited photoluminescence (TWEPL) is a purely optical, 

non-contacting, and non-destructive technique for optical characterization of 

semiconductor materials. Previously, Grimmeiss and Monemar in 1973 used TWEPL 

method for characterizing Cu-doped GaN who are known as the pioneer of this technique 

[53]. Afterwards, Monemar and Samuelson in 1978 analyzed the bulk GaP by utilizing 

both the PL excitation (PLE) and the twofold excitation method [54]. In early 1980’s, 

Tajima investigated the deep level defects in bulk GaAs by utilizing the twofold 

excitation modulated PL technique and succeeded in the detection of a high concentration 
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of NRR centers in his measuring samples [55]. Kamata et al. in 1993, characterized the 

NRR centers in GaAs/AlGaAs MQWs by TWEPL [56]. They estimated trap parameters 

of the NRR centers by combined analysis of time-resolved PL (TRPL) and TWEPL 

results by considering multi-level traps in GaAs/AlGaAs MQWs structures. Recently, 

Dagnelund et al. given a clear insight of this technique by reporting detection and 

characterization of hole traps in Ga(In)NP [57]. As a results of this success of quantitative 

detection of NRR parameters by TWEPL method, a lot of research has already been done 

for GaAs/AlGaAs quantum wells [58–66], GaN/InGaN QWs [66,67], GaN [68–70], 

AlGaN QWs [71–74], GaPN [75], and Ba3Si6O12N2:Eu2+ phosphors [76,77].  

 

It is essential to determine the spatial and energy distribution of NRR centers for 

classifying each defect state and to locate its microscopic origin. By using different BGE 

sources with suitable photon energies, it is possible to know such energy distribution of 

NRR centers. The detail experimental layout and the measurement procedure by TWEPL 

system has been discussed in next chapter.   
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CHAPTER 03 

EXPERIMENTAL DETAILS 

3.1 Photoluminescence 

Photoluminescence (often referred to as PL) is a powerful and widely used 

measurement technique for probing the electronic structure and in the analysis of the 

optical properties of materials. It is a versatile, non-contacting and non-destructive 

scheme to obtain information on the internal optical processes and the optical quality of 

the material. The material (in an equilibrium state) is excited by a light whose photon-

energy is higher than the bandgap of the material. The light is absorbed and imparts excess 

energy into the material in a process called photo-excitation. Electron-hole pairs are 

generated inside the material and the electrons are excited from the valence band (VB) of 

the material to its conduction band (CB). The excited photo-carriers return to the 

equilibrium state through radiative and/or non-radiative recombination process. One of 

the ways to release such excess energy from the material is by the emission of light. This 

is called luminescence. As the photoexcitation occurs by the optical radiation hence the 

name photoluminescence (PL). The PL intensity for the radiative recombination process 

is recorded as a function of wavelength to get a spectral plot. The spectral plot provides 

various information such as the bandgap of the material, mid-states and defect levels, the 

optical quality of the material etc. The peak wavelength (λp) in the PL spectra is directly 

related to the bandgap energy (Eg) of the material through the following equation: 

 𝐸𝑔 =
ℎ𝑐

𝜆𝑝
 (3.1) 

where, h (6.62607015×10−34 J.s.) is the Planck constant and c (2.99792458×108 m.s-1) is 

the speed of light. 
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3.2 Two-wavelength Excited Photoluminescence (TWEPL) 

The two-wavelength excited photoluminescence (TWEPL) is a purely optical, non-

contacting, and non-destructive technique for optical characterization of semiconductors. 

In conventional PL, the sample is excited by a light source whose excitation energy is 

higher than the bandgap energy of the material (hBGE > Eg). Hereafter, this source is 

indicated to as above-gap excitation (AGE) source. In the TWEPL, an intermittent below-

gap excitation (BGE) light whose photon energy is lower than the bandgap energy of the 

material (hBGE < Eg) is superposed on the constant AGE light in PL measurement as 

shown in Fig. 3.1. The PL intensities with and without the BGE light is recorded as 

𝐼(𝐴𝐺𝐸+𝐵𝐺𝐸) and 𝐼(𝐴𝐺𝐸), respectively. The normalized PL intensity (IN) is calculated by 

 𝐼𝑁 =
𝐼(𝐴𝐺𝐸+𝐵𝐺𝐸)

𝐼(𝐴𝐺𝐸)
 (3.2) 

The deviation of IN value from unity indicates the presence of nonradiative recombination 

(NRR) centers in between the energy bandgap of the material. 

 

After irradiation of a BGE light on a fixed AGE light, three cases may happen:  

(i)  No change in PL intensity: It reflects that there is no NRR centers exist in the 

bandgap region of the material corresponding to the energy of the BGE.  

(ii) Enhancement of PL intensity: It can be interpreted by one-level recombination 

model as shown in Fig. 3.2(a).  The BGE excites the electrons from the VB to an 

NRR level or from an NRR level to the CB. As a consequence, an increase of 

either hole (p) or electron (n) concentration in the VB or CB, respectively and 

 

Fig. 3. 1 Schematic diagram of the TWEPL measurement. 

  

 

 

Sample

IPL±ΔI

Target Point

ℎ 𝐵𝐺𝐸  𝐸𝑔

ℎ 𝐴𝐺𝐸  𝐸𝑔
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the PL intensity increases due to its direct proportional relationship with the 

product of n times p.  

(iii) Diminution of PL intensity: It can be explained by a two-level recombination 

model schematically depicted in Fig. 3.2(b). When the BGE energy matches the 

energy difference between two coexisting below-gap NRR levels, level-1 and 

level-2, electrons in NRR level-1 are excited to NRR level-2, from which they 

recombine nonradiatively with holes in the VB of the material. Consequently, a 

number of electron deficiencies occur in NRR level-1, which allows for an 

increase in NRR from the CB. The combination of both effects reduces the 

number of electron-hole pairs available for radiative recombination and results 

in the PL intensity quenching. 

  

Fig. 3. 2 (a) One-level model which explains the enhancement of the PL intensity, (b) 

Two-level model used for the illustration of the PL intensity quenching. 

The typical experimental layout of the TWEPL is shown in Fig. 3.3. The sample 

was mounted on a Cu holder with the sapphire side up inside a temperature-controlled 

cryostat with three optical windows. A closed loop He cycles was used for the cooling of 

the sample and temperature can be varied from 20 K to 300 K. Before cooling of the 

sample, the cryostat was evacuated at a pressure of around 10-4 Pa. A continuous wave 

(CW) diode pumped solid state laser (Model: SDL-266-005T) of wavelength 266 nm 

(hνAGE = 4.66 eV) have been used as the AGE source for the excitation of different 

samples. Four different BGE light sources with energies 0.93 eV (1340 nm wavelength), 

1.17 eV (1064 nm), 1.27 eV (980 nm), and 1.46 eV (850 nm) have been used in the 

experiment of TWEPL measurement.  
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The output power of the AGE LD source was kept constant and different neutral 

density (ND) filters were used for changing the excitation density. The long pass (LP) 

filter was used to stop the shorter wavelength component from the BGE source. Two 

optical shutters were placed in front of the AGE and BGE sources to control them.  The 

emitted PL signal from the sample was guided by collimating lens to enter into a 

monochromator with range 200 nm - 1800 nm and then detected by near infrared 

photomultiplier for the conversion into electrical signal. Finally, the signal was recorded 

by a computer. Here an optical chopper was used with the digital lock-in-amplifier for 

improving the S/N ratio of the PL signal. The slit width of the monochromator was 0.5 

mm. In front of the monochromator slit, a LP 275 nm filter was used to cut the unwanted 

AGE source (266 nm) emission and to record only from the sample’s emission.  

The measurement technique of the PL intensities 𝐼(𝐴𝐺𝐸)  and 𝐼(𝐴𝐺𝐸+𝐵𝐺𝐸)  for the 

calculation of the normalized PL intensity (IN) in both the cases when the PL intensity 

increases (one-level model) and PL intensity decreases (two-level model) with the 

addition of BGE light on the AGE light in the TWEPL measurement is shown in Fig. 3.4.  

 

Fig. 3. 3 Typical experimental setup for the TWEPL measurements. 
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Fig. 3. 4 Measurement technique of 𝐼(𝐴𝐺𝐸) and 𝐼(𝐴𝐺𝐸+𝐵𝐺𝐸) for the calculation of IN when 

(a) the PL intensity increases (one-level model) and (b) PL intensity decreases (two-level 

model) with the addition of BGE on the AGE in the TWEPL measurement. 

At first the conventional PL spectra was measured only by the AGE light and the 

PL peak position was recorded. Then the time variation of the PL peak intensity was 

recorded (using a software) by turning ON and OFF of the optical shutters placed in front 

of the AGE and BGE light sources (Fig. 3.3) as shown in Fig. 3.4. After averaging all 

𝐼(𝐴𝐺𝐸) and 𝐼(𝐴𝐺𝐸+𝐵𝐺𝐸) values individually, the normalized PL intensity IN was calculated 

by using Eq. 3.2. During the measurement, it was confirmed that both the AGE and BGE 

light sources superposed on the same point of the sample surface and spot size of the BGE 

light was higher than that of the AGE light on the target point of sample surface.    
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CHAPTER 04 

EFFECT OF GROWTH TEMPERATURE ON 

NONRADIATIVE RECOMBINATION 

CENTERS IN UV-C AlGaN QW 

4.1 Introduction 

High-quality AlGaN materials are the key element in obtaining the high efficiency 

of the deep ultraviolet light emitting diode (DUV-LED), which are used in varieties of 

potential applications like sterilization, optical and biological sensing, skin curing, etc. 

etc [10,78–80]. The wavelength range between 260 nm to 280 nm is most important for 

applications involving sterilization or water purification with direct UV light treatment 

[10,81–87]. The external quantum efficiency has improved in recent years, but it is still 

crucial to find the optimum growth conditions of AlGaN-based DUV LEDs [10,74,79,80]. 

However lack of lattice-matched and cost-effective substrates brings difficulties in 

reducing the density of defect states, which act as nonradiative recombination (NRR) 

centers in multiple quantum wells (MQWs) [3,23–25]. In order to improve the efficiency 

of light-emitting materials, it is essential to reduce such NRR centers. Photoluminescence 

(PL) and cathodoluminescence spectroscopy have been used by other groups to 

investigate below-gap states in AlGaN, showing only characteristic luminescence peaks 

and giving relative information about NRR centers [88,89]. To investigate deep-level 

defects in AlGaN films, deep-level transient spectroscopy and deep-level optical 

spectroscopy have been used, but their applications are restricted due to the necessity of 

preparing suitable samples for the measurement with Schottky contacts or an appropriate 

p–n junction [90–92]. We have been studying such NRR centers optically since the first 

quantitative determination of their NRR parameters by our scheme of two-wavelength 

excited PL (TWEPL) [58,64]. It is a versatile non-contacting and non-destructive scheme; 
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there is no need for any special kind of sample preparation. In this work, the TWEPL 

method is used for the detection and characterization of NRR centers in AlGaN MQW 

samples grown on sapphire substrates. The variation of peak PL intensity due to the 

addition of the below-gap excitation (BGE) light over that of the above-gap excitation 

(AGE) is observed as functions of AGE photon number density, BGE photon number 

density, and BGE energy. The NRR parameters are also evaluated by systematically 

solving the rate equations and fitting the results with experimental data. 

4.2 Experimental methods 

4.2.1 Sample structure  

Our MQW samples comprise a 4 μm thick multi-layer AlN buffer, a 1.5 μm thick 

Si-doped n-AlGaN layer, three periods of MQWs with 5 nm thick wells and 8 nm thick 

barriers, a multi-quantum barrier (MQB), and finally a 55 nm thick Mg doped p-AlGaN 

contact layer. This sample structure is depicted in the inset of Fig. 4.1. Samples were 

grown on (0001) sapphire substrates by metal–organic chemical vapor deposition 

(MOCVD) technique. The growth conditions of the two samples was identical except for 

the growth temperature: the growth temperature of sample A was 1140 °C while that for 

sample B was 1180 °C. Due to the difference in their growth temperature, the Al content 

in each layer and the layer thickness are different. The Al composition (x) in the AlxGa1-

xN of sample A in the barrier, well, and final barrier layers were 0.57, 0.44, and 0.65, 

respectively; these values for sample B were, respectively, 0.55, 0.42, and 0.63. 

