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Group III nitrides are efficient light emitters. The modification of internal optoelectronic 

properties of these materials due to strain, external or internal electric field are an area of interest.  

Insertion of metal nanoparticles (MNPs) (Ag, Au etc) inside the V-shaped inverted hexagonal 

pits (IHP) of InGaN/GaN  quantum wells (QWs)  offers  the potential of improving the  light 

emission efficiencies. We have observed redshift and blueshift due to the Au MNPs and Ag 

MNPs respectively. This shift could be due to the electric field created by the MNPs through 

electrostatic image charge. We have studied the ultrafast carrier dynamics of carriers in hybrid 

InGaN/GaN QWs. The change in quantum confinement stark effect due to MNPs plays an 

important role for slow and fast carrier dynamics. We have also observed the image charge effect 

on the ultrafast differential transmission measurement due to the MNPs. We have studied the 

non-linear absorption spectroscopy of these materials. The QWs behave as a discharging of a 

nanocapacitor for the screening of the piezoelectric field due to the photo-excited carriers. We 

have separated out screening and excitonic bleaching components from the main differential 

absorption spectra of InGaN/GaN QWs. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

Nitrides are radiation hardened semiconductors. They have large electron effective mass 

(m*= 0.2~0.3m0). The longitudinal optical (LO) phonon energy for GaN is 92 meV which is 

very large. This large LO phonon energy has a great contribution in excess energy dissipation 

processes. The acoustic phonon velocities in nitrides are also very large (~8000 m/s) relative to 

the other semiconductors. Nitrides are also highly elastic and are effective for the ballistic 

transport of phonons. 

The direct optical band gaps (Eg) for the group-III nitrides range from 0.77 eV for InN 

and 3.42 eV for GaN to 6.2 eV for AlN at room temperature. This wide range of energies covers 

the whole visible spectrum. The band gap of    Inx Ga(1-x)N  can be calculated as  

                  Eg (x) = Eg (GaN)(1-x) +Eg (InN)x -bx(1-x)                                                                 1.1 

where b is the bowing parameter. The bowing parameter b which depends upon the 

growth conditions is about 1.42 eV.  

Nitrides usually crystallize in the wurtzite lattice structure (hexagonal). In metal organic 

chemical vapor deposition (MOCVD), the most commonly used substrate to grow the nitrides is 

sapphire. The lattice mismatch between the GaN and sapphire is about 16%1. Due to this large 

mismatch in the lattice constants, nitride layers grown on sapphire have large dislocation 

densities on the order of 109 cm-2 .2  In quantum wells (QWs), the lattice mismatch is 

accommodated by internal strains. Because of piezoelectric (PZE) effect, these strains induce. 

electric fields on the order of ~MV/cm 3. The optical properties of nitrides are sensitive to these 

thread dislocations.  
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The optical and electronic properties of a semiconductor QW can be explained in terms 

of the quantum confined Stark effect (QCSE). The QCSE is a decrease of the optical transition 

energy, as a result of band structure tilt of QWs which deepens  the electron and   hole energy  

levels. 

 
 

 
 
 

          Fig. 1.1.  (a) The  build in piezoelectric field (PEF) during the growth process. (b)  

 
Schematic of QCSE4. 
 
 

The QCSE is generally observed in photoluminescence (PL) in which the PL band 

redshifts (called Starkshift) with the increase in field as shown in Fig.1.1. The application of this 

field leads to the spatial separation of electron and hole wavefunctions in the QWs. This spatial 

separation leads to the decrease in the absorption coefficient and recombination of carriers. If the 

optical excitation results in the creation of the polarized e-h pairs, their electric field will screen 

the initial field inside the QWs. This will lead to the weakening or complete removal of the 

2



  

initial QCSE so that the flattening of the band structure takes place. This will increase the 

transition energy of the QW which will be subject to blueshift in the absorption and emission 

energies. This screening is a fast process with less than a nanosecond time scale. So an ultrafast 

study is required to understand the dynamics of these processes. A femtosecond laser is a 

milestone source to study the ultrafast phenomena in these samples. 

Studies on the GaN based semiconductors have been carried out for more than three 

decades5-8. But the studies on the ultrafast carrier dynamics in  InGaN/GaN semiconductors had 

been advanced only at the end of the 19th century9-11. There have been significant works on the 

ultrafast dynamics of these materials in the early 21th century12-19. However, there are unique 

properties of each sample of InGaN/GaN semiconductors due to the variation of In concentration 

and other physical parameters in the materials. 

Absorption of photon with energy much greater than the band gap will generate carriers 

with significant excess energy. When a photon is absorbed, an electron makes a transition from 

valence band to conduction band, leaving an unoccupied state in the valence band and occupied 

state in conduction band. For the excitation above the barrier band gap energy, the carriers from 

barrier are capture in the quantum well. If the probe energy is below the barrier band gap, it will 

probe the state as shown in the Fig.1.2. This is the transition energy in which the probe can drive.  

 

Fig. 1.2  Transition energy of probe. 
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Carrier induced non-linearities in nitrides are the important parts of the ultrafast 

absorption spectroscopy. Screening, excitonic blueshifting, and absorption saturation have been 

observed in our study. Bleaching is also observed in differential absorption spectra during the 

photo-excitation. Generally, the photo-bleaching is observed because of the state filling of the 

photo-induced carriers. The excitonic absorption bleaching dominantly causes the large negative 

peaks in the differential absorption spectra. In general, the differential absorption spectra contain 

two components. Field screening, and bleaching. Initially, with increasing carrier density, both 

field screening and bleaching components increase. The screening and bleaching components 

from the main absorption has been separated as shown in Fig. 4.6 of this thesis. In Fig. Fig. 1.3, 

it has been shown that there will be a transition point at which bleaching and field screening 

components are comparable. At this carrier density, the in-well field is completely screened. 

Further exciting the carriers from valence band to conduction will increase the bleaching 

component only because the QW already achieved the flat band condition.  

 

Fig. 1.3 The screening and bleaching components as a function of carrier density26. 

The important application of InGaN/GaN QWs is to use as light emitting diode. The 

efficiency of LED has been improved by plasmonic enhancement using metal optics. The 

radiative recombination rate of InGaN/GaN QWs is enhanced by resonantly coupling the 
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spontaneous emission to a silver surface plasmon27. The plasmon energy of Ag and Al can be 

coupled with the band gap energy of InGaN/GaN and hence a huge PL enhancement has been 

observed28. The spontaneous emission enhancements of InGaN/GaN QWs due to the different 

metals have been shown as the Purcell factor in Fig.1.4.  

 

 

 

 

 

Fig.1.4 The Purcell enhancement in AlGaN/GaN QW due to surface plasmon interaction induced 

by various metals on the GaN cap layer29. 

Metal nanoparticles (MNPs) surrounded by another medium can produce localized 

surface plasmons (LSPs). These are the short range  plasmons and MNPs with LSP modes are 

the alternative options to enhance the radiative recombination rate of a light emitter which 

increases the internal quantum efficiency of the system. Noble MNPs (Au and Ag) are good 

candidates for the LSPs. These MNPs embedded inside the semiconductors can produce the LSP 

modes that can modify the properties of semiconductors. 
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Furthermore, the threading dislocations end up with the formation of V- shaped pits at the 

surface on the nitrides. The metal nanoparticles (MNPs) can be inserted inside the nitrides via V-

shaped pits. The effects of ultrashort pulse on the MNPs have already been studied30-34. But the 

effects of ultrashort pulse on the nitride semiconductors in the presence of MNPs have not been 

studied yet. The scope of this thesis is to characterize the ultrafast properties of hybrid 

InGaN/GaN QWs. 

We have observed the image charge effect in the InGaN/GaN light emitters due to the 

presence of MNPs. When the carriers are excited from the conduction band to valence band, 

there is an induced charge effect on the MNPs. This image charge effect affects the PEF present 

in the system. As a result there is an enhancement or red shift or blueshift in the PL spectra. We 

have also observed effect of image charge in the ultrafast carrier dynamics.                                                

Both hybrids Au-InGaN and Ag-InGaN can show the effect of image charge but Ag-InGaN 

sample has plasmon frequency at the light emission band which makes difficult to distinguish 

from the image charge.  

1.2 Structure of the Thesis 

The studies presented in this thesis are unique in the sense that the relaxation processes 

are measured in hybrid GaN based multiple quantum wells (MQWs). Chapter 2 describes the 

materials and methods. We have explained the sample preparation method as well as the 

technique to insert the MNPs inside the V-shaped pits. In the methods section, PL, absorption, 

time resolve (TR) PL, and pump probe experiments have been described. We have also included 

electron scanning microscopy (SEM), transmission electron microscopy (TEM), and atomic 

force microscopy (AFM) images. 
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Chapter 3 describes the general characterization of the samples. It explains the PL, 

absorption, and TRPL characteristics of the samples. It has temperature dependence as well as 

power dependence characterization of the samples. It explains the several spectroscopic 

techniques to study the carrier dynamics from the nanosecond to femtosecond time scale. The 

samples are characterized using continuous wave (CW) absorption, CW and pulse laser 

photoluminescence (PL), and time resolved PL. We have also described the  plasmonic effect on 

these samples. 

 Chapter 4 is a nonlinear differential absorption study in InGaN/GaN QWs.  This chapter 

describes the energy storage in the QWs. This chapter also describes about the effect of 

screening and bleaching in the QWs. 

Chapter 5 is a study of ultrafast carrier dynamics of InGaN/GaN QWs. We have carried 

out degenerate and non-degenerate pump probe   measurements of InGaN/GaN QWs. For non-

degenerate pump probe, the pump excitation wavelength is 325 nm (3.83 eV) and the probe is 

white light. We have included intensity dependent data for InGaN/GaN MQWs.  

