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Synopsis 

Ion beams are extensively used for modification and characterization of different 

materials. Ion beams under low energy regime (~ 1 keV/amu), on one hand, are being 

used for ion implantation to fabricate the IC circuits and on the other hand, for 

characterizing different materials for depth dependence study of composition (RBS, 

NRA,PIXE). Here, most of the energy loss to the target is via elastic collisions resulting 

in atomic displacements and is called nuclear stopping. In the swift heavy ion regime (~ 1 

MeV/amu), ions deposit energy via inelastic collisions to target electrons resulting in 

electronic excitation and ionization and the process is called electronic stopping [1-4].  It 

is understood that high density of electronic excitations initiates radiation damage and 

defects migration [5,6]. Swift heavy ion (SHI) irradiation induced damage annihilation 

has also been reported in InP and GaAs [7,8]. The weakening of chemical bonds due to 

ion solid interactions in matter is not yet completely understood [9-11]. Moreover, 

understanding SHI induced effects in III- V compound semiconductors is far from 

mature.  In this thesis, much emphasis has been laid in understanding defects creation and 

annihilation as well as strain and band gap engineering. There are pertinent questions 

related to critical radiation damage and its effects on free carrier concentrations in hetero-

structures (HS) and multi quantum wells (MQWs). This is the motivation for current 

thesis work entitled “Swift heavy ion induced effects in III- V compound 

semiconductors”. In the first chapter, motivation and aim of the thesis work has been 

described. Second chapter includes all the experimental details that are used towards 

these investigations. Third chapter describes introduction, results and discussion on Ion 

beam modification studies in InGaAs/InP MQWs. Fourth chapter describes electronic 

energy loss dependence studies in metal organic chemical vapour deposition (MOCVD) 

grown GaN/ Al2O3. Defects densities and shift in phonon modes as a function of 

electronic energy loss have also been discussed in this chapter. Fifth chapter describes 

Swift heavy ion induced effects in MOCVD grown AlGaN/GaN MQW’s. 

Photoluminescence and Rocking curve measurements as function of fluence and 

electronic energy loss are also described here.  Sixth chapter explains vividly how Ion 

beams modify nearly lattice matched and tensile strained AlInN/GaN HS. All the 

conclusions derived from above chapters and future outlook are comprehended in the 

final (seventh) chapter. 
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Chapter I 

Introduction 

This chapter describes motivation and aim of this thesis work by citing pertinent 

literature. Most importantly, basics of ion solid interactions and their consequences in 

material properties are discussed. Materials of interest for this work are discussed very 

lucidly. Much emphasis has been laid in understanding the effects of ion beams on strain, 

band gap engineering, interfaces, surface morphology and creation or annihilation of 

defects in III-V compound semiconductors. Importance and limitation of Thermal spike 

and Coulomb explosion models are compared and how these models are essential in 

interpreting current results are also discussed.  

 

Chapter II 

Experimental Details 

This chapter includes all experimental details that have been used in this work. III-V 

compound semiconductors inlcudes InGaAs/InP, GaN, AlInN/GaN hetero structures (HS) 

and Multi Quantum Wells (MQWs). InGaAs/InP, AlGaN/GaN MQWs have been grown 

using metal organic chemical vapour deposition (MOCVD) at Warsaw, Poland. 

AlInN/GaN HS have been grown using MOCVD at TIFR, Mumbai. Subsequently, these 

films were subjected to heavy ion bombardment for engineering strain and band gap.  

Swift heavy ion irradiation on strained structures has been carried out using the 15MV 

pelletron at IUAC New Delhi. RBS work has been done using the 1.7MV tandetron 

facility at IGCAR Kalpakkam. Pristine and irradiated samples were characterized by 

different characterization techniques like High resolution X ray diffraction (HRXRD), 

Micro Raman, Atomic Force Microscope (AFM), Scanning Electron Microscopy (SEM), 

Photoluminescence (PL) and Transmission electron microscopy (TEM). Necessary theory 

and instrumentation part for each of the above mentioned characterization techniques are 

discussed in detail. 
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Chapter III 

Ion beam modification studies in InGaAs/InP multi quantum wells  

This chapter describes effects of heavy ion bombardment on the interfaces of MQWs. 

Importance of materials and their consequences on tailoring strain and band gap 

engineering under charged particle bombardment has been emphasized. Effects of 

irradiation and subsequent annealing in engineering band gap are discussed.  Tensile 

strained InGaAs/InP Multi quantum wells were investigated before and after irradiation 

using different characterization techniques like HRXRD, AFM and PL for interfaces, 

surface morphology and band gap, respectively [12]. It is concluded that irradiation 

improves interface quality but changes strain which is correlated with the increase in band 

gap. Band gap shift of 40 meV and 70 meV has been observed for the irradiated ion 

fluences of 5×1012 and 1×1013 ions/cm2 ,and subsequent annealing, respectively.  AFM 

studies revealed no significant change in surface morphology.  