 

 

Fig. 4. 1 Sample structure. 
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4.2.2 Measurement 

The experimental setup of the TWEPL method for characterizing the AlGaN MQW 

samples is shown in Fig. 4.2. To obtain the PL signal, the sample was mounted on a Cu 

holder with the sapphire side up inside a temperature-controlled cryostat with three 

optical windows. A continuous wave AGE light (hνAGE > Eg) of hνAGE = 4.66 eV (266 

nm) yields MQW-PL. By superposing a chopped BGE light (hνBGE < Eg) on an AGE light 

at the same point of the sample surface, we measure the MQW-PL intensities with and 

without the BGE, IAGE+BGE and IAGE, respectively. The normalized PL intensity is defined 

as IN = IAGE+BGE/IAGE, and its deviation from unity indicates the presence of NRR centers 

[58,64]. The BGE light sources with energies 0.93 eV (1340 nm wavelength), 1.17 eV 

(1064 nm), 1.27 eV (980 nm), and 1.46 eV (852 nm) are used in the experiment. The 

detailed experimental layout and models of NRR centers can be found elsewhere 

[64,74,93]. 

 

4.3 Results and discussion 

4.3.1 PL intensity comparison 

Conventional PL spectra were measured for two samples at 20 K with varying 

excitation (AGE) power. Figure 4.3(a) shows the comparison of the PL spectra between 

sample A and sample B at a fixed excitation power density of 1.24 mW·mm−2 and at 20 

K.  The PL peak wavelengths of samples A and B at 20 K are 276 nm and 284.5 nm, 

respectively. The integrated PL intensity was calculated as a function of AGE photon 

 

Fig. 4. 2 Experimental setup for TWEPL measurements. 
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number density for both samples, as shown in Fig. 4. 3(b). The integrated PL intensity of 

MQW emission increases almost linearly with increasing AGE photon number density 

for both samples. The rate of increase for sample B is higher than that of sample A, thus 

showing a higher emission efficiency of sample B. 

 

In Fig. 4.4(a), the temperature-dependent integrated PL intensity of samples A 

and B are shown. At the temperature region below 100 K, the integrated PL intensity of 

sample B is higher than that of sample A, which is consistent with the results shown in 

Fig. 4.3. With temperature increasing from 20 K, the integrated PL intensity slightly 

increases for both samples due to the carrier transportation between different localized 

states [94,95]. With a further increase in temperature from 30 K, the integrated PL 

intensity decreases drastically for sample B but monotonically from 50 K for sample A. 

This implies that sample B has a stronger temperature effect than sample A. The thermal 

quenching behaviour is determined by the activation of NRR centers and the escape of 

carriers from QWs [96,97]. The latter mechanism is negligible in this low-excitation 

condition.  

 

 
 

Fig. 4. 3 Comparison of PL intensities between samples A and B. In Fig. (b) the 

corresponding excitation power density in mW·cm−2 is shown in the upper axis. Here, 

the dotted lines in (b) are only to guide the eyes. 
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The temperature-dependent PL intensity can be well fitted, as shown in Fig. 4.4(b), 

using the following two-channel Arrhenius formula [96–100]: 

 1 2
1 2

1
( ) ,

1 .exp .exp
B B

I T
E E

C C
K T K T

=
    − −
+ +    

    

 

(4.1) 

where I (T) represents the normalized integrated PL intensity at temperature T. C1 and C2 

are the two constants related to the density of NRR centers in the samples. E1 and E2 stand 

for the thermal activation energies at low- and high-temperature ranges corresponding to 

NRR process, [97,100] and kB is the Boltzmann’s constant. All the values of the 

parameters in Eq. (4.1) are shown in Table 4.1.  

 

Table 4. 1 The obtained fitting parameters in Eq. (4.1).    

Sample C1 E1 (meV) C2 E2 (meV) 

A 160 85.7 14.5 44.4 

B 43.7 34.1 24.2 51.4 

 

It is observed from Table 4.1 that though the values C1 and E1 for samples A are 

higher than that of sample B at lower temperature region, the sample B contains higher 

values of C2 and E2 at high temperature ranges than that of sample A. Higher  activation 

  

Fig. 4. 4 Comparison of integrated PL intensities as a function of (a) temperature, and 

(b) inverse temperature between samples A and B. The dotted lines in (a) are only to 

guide the eyes. The broken lines in (b) are the Arrhenius fittings. Here “Expt.” in (b) 

indicates the experimental results. 

 

(a) (b)
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energy shows lower temperature effect which is consistent with the results shown in Fig. 

4.4 (a). 

 

  4.3.2 TWEPL measurement 

  In order to know the distribution of NRR centers in AlGaN MQW samples, the 

normalized PL intensity IN was measured as a function of BGE photon number density 

for four BGE energies as 0.93 eV, 1.17 eV, 1.27 eV, and 1.46 eV, respectively, as shown 

in Fig. 4.5. The AGE power density was fixed at 0.42 mW·mm−2 and the measurement 

temperature was between 20 K and 29 K. With the addition of BGE light on the AGE, 

the value of IN decreased from unity for all BGE energies.  

 

It is observed from Fig. 4.5 that the amount of PL quenching becomes pronounced 

with increasing BGE energy and photon number density. The most dominant quenching 

occurred by the 1.46 eV BGE energy at the BGE photon number density of around 

0.52×1019 cm−2·s−1 for both samples; the difference between the two samples is within 

experimental error. Furthermore, the value of IN for sample A is lower than that of sample 

B throughout the experimental BGE photon number density range except at the 1.46 eV 

BGE energy. The minimum values of IN, 0.91 and 0.94, were obtained for samples A and 

B, respectively, at the highest BGE density (1.1×1019 cm−2·s−1) for the 1.27 eV BGE 

energy. For BGE energies of 1.17 eV (at 6.85×1019 cm−2·s−1) and 0.93 eV (at 4.72×1019 

cm−2·s−1), the minimum IN values were 0.864 and 0.905, and 0.986 and 0.943, for samples 

 

Fig. 4. 5 Variation of IN values as a function of BGE photon number density for samples 

A and B. Here “(S-A)” and “(S-B)” indicate sample A and sample B respectively. 
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A and B, respectively. The degree of quenching of IN from unity represents the density 

of NRR centers in the samples. Thus, this result implies that the densities of NRR centers 

corresponding to the 1.46 eV BGE are nearly similar, but those corresponding to other 

energies are higher in sample A than in sample B. We consider that the presence of 

higher-density NRR centers corresponding to the 0.93 eV, 1.17 eV, and 1.27 eV BGE 

energies results in the lower PL intensity of sample A.   

 

The diminution of IN values (Fig. 4.5) can be explained by the two-level 

recombination model schematically depicted in Fig. 4.6. The figure shows the presence 

of a pair of NRR centers in the sample whose energy difference corresponds to that of the 

BGE energies [53,64,73,101]. Here, G1 (cm−3·s−1) is the generation rate of AGE, G2 

(cm3·s−1) is the BGE coefficient from NRR level-1 to NRR level-2, B (cm3·s−1) is the 

radiative recombination coefficient, Cn and Cp are the electron and hole capture 

coefficients, respectively, Nt is the density of NRR levels, and ft1 and ft2 are the electronic 

occupation functions of NRR level-1 and NRR level-2, respectively. The NRR 

parameters can be found by fitting experimental results based on Shockley–Read–Hall 

statistics [64,102].  

When the BGE energy matches the energy difference between two coexisting 

below-gap NRR levels, level-1 and level-2 (Fig. 4.6), electrons in NRR level-1 are excited 

to NRR level-2, from which they recombine nonradiatively with holes in the valence band 

of AlGaN. Consequently, a number of electron deficiencies occur in level-1, which allows 

 

Fig. 4. 6 Two-level recombination model of NRR process, which explains the PL 

intensity quenching due to the irradiation of BGE. 
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an increase in NRR from the conduction band. The combination of both effects reduces 

the number of electron-hole pairs available for radiative recombination and results in the 

PL intensity quenching. In the low-BGE photon number density region, the electron 

occupation function of NRR level-2 remains much lower than unity, and the PL 

quenching avails with the increase in the BGE photon number density. Moreover, with a 

further increase in the BGE photon number density, the electron occupation function of 

NRR level-2 approaches unity and the slope of PL quenching becomes gentle; this is 

partly shown in Fig. 4.5.  

 

Figure 4.7 shows the variation of IN values as a function of AGE photon number 

density for four BGE energies from 0.93 eV to 1.46 eV. With increasing AGE photon 

number density, the value of IN first increases and then approaches unity for both the 

samples. The excitation of electrons from NRR level-1 to NRR level-2 due to the BGE 

increases the NRR rate from level-1 and level-2 to the valence band (VB) at a lower AGE 

photon number density. With increasing AGE photon number density, band-to-band 

radiative recombination becomes stronger since the rate is proportional to n times p. 

Consequently, the normalized PL intensity IN approaches unity with increasing AGE 

photon number density. A similar tendency was observed in our previous studies of 

TWEPL [64,71,73,102,103]. 

 

Fig. 4. 7 Variation of IN as a function of AGE photon number density for samples A and 

B. Here “(S-A)” and “(S-B)” indicate sample A and sample B respectively. 
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4.3.3 Rate equation analysis  

In order to consolidate our qualitative interpretation by the two-level model, a semi-

quantitative simulation of the TWEPL results was carried out for the most dominant and 

second-most dominant PL quenching occurred by the 1.46 eV and 1.27 eV BGE energies, 

respectively. The rate equations for this two-level model (Fig. 4.6) can be written 

[51,52,64] as  

 

1 1 1 1

1 1 1 1 2 2 2

1
1 1 1 1 2 1 2 2

2
2 1 1 2 2 2

(1 ) 0,

0,

(1 ) (1 ) 0,

(1 ) 0,

n t t

p t t p t t
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n t p t t t t

t
t t t p t
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dt
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dt
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dt

df
G N f f C pf

dt
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= − − − =

= − − − − =

= − − =
}
 
 
 
 

 
 
 
 

 (4.2) 

while considering the charge neutrality condition  

 1 1 2 2 0 ,t t t tn N f N f n p+ + = +  (4.3) 

where n0 is the density of free electrons in the QWs and its value is known (2.0×1017 

cm−3) from the samples’ growers. The generation rate of the AGE (G1) is calculated 

experimentally by using the following equation [104,105]: 

 ( )1 (1 ) ,laser spotG P R A h = −  (4.4) 

where Plaser is the excitation power, R (18%) is the Fresnel reflection at the sample surface, 

Aspot is the laser spot size on the sample surface, hν (4.66 eV) is the photon energy of the 

excitation laser, and α (3.1×105 cm−1) [106] is the absorption coefficient of AlGaN at 266 

nm. It is impossible to evaluate the BGE coefficient (G2) from the absorption coefficient 

measurement since there is no fundamental absorption for these sources. Here, we use a 

constant factor for these conversions from the experimental photon number density of the 

BGE sources [102]. The system of rate equations can be solved numerically, and the 

dependencies of n, p, ft1, and ft2 on G2 can be found for the constant parameters of G1, B, 

n0, Cn1, Cp1, and Cp2. Therefore, we postulated the parameters Cn1, Cp1, and Cp2 from our 

previous result of similar growth conditions and changed the actual fitting parameters of 

G2, Nt1, and Nt2. The radiative recombination coefficient B is considered as 1.0×10−11 

cm3·s−1 for the AlGaN material [102,107–109]. By systematically solving and fitting the 
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result with experimental data, the NRR parameters are obtained for both samples, and are 

shown in Table 4.2 (for the 1.46 eV BGE) and Table 4.3 (for the 1.27 eV BGE).  