Chapter 6 is a study of ultrafast carrier dynamics in hybrid InGaN/GaN QWs. It describes 

the carrier relaxation process affected by the Au and Ag MNPs. We have discussed the effect of 

image charge on the ultrafast carrier dynamics. It also covers the competing effect of bleaching 

and screening due to the Au-MNPs. 
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CHAPTER 2 

MATERIALS AND METHODS 

 Introduction 2.1

Heterostructures of GaN and InGaN are important materials due to their application in 

optoelectronic devices and high–temperature and high power electronics. InGaN/GaN is also one 

of the most severely strained material systems at high In concentrations. The demonstration of 

InGaN MQWs as a blue laser diodes inspired much more interest in the nitride-based 

optoelectronic. 

 Optical spectroscopy is a powerful technique to investigate electronic and rotational 

properties of a variety of systems. Ultrafast femtosecond laser pulses provide new insights into 

non-equilibrium, nonlinear and transport processes in semiconductor and their nanostructures,1-4. 

In 1995 Shuji Nakamura at Nichia Chemical Industries in Japan reported the successful 

development of LEDs based on GaN compounds5. This inspired much more interest in the 

nitride- based optoelectronics. 

This chapter provides an insight into the experimental techniques adopted in this study 

for the general to advance characterization of hybrid InGaN/GaN multiple quantum wells.  

 Insertion of MNPs into the Pits 2.2

Group-III nitride semiconductors are usually grown for light emitting diodes (LEDs) and 

laser diodes (LDs) on lattice-mismatched sapphire substrates by means of metal-organic 

chemical vapor deposition (MOCVD)6-8 . The active part in such devices mostly contains many 

(QW) layers, a few nanometers in thickness, composed of an InN-containing alloy. When InN is 

to be incorporated into GaN-based heterostructures, the volatility of InN and the increased 
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tendency for chemical decomposition through nitrogen loss requires the use of lower 

temperatures, usually around 800°C, than those used for growing GaN alone. At these 

temperatures, even small surface perturbations most likely to produce facets with the lowest 

growth rate. This happens preferentially at the apex of threading dislocations, where inverted 

hexagonal pits (IHPs) with the six equivalent (10–11), (01–11), (1–101), (0–111), (–1011), and 

(–1101) sidewalls form. Some modern techniques like atomic force microscopy (AFM) can be 

used to map the surface morphology of these IHPs. Fig. 2.1 is a SEM image for a typical 

InGaN/GaN (MQW) structure grown by the above method.  

Calculations show that indium acts as a differential surfactant10,11. The surface energy of 

{10–11} planes has been reduced relative to the typical (0001) growth front, which has the effect 

of favoring the development of V-defects with {10–11} planes of the wurtzite type crystal 

structure. Reduction in free energy which is one of the driving forces to be achieved by avoiding 

the accumulation of strained material in the region near the core of the dislocation.  

We can control the size, depth and density of the nanopits on the nitride framework. The 

pit depth, d, is related to its lateral size, w, through the geometry of the wurtzite crystal structure 

which depends solely on constants c and a. The V-pit development for this particular MQW only 

usually occurs after the half of the quantum well period. This onset point within a periodic MQW 

stack depends on the amount of InN incorporated in the QW region, and the QW thickness. 

However, the strain accumulation during growth causes the IHPs to emerge earlier. 
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Fig. 2.1 Self- assembled hexagonal pits in InGaN/GaN semiconductor surface. 

 

 

 

                           (a)                                                                        (b) 

Fig. 2. 2 (a) Infiltration of metal nanoparticles into the nanopits by liquid drop method12, and (b) 

schematic of infiltration of nanoparticles into the pits. 

Fig. 2.2 (b) shows the schematic of selective assembled nanocrystals (NCs) inside the 

IHPs. While the suspension evaporates, the air-solvent surface triple interface moves across the 

device surface; the solution-vapor interface deforms and the resulting capillarity force slides the 

NC towards the thicker part of the solution and hence pushes the particle towards the region 

inside the nano-pit. Thus the NCs are selectively incorporated into the pit regions as the interface 

sweeps across the whole surface. 
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Fig. 2 3 Schematic of the sample used in this work with SEM picture on the right. 

Fig. 2.3 shows that the sample used in this study. It consists of 14 multiple quantum wells 

with 2.5 nm quantum well width and 7.5 nm barrier width. The MQW structure is capped with a 

15 nm GaN layer and is grown on a ~ 1 μm GaN layer. The right hand side of the figure shows 

the incorporated NCs inside the pits and the bottom part of it shows the SEM image of its surface 

with nanoparticles inside the pits. The metal (Au, Ag) NPs of diameter ~ 20-30 nm are inserted 

into the pits of the average size 120 nm using liquid droplet technique. 

2.3 Semi-quantitative Band Diagram of InGaN/GaN Sample: 

Semi-quantitative diagram of InGaN/GaN reference sample has been calculated based on the 

following parameters. 

GaN band gap E GaN = 3.4 eV 

InN band gap = 0.77 eV,  
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Bowing parameter (b) =  1.42 eV 

Percentage of In concentration = 9 % 

                          Eg (x) = Eg (GaN)(1-x) +Eg (InN)x -bx(1-x) 

Substituting the respective values, band gap of InGaN QW =3.047 eV. 

3.4 eV-3.047 eV= 0.353 eV 

Considering 80:20 band upset13, 

The potential energy from the bottom of the QW of conduction band to GaN barrier = 0.2824 

eV. This is 0.0706 eV for valence band. 

 

Fig. 2.4 Semi-quatitative band diagram of the sample. 

Using the values of PEF as 0.6 MV/cm in the QW, 

Band bending due to the strain = eFZ where F= 0.6 MV/cm and Z= 2.5 nm. Band bending due to 

the strain in the system= 0.15 eV. 
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2.4 Energy Level Calculation 

The energy level in the well can be calculated using the Schrodinger equation. 

Hψ=Eψ 

 

ψ 

 

By combining these three conditions and their derivatives, it is possible to solve for all 

the constants in term of one constant. The one unknown may be solved using normalization 

condition. The only unknown in the wave function is the confinement energy and this can be 

solved. 

In our case, the total confinement energy 0.353 eV (Barrier potential of conduction band 

(0.2824 eV) + Barrier potential of valence band ( 0.0706 eV)  considering 80:20 band off set. 

The allowed energies in the conduction band are solutions to the Schrodinger equations with 

energy lower than the electron potential, else they are scattering states. This happens same for 
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the valence band. Any solution generated which is greater than the barrier potential is not a 

confined state. Using the above method, we got 0.19 eV and 0.03 eV for the electron and hole 

respectively. These are the only allowed states. So we have only one energy level in the well. 

2.5 Fermi Level Pinning 

Fermi level pinning is essentially defect traps. It is created at the interfacial defect states. It 

captures electron from the quantum wells which were previously free to move in 2D. Carriers 

trapped in these Fermi levels will recombine with higher energy. This behavior is observed in 

temperature dependence PL or absorption. Especially at low temperature, the carriers have less 

kinetic energy and most likely to trap in the Fermi level pinning states. At high temperature, this 

process plays a minimum role because of the higher kinetic energy. Our major work was carried 

out at room temperature. So we should not be worried about the Fermi level pinning in III-V 

semiconductor. 

2.6 Localized Surface Plasmon due to MNPs 

We have inserted Au and Ag MNPs inside the V-shaped IHPs. These noble MNPs have 

capability to produce the surface plasmons. But the MNPs are surrounded by the InGaN/GaN 

medium and hence the plasmons generated by these particles are localized surface plasmons. The 

localized surface plasmon frequency is tunable and it depends upon the medium, shape, size, and 

composition of the particles as shown in Fig. 2.5. 
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Fig. 2.5 LSP spectra for Au and Ag cubes on a formvar substrate14. 

 2.7 Spectroscopy Techniques Used in This Thesis 

(i) Photoluminescence 

(ii) Absorption 

(iii) Time resolve photoluminescence 

(iv) Pump-probe spectroscopy 

(i) Photoluminescence (PL) 

A continuous wave PL instrument consists of a helium cadmium laser as a source having 

excitation energies 3.82 eV and 2.81 eV.  The sample is mounted in a cryostat that can be used to 

lower the temperature as low as 15 K. The signal is collected by a detector. The detector is a 

liquid nitrogen cooled CCD associated to a Triax 320 from Jobin Yvon Horiba Company. 

(ii) Absorption 

The absorption measurement is done using a Xe light source in transmission mode. The 

white light is focused by a lens on the sample and the transmitted signal is collected by a couple 

of lenses and focused on the detector described in PL. 

 

18



  

(iii) Time Resolve Photoluminescence (TRPL) 

TRPL can be used to measure the carrier relaxation and transport dynamics of the 

semiconductors. TRPL uses the fast detector directly to capture the signal. One of the techniques 

is to use the streak camera which is the best technique for direct measurement. Fig. 2.6 shows the 

operating principle of the streak camera. The signal being measured passes through a slit and is 

formed by the optics into a slit image on the photocathode of the streak tube. At this point, four 

optical pulses which vary slightly in terms of both time and space, and which have different 

optical intensities, are input through the slit and arrive at the photocathode. The incident signal 

on the photocathode is converted into a number of electrons proportional to the intensity of the 

light, so that these four optical pulses are converted sequentially into electrons. After that the 

electrons then pass between a pair of accelerating electrodes, where they are accelerated and 

bombarded against a phosphor screen. As the electrons produced from the four optical pulses 

pass between a pair of sweep electrodes, high voltage is applied to the sweep electrodes at a 

timing synchronized to the incident light (see Fig. 2.6 (b)). 
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Fig. 2. 6 (a) Basic operating principle of streak camera (b) Operating timing (at time of sweep) of 

streak camera15. 