 

Chapter IV 

Electronic energy loss dependence studies in MOCVD grown GaN/ 

Al2O3 

GaN (5micron) thick samples on Al2O3 along (0001) have been used. These samples 

were irradiated with 80 MeV Ni and 100 MeV Ag ions at a fixed fluence of 1 × 1013 

ions/cm2 followed by rapid thermal annealing (RTA) at 700°C in nitrogen atmosphere for 

60 sec to anneal out irradiation induced defects. Ion species and energies are chosen such 

that the difference in their electronic energy loss (Se) would be significant (in this case it 

is 8 keV/nm). Effects of Ag on structural and optical properties over Ni ions have been 

discussed extensively. We have also investigated damage creation and annihilation under 

energetic ion bombardment at a fixed fluence. The effects of defects on luminescence 

were studied with photoluminescence measurements. Band to band transitions are 

observed from pristine samples but there is no evidence of them on irradiated GaN. It 

shows a BL band at 450 nm besides YL emissions from Ni ion irradiated GaN. It seems 
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that a high concentration of radiation annealed gallium vacancies have a quenching effect 

on YL emission intensity while the vacancy concentration of nitrogen favors BL. PL 

measurements show the effective reduction in YL intensity with irradiation and 

subsequent thermal annealing [13]. 

On the other hand, HRXRD and Raman characterization techniques were used to 

understand the defect densities and lattice vibrations upon irradiation, respectively. Defect 

densities from pristine and irradiated samples are calculated and compared using 

Williamson–Hall method. Change of strain and vibrational modes as a function of Se has 

been discussed. Increase in crystalline nature and induced compressive strain upon 

irradiation has been noticed from decrease of FWHM and shift in Bragg peak to lower 

angles. Defect densities from W–H plots show that irradiation leads to increase in defect 

densities. Raman studies yield E2 mode that is sensitive to local strain. Blue shift in E2 

mode for higher Se value is attributed to compressive strain [14]. The variation of the line 

shape of the A1 (LO) mode of GaN with Se is basically due to the coupling of A1 (LO) 

mode with an over damped Plasmon.  

 

Chapter V 

Swift heavy ion induced effects in MOCVD grown AlGaN/GaN MQWs 

III-nitride strained layer super lattices offer extra degree of freedom to alter the band gap 

of lattice-mismatched HS. Swift Heavy Ion (SHI) irradiation is a post growth technique to 

alter the band gap of semiconductors, spatially. In the present study, strained AlGaN/GaN 

Multi Quantum wells (MQWs) were grown on sapphire with insertion of AlN and GaN as 

buffer layers between substrate and epi-layers by MOCVD. Such grown AlGaN/GaN 

MQWs were irradiated with 200 MeV Au , 120 MeV Au and 80MeV Ni ions at a fluence 

of 5 × 1011 , 1 × 1012 and 3 × 1012 ions/cm2. Several symmetric and asymmetric scans are 

recorded to estimate in plane and out of plane strains. Increase in intensity of satellite 

peaks of AlGaN/GaN MQWs has been attributed to SHI induced dynamical annealing 

processes. Measured values show that lattice mismatch increases upon irradiation. 

However, increase in the mismatch upon irradiation has affected the band gap of MQWs, 

which has been confirmed by PL measurements. PL shows [15] that there is an increase 
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of intensity of luminescence of GaN and MQWs by one order of magnitude upon 

irradiation, which is attributed to SHI induced dynamic annealing processes. 

It is known for long time that defect propagation direction plays vital role for device 

performance. High angle annular dark filed- scanning transmission electron microscopy 

(HAADF-STEM) has been used to understand the nature of interfaces of MQWs and 

buffer layers. HAADF-STEM gives not only the thickness of individual layers but also 

the position of individual atomic columns. Diffraction pattern at the interfaces of AlN and 

sapphire has shown deviations due to large lattice mismatch. Improved interface quality 

and reduced defect propagation along c-axis has been observed due to AlN and GaN 

buffer layers. HAADF –STEM of AlGaN/GaN MQWs are compared with that of the BF-

TEM and noticed that HAADF-STEM better resolves MQWs. HAADF-STEM is a power 

full technique to get exact value of thickness, quality of interfaces and defect propagation. 