 

Table 4. 2 Parameters of rate Eqs. (4.2) and (4.3) for BGE 1.46 eV of samples A and B. 

Sample 
Nt2 

[cm-3] 

Nt1 

[cm-3] 

G1 

[cm-3·s-1] 

B 

[cm-3·s-1]  

n0 

[cm-3] 

Cn1 

[cm-3·s-1] 

Cp1 

[cm-3·s-1] 

Cp2 

[cm-3·s-1] 

A 2.3×1016 
3.3×10

16

 2.1×10
22

 1.0×10
-11

 2.0×10
17

 8.5×10
-10

 1.0×10
-8

 6.5×10
-11

 
B 2.5×1016 

*A/B *0.92  

 N.B.: Here ‘*’ indicates the ratio of defect densities Nt2 for samples A and B.  

 

Table 4. 3 Parameters of rate Eqs. (4.2) and (4.3) for BGE 1.27 eV of samples A and B. 

Sample 
Nt2 

[cm-3] 

Nt1 

[cm-3] 

G1 

[cm-3·s-1] 

B 

[cm-3·s-1]  

n0 

[cm-3] 

Cn1 

[cm-3·s-1] 

Cp1 

[cm-3·s-1] 

Cp2 

[cm-3·s-1] 

A 2.2×1016 
2.2×10

16

 2.1×10
22

 1.0×10
-11

 2.0×10
17

 8.5×10
-10

 1.0×10
-8

 6.5×10
-11

 
B 1.5×1016 

*A/B *1.5  

N.B.: Here ‘*’ indicates the ratio of defect densities Nt2 for samples A and B.  

It is evident from Table 4.2 that the defect densities observed by the 1.46 eV BGE energy 

for samples A and B at NRR level-1 are similar. At NRR level-2 they are nearly similar, 

and the ratio of the defect densities for both samples is around 0.92, which is very near 

unity considering the experimental accuracy. For the second-most dominant BGE energy 

of 1.27 eV (Table 4.3), the ratio of defect density at NRR level-1 is also similar across 

samples; however, at NRR level-2, the defect density for sample A is around 1.5 times 

higher than that of sample B.  
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Figure 4.8(a) shows the variation of normalized PL intensity IN as a function of 

the BGE coefficient (G2) of the 1.46 eV BGE at 27 K under a fixed AGE generation rate 

of 2.1×1022 cm−3·s−1. The solid (blue) and broken (red) lines represent the simulated result 

along with the experimental values for both samples. The simulated IN values exhibit a 

reasonable agreement with the experimental data. The influence of normalized PL 

intensity as a function of the electron–hole generation rate of the AGE (G1) at 27 K are 

calculated by setting G2 = 2.7×10−13 cm3·s−1 for the 1.46 eV BGE and keeping all other 

parameters as in previous calculations. These results are depicted in Fig. 4.8(b). Here, a 

set of parameters give behavioural insight into below-gap states acting as NRR centers in 

samples A and B, and there is a reasonable fitting with experimental data. The effect of 

IN values as a function of G2 and G1 for the second-most dominant BGE energy of 1.27 

eV at 20 K under a fixed AGE generation rate, G1 = 2.1×1022 cm−3·s−1 and BGE 

coefficient G2 = 6×10−13 cm3·s−1, respectively; these are shown in figures 4.9(a) and 

4.9(b).  

  

Fig. 4. 8 Variation of IN as a function of (a) BGE coefficient G2, and (b) AGE generation 

rate G1 for the BGE energy of 1.46 eV at 27 K. The solid (Blue) and broken (Red) lines 

represent the simulated results of sample A and B, respectively. Here “Expt.” indicates 

the experimental results. 

 

(a) (b)
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Although this set of parameters shows a reasonable fit with both the AGE and the 

BGE photon number density dependence, the possibility of another set of parameters 

should not be ruled out. However, it is clear that the two-level model is valid for 

interpreting our experimental results. Additionally, the density ratio of 1.5 for the second-

most dominant BGE energy of 1.27 eV gives us a reason for the difference in PL 

intensities between samples A and B. In our case, all the TWEPL measurements were 

between 20 K and 29 K (Figs. 4.5 and 4.7). As shown in Fig. 4.4(a), the integrated PL 

intensity of both samples did not vary much in the temperature range of 20 K to 30 K. 

Therefore, we can assume that the normalized PL intensity IN values were almost the 

same in the aforementioned temperature range for each of the BGE energies. Moreover, 

the average temperature was about 25 K for TWEPL measurements. Our estimated result 

shows that the densities of NRR centers corresponding to the 0.93 eV, 1.17 eV, and 1.27 

eV BGE energies are lower in sample B than in sample A, which determines the PL 

efficiency of the samples. A different density of NRR centers results directly from only a 

40 °C difference in growth temperature and indirectly from a change in Al composition. 

From all the fitting results, it is concluded that the interpretation based on the two-level 

model is valid and that the use of a high-temperature growth condition is more effective 

in reducing the density of NRR centers than a low-temperature growth condition in this 

case. The TWEPL study of NRR centers guides us to further optimize growth conditions.  

  

Fig. 4. 9 Effect of IN values as a function of (a) BGE coefficient G2, and (b) AGE 

generation rate G1 for 1.27 eV BGE at 20 K. The solid (Blue) and broken (Red) lines 

represent the simulated results of sample A and B, respectively. Here “Expt.” indicates 

the experimental results. 

 

(a) (b)
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4.4 Conclusions 

Defect states acting as NRR centers in two AlGaN MQW samples grown at two 

different temperatures, 1140 °C (sample A) and 1180 °C (sample B), were studied by 

TWEPL at a temperature of about 25 K. We detected NRR centers by adding BGE light 

with photon energies between 0.93 eV and 1.46 eV, which helped us determine the energy 

distribution of the NRR centers. All the BGE energies decreased PL intensity, and the 

most distinct quenching was observed for the BGE energy of 1.46 eV at the same BGE 

photon number density. Since the quenching by the 1.46 eV BGE did not show enough 

of a difference between the two samples, we considered the experimental results of BGE 

and AGE density dependence with the second-most dominant BGE energy (1.27 eV) in 

order to interpret the difference in PL efficiency. By a qualitative simulation with a two-

level model, the density ratio of the NRR level-2 for samples A and B was 1.5 for the 

1.27 eV BGE. We attributed the lower PL intensity of sample A to higher densities of 

NRR centers corresponding to the BGE energies of 0.93 eV, 1.17 eV, and 1.27 eV. 

Behavior and distribution of NRR centers depend on detailed growth conditions and the 

structure of samples. It is essential to quantitatively study defect levels and 

comprehensively trace their origins. 
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CHAPTER 05 

SUPERLATTICE PERIOD DEPENDENCE 

ON NONRADIATIVE RECOMBINATION 

CENTERS OF UV-B AlGaN QW 

STRUCTURE 

5.1 Introduction 

Recently, the demand of cheap, environmentally friendly, and smart AlGaN 

ultraviolet (UV) light emitters in the UV-B spectral range between 280 nm and 320 nm 

has arisen because of their legionary potential applications [3,10,15–20]. The 

conventional light sources in the aforesaid spectral ranges are bulky, have limited lifetime, 

and contain toxic substances [110]. Therefore, UV-B LEDs are promising devices, but 

their reliability still needs improvement [111]. One of the main reasons for the low 

efficiency of UV-B LEDs is the non-radiative recombination (NRR) losses [Shockley–

Read–Hall (SRH) and Auger-related] [110]. Recent studies have indicated that the 

reduction in optical power with an increase in the temperature (thermal droop) may also 

limit the performance of GaN-based LEDs, which results in an emission decrease 

comparable to the efficiency droop [112,113]. Therefore, a suitable growth condition 

along with the growth technique is essential in reducing the NRR losses and improving 

the efficiency of UV-B LED structures. 

There is much research in the recent years to improve the external quantum 

efficiency of the AlGaN-based UV-B light-emitting materials, [3,114] and it is still 

crucial to find the optimum growth conditions. The lack of lattice-matched, cost-effective, 

and suitable substrates brings difficulties in reducing the density of defect states, which 

act as NRR centers in multiple quantum wells (MQWs) [3,23–25]. In order to improve 
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the efficiency of light-emitting materials, it is indispensable to reduce such NRR centers. 

Moreover, the use of a superlattice (SL) structure with a suitable number of periods 

between the AlN buffer layer and the n-AlGaN layer is effective to suppress the defect 

densities [115]. Onuma et al. [88] and Nepal et al. [89] have used photoluminescence 

(PL) spectroscopy and cathodoluminescence (CL) spectroscopy to investigate below-gap 

states in AlGaN, showing only characteristic luminescence peaks and giving relative 

information about NRR centers. Deep-level transient spectroscopy (DLTS) and deep-

level optical spectroscopy (DLOS) have been used by other groups to investigate deep-

level defects in AlGaN films, but their applications are confined due to the necessity of 

preparing suitable samples for the measurement with Schottky contacts or an appropriate 

p-n junction [90–92].  

Our main focus in this chapter is to analyze the role of the number of superlattice 

periods (SLPs) in the SL structure on n-AlGaN layer and QW layer separately and their 

combined effect of UV-B AlGaN samples grown on c-plane sapphire substrates. Here, 

we used a two-wavelength excited PL (TWEPL) technique for the detection and 

characterization of NRR centers optically [58,64]. It is a versatile non-contacting and 

non-destructive scheme; there is no need for any special kind of sample preparation. The 

variation of PL intensities with temperature, peak PL intensity changes due to the addition 

of the below-gap excitation (BGE) light over that of the above-gap excitation (AGE), is 

also observed as functions of the AGE photon number density and BGE photon number 

density. By systematically solving the rate equations based on the recombination model 

and fitting the results with experimental data, the relative contribution of NRR parameters 

are also evaluated. 

5.2 Experimental methods 

5.2.1 Sample structure  

Figure 5.1 shows the structure of UV-B AlGaN samples, grown on c-plane sapphire 

substrates by a metalorganic chemical vapor deposition (MOCVD) technique, used in 

this study. The sample consists of a 4-μm-thick AlN buffer layer, AlN/Al0.4Ga0.6N 

superlattice (SL) buffer layer with period lengths of 6.5 nm, a 1-μm-thick Si-doped 

AlGaN layer, followed by a 3-periods MQW consisting of 2.6-nm-thick wells and 9-nm-

thick barrier layers, and a 10-nm-thick Al0.4Ga0.6N cap layer. The composition of the 

well/barrier layer is Al0.15Ga0.85N/Al0.4Ga0.6N. The number of SLP ranges from 50 to 200. 
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Trimethylaluminum (TMA), trimethylgallium (TMG), and ammonia (NH3) were used as 

precursors for AlGaN growth. Tetraethylsilane (TESi) precursor was used for the n-type 

doping source. The reactor pressure and growth temperature were maintained at 10 kPa 

and 1150 ○C for the entire growth process. Here, we have studied four samples under the 

same growth conditions, except for the number of SLP. The number of SLP of samples 

A(SLP-50), B(SLP-100), C(SLP-150), and D(SLP-200) is 50, 100, 150, and 200, 

respectively. 

 

Fig. 5. 1 Samples structure. 

Reciprocal lattice mapping, relaxation ratio, and full width at half maximum 

(FWHM) of samples A(SLP-50), B(SLP-100), C(SLP-150), and D(SLP-200) are shown 

in Fig. 5.2. The relaxation of n-AlGaN lattice is almost same in samples A(SLP-50) and 

B(SLP-100) [Figs. 5.2(a), 5.2(b), and 5.2(e)], while that in sample D(SLP-200) [Fig. 