This initiates a high-speed sweep (the electrons are swept from top to bottom). During the 

high-speed sweep, the electrons, which arrive at slightly different times, are deflected in slightly 

different angles in the vertical direction, and enter the MCP (micro-channel plate). As the 

electrons pass the MCP, they are multiplied several thousands of times, after which they impact 

against the phosphor screen, where they are converted again into light. On the phosphor screen, 

the phosphor image corresponding to the optical pulse which was the earliest to arrive is placed 

in the uppermost position, with the other images being arranged in sequential order from top to 

bottom. Also, the brightness of the various phosphor images is proportional to the intensity of the 

respective incident optical pulses. The position in the horizontal direction of the phosphor image 

corresponds to the horizontal location of the incident light. In this way, the streak camera can be 
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used to convert changes in the temporal and spatial light intensity of the light being measured 

into an image showing the brightness distribution on the phosphor screen. We can thus find the 

optical intensity from the phosphor image, and the time and incident light position from the 

location of the phosphor image. 

Usually two-dimensional streak cameras which provide spectral (or spatial) and temporal 

information simultaneously have become important tools for time resolved luminescence 

spectroscopy. In this work, a streak camera with ns time resolution was used to measure the 

time-resolved photoluminescence spectra. 

(iv) Pump Probe Spectroscopy 

Time-resolved differential transmission (TRDT) spectroscopy is a powerful pump-probe 

technique widely used for studying ultrafast dynamics in semiconductors3, 17, 18. In 

semiconductor photo-excitation, various relaxation processes occur before the thermal 

equilibrium is reached. The coulomb interaction between electron and hole leads to 

recombination of the carriers after photo-excitation19. Optical pulse excited with above band gap 

energy photons results in the generation of non -equilibrium  carrier densities  and elevated  

carrier temperatures The electrons and holes  undergo temporal and spatial  evolution with 

characteristic times which depend on the various relaxation processes20.  The timescales for some 

processes - including momentum scattering, carrier-carrier scattering, intervalley scattering, and 

carrier-optical phonon scattering - may be less than 100 fs. 
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Table 2 1 Fundamental processes in semiconductors21
. 

Microscopic process                                                Characteristic time(s) 

Carrier–carrier scattering               10-15–10-12 

Intervalley scattering                                                                      >10-14 

Intravalley scattering                   10-13 

Carrier–optical phonon thermalization                  >10-12 

Optical phonon–acoustic phonon interaction                                  10-11 

Carrier diffusion (0.1 mm)                   10-11 

Auger recombination 
(carrier density   1020 cm-3)                         
 

                  10-10  

Radiative recombination                                                                   >10-9 

Lattice heat diffusion (1mm)                                                                10-8 

 

Processes such as carrier capture in quantum wells and intersubband scattering may occur 

in 1 ps or less. Carrier-acoustic phonon scattering and hot carrier-phonon interaction rates are 

slower, and recombination times are usually longer than 100 ps. 

The simplest experiments might be the pump/probe measurements in which the probe 

beam is detected after either being transmitted through or reflected from the sample. In the 

simplest case, the laser pulse is divided by two. The sample under investigation is excited by one 

pulse (pump) and the changes induced by the pump beam are probed by the second pulse 

(probe), which is suitably delayed with respect to the pump by a time delay t through a delay line 

in its path. The intensity difference of the transmission or absorption in the probe pulse with and 
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without pump pulse is monitored. Usually the probe is much weaker than the pump, and the spot 

diameter of the probe at the sample is ideally smaller than that of the pump so that it probes a 

region of uniform photo-excited density. 

For the absorbing medium, the penetration depth of the probe beam is limited for above 

bandgap probe energies; therefore, the changes in the reflection signal due to the absorption 

modulation by the pump beam are much smaller compared to the transmission changes.  

 2.8 Degenerate Pump-Probe Experiment 

In the degenerate TRDT experiments, where pump and probe pulses have the same 

energy, dynamics of carriers at the excitation pump energy are explored. This provides important 

information when the pump/probe energy is close to band edge resonances. Fig. 2.7 shows the 

typical setup for the degenerate TRDT experiments. Each pulse emitted by the femtosecond 

source is divided into two pulses, the pump and the probe, where the pump is usually at least 10 

times stronger than the probe. Pump beam is reflected from a retroreflector mounted on a 

translational stage. The time delay between the pump and the probe is varied by changing the 

path length of the pump beam using the translational stage. Both pump and probe beams are 

focused and overlapped on the sample. To eliminate the stray pump light on the detector, pump 

and probe beams are usually cross-polarized. The pump beam is usually modulated using a 

mechanical chopper, and the change in the probe beam transmission (T) is measured by lock-in 

detection to improve the signal-to-noise ratio. In order to compute the DT ( T/T), the bare 

probe transmission (T0) is also measured by chopping the probe beam and using the lock-in 

amplifier when the pump beam is blocked. 
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Fig. 2 7 Experimental setup for the wavelength degenerate time-resolved differential 

transmission (TRDT) and reflection (TRDR). 

In the pump/probe spectroscopy, the relaxation of carriers is observed by monitoring the 

change in absorption. In the incoherent regime, the real carriers are generated by absorption of 

photons. These carriers first relax toward a thermal quasi-equilibrium within each band, then 

toward thermal equilibrium of the whole lattice. Using the number of carriers in the conduction 

and the valence bands, different quasi-chemical potentials for the electrons and the holes are 

obtained. The occupation probabilities in the bands are given by the Fermi-Dirac distribution 

functions based on these quasi-chemical potentials and the quasi-equilibrium lattice temperature. 

Time evolution of these probabilities produces a time-dependent absorption profile which is 

monitored by the pump/probe measurements. 

The differential transmission (DT) spectrum is obtained from: 
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.                                                   2 1 

where TPumpON and TPumpOFF are the transmitted probe intensities at   with and without the 

pump, respectively, 0 is the absorption coefficient for the unexcited semiconductor, and  is 

the photoexcitation-induced (pump-induced) change in the absorption coefficient. The last 

approximation is valid for sufficiently small change in absorption ( << 1) over a sample of 

thickness d. 

Generally, changes to 0(  ) are perturbative, and the interpretation of the TRDT data is 

mainly based on Equation 2.1 and its time evolution. Due to the large difference between the 

rates of electron and hole dynamics in semiconductors, their distribution functions may be 

distinguished in the pump/probe spectroscopy. However, the relaxation rate of the holes is 

usually very fast due to their larger density of states and is below experimental resolution, 

limiting the analysis mainly to the relaxation of the electrons. 

The time resolved pump probe measurements have been carried out by a standard 

wavelength-degenerate differential transmission (DT) mode with a mode-locked Ti:sapphire 

(Ti:S) femto-second laser of 80 MHz ,< 100 fs pulse duration, 5 nj pulse energy with external 

frequency doubling. The pump and probe beams are focused by a 15 cm focal length lens into 

the sample surface of the sample with the small angle between the pump and probe beams. The 

probe beam was kept inside the pump beam excitation region. Following a beam splitter (92:8), a 

1μm-resolution stepper motor provided 7 fs time increments between the pump and the probe. A 
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neutral density filter was installed in the probe beam path to reduce the probe intensity. The 

pump beam was chopped at 1 kHz to permit lock-in detection. 

 2.9 Non-Degenerate TRDT 

A Ti:Sapphire laser set at 800 nm was used to seed a regerative amplifier. This 

regenerative amplifier produces 800 nm and 35 fs pulses with the repetition rate of 1 KHz. The 

output of regenerative amplifier was splitted into two parts using 90:10 beam splitter. 90 % of 

the beam was passed through one of the tunable optical parametric amplifiers (OPA) and 10 % of 

the beam was used as a probe. The probe beam at 800 nm was attenuated by a neutral density 

filters and then focused in a CaF2 crystal to generate a broadband continuum probe extending 

from the 700 nm to 360 nm as shown in the Fig.2.8. The theory of continuum generation is 

discussed in detail in the literature 22.  

The continuum probe was then focused on the sample using a spherical mirror. The pump 

beam was passed through the translation stage of resolution 7 ns and then focused on the sample 

using a lens. The spot size of the pump beam was varied from 715 µm to 228 µm in order to 

change the power density of the pump beam on the sample. Pump/probe spatial overlap was 

achieved by using a CCD camera for monitoring and adjusting the probe spot position on the 

sample. After passing through the sample, the pump beam was blocked by an iris and the 

transmitted broadband probe was put through a liquid light guide which goes to a broad 

wavelength range (350 nm-700 nm) and time window up to 8 ns helios spectrometer provided by 

ultrafast system. The probe transmission is recorded and the back grounds were automatically 

subtracted by the software used to for the analysis. 
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(a)                                                                                (b) 

Fig. 2 8 (a) Non-degenerate pump–probe experimental set up (b) The measured continuum probe 

spectrum generated using CaF2 with an ~800 nm pulse. 

The software used for this measurement is “Ultrafast System Helios” . We have measured 

change in absorption (Δα) of the signal from the samples.  In this thesis, we have considered the 

change in transient transmission,  ΔT= -Δα ( Negative of the change in absorption). 
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CHAPTER 3 

CARRIER RECOMBINATION IN HYBRID  INGAN/GAN QW 

3.1 Introduction 

Ultrafast carrier dynamics on InGaN/GaN systems have been studied extensively using 

pulse energies nanojoule (MHz femto-second oscillator) and micro to milijoule (kilohertz 

regenerative femtosecond amplifier lasers)1-3  . Group III nitride hetrostructures have application 

in U-V emitters and detectors3. Various notable features such as high thermal conductivity, high 

melting temperature, and excellent hardness makes these materials as promising candidate for 

high-temperature and high-power device applications. The large lattice mismatch between GaN 

and InN with the variation of indium composition leads to carrier (exciton) localization effect  

and thus improvement of radiative efficiency.  Moreover, the strain–induced piezoelectric field 

near an interface of a hetrostructure results in QCSE 4.  In the quantum wells both effects are 

mixed. However, it was found that in an InGaN thin-film with large enough thickness, the strain 

effect could be relaxed in most parts of the film. Here in, we present, the first time, light 

emission mechanism for a metal-InGaN/GaN hybrid system. 