The composition gradient as a function of Se with analytical HAADF-STEM has also 

been studied and consequently has been verified with other complementary techniques 

like HRXRD. Interface quality has been analyzed with aberration corrected HRTEM 

images. HRXRD and Micro-Raman studies [16] have been carried out to understand ion 

beam induced strain and vibrational modes, respectively. Finally, the effects of ion beams 

on MQW’s interfaces have been discussed. 

 

Chapter VI 

Structural changes induced by swift heavy ion beam in AlInN/GaN 

heterostructures  

Tensile strained Al(1-x)InxN/GaN/ Al2O3 (0001) HS were realized using MOCVD 

technique with indium composition as 12 % and 17 %. These structures were irradiated 

with 100 MeV Ag and 70 MeV Ni ions at a varied fluences 1×1012 and 3×1012 ions/cm2. 

Under this energy regime, the structural changes in Al(1-x)InxN would occur due to the 

intense ultrafast excitations of electrons along the ion path. Structural characterization 

studies like fluence dependence on strain and composition were carried out. Obtained 

results from pristine and irradiated samples are compared. Change of strain as a function 

of ion fluence and electronic energy loss has been observed. AFM images clearly show 
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the change of surface morphology with irradiation leading to reduction in granular sizes. 

Significantly, Ag ions at moderate ion fluence have resulted in lower surface roughness 

from 5 to 3.6 nm, while the reduction in rms roughness is insignificant (4.2 nm) for Ni 

ions irradiated samples [17]. Nearly lattice matched AlInN/GaN HS upon irradiation, 

progressively becomes compressively strained. This has been attributed to ion beam 

mixing effects with the help of thermal spike effects. Increase in strain with increase of Se 

has been noticed from HRXRD measurements. Eventually, this work demonstrates that 

ion irradiation can create point defects which affect lattice expansion or compression 

(reduction). RBS and HRXRD results obtained from pristine and irradiated samples are 

extensively discussed in results and discussion part. 

 

Chapter VII 

Conclusions and future outlook 

This thesis presents studies on ion beam processing of materials in general and nitride 

compounds in particular. The basics of ion solid interactions and their relevance in 

interpretation of observed effects have been highlighted. It also laid emphasis on how ion 

beams can be used for engineering strain and band gap in MOCVD grown III-V HS and 

MQWs. In some cases, radiation induced defects are annealed out by rapid thermal 

annealing as a function of different annealing temperatures. Significantly, tailoring of 

band gap of MQWs has been achieved to 40 meV and 70 meV for the irradiated and 

subsequently annealed samples. Most importantly, defects creation, annihilation and 

propagation direction, as a function Se and fluence of irradiating ion beams have been 

studied. GaN phonon modes corresponding to free charge carriers and strain as a function 

of Se are investigated with micro Raman measurements. Incidentally, moderate Se ions 

irradiation improved interface quality. In MOCVD grown GaN, YL and BL emissions 

upon irradiation have been noticed besides band to band transitions. Defect densities 

calculated from W-H plots for pristine and irradiated samples are compared. It is 

observed that defect densities increases with increase of Se. Finally, we conclude that 

during MeV ion bombardment, the defect densities, strain, band gap, surface morphology 

strongly depend on ion beam parameters. Improved interface quality of AlGaN/GaN 

MQWs have been observed for moderate Se. However, a significant rupturing of bonds at 
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the interfaces has resulted in mixing effects as evident from TEM analysis for beyond 

critical Se. The results obtained from HRXRD and TEM are found to be consistent. More 

interestingly, initially strained AlInN/GaN HS have been strained further by ion 

bombardment. Finally, Ion beam induced intermixing effects have been discussed from 

RBS and HRXRD measurements.   

The interesting results obtained in the current investigations have opened several 

directions which should be pursued in future. For example, quantification of point defect 

concentration in ion beam treated semiconductors like GaAs and GaN using coherent 

acoustic phonon interferometry and related techniques will be interesting. Another 

interesting subject is to enhance the optical properties of GaN with ion beams by reducing 

YL and BL emission related defects. Optical responses to local defect concentration as a 

function of ion beam parameters and subsequent annealing temperatures are other areas 

which could be investigated.  
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                        Chapter-I 

Introduction 
1.1 Motivation 

III- V compound semiconductors are a novel class of materials for optoelectronics & high 

power, high temperature device applications. In spite of huge defect densities [1] these 

materials show excellent luminescence and electrical properties for device applications 

such as  Blue Light Emitting Diodes (LEDs) to violet laser diodes (LDs) , UV photo 

detectors and High Electron Mobility Transistors (HEMTs). Also, these materials are the 

best candidates for microwave electronics for base stations of cell phones. AlGaN/GaN 

hetero structures (HS) also have numerous optoelectronic applications including 

semiconductor photodiodes. Among family of nitrides, the Al(1−x) InxN alloys are least  

investigated compared to InxGa(1−x)N and AlxGa(1−x)N due to significant difference of 

thermal stability between InN and AlN [2–4]. However, Al(1−x)InxN is a promising 

candidate in Bragg reflectors and field effect transistors [5-6] and hence deserves to be 

investigated in greater details.  