5.2(d)] is reduced with the increase in the number of SLP. A compositional splitting of x 

= 0.37 and 0.42 is observed in sample C(SLP-150) [Figs. 5.2(c) and 5.2(e)]. This 

relaxation behavior affects the formation of NRR centers. As there is a spread of 

reciprocal lattice points with relaxation in samples with SLP 100 or less [Figs. 5.2(a) and 

5.2(b)], it is not a value reflecting dislocation density as it is. Since the relaxation ratios 

of samples, A(SLP-50) and B(SLP-100) are almost same, it is expected that the 

dislocation density is lower in sample B(SLP-100) due to its lower FWHM value. 
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5.2.2 Measurement 

The experimental setup for characterizing the n-AlGaN and QW layers of UV-B 

AlGaN samples by a two-wavelength excited photoluminescence (TWEPL) method is 

shown in Fig. 5.3. The sample was mounted on a Cu holder with the sapphire side up 

inside a temperature-controlled cryostat with three optical windows. A continuous wave 

(CW) diode pumped solid state laser (model: SDL-266-005T) of wavelength 266 nm 

(hνAGE = 4.66 eV) serves as the above-gap excitation (AGE) light (hνAGE > Eg), where Eg 

denotes the energy bandgap of the layer, for the conventional PL measurements. By 

adding an intermittent below-gap excitation (BGE) light (hνBGE <  Eg ) on the AGE light 

at the same point of the sample surface and observing the intensity change of PL spectra 

with and without the BGE light, I(AGE+BGE) and I(AGE), respectively, the normalized PL 

intensity (IN) is calculated as IN = I(AGE+BGE)/I(AGE) in the TWEPL measurement. Its 

    

 
 

Fig. 5. 2 (1̅1̅4̅) reciprocal lattice mapping of samples (a) A(SLP-50), (b) B(SLP-100), 

(c) C(SLP-150), and (d) D(SLP-200). The relaxation ratio and FWHM of these samples 

as a function of superlattice periods are also shown in (e) and (f), respectively.   
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deviation from unity implies the presence of NRR centers in between the energy bandgap 

of the samples [58,64]. The BGE light sources with energies 0.93 eV (1340 nm 

wavelength), 1.17 eV (1064 nm), 1.27 eV (980 nm), and 1.46 eV (852 nm) are used in 

the experiment. The detailed experimental layout and models of NRR centers can be 

found elsewhere [64,74,93]. 

 

5.3 Results and discussion 

5.3.1 Conventional PL measurement 

Conventional PL spectra were measured by an excitation source of photon energy 

4.66 eV with a fixed excitation power density and temperature 1.03 mW·mm-2 and 30 K, 

respectively for four samples of A(SLP-50), B(SLP-100), C(SLP-150), and D(SLP-200), 

as shown in Fig. 5.4. Several spectral features can be noticed including three peaks 

showing the highest PL efficiency by the sample B(SLP-100) in all peaks. The peak 

observed at around 280 nm, which is estimated from the superlattice (SL) layer, the 

second and third peaks are observed for the emission from n-AlGaN and quantum well 

(QW) layers, respectively. Complex (multi-band) emission spectra from UV devices have 

already been reported in the past [82,110,116–118].  

 

 

Fig. 5. 3 Experimental setup for TWEPL measurements. 
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Fig. 5. 4 Comparison of PL intensities among samples A(SLP-50), B(SLP-100), C(SLP-

150), and D(SLP-200) at 30 K. 

With the increase in temperature from 30 K, the PL intensity decreased and an 

anomalous temperature-dependent emission behavior of the peak wavelength is observed 

for all samples as shown in Fig. 5.5.  
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The temperature-dependent integrated PL intensity (normalized) of UV-B AlGaN 

samples is shown in Fig. 5.6(a). With temperature increasing from 30 K, the integrated 

PL intensity decreases drastically for sample D(SLP-200) up to 80 K, for sample C(SLP-

150) up to 90 K, for sample A(SLP-50) up to 100 K, and for sample B(SLP-100) up to 

120 K. With a further increase in temperature, a monotonically decreasing tendency of 

integrated PL intensity is observed for all the samples up to 180 K. It is observed, from 

Fig. 5.6(a), that the normalized integrated PL intensity is higher for sample B(SLP-100) 

over the entire temperature region, whereas samples C(SLP-150) and D(SLP-200) show 

higher thermal quenching at low- and high-temperature regions, respectively. The 

thermal quenching behavior is determined by the activation of NRR centers and the 

  

  

Fig. 5. 5 Temperature dependent PL intensities for samples (a) A(SLP-50), (b) B(SLP-

100), (c) C(SLP-150), and (d) D(SLP-200) for a fixed excitation energy of 4.66 eV and 

an excitation power density of 1.03 mW mm-2. 
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escape of carriers from QWs [96,97]. The latter mechanism is negligible under this low-

excitation condition. 

 

To know the thermal activation energies, we calculated the integrated PL intensity 

as a function of inverse temperature, as shown in Fig. 5.6(b), and fitted well by using the 

following two-channel Arrhenius formula [96–100]:  

 1 2
1 2

1
( ) ,

1 .exp .exp
B B

I T
E E

C C
K T K T

=
    − −
+ +    

    

 
(5.1) 

which suggests that more than one nonradiative pathway exists and acts together with the 

main NRR channel [119], where I(T) is the temperature-dependent normalized integrated 

PL intensity. C1 and C2 are the two constants related to the density of NRR centers in the 

samples. E1 and E2 stand for the thermal activation energies at low- and high-temperature 

ranges corresponding to the NRR process [97,100] and kB is Boltzmann’s constant. The 

origin of one of these nonradiative channels could be partially related to the overflow of 

carriers out of the confining potential [119]. It is expected that by increasing the depth of 

QW, this nonradiative pathway will become less significant. All the values of the 

parameters in Eq. (1) are shown in Table 5.1.  

  

  

Fig. 5. 6 Comparison of integrated PL intensities (normalized) among samples A(SLP-

50), B(SLP-100), C(SLP-150), and D(SLP-200) as a function of (a) temperature and (b) 

inverse temperature. The solid lines shown in (a) are only to guide the eyes. The 

corresponding Arrhenius fitting (A. F.) is depicted in (b). Here, “Expt.” indicates the 

experimental results. 
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Table 5. 1 Fitting parameters obtained from Eq. (1).    

Sample C1 E1 (meV) C2 E2 (meV) 

A(SLP-50) 11.9 16.5 597.9 44.9 

B(SLP-100) 15.6 19.6 985.1 57.5 

C(SLP-150) 67.4 20.3 261.1 33.1 

D(SLP-200) 494.7 30.7 1014.1 43.2 

 

It is evident from Table 5.1 that the maximum value of E2 (57.5 meV) is observed 

for sample B(SLP-100) in a higher temperature region, which implies that sample B(SLP-

100) has a lower temperature effect. The lower temperature effect indicates the lower 

defect density, which is consistent with our expected results shown in Figs. 5.2 and 5.4. 

The saturation of the NRR centers and the carrier-screening effect lead to a comparatively 

higher rate constant C2 under the higher temperature region [96].  

5.3.2 TWEPL Measurement 

In order to know the distribution of NRR centers in the n-AlGaN and QW layers of 

UV-B AlGaN samples, the normalized PL intensity (IN) for both the n-AlGaN emission 

and QW emission were measured as a function of the BGE photon number density for 

four BGE energies as 0.93 eV, 1.17 eV, 1.27 eV, and 1.46 eV, respectively, as shown in 

Figs. 5.7 and 5.8. The AGE power density and the temperature were fixed at 1.03 mW 

mm-2 and 30 K, respectively. With the addition of BGE light on the AGE, the values of 

IN decreased from unity for both n-AlGaN and QW emission for all BGE energies. It is 

observed from Figs. 5.7 and 5.8 that the amount of PL quenching becomes pronounced 

with increasing BGE photon number density. The most dominant quenching occurred by 

the 1.27 eV BGE energy at the same BGE photon number density (1.3×1019 cm−2·s−1) for 

the n-AlGaN emission (Fig. 5.7) for samples A(SLP-50), B(SLP-100), and C(SLP-150). 

For sample D(SLP-200), the most dominant quenching was observed by the 1.46 eV BGE 

energy at that BGE photon number density value for the n-AlGaN emission. For the QW 

emission, the most dominant quenching of IN occurred by the 1.27 eV BGE energy at the 

same BGE photon number density for all samples (Fig. 5.8).  

The degree of quenching of IN from unity represents the density of NRR centers in 

that layer of the samples. Thus, this result implies that the densities of NRR centers in the 

n-AlGaN layer corresponding to the 1.27 eV BGE energy, at the same BGE photon 
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number density, are higher for all the samples except D(SLP-200). In the QW layer, the 

densities of NRR centers corresponding to the 1.27 eV BGE energy, at the same BGE 

photon number density, are higher for all the samples. 

 

 

  

  

Fig. 5. 7 Variation of IN values of n-AlGaN layer emission as a function of BGE photon 

number density for samples (a) A(SLP-50), (b) B(SLP-100), (c) C(SLP-150), and (d) 

D(SLP-200) at 30 K. 
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To compare the decrement of IN values for the emission from n-AlGaN layer and 

QW layer for all samples, the results of Figs. 5.7 and 5.8 are rearranged in terms of each 

BGE energy, as shown in Figs. 5.9 and 5.10, respectively.                     

  

  

Fig. 5. 8 Variation of IN values of QW layer emission as a function of BGE photon 

number density for samples (a) A(SLP-50), (b) B(SLP-100), (c) C(SLP-150), and (d) 

D(SLP-200) at 30 K. 
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Fig. 5. 9  Variation of IN values for n-AlGaN layer emission as a function of BGE photon 

number density for the BGE energies of (a) 0.93 eV, (b) 1.17 eV, (c) 1.27 eV, and (d) 1.46 

eV for all samples at 30 K. 
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It is obvious from Figs. 5.9 and 5.10 that the sample B(SLP-100) shows the lowest 

quenching of IN values, irrespective of all BGE energies and entire BGE photon number 

density. This implies that the sample B(SLP-100) contains the lowest defect densities in 

both the layers when compared to other samples. This is consistent with the results shown 

in Figs. 5.4 and 5.6, and with our expected results shown in Fig. 5.2. In n-AlGaN emission 

for the BGE energies of 1.17 eV [Fig. 5.9(b)] and 1.27 eV [Fig. 5.9(c)], sample C(SLP-

150) shows the maximum quenching of IN values, whereas sample D(SLP-200) exhibits 

a higher quenching for 0.93 eV BGE energy [Fig. 5.9(a)]. For a BGE energy of 1.46 eV 

[Fig. 5.9(d)], sample D(SLP-200) presents maximum decrement of IN values at lower 

BGE photon number densities; in contrast, for a higher BGE photon number density 

region, sample C(SLP-150) reproduces the lowest IN values for n-AlGaN emission. In 

  

 
 

Fig. 5. 10 Variation of IN values of QW layer emission as a function of BGE photon 

number density for the BGE energies of (a) 0.93 eV, (b) 1.17 eV, (c) 1.27 eV, and (d) 

1.46 eV for all samples at 30 K. 
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QW emission for the BGE energies of 1.27 eV [Fig. 5.10(c)] and 1.46 eV [Fig. 5.10(d)], 

sample C(SLP-150) shows the maximum quenching of IN values, whereas sample 

D(SLP-200) exhibits a higher quenching for the BGE energy of 1.17 eV [Fig. 5.10(b)]. 

For a 0.93 eV BGE energy [Fig. 5.10(a)], samples C(SLP-150) and D(SLP-200) present 

almost the same decrement of IN values over the entire BGE photon number density 

region in QW emission. 