InGaN/GaN is highly demanded for optoelectronic devices as the material can be used 

for a wide range of spectrum from UV (GaN) to red (InN). The MNPs can be used for ultrafast 

data communication and optical data storage, catalyst, solar energy conversion 5. Ultrafast carrier 

dynamics is a tool to understand the carrier flow mechanism that provides the clue of light 

emission origins. Furthermore, both Ag and Au NPs have an effect of surface plasmon on the 

ultrafast carrier dynamics. But the change in properties due to MNPs embedded onto the surface 

of InGaN/GaN multiple quantum wells via V- shaped hexagonal pits was not known. 
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The development of nanometric size devices is growing too fast. It is necessary to 

understand the fundamental properties and modeling of heat transfer, thermal transport, its 

electronic properties etc. with reducing the size and dimensionality of materials as the density of 

the state and spatial length scale of the electronic motion are reduced with decreasing size6. 

These process as may limit the functioning of the nanometric devices including the resistance of 

the nonmaterials under strong excitation, strong thermal coupling of nanoobjects. As we go from 

macroscopic to microscopic scales the diffusive model breaks and the role of interface –mediated 

effects increases7 . In addition to these effects, the study of the nanometric size materials within 

and away from the surface plasmon resonance frequency plays an important role. In our study, 

the excitation of the Ag nanoparticles embedded into multiple quantum wells sample is  close to 

the surface plasmon resonance frequency while the Au nanoparticles embedded multiple 

quantum well is away from  its surface plasmon resonance frequency. Dealing with such 

complex system of nanometric size metal particles, and InGaN/GaN multiple quantum wells 

supper lattices along with its plasmonic effect is very challenging. However, the study of such 

system will open new theoretical and experimental concepts in the field of making new devices. 

In this work, we demonstrate the effect of embedded nanoparticles (Ag and Au) in the light 

emission mechanism of InGaN/GaN system. 

3.2  Experimental, Sample and Technique 

In this work, we have characterized three samples, (i) InGaN/GaN multiple quantum 

wells labeled STR 539 reference, (ii) InGaN/GaN multiple quantum wells with Au NPs 

embedded on to its surface labeled STR 539 Au, and (iii) InGaN/GaN multiple quantum wells 

with Ag NPs embedded on to its surface labeled STR 539 Ag. They are grown using metal 

organic chemical vapor deposition (MOCVD) on both side polished- oriented sapphire substrates 
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followed by a thick GaN buffer layer. The detail of the QW growth technique can be found 

elsewhere8 . STR 539 Au has gold NPs into the pits and its surface 9 and STR 539 Ag has silver 

NPs into the pits and its surface as shown in Fig.2.3. 

CW-PL spectroscopy was performed on these samples using a continuous–wave HeCd 

laser operating at 325 nm, and cw-absorption measurements were carried out using a 300 W Xe 

lamp. A TE cooled two-dimensional CCD detector was used for PL and absorption mapping. 

The pulse laser- PL was performed using femtosecond laser described in previous paragraph and 

a streak camera (Hamamatsu Streak Scope C 4334) as a detector. 

3.3 Experimental Results and Discussion 

Fig. 3.1(a) shows the PL spectra of InGaN/GaN multiple quantum wells at different 

temperatures excited by a 325 nm HeCd laser. A significant luminescence band of a full width at 

half maximum (FWHM) of 80 meV from the quantum wells is observed with emission peak at 

3.176 eV . This PL band is blue shifted for the STR 539Ag as shown in the Fig.3.1(c) and red 

shifted for STR 539 Au shown in Fig. 3.1(b). The reasons for the blue shift and red shift have 

been explained in reference [13]. 

At low temperature, the PL spectra near the band gap consist of transitions of free and 

bound excitons, followed by their 1st order longitudinal optical (LO) phonon replica on the low 

energy side. We also observed the first order phonon replica (PR) at 3.084 eV which is 92 meV 

from zero order phonon.  No emissions have been observed from the GaN barriers in our 

experiment.  
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(a)                                                                                       (b) 

 

                                                                               (c) 

Fig. 3.1 Temperature PL for (a) InGaN/GaN multiple quantum wells reference sample (b) 

sample with Au nanoparticles and (c) sample with Ag nanoparticles. 

We have plotted the integrated PL intensity as a function of inverse of temperature for 

InGaN reference and Ag-InGaN samples  as shown in Fig. 3. 2. It shows that internal quantum 

efficiency is nearly unity  below 50 K for both the cases10. 
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(a)                                                                                 (b) 

Fig. 3.2 (a) Integrated PL as a function of inverse of tempearture for InGaN, (b) Integrated PL as 

a function of inverse of tempearture for Ag-InGaN. 

We have also plotted the  temperature versus PL peak energy for InGaN reference and 

Ag-InGaN system as shown in the Fig. 3. 3 (a,b). The details of this phenomenon have been 

explained elsewhere11. 
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Fig. 3.3 (a) Peak energy versus inverse of temperature for InGaN reference , (b) Peak energy 

versus inverse of temperature for Ag-InGaN. 

We have also carried out CW laser excitation  power dependent measurements for all 

three samples. The power dependent plots have been shown in Fig. 3.4 (a,b,c). 

   

            (a)                                               (b)                                                      (c) 

Fig. 3.4 Power dependence (a) InGaN reference, (b) Ag-InGaN , and (c) Au-InGaN  
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The PL on these samples is also performed using excitation by second harmonic of the 

fundamental pulses (730 nm) from the mode-locked Ti:sapphire laser with an 80 MHz repetition 

rate. We did not observe significant difference between CW laser and pulse laser in PL 

measurement for these samples. However, the effective carrier capture from the barrier into the 

quantum wells have been observed in absorption measurements. Fig.3.5 shows a plot of pulse 

laser PL and absorption for STR 539 reference, STR 539 Ag and STR 539 Au samples. In all 

three samples, as the emission process initiated, the absorption started to decrease. The small 

stoke shift between CW PL and absorption spectra seen in Fig. 3.5 indicates the high quality of 

the sample12. The red and blue shifts can also be clearly shown in Fig. 3.5.  

 

Fig. 3.5 Normalized Pulse laser PL  and CW absorption  for (Ref) InGaN/GaN multiple quantum 

wells reference sample (Ag) sample with Ag NPs, and (Au) sample with Au NPs. 

From PL and absorption measurements, we can estimate the band gap to be around 3.21 

eV for the InGaN reference sample and slightly above and below for 539 Ag-InGaN and 539 Au-

InGaN  respectively. From Fig. 3.5 it is shown that the band edge for STR 539 Ag has been blue 
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shifted with respect to the reference sample. A sharp absorption above 3.4 eV is observed by 

GaN band edge.  The observed abrupt slope change on the absorption signal is the indication of 

the barrier band edge. The difference in absorption intensity for 539 Ag with respect to reference 

sample can be due to the reflection from the metal nanoparticles on the surface. The oscillations 

seen on the absorption measurements are due to the fabry-Perot effect of excitation source.  

 

 

(a)                                        (b)                                            (c)     

 

Fig. 3.6 TRPL of (a) STR 539 Au, (b) STR 539 Ref. and, (c) STR 539 Ag. 

We have also carried out TRPL measurements on these samples using femtosecond 

oscillator. The experimental detail has been described in section 2.3. Fig. 3.6 is the TRPL for the 

samples (a) STR 539 Au, (b) STR 539 Ref. and, (c) STR 539 Ag. The vertical axis is time (ns) 

and the horizontal axis is the wavelength (nm). These measurements have been taken for the 

excitation energy 3.45 eV. This energy is above the GaN barrier as well as MQWs.From the Fig. 

3.6, we can conclude that the radiative life time is shorter for Ag-InGaN system and longer for 

Au-InGaN system in comparison to reference InGaN sample. The shorter and longer radiative 

lifetime can be explained in term of QCSE. The redshift and blueshift in PL energy of Au-InGaN 

Wavelength (nm) 
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and Ag-InGaN samples are  mediated by the strong QCSE and weak QCSE. The radiative 

recombination time in Au-InGaN sample could be due to the spatial separation of electron and 

hole wave function. But in the case of Ag-InGaN system, the wave function overlap is better and 

hence the recombination life time becomes shorter than the reference sample.  

To gain the better insight into the carrier dynamics in these samples, we have carried out 

the band edge excitation measurements as shown in the Fig. 3.7. We did observe significant 

difference in radiative time decay in our measurements. We further repeated the same 

experiment with the Ag-InGaN sample. 

 

Fig. 3.7 Bandedge excitation of InGaN reference sample. 

The bandedge excitation of Ag-InGaN sample shows the significant change in the 

radiative recombination  time decay as shown in Fig. 3.8. 
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Fig. 3.8 TRPL data for Ag-InGaN sample at the band edge excitation. 

This change in radiative recombination time could be due to the plasmon present in Ag-

InGaN sample. According to Mie theory, the localized surface plasmon (LSP) energy of Ag-

InGaN sample falls to this region. A Mie plot for the Ag-InGaN sample with radius 20-30 nm 

and GaN as the surrounding materials has been shown in Fig. 3.9. The plasmon energy 

resonantly couples with spontaneous emission energy of the sample and hence the radiative 

decay time becomes faster14. 
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Fig. 3.9 Mie plot for hybrid Ag-InGaN sample. 

However, the LSP energy for hybrid Au-InGaN system falls out of the bandedge as 

shown in Fig.3.10. This we do not expect any LSP coupling with spontaneous emission for Au-

InGaN. 

 

Fig. 3.10 (a) Mie plot for Au- InGaN (b) PL for Au-InGaN, and (c) PL for InGaN reference 
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Fig.  3.11 Experimental LSP plot for Au-InGaN sample compared with reference sample. 

The LSP plot for Au-InGaN has been shown in Fig. 3.11. From Figs. 3.10 and 3.11, we 

concluded that the LSP of Au-InGaN is off resonant to its band gap. So we cannot expect any 

plasmon coupling to the emission or absorption energies. The discrepancy between theoretical 

and experimental data is because of the non-uniform distribution of the Au-NPs in the medium. 