The diminution of IN values at 30 K, shown in Figs. 5.7 to 5.10, is explained by 

the two-level recombination model schematically depicted in Fig. 5.11. The figure shows 

the presence of a pair of NRR centers in the layer (n-AlGaN or QW) whose energy 

difference corresponds to that of the BGE energies [53,64,73,101]. Here, G1 (cm−3·s−1) is 

the generation rate of AGE, G2 (cm3·s−1) is the BGE coefficient, B (cm3·s−1) is the 

radiative recombination coefficient, Cn and Cp are the electron and hole capture 

coefficients, respectively, Nt is the density of NRR levels, and ft1 and ft2 are the electronic 

occupation functions of NRR level-1 and NRR level-2, respectively. The NRR 

parameters can be found by fitting experimental results based on Shockley–Read–Hall 

statistics [64,102]. 

 

When the BGE energy matches the energy difference between two coexisting 

below-gap NRR levels, level-1 and level-2 (Fig. 5.11), electrons in NRR level-1 are 

excited to NRR level-2, from which they recombine nonradiatively with holes in the 

valence band of n-AlGaN or QW. Consequently, a number of electron deficiencies occur 

 

Fig. 5. 11 Two-level model of NRR process, which explains the PL intensity quenching 

due to the irradiation of BGE. 
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in level-1, which allows for an increase in NRR from the conduction band. The 

combination of both effects reduces the number of electron-hole pairs available for 

radiative recombination and results in the PL intensity quenching. In the low-BGE photon 

number density region, the electron occupation function of NRR level-2 remains much 

lower than unity, and the PL quenching avails with the increase in the BGE photon 

number density. Moreover, with a further increase in the BGE photon number density, 

the electron occupation function of NRR level-2 approaches unity, and the slope of PL 

quenching becomes gentle; this is partly shown in Figs. 5.7 to 5.10. 

 

Figure 5.12 shows the effect of IN values of n-AlGaN emission as a function of AGE 

photon number density for the most dominant and second-most dominant BGE energy of 

1.27 eV [Fig. 5.12(a)] and 1.46 eV [Fig. 5.12(b)] at 30 K. With an increase in the AGE 

photon number density, the value of IN first increases and then approaches unity. The 

excitation of electrons from NRR level-1 to level-2 (Fig. 5.11), due to the BGE, increases 

the NRR rate from level-1 and level-2 to the valence band at a lower AGE photon number 

density. With an increase in the AGE photon number density, band-to-band radiative 

recombination becomes stronger since the rate is proportional to n times p. Consequently, 

the normalized PL intensity IN approaches unity. A similar tendency was observed in our 

previous studies of TWEPL [73,103,120]. It is observed from Fig. 5.12 that the IN values 

is also higher for sample B(SLP-100) over the entire AGE photon number density region 

  

Fig. 5. 12 Effect of IN values of n-AlGaN layer emission as a function of AGE photon 

number density for the most dominant and second-most dominant BGE energies of (a) 

1.27 eV and (b) 1.46 eV for all samples at 30 K. 
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in both energy cases. These results are also consistent with the results shown in Figs. 5.6, 

5.7 and 5.9.  

5.3.3 Rate Equation Analysis  

In order to corroborate our qualitative interpretations, for the results of n-AlGaN 

layer emission shown in Figs. 5.7, 5.9, and 5.12 by the two-level model, a 

semiquantitative simulation of the TWEPL results was carried out for the most dominant 

PL quenching occurred by the 1.27 eV BGE energy. The rate equations for the two-level 

model (Fig. 5.11) can be written [51,52,64] as: 

 

1 1 1 1

1 1 1 1 2 2 2

1
1 1 1 1 2 1 2 2
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 (5.2) 

while considering the charge neutrality condition (CNC)  

 1 1 2 2 0 ,t t t tn N f N f n p+ + = +  (5.3) 

where n0 is the density of free electrons in the n-Al0.4Ga0.6N layer and its value is known 

(1.0×1019 cm−3) from the sample growers. The radiative recombination coefficient B is 

considered as 1.0×10−11 cm3·s−1 for the AlGaN material [102,107–109,120]. The 

generation rate of the AGE (G1 = 3.5×10
22

cm-3·s-1) is calculated experimentally by using 

the following equation [104,105,120]: 

 ( )1 (1 ) ,laser spotG P R A h = −  (5.4) 

where Plaser is the excitation power, R (18%) is the Fresnel reflection at the sample surface, 

Aspot is the laser spot size (1.06×10-3 cm2) on the sample surface, hν (EAGE = 4.66 eV) is 

the photon energy of the excitation laser, and α (3.1 × 105 cm−1) [106] is the absorption 

coefficient of AlGaN at 266 nm (4.66 eV). It is impossible to evaluate the BGE coefficient 

(G2) from the absorption coefficient measurement since there is no fundamental 

absorption for these sources. Here, we used a constant factor for these conversions from 

the experimental photon number density of the BGE sources [102,120]. The system of 

rate equations can be solved numerically and the dependencies of n, p, ft1, and ft2 on G2 
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can be found for the constant parameters of G1, B and n0, and the sample’s NRR level-1 

dependent parameters of Cn1, Cp1 and Nt1, and NRR level-2 dependent parameters of Cp2, 

and Nt2. The constant parameters are listed in Table 5.2, for convenience. 

Table 5. 2 Fixed parameters of rate Eqs. (5.2) and (5.3) 

G1 (cm-3·s-1) B (cm-3·s-1) n0 (cm-3) 

3.5×10
22

 1.0×10
-11

 1.0×10
19

 

 

By systematically solving and fitting the result with experimental data (Fig. 5.13), 

the NRR parameters are obtained for the dominant BGE energy of 1.27 eV for all the 

samples and are shown in Table 5.3. To estimate and compare the internal quantum 

efficiencies (IQE) as a function of G1 (Fig. 5.14) as well as the trap densities Nt1 of all 

samples, the NRR level-2 dependent parameters (Cp2 and Nt2) were kept constant and 

only by varying the NRR level-1 dependent parameters for a reasonable agreement with 

the experimental data, whereupon the IQE is fully NRR level-1 parameter dependent.  

Table 5. 3 Parameters of rate Eqs. (5.2) and (5.3) for 1.27 eV BGE and estimated IQE. 

Sample 

Level-1 parameter Level-2 parameter Ratio 

of Nt1 

values 

IQE 

(%) 
Cn1 

(cm-3·s-1) 

Cp1 

(cm-3·s-1) 

Nt1 

(cm-3) 

Cp2 

(cm-3·s-1) 

Nt2 

(cm-3) 

A(SLP-50) 4.0×10
-8

 1.6×10
-7

 5.4×10
15

 

8.0×10
-9

 6.0×10
16

 

1.7 10.3 

B(SLP-100) 5.0×10
-8

 2.0×10
-7

 3.2×10
15

 1.0 13.5 

C(SLP-150) 8.0×10
-9

 7.0×10
-8

 2.1×10
16

 6.5 6.3 

D(SLP-200) 3.0×10
-8

 9.2×10
-8

 1.1×10
16

 3.4 8.9 

 

It is evident from Table 5.3 that by keeping NRR level-2 parameters constant, the 

defect densities Nt1 at NRR level-1 observed by the 1.27 eV BGE energy for sample 

C(SLP-150) is maximum (2.1×10
16

cm-3) and for sample B(SLP-100) is the lowest 

(3.2×10
15

cm-3). The ratio of the defect densities for these four samples A(SLP-

50):B(SLP-100):C(SLP-150):D(SLP-200) is around 1.7:1.0:6.5:3.4, respectively.  
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Figure 5.13(a) shows the variation of normalized PL intensity IN as a function of 

the BGE coefficient (G2) for the 1.27 eV BGE at 30 K under a fixed AGE generation rate 

of 3.5×1022 cm-3·s-1 for all samples. The simulated results exhibit a reasonable agreement 

with the experimental data. The influence of the normalized PL intensity as a function of 

the electron–hole generation rate of the AGE (G1) at 30 K is calculated by setting G2 = 

2.5×10-12 cm3·s-1 for the 1.27 eV BGE and keeping all other parameters same as in 

previous calculations. These results are depicted in Fig. 5.13(b). Here, a set of parameters 

give the behavioral insight into below-gap states acting as NRR centers in the samples, 

and there is a reasonable fitting with the experimental data. 

The IQE with a set of parameters, shown in Table 5.3, for all samples is calculated 

by the ratio of radiative and total recombination rates [121] as 

 
1 1 1 1

,
(1 )

r

r nr n t t

R Bnp Bnp
IQE

R R Bnp C nN f G
= = =

+ + −
 (5.5) 

where Rr and Rnr are the radiative and nonradiative recombination rates, respectively. The 

estimated values of IQEs by using Eq. (5.5) for these four samples A(SLP-50), B(SLP-

100), C(SLP-150), and D(SLP-200) are shown in Table 5.3, and depicted in Fig. 5.14 as 

a function of the electron–hole generation rate of the AGE (G1) at 30 K. It is evident from 

Fig. 5.14 and Table 5.3 that the estimated IQE value for sample B(SLP-100) is higher 

and for sample C(SLP-150) is lower throughout the calculation ranges of G1.   

  

Fig. 5. 13 Variation of IN values of n-AlGaN layer emission as a function of (a) BGE 

coefficient G2, and (b) AGE generation rate G1 for the 1.27 eV BGE for all samples at 30 

K. Here “Expt.” indicates the experimental results. 
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Combining the above calculation with the structural result of Fig. 5.2, it is shown 

that the formation of NRR centers in n-AlGaN layer and QW layer has a meaningful 

correlation with lattice relaxation and number of SL periods. Since the n-AlGaN layers 

of samples A(SLP-50) and B(SLP-100) have the same relaxation rate, the FWHM of 

XRC (0002)   and (1012)
−

  tells us that threading dislocation density (TDD) is lower in 

sample B(SLP-100). We consider that the compositional splitting in sample C(SLP-150) 

increases the density of NRR centers at the boundary. Reduced relaxation of the n-AlGaN 

layer on the relaxed SL with the total thickness of 1.3 μm also increases the density of 

NRR centers in sample D(SLP-200). Due to the balance between reduction and formation 

of defects in SL and n-AlGaN layers, which depends on the period of SL, sample B(SLP-

100) shows the lowest NRR density. It is concluded that the interpretation based on the 

two-level model is valid and the simulated result is consistent with the relative efficiency 

and temperature quenching among four samples. The TWEPL study of NRR centers 

guides us to optimize growth conditions further.  

 

5.4. Conclusions 

Defect states acting as NRR centers in n-AlGaN and QW layers of UV-B AlGaN 

samples, grown on the c-plane sapphire substrate by the MOCVD technique at 1150 ○C, 

were studied by TWEPL. We detected NRR centers by adding BGE light with photon 

energies between 0.93 eV and 1.46 eV, which guided us to determine the energy 

distribution of the NRR centers. All the BGE energies decreased the PL intensity from n-

 

Fig. 5. 14 Estimated IQE values as a function of G1 for all samples at 30 K. 