Fig. 3.12 is a TRPL for hybrid Au-InGaN and InGaN samples. It has been observed that 

the Au-InGaN/GaN sample has slow radiative life time in comparison to InGaN/GaN reference 

sample. This is because of the image charge. A possible mechanism is the attraction between the 

carriers and image charge that induces in the MNPs. 
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Fig. 3.12 TRPL for Au-InGaN (red), and InGaN (black) 
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CHAPTER 4 

CARRIER INDUCED NON-LINEARITIES IN INGAN/GAN QW 

4.1 Introduction 

It has been observed that despite high dislocation densities compared to lattice matched 

semiconductors, InGaN/GaN based systems can exhibit internal quantum efficiencies for light 

emission  in excess of 60% 1.  Strained QWs on sapphire substrates have large intrinsic  PEF 

along the growth direction resulting in Inverted Hexagonal Pit (IHP) or “V-shaped” pits 2 . The 

narrowing of the QW as they fall into the pits increases the band-gap and results in a potential 

barrier that effectively shields carriers from the non-radiative recombination center at the center 

of the IHP1.  As the thickness of the QWs are reduced within the folded IHP nanostructure, the 

built-in strain field, localization and interface effects are also modified compared to the wells 

grown on normal c-plane facets. The carrier transport is strongly affected by the change in the 

potential distribution within the InGaN layers around the V-shaped pits. 
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Fig. 4.1 Schematic of  IHP structure with lower left  TEM, and lower right AFM of the sample..  

The potential ridges prevents carrier from diffusing outside them whereas the potential 

peaks  cause carriers to travel a roundabout route around them. The carriers anisotropically 

diffuse for several hundred nanometers along a specific direction which results in localized 

domains with strong PL or modified absorption characteristics. Our recent study of the PL 

process in V-pit InGaN/GaN MQWs suggest that the carrier recombination process in c-plane 

QWs is significantly longer ( ~ 5 ns) compared to the that (~ 1.5 ns) in V-shaped pit QWs due to 

the larger piezoelectric fields in wider wells3. 

The PEF in InGaN/GaN QWs with high V-pit densities is significantly modified due to 

this anisotropic carrier distribution. The presence of this huge PEF shifts the exciton to the red 

through the QCSE. Early theoretical work followed by experiments in strained InGaAs/GaAs 

QWs show a large nonlinear response for piezoelectric materials because of the screening of 

these piezoelectric fields by the photoexcited carriers that remained in the QWs (in-well 

screening). Ultrafast differential spectroscopy offers a means to study the nonlinear response4 

due to the anisotropic diffusion of photoexcited carriers affecting the carrier relaxation and 

dephasing in InGaN/GaN QWs with high V-pit density. In strained piezoelectric semiconductor 

QWs, the room-temperature nonlinear response at time scales longer than the carrier escape time 

(~ 10 ps) has been shown to be dominated by long range (out-of-well) screening of the 

piezoelectric field, whereas short range (in-well) screening contributes to the nonlinear response 

on times short compared to the carrier escape time.  The electrons and holes are separated in 

opposite side of the QWs because of this PEF. The optical nonlinearity arises from the blue-shift 

of the exciton as the PEF is screened by the photo-generated carriers in the QWs. More recent 

DT measurements in InGaN/GaN QWs has shown that there is a combined effect of field 
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screening and bleaching in order to take the account of blue shifting of the differential absorption 

spectra 5. 

In this chapter, the optical nonlinearities due to screening induced by the V-pits in 

InGaN/GaN QWs have been studied. The differential transmission spectra are used to identify 

the screening   mechanism.  Two fundamentally different types of absorption non-linearites play 

an important role immediately after the photo excitation in semiconductors: excitonic bleaching 

and excitonic blue shifting. 

 

(a)                                                                                      (b) 
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(c) 

Fig. 4.2 (a) The excitation power dependence CW PL,  (b) Intensity dependent transition energy 

(c) Near-field spectra with and without V-pits. 

For higher fluence, the excitonic peak is bleached sufficiently and thus the corresponding 

change in differential absorption is dominated by a large negative peak. This large negative peak 

is centered at the excitonic peak. This indicates that most of the carriers are still in the wells. This 

bleaching is accompanied by instantaneous blue shift of the exciton because of  the in-well 

screening. Over the next 800 ps, the bleaching significantly recovers as the carriers escape the 

wells5. This produces the change in absorption coefficient that consists positive and negative 

peaks.  

4.2 Experiment 

An undoped InGaN/GaN MQWs with a relatively high V-pit density used here were 

synthesized using MOCVD (Fig. 4.1). These pits are normally formed during the incorporation 

of In at relatively lower temperatures (~ 800 ºC) compared to GaN growth temperatures due to 
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small surface perturbations.  The pit density has been intentionally maintained higher to 

investigate the effect of anisotropic carrier transport due to the modification of the built-in 

electric field. The MQWs consists of a 14 period, 10 nm per period with 2.5 nm wide InGaN 

QWs and 7.5 nm wide GaN barriers. The MQW structure is capped with a 15 nm GaN layer and 

is grown on a ~ 1μm GaN layer. The detail of the sample preparation has been described in 

reference6. The estimated built-in electric field (parallel to the c-axis) due to the piezoelectric 

polarization is -0.6 MV/cm  in the QW and is 0.2 MV/cm  in the barrier as calculated using a 

method developed by Fiorentini et al.7  The excitation power dependence continuous wave (CW)  

photoluminescence spectra of this sample are shown in Fig.4.2 (a,b). The emission energy of this 

sample is 3.13 eV and at high excitation power, the emission energy shifts at 3.168 eV due to 

screening of the QCSE. Fig. 4.2 (c) shows near-field PL spectra of regions with and without V-

pits, a blue-shift is observed for the region with V-pits5.  

The CW PL spectra were collected on a JY Triax 550 spectrometer with a liquid nitrogen 

cooled CCD. Near-field PL was produced using a JASCO near-field optical micro-spectrometer 

with a spectral resolution of 0.01 nm. A near UV probe with 180 nm aperture was used for the 

measurement in a spatial resolution of 90 nm. Excitation was accomplished using the same HeCd 

laser used for the CW PL measurements. A Ti: Sapphire laser based regenerative amplifier 

(RGA) with a output at 800 nm and 35 fs pulses with the repetition rate of 1 KHz was employed 

for the differential transmission measurement. The output of the RGA was split into two parts;  

90 % of the beam used as the pump beam was passed through one of the tunable optical 

parametric amplifiers (OPA) and 10 % of the beam was used as a probe. The probe beam at 800 

nm was attenuated by a neutral density filters and then focused in a CaF2 crystal to generate a 

broadband continuum probe extending from the 700 nm to 360 nm. The probe intensity was kept 
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small to avoid any probe induced carrier transition into the conduction band. The differential 

absorption (Δα) spectrum was then extracted from differential transmission ΔT/T: Δα = - 1/d 

[ln(1+ ΔT/T)], where d is the total thickness of active layers of InGaN MQWs and it is 140 nm in 

our case.  

 

 

Fig. 4 3 Differential absorption spectra at different delay times under high pump fluence 2.1 

mJ/cm2. 

4.3 Results and Discussion 

Fig. 4.3 shows differential absorption spectra at different delay times under the pump 

fluence of 2.1 mJ/cm2 for pump energy 3.82 eV, which corresponds to the photo generated 
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carriers density 17×1013 cm-2.  The sample is pumped above the barrier band-gap, however the 

absorption peaks (above 3.4 eV) are not presented in the current work. This carrier density is 

sufficient to screen the in–well field so that we observed a single negative peak which is due to 

the excitonic bleaching. 

The energy of the peak signal is red-shifted for a longer delay time. This red shift is an 

indication of carrier relaxation to the lower energy states. As time elapses for more than 1 ns, the 

oscillator strength is enough so as to appear the second peak along with the first peak. These two 

peaks are the excitonic bleaching and excitonic blueshifting respectively.  The appearance of the 

excitonic peak suggests the lack of sufficient carriers available to screen the in-well field as the 

carriers are lost due to the radiative and non-radiative recombination. 

At low excitation density due to weaker pump fluence (~125 µJ/cm2), both the peaks are 

clearly observed as shown in Fig. 4.4 (a, b). The red shift is again observed with time delay due 

to relaxation of the carriers to the lower energy states. In Fig. 4.4 (a), during the first 2 ps, the 

photo-excited carriers approach the probing region. As the carrier density in the probing region 

becomes maximum, the absorption is saturated and the DT signal remains almost constant for 

short time. At low fluence, the two excitonic peaks are distinct. This signal is similar to the 

excitonic  signal observed in GaN.  Fig. 4.4 (b) shows the differential absorption spectra for 

longer time duration at a constant fluence of 125 µJ/cm2. The amplitude of spectra decreases as 

the photoexcited carrier density in the probing region decreases for the longer time. However, the  

amplitude of differential spectra remains constant for less than 49 ps.  Then the carriers are 

relaxed by the intraband transition. For a longer time more than 1 ns, the carriers are lost by the 

interband radiative and non-radiative recombination. The red shift is also observed as a function 

of time. The amplitude of the absorption spectra decreases with time as the carriers sweep out the 
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probing region. 

 

 

Fig. 4.4 Differential absorption spectra at different time delays under fixed pump fluence 125 

µJ/cm2. 

The optically pumped carrier density dependence due to the change in fluence at a 

constant delay of 2.2 ps is shown by observing the differential absorption spectra in Fig.4.5 (a). 

The two excitonic peaks are more distinct for the lower fluence than for the higher fluence which 

means at low carrier density, the in-well field is unscreened. Fig.4.5 (b) is absorption peak 

energy as a function of carrier density for time delay 2.2 ps. The absorption peak is blue shifted 

as we increase the carrier density. It is because of the screening of the in-well field due to the 

large number of carriers induced by localization of the carriers in the V-pit of the QWs. The 

screening effect is saturated for carrier densities approximately 8×1013 cm-2. The carrier density 

(x) of the carriers decreases exponentially as in the capacitor discharge model8. 
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(a)                                                                            (b) 

Fig. 4. 5 (a) Pump fluence dependence differential spectra at a delay time of 2.2 ps (b) 

Carrier density dependent  differential absorption spectra peak energy at a time delay of  (a) 20 

ps, (b) 149 ps, and (c) 780 ps. 

        
 
 ⁄  

where Eg is the absorption energy with the PEF (3.1738 eV) , E0 absorption energy neglecting 

the QCSE (3.203 eV), τ is proportional to the rate of carrier depletion, and C is the fitting 

parameter.  Eg is plotted in Fig. 4.5 (b). The original differential absorption spectrum has two 

components as explained above: (i) bleaching, and (ii) screening. The effects of bleaching and 

screening has been separated in the original spectra for time delay 230 ps as shown in Fig.4.6.  

The bleaching component can be obtained by numerically shifting the blue–shifted and bleach 
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spectrum after excitation back to the center wavelength of the unexcited exciton and subtracting 

 

 

 

Fig. 4.6 The differential absorption spectrum (solid line) at a time delay of 320 ps  under the 

pump fluence of  125 µJ/cm2  is separated into  in-well screening ( dash dotted line)  and 

bleaching (dotted line) components.  

it from unexcited spectrum. The bleaching component was chosen from the differential 

absorption bleaching spectra at time 230 ps curve for fluence 2.1 mJ/cm2 and the amplitude of 

this signal was scaled proportionally to the pump fluence. The in-well field screening component 

is then obtained by subtracting the shifted and unshifted differential absorption spectrum. The 

peak absorption changes corresponding to the screening, ΔPscreening , and bleaching ΔPbleaching, as 

shown in Fig. 4.6. This allows us to estimate the strength of the Stark shift induced by field 
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screening and strength of the absorption bleaching in the InGaN QW respectively. This Stark 

shift induced by the screening and the strength of absorption bleaching is significantly different 

from previously reported InGaN/GaN QWs that were grown at higher temperatures with less V-

pit densities .5 High density of V- pits and narrowing of the wells lead to a decrease in the stark 

shift, thus the maximum energy in the current system is observed faster compared to samples 

with less V pits. Furthermore, Fig.4.6 shows a decreased stark shift compared to the shift in the 

sample with less V pits which are 0.03 eV and 0.1 eV respectivelly. The starkshift calculated 

from Fig. 4.6 is in close agreement with the starkshift observed in Fig. 4.2(a).  We have analyzed 

the optical nonlinearities induced by the effect of photo-generated carriers into the in-well field 

of undoped  InGaN/GaN MQWs. The strength of the in well screening is mainly dependent on 

the carrier density. For low carrier density, the electrons-holes pair drifts in the opposite side of 

the well under the influence of in well field. Hence the intrinsic in-well field is reduced and 

strained QW bands become flat bands which lead to excitonic blue shifting in the differential 

spectra. At sufficiently higher carrier densities, the in–well field is completely screened. 
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CHAPTER 5 

ULTRAFAST CARRIER DYNAMICS IN  INGAN/GAN QW 

5.1 Degenerate Pump probe  

In this section, we will discuss the study of carrier dynamics in InGaN/GaN QWs  for 

which we pump the carriers from valence band to the conduction band with a pump energy and 

probe the relaxation of the carriers in the conduction band  with the same probe energy as the 

pump energy. This process of pumping the carriers from valence band to conduction band and 

probing of the carriers in the conduction band is called the degenerate pump- probe method. The 

details of the degenerate pump-probe experimental technique has been explained in Ch.2 section 

9.   

Here, we will discuss the carrier decay process in degenerate pump–probe technique in 

our samples. We have carried out a degenerate pump-probe experiment in an InGaN/GaN 

MQWs sample. Fig. 5.1 shows the time resolved DT data for the InGaN MQW sample. The 

sample consists of 14 MQW having 10 nm periods with 7.5 nm barriers and 2.5 nm quantum 

well width as shown in Fig. 2.3. Its band gap is different than the other samples we discussed 

before as In concentration is different. The PL of the sample is at 2.96 eV shown in the inset of 

the Fig. 5.1. The experiment is carried out at 28 mW pump intensity with 300 µm spot size.  The 

decay portion of the DT  data are fit with an exponential  decay function  Fe-t/τ
f + Se-t/τ

s where τf 

and τs are the decay constants, and F and S are the magnitude for the fast and slow decaying 

components, respectively. It has been observed that the decay feature reveals sub-ps fast (f) 

component and much slower (s), ns slow component. The dynamics of this feature have been 

described elsewhere1. It has already been observed that the decay features are strongly dependent 
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upon the excitation energy. The details of the decay process in InGaN/GaN MQWs  as a function 

of  excitation energy  have already been described2. 

 

Fig. 5.1 Energy dependent differential transmission (DT) of degenerate pump probe study of 

InGaN/GaN multiple quantum wells. The inset is the PL of the sample. 

5.2 Non-degenerate Pump-Probe Experiment 

In this chapter, we will study the ultrafast carrier dynamics of carriers in  InGaN/GaN,  

QWs whose semiquantative band diagram has been shown in Fig. 5.2 . We have carried out non-

degenerate pump-probe experiment in order to study the ultrafast carrier dynamics in the InGaN 

QWs. The experimental details have been explained in chapter 2. 
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Fig. 5.2  Band structure of InGaN/GaN QW sample (Not in scale) 

The band structure of InGaN/GaN QW sample has been shown in Fig. 2.4 of chapter 2.3. 

We have also duplicated the same band structure in Fig. 5.2 in order to make our analysis clear. 

In our experiment, the probing wavelength was selected from 3.39 - 1.77 eV  so that carrier 

population in  the energy states within the QW can be monitored. The pump wavelength was set 

in between 3.39 eV to 3.26 eV  to excite the carrier below the GaN barrier and above the 

quantum wells band edge. In the second case the pump wavelength was set 3.82 eV so as to 

excite the carrier above the GaN barrier band and probe beam was set from 3.39 eV–1.77 eV. 

Time-resolved transmission measurements are shown in Fig. 5.3.  
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Fig. 5. 3 TRDT of  InGaN/ GaN STR 539 reference  sample for above(circles) GaN bandedge  

and below (squares) GaN band gap. The intensity of above (circles) GaN band gap is multiplied 

5 times to its original intensity. 

Two different phenomena have been observed when we excite the carriers above the 

band gap and below the band gap of the GaN barrier. The band gap of GaN barrier is 3.4 eV and 

the band gap of InGaN QWs is 3.0 eV.  Fig.5.3 is a differential transmission (DT) of InGaN/GaN 

multiple quantum wells with excitation energy at 3.35 eV   below the barrier band gap energy but  

above the band gap energy of multiple quantum wells.  We observed, increase in transmission 

for a very short time less than 1ps. The strong increase in transmission is due to photoexcited 

carriers and dynamic (ac) Stark effect1, 2 .  The data for above the band gap of GaN show a 

similar rapid rise and 2.6 ps fast decay time component followed by much slower relaxation of 

56 ps. In both the cases the relaxations are due to the operation and removal of carriers from the 

probing region3. The GaN barrier is  three dimensional and quantum wells are two dimensional. 

The density of states in 3D gas is  
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D(3D) =  Vm3/2(2E)3/2 /π2ħ3                                                                                                             2.3 

 and density of state for 2D gas is  

D(2D)=  Am /πħ2                                                                                                                              2.4 

where V, A and E are the volume, area and energy. The carrier density in GaN barrier is 

always greater than that in the quantum wells. Larger the number of carriers, longer the time it 

takes to remove from the quantum wells.  

We have carried out the differential transmission measurements for STR 362 InGaN/GaN 

MQWs with higher In concentration. This sample has the same structure as the other samples as 

described in chapter 2.2. Fig. 5.4 (a), (b) are the 3 dimensional (3D)  plots in which horizontal 

axis stand for wavelength, vertical axis stands for time in ps and the intensity is  as scaled in the 

Figs. 5.4 (a,b).  In Fig. 5.4 (c), we have extracted intensity as a function of delay time from Figs. 

5.4 (a) and (b). 

 In order to figure out the carrier relaxation process in GaN barrier and QWs , we have 

fitted the intensity as a function of delay time curve in a exponential fit. Using the relation  

DT= A exp (-t/τ1) + B exp (-t/τ2), 

We have calculated the fast component (τ1) and slow component (τ2) for both above the 

GaN band excitation and below the GaN band excitation. The results have been tabulated as 

follow. 
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Table 5.1 A comparison of fast and slow components of relaxation time when the sample is 

excited above and below the GaN barrier band. 

 

Excitation energy  

 

                3.82 eV 

 

                  3.26 eV 

 Fast comp.(τ1) Slow comp(τ2) Fast comp.(τ1) Slow comp.(τ2) 

InGaN/GaN 3.46 ps 53.36 ps 0.989 ps 58.43 ps 

 

From table 5.1, it has been observed that the relaxation of the carriers in the QWs is very 

fast in comparison to the relaxation of carriers in the barrier. The fast component for 3.26 eV 

excitation energy is 989 fs which is much faster than the fast component 3.46 ps for 3.82 eV 

excitation energy. However, the slow components for 3.82 eV  excitation energy and 3.26 eV 

excitation energy are 53.36 ps and 58.43 ps respectively. Fig. 5.4 (a,b,c) is a differential 

transmission measurement for the sample with higher  In concentration at 3 mJ/cm2 excited by 

3.82 eV above the GaN band and 3.26 eV below the GaN band. For above GaN band gap 

excitation, the increase in transmission is observed because of the large number of carrier excited 

from the GaN which will fill up the states. For below GaN band gap excitation, the transmission 

decreases because less number of carriers from quantum wells. Furthermore, we can compare the 

slow components of  STR 539 sample from Fig. 5.3 which is 56 ps. From these data we can 

conclude that the slow component of decay time is independent of In concentration. As  the 

sample is  excited by the fluence 3 mJ/cm2  which excites large number of carriers, the slow 

component could be  from the carrier–carrier diffusion and Auger recombination4.  
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Fig. 5 4 (a) and (b) are the 3D spectra of STR 362 ref. excited by 3.82 eV and 3.26 eV at 3 

mJ/cm2, and  (c) Time evolution of the spectrally integrated TRDT for STR 362 Reference 

sample at 3 mJ/cm2 for 3.82 eV(square) and 3.26 eV ( circle).  