 



55 
 

AlGaN and QW layers at 30 K. The most dominant quenching for n-AlGaN layer 

emission was observed by the BGE energy of 1.27 eV for samples A(SLP-50), B(SLP-

100), and C(SLP-150) and by that of 1.46 eV for sample D(SLP-200). For the QW layer 

emission, the most dominant quenching was observed by the BGE energy of 1.27 eV for 

all samples. By a qualitative simulation with a two-level model, an estimated defect 

density ratio in the n-AlGaN layer of four samples is 1.7:1.0:6.5:3.4. By combining 

TWEPL calculation with the structural results, it is concluded that the formation of NRR 

centers in QW layer has a meaningful correlation with lattice relaxation, number of SL 

periods (SLP) and the defect densities of the n-AlGaN layer. Due to the balance between 

the reduction and formation of NRR centers in the SL and n-AlGaN layers, sample 

B(SLP-100) shows the lowest NRR density, which is consistent with the relative 

efficiency and temperature quenching.  
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CHAPTER 06 

TEMPERATURE DEPENDENCE OF 

NONRADIATIVE RECOMBINATION 

PROCESSES IN UV-B AlGaN QW 

6.1 Introduction 

Ultraviolet (UV) light emitters in the UV-B spectral range between 280 nm and 320 

nm are of great interest for applications such as phototherapy [15,122], gas sensing, plant 

growth lighting [123,124], and UV curing [16]. The conventional light sources in the 

spectral ranges from 280 nm to 320 nm are bulky, have limited lifetime, and contain toxic 

substances [110]. Therefore, UV-B LEDs are promising candidates, but their reliability 

still needs improvements [111]. The external quantum efficiency (EQE) in the aforesaid 

spectral ranges are still low compared to that of UV-A and UV-C [3]. One of the main 

reasons for the low efficiency of UV-B LEDs is the nonradiative recombination (NRR) 

losses [Shockley–Read– Hall (SRH) and Auger-related] [110]. Recent studies indicated 

that the reduction in optical power with increasing temperature (thermal droop) may also 

limit the performance of GaN-based LEDs, which results in an emission decrease 

comparable to the efficiency droop [112,113]. Therefore, understanding the mechanisms 

of NRR is essential in improving the efficiency of UV-B LED structures. 

Many researchers are doing their research in recent years to improve the external 

quantum efficiency in the AlGaN-based UV-B light emitting materials [3,114]. However, 

it is still crucial to find the optimum growth condition since lack of lattice-matched, cost-

effective and suitable substrates bring difficulties in reducing the density of defect states, 

which act as NRR centers in multiple quantum well (MQW) [3,23–25]. In order to 

improve the efficiency of light-emitting materials, it is indispensable to reduce such NRR 

centers. T. Onuma et al. [88] and N. Nepal et al. [89] have been used photoluminescence 
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(PL) and cathodoluminescence (CL) spectroscopy to investigate below-gap states in 

AlGaN, showing only characteristic luminescence peaks and giving relative information 

about NRR centers. Deep-level transient spectroscopy (DLTS) and deep-level optical 

spectroscopy (DLOS) have been used by other groups to investigate deep-level defects 

in AlGaN films, but their applications are confined due to the necessity of preparing 

suitable samples for the measurement with Schottky contacts or an appropriate p–n 

junction [90–92].  

Our main focus in this study is the detection and characterization of NRR centers 

optically and to study their temperature effects in UV-B AlGaN MQW structure grown 

on sapphire substrates by two-wavelength excited PL (TWEPL) technique [58,64]. It is a 

versatile non-contacting and non-destructive scheme; there is no need for any special kind 

of sample preparation. In the present study, we proposed a new approach of 

recombination model for describing the TWEPL temperature effect with the combined 

analysis of both spectral and temperature-dependent data. We studied the variation of PL 

intensity and peak energy (EPL) with temperature. The PL intensity change due to the 

addition of the below-gap excitation (BGE) light over that of the above-gap excitation 

(AGE) is also observed as functions of AGE and BGE photon number density. By 

systematically solving the rate equations based on the recombination model and fitting 

the results with experimental data, the NRR parameters are also evaluated. 

6.2 Experimental methods 

6.2.1 Sample structure  

Figure 6.1 shows the structure of UV-B AlGaN MQW sample grown on (0001) 

sapphire substrate by metal-organic chemical vapor deposition (MOCVD) technique at 

1155 °C. The sample comprises a 4-μm-thick AlN buffer, a 1.5-μm thick Si-doped n-

AlGaN layer, three periods of MQW with 2.4-nm-thick well and 8.5-nm-thick barrier, a 

multi-quantum barrier (MQB), and finally a 60-nm-thick Mg doped p-AlGaN contact 

layer. The Al composition (x) in the barrier, well, and final barrier layers of AlxGa1-xN 

sample were 0.64, 0.51, and 0.71, respectively. The PL peak wavelength of UV-B LED 

sample at 25 K is 291 nm (4.26 eV). Trimethylaluminum (TMA), trimetylgallium (TMG) 

and ammonia (NH3) were used as precursors for AlGaN growth. Tetraethylsilane (TESi) 

precursor was used for n-type doping source. The reactor pressure was maintained at 10 

kPa for the entire growth process. 
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6.2.2 Measurement  

The experimental setup for characterizing the UV-B AlGaN MQW sample by 

TWEPL method is shown in Fig. 6.2. The sample was mounted on a Cu holder with the 

sapphire side up inside a temperature-controlled cryostat with three optical windows. A 

continuous wave (CW) diode pumped solid state laser (Model: SDL-266-005T) of 

wavelength 266 nm (hνAGE = 4.66 eV) serves as the AGE light (hνAGE > Eg) where Eg 

denotes the bandgap of AlxGa1-xN well layers. By adding an intermittent BGE light (hBGE 

< Eg) on the AGE light at the same point of the sample surface and observing the peak 

intensity change of PL with and without the BGE light, IAGE+BGE and IAGE, respectively, 

the normalized PL intensity (IN) is calculated as IN = IAGE+BGE/IAGE in the TWEPL 

measurement. Its deviation from unity implies the presence of NRR centers in between 

the energy bandgap of the sample [58,64,120]. The BGE light sources with energies 0.93 

eV (1340 nm wavelength), 1.17 eV (1064 nm), 1.27 eV (980 nm), and 1.46 eV (850 nm) 

are used in the experiment. The detailed experimental layout and models of NRR centers 

can be found elsewhere [64,74,93,120]. 

 

Fig. 6. 1 Sample structure. 
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6.3 Results and discussion 

6.3.1 PL measurement  

Photoluminescence spectra were measured as a function of excitation power density 

at 25 K as shown in Fig. 6.3(a) with photon energy in the horizontal axis. With increasing 

excitation power density, the PL intensity increases, and no peak shifting is observed. 

The integrated PL intensity of MQW emission increases almost linearly with increasing 

excitation power density at 25 K shown in the inset of Fig. 6.3(a). We performed 

temperature-dependent PL measurements at a fixed excitation power density (PAGE = 1.04 

mW·mm−2) over a temperature range of 25 K to 180 K of the sample using the same 

excitation laser as shown in Fig. 6.3(b). The PL intensity decreased with the increase in 

temperature and an S-shaped change in the PL peak energy (EP) is observed due to the 

variation of temperature. 

 

Fig. 6. 2 Experimental setup for TWEPL measurements. 
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Comparing the EP at various temperature, shown in Fig. 6.4, we can see that EP 

decreases from 25 K up to 70 K. In contrast, for temperatures between 70 K and 120 K, 

EP increases. With a further increase in temperature from 120 K, the EP monotonically 

increases up to 160 K, after that a nearly saturated condition is observed up to 180 K. It 

is predicted that a decrease in the EP may observed for temperatures higher than 180 K. 

Due to the low PL intensity with the same excitation condition [Fig. 6.3(b)], we could not 

measure EP precisely for temperatures higher than 180 K. 

Similar behavior has been observed for InGaN multiple QWs [125,126], AlGaN 

ternary alloys [119,127,128], GaInAs/GaAs MQWs [129], and ordered (Al)GaInP [130]. 

Inhomogeneity due to compositional fluctuation and carrier localization are thought to be 

responsible for the complex temperature dependent behavior in these cases [119,125,131]. 

At the temperature of 25 K, carriers are randomly distributed among the potential minima. 

As the temperature increases from 25 K up to 70 K, weakly localized carriers are 

thermally activated and relax down into other strongly localized states and reach a 

saturated redistribution, which results in the initial redshift of the peak energy as large as 

20 meV. After 70 K, increasing temperature enable carriers to achieve the thermal 

equilibrium with the lattice and to occupy higher-energy levels of the localized states, 

thus results in the blueshift of the peak energy as large as 45 meV toward the free-exciton 

ground state up to 180 K (Fig. 6.4) [132]. 

  

Fig. 6. 3 PL spectra of 291 nm (4.26 eV) UV-B LED structure (a) at various excitation 

power at 25 K and (b) at various temperature. The black solid circles of both figures mark 

the PL peak position arising from the QW. The inset of (a) shows the integrated PL 

intensity as a function of excitation power density at 25 K. 

 

(a) (b)
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The integrated PL intensity of UV-B AlGaN MQW sample as a function of 

temperature is shown in Fig. 6.5(a). With increasing temperature from 25 K up to 40 K, 

the integrated PL intensity slightly increases due to the carrier transportation between 

different localized states [94,120,133]. With a further increase in temperature from 40 K, 

the integrated PL intensity decreases drastically up to 120 K and monotonically from 120 

K to 180 K. The thermal quenching behavior is determined by the activation of NRR 

centers and the escape of carriers from QWs [96,97]. The latter mechanism is negligible 

in this low-excitation condition.  

 

 

Fig. 6. 4 PL peak energy position as a function of temperature showing the S-shaped 

behavior. 

 

  

Fig. 6. 5 Integrated PL intensity as a function of (a) temperature and (b) inverse 

temperature. The dotted line shown in (a) for only to guide the eyes. The red solid line in 

(b) indicates the Arrhenius fitting. 

 

(a) (b)
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To estimate the thermal activation energies, we calculated the integrated PL 

intensity as a function of inverse temperature, as shown in Fig. 6.5(b), and fitted well by 

using the following two-channel Arrhenius formula [96–100]:  

 1 2
1 2

1
( ) ,

1 .exp .exp
B B

I T
E E

C C
K T K T

=
    − −
+ +    

    

 
(6.1) 

Equation (6.1) indicates that more than one nonradiative pathway exists and acts 

together with the main NRR channel [119], where I(T) is the temperature-dependent 

normalized integrated PL intensity. C1 and C2 are the two constants related to the density 

of NRR centers in the sample. E1 and E2 stand for the thermal activation energies at low- 

and high-temperature ranges corresponding to NRR process [97,100], and kB (0.08617 

meV/K) is the Boltzmann’s constant. The origin of one of these nonradiative channels 

could be partially related to overflow of carriers out of the confining potential [119]. It is 

expected that by increasing the depth of QW, this nonradiative pathway will become less 

significant. All the values of the parameters in Eq. (6.1) are shown in Table 6.1. 

Table 6. 1 Fitting parameters obtained from Eq. (6.1).    

C1 E1 (meV) C2 E2 (meV) 

5.5 23.3 168.6 46.8 

 

It is observed, from Table 6.1, that the value of E2 (46.8 meV) is almost twice times 

than that of E1 (23.3 meV). 

 

6.3.2 TWEPL measurement 

In order to know the distribution of NRR centers in QW layer of UV-B AlGaN 

sample, the normalized PL intensity IN was measured as a function of BGE photon 

number density for four BGE energies as 0.93 eV, 1.17 eV, 1.27 eV, and 1.46 eV, 

respectively, as shown in Fig. 6.6(a). The AGE power density and the temperature were 

fixed at 1.04 mW·mm−2 and 25 K, respectively. With the addition of BGE light on the 

AGE, the IN values decreased from unity for all BGE energies. It is evident from Fig. 

6.6(a) that the amount of PL quenching becomes pronounced with increasing BGE photon 

number density. The most dominant quenching occurred by the 1.27 eV BGE energy at 
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the same BGE photon number density of around 1.3×1019 cm−2·s−1 (vertical dashed line 

position of Fig. 6.6(a)). Figure 6.6(b) shows the variation of IN values as a function of 

BGE energy at a fixed BGE photon number density of 1.3×1019 cm−2·s−1. For BGE 

energies of 0.93 eV, 1.17 eV, 1.27 eV, and 1.46 eV, the IN values were 0.958, 0.965, 

0.950 and 0.974, respectively. The degree of quenching of IN values from unity represents 

the presence of NRR centers in the sample. Thus, this result implies that the densities of 

NRR centers corresponding to the 1.27 eV BGE energy, at the same BGE photon number 

density, are higher in comparison to those of other BGE energies.   