(a) (b) 

(c) 
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                         (a)                                                                                    (b) 

 

 

Fig. 5.5 (a) and (b) are 3D spectra for 362 ref. excited by 3.26 eV at 3mJ/cm2 and  600 µJ/cm2 

respectively,  and  (c) SI –TRDT for  STR 362  samples at excitation energy 3.26 eV  for  3 

mJ/cm2(circle) and 600 µJ/cm2 (square). 

(c) 
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Fig. 5.5 shows the SI-TRDT data for STR 362 sample for (a) 3 mJ/cm2 and (b) 600 

µJ/cm2. For the higher intensity, the intensity increases so fast due to the large number of 

photoexcited carriers. They relax into the QWs very fast. The carrier dynamics is very much 

same as we discussed above.  The STR 539 reference sample is further characterized for 

intensity dependent data. Fig. 5.6 shows the intensity dependent plots for excitation energy 3.82 

eV and excitation fluencies 2.1 mJ/cm2, 1.2 mJ/cm2 and 500 µJ/cm2.  The magnitude and decay 

rate of the fast component were found to increase with increasing excitation density. This 

indicates that the fast feature is caused by the accelerated relaxation of the carriers. 

In order to examine the relaxation of the carriers, we have carried out the analysis of 

spectrally resolved (SR)-TRTD data for the fluencies 2.1 mJ/cm2, 1.2 mJ/cm2 and 500 µJ/cm2. 

From Fig. 5.7, we observe that the intensity of relaxation of the carriers reaches maximum within 

2 ps in all three intensities. The numbers of photo-excited carriers generation are proportional to 

the excitation fluence . We can see that during the time 4.3 ns almost all the carriers are removed 

for the fluence 500 µJ/cm2 but there is huge number of carriers for the time 5.4 nJ at 2.1 mJ/cm2. 

The intensity becomes maximum at about 70 ps and then starts to decrease. 
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Fig. 5.6 Intensity dependent TRDT for STR 539 Reference sample at excitation energy 3.82 eV 

for 2.1 mJ/cm2 (square), 1.2 mJ/cm2   (circle), and 500 µJ/cm2 (triangle). 

During the time 2 ps to 70 ps, the carrier densities in the QWs become maximum and we 

observe the increase in the intensity in the DT signal. As the time elapses, the carriers start to 

relax in the QWs and the intensity in the DT signal starts to decrease as shown in the Fig. 5.7. 

The red edge is sharp in all three intensities which mean the carrier capture takes place in 

quantum well vary fast by removing the carriers from corresponding QW states5.  
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(a)                                                    (b)                                            (c)      

Fig. 5.7 (a) SR-TRDT for InGaN/GaN STR 539 reference sample at  (a) 2.1 mJ/cm2 (b) 1.2 

mJ/cm2 and, (c) 500 µJ/cm2.         

                                                                 

 

 

65



  

     

(a)                                                                                                           (b) 

Fig. 5.8  TRDT data for probing energies 2.49 eV, 3.01 eV, 3.07 eV and, 3.22 eV. 

Fig. 5.8 (a)   shows the TRDT data for probing energies at 2.49 eV, 3.01eV, 3.07 eV, and 

3.22 eV and pumping at 3.35 eV with pumping intensity 1.2 mJ/cm2. If we correlate the probing 

energies from Fig. 5.8 (a)  to the semiquantative energy diagram of the sample from Fig. 5.8 (b), 

we can observe that the probing energies 3.01 eV, 3.07 eV and 3.2 eV are above the first energy 

level in the QW. The second energy level which is 0.39 eV lies well above the quantum 

confinement. So there is only one energy level in the QW. The carriers excited above this energy 

level relax in this energy level and hence we observe the absorption recovery for these probing 

energies in our differential transmission data as shown in Fig. 5.8 (a).   The probing energy 2.49 

eV lies well below the energy level we have calculated, and then there is no absorption recovery 

at this probing energy as shown in Fig. 5.8 (a). The semiconductor under our study becomes 

transparent for this probing energy. 
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CHAPTER 6 

ULTRAFAST CARRIER RELAXATION IN HYBRID INGAN QWS 

6.1  Introduction 

In this chapter, we will discuss the ultrafast carrier relaxation process in hybrid 

InGaN/GaN QWs in comparison with InGaN/GaN reference sample. Our hybrid samples are 

Au-InGaN/GaN QWs and Ag-InGaN/GaN QWs. The sample descriptions have already been 

discussed in Ch. 2. We have carried out both degenerate and non-degenerate pump-probe 

experiment in the hybrid InGaN/GaN samples. 

 

(a)                                                                (b) 

Fig. 6.1 (a) Degenerate DT (b) Non- degenerate DT   for InGaN/GaN MQWs: (1) reference 

sample, (2) with Ag NPs, and (3) with Au NPs at 3.24 eV.                                                                                                                                                                                                                                                                                               
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6.2 Carrier Relaxation Process in  Hybrid InGaN/GaN QWs 

InGaN/GaN multiple-quantum well has been used as an efficient light emitter laser. The 

active region of this laser is the multiple quantum wells. Studies on light emitting efficiency have 

been carried out varying the well number, changing the well width and depth etc. The band edge 

excitation by the ultrafast pulse laser provides the step-by-step relaxation of the electron due to 

the low carrier density1. The optical properties in the vicinity of the fundamental energy gap are 

dominated by excitonic effects.  The excitons give rise to sharp discrete lines just below the band 

gap2. The problem is simplified greatly from the analogy between excitons in semiconductors 

and two-level atoms. 

GaN based QWs have V-shaped pits at the surface due to the lattice mismatch. 

Researchers have benefitted of these V-shaped pits and there are several publications based on 

the light emission from the QWs with V-shaped pits3-6. We extended this study by inserting the  

MNPs into the V-shaped pits formed at the surface of the InGaN QWs during the growth 

process7. The strength of the PEF for InGaN/GaN reference sample was  0.6 MV/cm8. We have 

inserted Au and Ag MNPs inside the V-shaped pits as described in section 2.2. The accumulation 

of carriers around the pits filled with Au and Ag nanoparticles leads to an external electric field9. 

A non-degenerate pump-probe experiment has been carried out to understand the ultrafast carrier 

dynamics of hybrid InGaN/GaN QWs as described in section 2.5 of this thesis. 

In our pump-probe time resolved differential transmission (TRDT) measurement, we 

observed DT   peaks at 3.19 eV, 3.15 eV and 3.23 eV and excitonic  peaks at 3.26 eV, 3.24 eV 

and 3.32 eV for InGaN reference, hybrid Au-InGaN, and hybrid Ag-InGaN samples respectively. 

These excitonic peaks  are formed due to the  localized states10,11.  The pump was set 3.82 eV 

and we have probed these excitonic peaks and (TRDT) results are shown in Fig. 6.2. 
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Fig. 6.2  Time evolution of SI-TRDT data for the excitation energy 3.82 eV. 

To examine the relaxation of the total population of carriers, the spectrally integrated (SI) 

TRDT data were fit by exponential decay function. The data shows having a long decay time 

ranging from 1 ns to 10 ns for the excitation energy 3.82 eV. The TRDT data were fit by a 

biexpontial decay function Fe-t/τ
f + Se-t/τ

s where τf and τs are the decay constants, and F and S are 

the magnitude for the fast and slow decaying components respectively. A fractional strength 

value [s=S/(S+F)] is used to obtained the relative strength of the slow decaying component 12.  

From Fig. 6.2, we have calculated the fractional strength of the slow decaying 

component(s). For Au-embedded sample, it is 0.77 and 0.64 probed at 3.15 eV and 3.24 eV 

respectively. The decaying times for slow (τs) and fast (τf) components for Au-embedded sample 

are 7.74 ns and 697 ps at 3.15 eV ; and 2.8 ns and 216 ps at 3.24 eV respectively. This fractional 

strength of slow decaying component for InGaN/GaN multiple quantum well reference sample is 

0.33 and 0.63 at 3.19 eV and 3.26 eV respectively. We also observed decaying times for slow 
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(τs) and fast(τf) components for this reference sample are 4.5 ns and 394 ps at 3.18 eV; and 685 

ps and 39 ps at 3.26 eV respectively.   However, we observed very weak fractional strength of 

slow components for the Ag-embedded sample which is 0.12 with slow (τs) decaying component 

1.7 ns probed at 3.24 eV. The fast (τf) decaying component is 734 ps. The decay times have been 

shown in Table 6.1. 

Table   6.1 A comparison of fractional strength, fast, and slow components of hybrid 

InGaN/GaN samples. 

Samples InGaN/GaN Au-InGaN Ag-InGaN 

Energy (eV) 3.26 3.18 3.24 3.15         3.23 

Fractional strength of 

slow decaying comp. 

0.63 0.33 0.64 0.77        0.12 

Fast component (ps) 39 394 216  697        734 

Slow component (ns) 0.685 4.5 2.8 7.74        1.7 

 

Comparing with the slow decaying component of the InGaN reference sample which is 

4.5 ns, we can conclude that Au-imbedded sample has much slower carrier dynamics and Ag-

imbedded sample has much faster carrier dynamics with respect to InGaN reference sample. For 

all three samples, we observed very long carrier life times. The spontaneous emission from GaN 

based multiple quantum well ranges from hundreds of picoseconds to a few nanoseconds13.  