 

The diminution of IN values due to the irradiation of BGE, in UV-B MQW sample 

of 291 nm (4.26 eV) PL spectra at 25 K, shown in Fig. 6.6(a) is explained by the two-

level recombination model schematically depicted in Fig. 6.7.  

  

Fig. 6. 6 Variation of IN as a function of (a) BGE photon number density, and (b) BGE 

energy at 25 K. The vertical dashed line in (a) indicates the same BGE photon number 

density position of 1.3×1019 cm−2·s−1 for all BGE energies. The dashed line shown in (b) 

for only to guide the eyes. 

 

(a) (b)
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The figure shows the presence of a pair of NRR centers in the sample whose energy 

difference corresponds to that of the BGE energies [53,64,73,101]. Here, G1 (cm−3·s−1) is 

the generation rates of AGE, G2 (cm3·s−1) is the BGE excitation coefficient, B (cm3·s−1) 

is the radiative recombination coefficient, Cn and Cp are the electron and hole capture 

coefficients, respectively, Nt is the density of NRR levels, and ft1 and ft2 are the electronic 

occupation functions of NRR level-1 and NRR level-2, respectively. The NRR 

parameters can be found by fitting experimental results based on Shockley–Read–Hall 

statistics [64,102].  

When the BGE energy matches the energy difference between two coexisting 

below-gap NRR levels, level-1 and level-2 (Fig. 6.7), electrons in NRR level-1 are excited 

to NRR level-2, from which they recombine nonradiatively with holes in the valence band 

(VB) of AlGaN. Consequently, a number of electron deficiencies occur in level-1, which 

allows an increase in NRR from the conduction band (CB). The combination of both 

effects reduces the number of electron-hole pairs available for radiative recombination 

and results in the PL intensity quenching. In the low-BGE photon number density region, 

the electron occupation function of NRR level-2 remains much lower than unity, and the 

PL quenching avails with the increase in the BGE photon number density. Moreover, 

with a further increase in the BGE photon number density, the electron occupation 

function of NRR level-2 approaches unity and the slope of PL quenching becomes gentle; 

this is partly shown in Fig. 6.7(a).  

 

Fig. 6. 7 Two-level model of NRR process, which explains the PL intensity quenching due 

to the irradiation of BGE. 
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The variation of IN values as a function of AGE photon number density for four 

BGE energies of 0.93 eV, 1.17 eV, 1.27 eV, and 1.46 eV are shown in Fig.6. 8. With 

increasing AGE photon number density, the value of IN first increases and then 

approaches unity. The excitation of electrons from NRR level-1 to level-2, due to the 

BGE, increases the NRR rate from level-1 and level-2 to the valence band at a lower AGE 

photon number density. With increasing AGE photon number density, band-to-band 

radiative recombination becomes stronger since the rate is proportional to n times p. 

Consequently, the normalized PL intensity IN approaches unity with increasing AGE 

photon number density. A similar tendency was observed in our previous studies of 

TWEPL [73,103,120].  

The effect of IN values on temperature for the most-dominant BGE energy of 1.27 

eV is depicted in Fig. 6.9. With increase in temperature from 25 K up to 70 K, the IN 

value sharply increases and reaches at maximum one (1.02 at 70 K). With a further 

increasing in temperature from 70 K to 140 K, the IN value again decreases. Further 

increase in temperature enables the IN value increases and approaches to around unity at 

180 K. 

 

 

Fig. 6. 8 Variation of IN as a function of AGE photon number density at 25 K. 
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The results of Fig. 6.9 can be explained by the proposed energy levels diagram 

shown in Fig. 6.10. Here, G1 (cm−3·s−1) is the generation rates of AGE, G2 (cm3·s−1) and 

g2 (s
−1) are the BGE coefficients from NRR level-1 to NRR level-2 (for two-level model) 

and from NRR level-3 to conduction band (CB) (for one-level model), respectively. B 

(cm3·s−1) is the radiative recombination coefficient, Cn and Cp are the electron and hole 

capture coefficients, respectively, Nt and ft are the density and the electronic occupation 

 

Fig. 6. 9 IN values as a function of temperature. The horizontal dashed line through unity 

(IN = 1) is the reference line, where I(AGE) = I(AGE+BGE). 

 

 

Fig. 6. 10 Energy levels diagram for the competition of one-level and two-level models of 

NRR process, which explains the IN value changes with the irradiation of BGE due to 

variation of temperature. 
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functions of NRR levels, respectively, en is the thermal emission rate of electrons from 

NRR level-2 to CB. The NRR parameters can be found by fitting experimental results 

based on Shockley–Read–Hall statistics [64,102]. 

The explanation is as follows: 

(i) At temperature of 25 K, carriers are randomly distributed among the potential 

minima. When the BGE is added with the AGE at 25 K and its energy (1.27 eV) 

matches with the energy difference between two coexisting below-gap NRR level-1 

and level-2 (two-level model), then electrons in NRR level-1 are excited to NRR 

level-2, from which they recombine nonradiatively with holes in the valence band 

(VB) of AlGaN. Consequently, a number of electron deficiencies occur in level-1, 

which allows an increase in NRR from the CB. The combination of both effects 

reduces the number of electron-hole pairs available for radiative recombination and 

results in the PL intensity quenching (Figs. 6.6(a), 6.9 and 6.10).  

(ii) At temperatures from 25 K -70 K: With the increase in temperature from 25 K up to 

70 K, weakly localized carriers are thermally activated and relax down into other 

strongly localized states [132] which are very close to NRR level-3. This is consistent 

with the results shown in Figs. 6.3(b) and 6.4. When BGE (1.27 eV) is added and its 

energy matches with the energy difference between NRR level-3 and CB, then 

electrons are excited from NRR level-3 to CB as shown in Fig. 6.10. As a 

consequence, the electron concentration (n) in the CB increases and PL intensity 

enhances due to its directly proportional relationship with the product of n times p. 

This is just one level model explained in our previous results [64,74,134]. 

Simultaneously, process (i) also occurs with (ii) and the resultant IN values is 

determined by the competition between processes (i) and (ii). At temperature around 

58 K, the results of both effects are almost same for which IN =1. At all temperatures 

below 58 K, the process (i) is dominating whereas temperatures above 58 K up to 70 

K, process (ii) prevails. 

(iii) At temperatures from 70 K - 140 K: After 70 K, increasing temperature enable 

carriers to achieve the thermal equilibrium with the lattice and to occupy higher-

energy levels of the localized states, thus results in the blueshift of the peak energy 

(Figs. 6.3(b) and 6.4) [132] and the relative contribution of process (i) increases. At 

temperature around 88 K, the result of both effects is again same (IN =1). At 

temperatures between 70 K - 88 K, the process (ii) is dominating whereas 
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temperatures above 88 K, process (i) prevails.  

(iv) At temperature above 140 K, electrons are excited (en) from NRR level-2 to CB due 

to thermal activation energy (E2 = 46.8 meV), which increases the PL intensity with 

increasing temperature. At the same time electron occupation function (ft2) of NRR 

level-2 decreases, which enhances the excitation of electrons from NRR level-1 to 

NRR level-2 but reduces the NRR rate from level-2 to VB. These two opposite 

effects decrease the contribution of the two-level model as a whole and increase the 

overall PL intensity by an excitation of electrons from NRR level-3 to CB due to 

BGE with increasing temperature. At a temperature around 180 K, the performance 

of both processes, (i) and (ii), is again approaching same amount. 

To justify the above explanation, based on the combined effect of two-level and 

one-level models, shown in Fig. 6.10, we perform the conventional PL measurements 

without and with the 1.27 eV BGE as shown in Fig. 6.11, at four distinct temperatures of 

25 K, 70 K, 140 K, and 180 K. It is evident from Fig. 6.11 that the PL intensity quenches 

with the addition of BGE in both the cases at 25 K and 140 K, which is consistent with 

the results shown in Figs. 6.6(a) and 6.9. With the addition of BGE light, the PL intensity 

increases and almost unchanged for the temperatures of 70 K and 180 K, respectively. 

This is also consistent with the results shown in Fig. 6.9. 

 

Figure 6.12(a) shows the variation of IN as a function of BGE photon number 

density at 70 K for 1.27 eV BGE. The AGE power density was fixed at 1.04 mW·mm−2. 

With increasing BGE photon number density at 70 K, the value of IN first increases and 

 

Fig. 6. 11 Effect of 1.27 eV BGE on 4.66 eV AGE at different temperatures. The solid 

and dashed lines indicate the PL intensities without and with the BGE, respectively. 
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then approaches saturation condition. In the low-BGE photon number density region at 

70 K, the generation rate of electrons from NRR level-3 to CB is low. Therefore, the 

number of electron-hole pairs available for radiative recombination is lower and thus 

results the IN values lower. In addition, the electron occupation function of NRR level-3 

(Fig. 6.10) remains much lower than unity, in the low-BGE photon number density region 

at 70 K, and the PL enhancement avails with the increase in the BGE photon number 

density. Moreover, with a further increase in the BGE photon number density, the 

electron occupation function of level-3 approaches unity and the slope of PL 

enhancement becomes gentle [Fig. 6.12(a)]. 

 

The variation of IN at 70 K, as a function of AGE photon number density for 1.27 

eV BGE is shown in Fig. 6.11(b). With increasing AGE photon number density, the 

values of IN first decrease drastically and then approaches unity. At a lower AGE photon 

number density, electron concentration (n) increases in the bands due to the addition of 

BGE and the PL intensity increases. Consequently, IN values are higher. With increasing 

AGE photon number density, band-to-band radiative recombination becomes stronger 

since the rate is proportional to n times p. The normalized PL intensity IN first decreases 

(as IN = IAGE+BGE/IAGE) and then approaches unity. 

6.3.3 Rate equation analysis 

In order to corroborate our qualitative interpretations, for the results of Fig. 6.6(a) 

at 25 K by the two-level model, and for the results of Fig. 6.11(a) at 70 K by one-level 

 
 

Fig. 6. 12 Variation of IN as a function of (a) BGE 1.27 eV photon number density and (b) 

AGE 4.66 eV photon number density at 70 K. 

 

(a) (b)
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model, a semi-quantitative simulation of the TWEPL results was carried out for the most 

dominant PL quenching occurred by the 1.27 eV BGE energy. The rate equations for 

theses two-level and one-level models (Fig. 6.10) can be written [51,52,64] as: 

for two-level model (at 25 K): 
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 (6.2) 

while considering the charge neutrality condition (CNC) 

 1 1 2 2 0 ,t t t tn N f N f n p+ + = +  (6.3) 

and   

for one-level model (at 70K): 
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 (6.4) 

with considering CNC 

 3 3 0 ,t tn N f n p+ = +  (6.5) 

where n0 is the density of free electrons in the QW and its value is known (2.0 × 1017 

cm−3) from the samples’ growers. The radiative recombination coefficient B is considered 

as 1.0×10−11 cm3·s−1 for the AlGaN material [102,107–109,120]. The generation rate of 

the AGE (G1 = 3.5×10
22

cm-3·s-1) is calculated experimentally by using the following 

equation [104,105,120]: 

 ( )1 (1 ) ,laser spotG P R A h = −  (6.6) 

where Plaser is the excitation power, R (18%) is the Fresnel reflection at the sample surface, 

Aspot is the laser spot size (1.06×10-3 cm2) on the sample surface, hν (EAGE = 4.66 eV) is 
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the photon energy of the excitation laser, and α (3.1 × 105 cm−1) [106] is the absorption 

coefficient of AlGaN at 266 nm (4.66 eV). It is impossible to evaluate the BGE 

coefficients (G2 and g2) from the absorption coefficient measurement since there is no 

fundamental absorption for this source. Here, we use a constant factor for these 

conversions from the experimental photon number density of the BGE sources [102,120]. 