In order to understand the carrier redistribution and relaxation processes in these samples, 

we analyzed the spectrally resolved (SR)- TRDT data as shown in Fig. 6.3. The upper parts are 

continuous wave laser PL, pulse laser PL and normal absorption excited by white light. The 

absorption is shaded in each figure. The large number of photoexcited carriers  relax in a similar 
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manner in all three samples.  It is observed that as the emission process initiated, the absorption 

started to decrease which is clear from the upper part of the plots. The absorption around 3.4 eV 

is due to the GaN barrier. The stoke shift is very small which indicates the good quality of 

samples. 

 

                       (a)                                                   (b)                                                  (c)                                                                                 

Fig.  6.3 SR-TRDT for (a)Hybrid Au- InGaN , (b) InGaN/GaN reference sample, and (c) Hybrid 

Ag-InGaN. 

All three samples are excited by 3.82 eV excitation energy at the  fluence 125 µJ/cm2. At 

this higher energy, we have excited the carriers above the barrier level and the dynamics of the 

carriers for InGaN reference sample have been shown in  Fig. 6.3.(b). We observed that the 

decay process has already been started before 400 fs. The arrival of carriers at the QW band edge 

(3.24 eV) ~400 fs after carrier accumulation at the barrier (3.4 eV)  indicates the rate of carrier 

capture from the 3D barrier states into the 2D QW states14. The magnitude of the DT signal 
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increases instantly and reaches the maximum in 6 ps.  This is because of the  emission that takes 

place within 10 ps in InGaN system13. The dynamics of emission in InGaN has been explained 

elsewhere12,13,15. In our SR-DT data, we observed DT signal for longer than 5 ns.  This is 

consistent with the SI-TRDT data we described above. This is because of spontaneous emission 

that lasts from hundreds of picosecond to a few nanoseconds.  As time passes, the DT signal 

shifted towards the red because the carriers are lost through radiative and non-radiative 

recombination. 

From Fig. 6.3(a), for the Au embedded sample, we can see that the intensity of the 

carriers at 3.5 ns is significantly higher than in the reference sample. This means the lifetime of 

carriers  last longer in Au embedded sample than in  InGaN reference sample which agrees well 

with SI-TRDT data as we explained above. Furthermore, the slow component of decay time 

which is responsible for the spontaneous emission is much slower in Au-embedded sample with 

respect to InGaN reference sample. But in the case of Ag-embedded sample the DT signal lasts 

for short time than InGaN reference sample as shown in the Fig. 6.3 (c). If we observe very 

carefully for Ag –embedded sample, we can see that the intensity of for 2.5 ns time is significant 

low with respect to reference sample. The explanation of the fast decay time for Ag embedded 

sample has also been described from SI-TRDT data as well.   

In conclusion, we have studied SI- TRDT and SR- TRDT for InGaN/GaN multiple 

quantum well with Au and Ag MNPs in it. The Au–embedded samples show slow decay time 

while the Ag-embedded sample shows faster decay time with respect to the reference sample. 

6.3  Effect of Image Charge in Differential Absorption  

It has been observed in our study that the image charge plays a role in the differential 

absorption spectra. The qualitative ultrafast decay processes for the hybrid samples have been 
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shown in Fig.6.4. It is clear from  Fig. 6.4 that hybrid Au-InGaN samples have the slow decay 

times for both 3.15 eV and 3.24 eV probing energies. It also shows that hybrid Ag-InGaN 

sample shows the slow decay process after Au-InGaN sample but it is still shows the slow decay 

process than the InGaN reference sample. This is a clear indication of effect of image charge in 

differential absorption (Negative of transmission) spectra. The mechanism of image charge effect 

in the ultrafast carrier dynamics process has been already explained in the previously. 

 

Fig. 6.4 Normalized differential transmission spectra for hybrid Au-InGaN, Ag-InGaN, 

and InGaN samples for different pump energies. 

6.4 Competing Effects of Bleaching and Screening in Hybrid InGaN/GaN QWs 

In Chapter 4, we have discussed the competing effects of bleaching and screening in 

InGaN/GaN QWs. The differential absorption spectra can be separated into two components. 

The photoexcited carriers partially or completely screen the piezoelectric field that results the 

change in absorption coefficient of the materials. On the other hand, the photoexcited carriers 

bleach the energy state (or states) in the conduction band which also results in change in the 
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absorption coefficient of the materials. The change in absorption coefficient in our experimental 

data is the combined effect of the bleaching and screening. It is possible to separate bleaching 

and screening components from the main absorption spectra of our experimental data. We have 

discussed in chapter 4 that at higher fluence the oscillator strength becomes weak and we can 

observe a single excitonic peak in differential absorption spectra. At this fluence level, the in-

well field is completely screened. The amplitude of the signal can be scaled proportionally to the 

pump fluence. But if we repeat the same measurements at low fluence, the oscillator strength 

becomes strong and we observe the two excitonic peaks in the main differential absorption 

spectra. The in-well screening component is obtained by subtracting the bleaching component 

from the original spectra. We have already explained the bleaching and screening effects in 

InGaN/GaN QWs. 

In this section we will discuss the effect of change in PEF in the screening and bleaching 

components of the absorption coefficient. The change in PEF is brought by the insertion of 

MNPs. As discussed earlier, hybrid Au-InGaN creates extra-electric field in the InGaN QWs 

system. We have observed in our experimental data that Au-NPS creates net electric field 0.36 

MV/cm as calculated from the PL shift change from its reference sample.  This will refelect in 

the screening effect in the absorption spectra as shown in Fig. 6.5 (b). Fig. 6.5 is a comparison of 

absorption, bleaching, and screening in InGaN/GaN reference sample ( Fig. 6.5 (a) and hybrid 

Au-InGaN/GaN sample ( Fig. 6.5 (b)). It has been observed that the absorption coefficient 

increases significantly due to the increase PEF in the system. 
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(a)                                                                     (b) 

Fig. 6.5 (a)  The differential absorption spectrum (solid line) for InGaN/GaN at a time 

delay of 320 ps  under the pump fluence of  125 µJ/cm2  is separated into  in-well screening ( 

dash dotted line)  and bleaching (dotted line) components.(b) The differential absorption 

spectrum (solid line) for hybrid Au-InGaN at a time delay of 320 ps  under the pump fluence of  

125 µJ/cm2  is separated into  in-well screening ( dash dotted line)  and bleaching (dotted line) 

components. 

If we compare the screening component of hybrid Au-inGaN with inGaN/GaN, there is 

about 25% increase in the screening component in hybrid Au-InGaN/GaN sample. If we 

compare the bleaching components, there is significant reduction. The electric field E, the 

piezoelectric constant e, the strain S, the dielectric constant ε, and electrical displacement D are 

related by the equation 16 

D= εE +eS 
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The change in PEF in the system leads to the change in strain in the system and that 

induces the distortion in the atomic position. This causes the net dipole moment and that will 

generate the polarization in the material. 
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APPENDIX A 

BASIC PARAMETERS 
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InGaN is very common material. The fundamental parameters for the nitrides can be found in the  

literatures. Some of the parameters used in this thesis for the data analysis and modeling have  

been listed  as followings. 

Abbreviation 

Band gap = Eg 

Bulk lattice lattice constant = a0, c0 

Linear thermal expansion coefficient = αa and αc 

Mass density = ρ 

Effective masses= me, mh 

Dielectric constant= εr 

Table A. Basic parameters for wurtzite GaN and InN 

 

Parameters                       GaN                    InN 
           Eg                          3.4                    0.77 
           a0                          3.189                    3.545 
           c0                          5.185                    5.705 
            αa                          3.8                    2.9 
            αc                          2                    3.8 
            ρ                          6090                    6890 
           me                          0.22                     0.11 
          mh                          0.9                     1.1 
           εr                          9.8                     15.4 
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APPENDIX B 

CALCULATION OF INTERNAL ELECTRIC FIELD 
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The relation between the piezoelectric field and the strain in the wurtzite crystal is  
 
obtained as follows. 
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Piezoelectric polarization along the c-axis is given by 
 
 

    31 33
piezo

z xx yy zzP e e      
 
The total polarization is given by the sum of the spontaneous and piezoelectric  
 
polarizations: 
 
Ptotal  = Ppiezo + P spont. 
 
To estimate the total field in the QWs, we have used the method employed by Fiorentini  
 
(Ch.4, ref. 7). 
 
For alternating sequence of wells(w) and barriers (b), the total electric field in the well is  
 
given by 
 
Fw =  db(Pb

total -Pw
total)/[ε0(dwεb+dbεw)] 

  
Where db and dw are the widths, and εb and εw are the dielectric constants of the barriers 
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     and wells, respectively. Using the respective values of the parameters from our sample , we 

 have calculated the PEF at the QWs =  0.6 MV/cm and PEF at the barrier = 0.2 MV/cm. 

 

Image Charge  Field due to MNPs 

Au MNPs 

Red shift= 0.09 eV 

ΔE= FeZ  

F= ΔE/eZ 

=0.09/2.5nm, take e=1 

=0.36 MV/cm 

Ag MNPs 

Blueshift=0.04 eV 

F=0.04/2.5 nm 

=0.164 MV/cm 
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APPENDIX C 

MIE PLOT CALCULATION 
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          The optical properties of spherical nanoparticles can be modeled using Mie theory.  

According to  this theory , the extinction coefficient (E(λ)) is given as, 

 

 

 

 Where NA is the areal density of the nanoparticles, a is the radius of the metallic nanosphere, 

εm   is the dielectric constant of the medium surrounding the nanosphere, λ is the wavelength, and  

εr and εi are the real and imaginary parts of the metal dielectric function.  

In our calculation, the surrounding medium is GaN, and hence the refractive index of the  

surrounding medium is taken as the refractive index of the GaN. The radius  of  

the metal (Ag and Au)  nanoparticles is considered ~20 nm. 
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