The system of rate equations can be solved numerically and the dependencies of n, p, ft1, 

and ft2 on G2 can be found for the constant parameters of G1, B and n0, and the sample’s 

NRR level-1 and level-2 dependent parameters of Cn1, Cp1, Nt1, Cp2 and Nt1 for two levels 

model (at 25 K). The emission rate of electrons from NRR level-2, en, in Fig. 6.7 is 

omitted in Eq. (6.2) as we consider the temperature region below 70 K. The dependencies 

of n, p, and ft3 on g2 can be found for the same constant parameters and the sample’s NRR 

level-3 dependent parameters of Cn3, Cp3 and Nt3 for one level model (at 70 K). The 

constant parameters are listed in Table 6.2, for convenience. 

Table 6. 2 Constant parameters of rate Eqs. (6.2) to (6.5) 

G1 (cm-3·s-1) B (cm-3·s-1) n0 (cm-3) 

3.5×10
22

 1.0×10
-11

 2.0×10
17

 

 

By systematically solving and fitting the result with experimental data (Fig. 6.13), 

the NRR parameters are obtained for the most-dominant BGE energy of 1.27 eV for the 

sample and are shown in Table 6.3.  

Table 6. 3 Parameters of rate Eqs. (6.2) to (6.5) based on Fig. 6.10 for 1.27 eV BGE. 

For NRR level-1 For NRR level-2 For NRR level-3 

Cn1 

(cm-3·s-1) 

Cp1 

(cm-3·s-1) 

Nt1 

(cm-3) 

Cp2 

(cm-3·s-1) 

Nt2 

(cm-3) 

Cn3 

(cm-3·s-1) 

Cp3 

(cm-3·s-1) 

Nt3 

(cm-3) 

1.2×10
-9

 1.0×10
-9

 2.8×10
16

 8.5×10
-12

 1.0×1016 8.0×10
-11

 2.0×10
-11

 2.7×10
15
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Figure 6.13 shows the effect of normalized PL intensity IN as a function of the BGE 

coefficient G2 and g2 by two-level model at 25 K and by one-level model at 70 K, 

respectively, for the most-dominant BGE energy of 1.27 eV under a fixed electron-hole 

generation rate of the AGE (G1 = 3.5×1022 cm-3·s-1) for the sample. Here, a set of 

parameters give the behavioral insight into below-gap states acting as NRR centers in the 

sample, and there is a reasonable agreement with the experimental data. 

The internal quantum efficiency (IQE) value of the sample at 25 K is calculated 

with a set of parameters, shown in Table 6.3, by the ratio of radiative and total 

recombination rates [121] as:  

 
1 1 1 1

,
(1 )

r

r nr n t t

R Bnp Bnp
IQE

R R Bnp C nN f G
= = =

+ + −
 (6.7) 

where Rr and Rnr are the radiative and nonradiative recombination rates, respectively. The 

estimated IQE value by using Eq. 6.7, for the sample is depicted in Fig. 6.14 as a function 

of the electron-hole generation rate of the AGE (G1). It is evident from Fig. 6.14 that for 

a reasonable agreement of our simulated results with the experimental data [Fig. 13(a)], 

the estimated IQE value at 25 K for the sample increases only slightly with increasing G1 

value since the whole range of G1 remains within weak excitation condition.  

  

Fig. 6. 13 Effect of IN values as a function of BGE coefficient (a) G2 at 25 K by two-level 

model, and (b) g2 at 70 K by one-level model for the 1.27 eV BGE. 
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Fig. 6. 14 Estimated IQE values as a function of G1 at 25 K. 

 

6.4 Conclusion 

Temperature dependence of NRR centers in UV-B AlGaN MQW sample grown on 

c-plane sapphire substrate by MOCVD technique were studied by TWEPL. We detected 

NRR centers by adding BGE light with photon energies of 0.93, 1.17, 1.27, and 1.46 eV, 

which helped us to determine the energy distribution of the NRR centers. All the BGE 

energies decreased PL intensity at 25 K, and the most distinct quenching was observed 

by the 1.27 eV BGE at the same BGE photon number density of 1.3×1019 cm−2·s−1. The 

temperature dependent IN results for the most-dominant BGE energy of 1.27 eV shows 

that the one-level model dominates over that of two-level model in the temperature range 

58 K < T < 88 K. In other cases of temperature region, the two-level model prevailes. The 

combination of one-level and two-level model is consistent with the temperature 

dependence of PL peak energy. The simulated results of the NRR processes matched well 

with the experimental results of BGE and AGE density dependence. We consider that 

NRR level-3 accepts electrons from localized states in CB tail, and increases IN values up 

to 70 K. Distribution and behavior of NRR centers depend on detailed growth conditions 

and the structure of samples and give us a guideway to optimization.  

 

 

  



74 
 

 

CHAPTER 07 

SUMMARY AND FUTURE DIRECTIONS 

This chapter gives an overall conclusion based on the studied samples and some 

suggestions for future work. Three different samples series viz; UV-C (deep UV) AlGaN 

MQW samples grown at different temperatures, UV-B AlGaN MQW samples grown at 

1150 oC with different superlattice periods, UV-B AlGaN MQW sample grown at 1155 

oC have been characterized by photoluminescence (PL) and two-wavelength excited 

photoluminescence (TWEPL). All these samples were grown on sapphire substrates by 

MOCVD technique. Based on the experimental results, the following summaries are 

drawn: 

7.1 Summary 

Defect states acting as NRR centers in two AlGaN MQW samples grown at two 

different temperatures, 1140 °C and 1180 °C on c-plane sapphire substrate by MOCVD 

technique, have been studied by TWEPL method at a temperature of about 25 K. The 

defect states have been detected and the energy distribution of NRR centers for both 

samples have been determined by adding BGE light with photon energies of 0.93 eV, 

1.17 eV, 1.27 eV, and 1.46 eV. All the BGE energies decreased PL intensity, and the 

most distinct quenching was observed for the BGE energy of 1.46 eV at the same BGE 

photon number density. The PL intensity quenching by the 1.46 eV BGE did not show 

enough of a difference between the two samples which mean that the defect densities 

between two samples at this energy level are almost similar. It is observed that the PL 

quenching corresponding to the 0.93 eV, 1.17 eV, and 1.27 eV BGE energies are lower 

in higher growth temperature sample (1180 °C) than that of lower growth temperature 

sample (1140 °C). By a qualitative simulation with a two-level model for the second-

most dominant BGE BGE energy of 1.27 eV, it was found that the density of NRR level-

2 for the sample grown at 1140 °C was 1.5 times higher than that of the sample grown at 
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1180 °C, which determines the PL efficiency of the samples. It is concluded that a 

different density of NRR centers results directly from only a 40 °C difference in growth 

temperature and indirectly from a change in Al composition. The use of a high-

temperature growth condition is more effective in reducing the density of NRR centers 

than a low-temperature growth condition in this case. The TWEPL study of NRR centers 

guides us to further optimize growth conditions.  

Four UV-B AlGaN MQW samples with varying number of superlattice periods 

from 50 to 200 in the superlattice structure, grown on c-plane sapphire substrate by 

MOCVD technique at 1150 ○C, have been characterized by TWEPL at 30 K. The NRR 

centers have been detected and their energy distribution has been determined by adding 

BGE light with photon energies between 0.93 eV and 1.46 eV. All the BGE energies 

decreased PL intensity from n-AlGaN and QW layers at 30 K. By a qualitative simulation 

for the most dominant BGE energy of 1.27 eV with a two-level model, an estimated defect 

density ratio in the n-AlGaN layer of four samples is 1.7 : 1.0 : 6.5 : 3.4. The formation 

of NRR centers in QW layer has a meaningful correlation with lattice relaxation, number 

of SLP and the defect densities of the n-AlGaN layer. Due to the balance between the 

reduction and formation of NRR centers in the superlattice and n-AlGaN layers, the 

sample with 100 superlattice periods shows the lowest NRR density. 

Temperature dependence of NRR centers in UV-B AlGaN MQW sample grown on 

c-plane sapphire substrate by MOCVD technique have been studied by TWEPL. The 

NRR centers have been detected by adding BGE light with photon energies of 0.93 eV, 

1.17 eV, 1.27 eV, and 1.46 eV, which helped us to determine the energy distribution of 

the NRR centers. All the BGE energies decreased PL intensity at 25 K, and the most 

distinct quenching was observed by the 1.27 eV BGE at the same BGE photon number 

density of 1.3×1019 cm−2·s−1. The temperature dependent IN results for the most-dominant 

BGE energy of 1.27 eV shows that the one-level model dominates over that of two-level 

model in the temperature range 58 K < T < 88 K. In other cases of temperature region, 

the two-level model prevails. The combination of one-level and two-level model is 

consistent with the temperature dependence of PL peak energy. The simulated results of 

the NRR processes matched well with the experimental results of BGE and AGE density 

dependence. It is considered that NRR level-3 accepts electrons from localized states in 

conduction band tail and increases the normalized PL intensity (IN) up to 70 K. 
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Distribution and behavior of NRR centers depend on detailed growth conditions and the 

structure of samples and give us a guideway to optimization. 

 

7.2 Future directions 

Although significant research work has been done for various samples by two-

wavelength excited photoluminescence (TWEPL) technique, there are many defect 

related features are still now unresolved and require further investigation. The following 

research work can be done to obtain more defect related information from these promising 

AlGaN MQW materials. 

(i) We have studied series of AlGaN MQW samples grown by MOCVD 

technique with different growth conditions. The study of a series of samples 

with the same growth conditions but different growth technique can give 

more important information about the spatial distribution and the origin of 

the defect levels.   

(ii) A combination of our optical characterization by TWEPL with other defect 

characterization techniques like deep-level transient spectroscopy (DLTS), 

deep level optical spectroscopy (DLOS) etc. can provide more significant 

information about the origin and the distribution of defects. 

(iii) By systematically solving rate equations and fitting the results with 

experimental data, we have evaluated the NRR parameters for a specific BGE 

energy. There are several assumptions to solve these equations. By utilizing 

time-resolved Photoluminescence (TRPL) spectroscopy on these materials, 

the lifetime and capture coefficient of carriers can be obtained. The 

combination of both TWEPL and TRPL measurements can be helpful for the 

quantitative analysis of these materials. 

(iv) The investigation of the energy distribution of NRR centers can be done by 

using a tunable and/or different BGE energy sources. This may provide 

intensive information about the NRR properties of AlGaN materials. 
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APPENDIX 

A.1 Calibration of output power of different BGE sources 

Four different light sources of photon energies 1.46 eV (850 nm wavelength), 1.27 eV 

(980 nm), 1.17 eV (1064 nm) and 0.93 eV (1340 nm) have been used as below-gap 

excitation (BGE) light in the experiment of two-wavelength excited photoluminescence 

(TWEPL) measurement. The output power of the laser 0.93 eV (1340 nm) was controlled 

only by using neutral density (ND) filters in front of the laser. However, the calibration 

of the other BGE sources is presented in the following Figures:    

 

BGE: 1.46 eV (850 nm) 

 

Fig. A. 1 Calibration of the 1.46 eV (850 nm) laser. 
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BGE: 1.27 eV (980 nm) 

 

Fig. A. 2 Calibration of the 1.27 eV (980 nm) laser. 

 

BGE: 1.17 eV (1064 nm) 

 

Fig. A. 3 Calibration of the 1.17 eV (1064 nm) laser. 
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A.2 Beam parameters of different laser sources 

Beam diameter of different lasers was measured by using knife-edge method. The beam 

parameters are summarized as below: 

 

Table A. 1 Beam parameters of different laser sources 

Sources Laser 
Beam Diameter 

(mm) 

Beam Cross-section 

(mm2) 

AGE 4.66 eV (266 nm) 0.37 0.106 

BGE 

 1.46 eV (850 nm) 1.31 1.35 

1.27 eV (980 nm) 1.7 2.28 

1.17 eV (1064 nm)  1.23 1.18 

0.93 eV (1340 nm) 1.2 1.14 
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