Due to their technological importance in satellite communications, there is a need to 

understand how device performance degrades under radiation treatment. Much has not 

been explored but it is observed that high-energy ions create carrier traps which 

compromise electrical and optical properties [7, 8]. Hence there is a great demand to 

understand the irradiated III-V compound semiconductor, specially their interfaces, strain 

vs defects and surface morphology.  

Fast moving heavy ions while traversing target material deposit energy to target electrons 

by inelastic collision processes and create defects into the quantum well active region, 

which allows atomic diffusion and defect migration to take place between the quantum 

wells and barriers [9,10]. Effects of defects on charged particle propagation in crystalline 

solids are also important in this context [11]. In some cases, Swift heavy ion (SHI) 

irradiation induced damage annihilation has also been reported in InP and GaAs [12,13].  

Recently, we have demonstrated strain modification using SHI in lattice-matched and 

strain relaxed GaAs hetero structures and Multi quantum wells [14].  The possibility of 

material reconstruction and interface smoothening has also been demonstrated using SHI. 

In detail, S O Kucheyev el.al, [15] have studied, the MeV ion impact on GaN, AlN, 
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AlGaN and InGaN HS. But the weakening of chemical bonds due ion-solid interactions in 

matter is not yet completely understood [16-18].  

Moreover, in spite of recent research, basic understanding of SHI induced effects in III- V 

compound semiconductors is far from mature. In this thesis, significant emphasis has 

been laid towards understanding the defects creation and annihilation as well as strain and 

band gap engineering in GaAs and GaN HS and MQWs. We have attempted to address 

some of the pertinent questions related to critical radiation damage and its effects on free 

carrier concentrations in HS and MQWs. Similarly, the composition gradient ( leading to 

atomic diffusions) at the interfaces in AlGaN/GaN MQWs, and lattice swelling in bulk 

GaN as a function of ion velocity dependant studies are important. These motivated us to 

completely comprehend Swift heavy ion irradiation induced effects in III-V based 

semiconductors as a function of projectile velocity, mass and its critical fluence.  

1.2. Ion - solid interactions 
Ion beams not only introduces the modification, but are also used as an essential tool for 

material analysis. Ion propagation in solids creates radiation damage by means of energy 

loss and charge exchange process. When an energetic ion moves through the material, ion 

loses energy by depositing its energy either to target electrons or to the target nucleus.  

The types of emissions which can result from both nuclear and electronic collisions are 

illustrated in Fig 1.1, Emitted and ejected particles or electromagnetic radiation upon ion 

bombardment gives information on the near-surface composition and structure. The most 

important ion beam analysis methods are listed in Table 1.1 along with selected 

references which provide details of each technique. 

 

At high projectile velocities even the innermost electrons of projectile are stripped off and 

essentially bare nucleus moves in solid. As the energetic ions move in matter and lose 

their energy via different process, corresponding Ion velocity decreases by various means. 

As the projectile velocity approaches successively the velocities of its inner orbital 

electrons, the   probability of capturing electrons in the corresponding shells increases, 

whereas probability of losing electrons from projectile decreases. 

 

At these high velocities, these ions in materials create columnar defects [19] and 

cylindrical tracks [20] resulting in amorphization [21] and recrystallizations [22]. Finally, 
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at low velocities below (v0Z1
2/3), essentially a neutral projectile atom moves in the solid. 

In this low velocity region, the probability of projectile interaction with target 

atom/nucleus is very high compared to target electrons.  

 

 
Fig.1.1 Basic ion-solid interaction process 

 

At the end of the ion range, projectile interaction with the target atoms leads to dislodging 

those atoms from regular lattice sites. Depending on energy loss (dE/dx), these processes 

are classified as i) Electronic energy loss (Se) and ii) Nuclear energy loss (Sn).  As an 

example, energy loss as a function of projectile energy and depth in GaN are shown in 

Fig 1.2 a) and b). 

 

1.2.1 Electronic Energy loss (Se) 
It is prominent at velocities much greater than the speed of electrons (for v >> v0Z1

2/3) in 

their outer most orbits. At these velocities, charge Z1e interacts elastically (inelastically) 

with free electrons (bound electrons) in the target. 
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Where M is the projectile mass, me is electron mass and T is kinetic energy of projectile.                                                                                                                                                                                

A difficulty in evaluating the stopping cross section arises from the fact that dσ ~ (T)-2, so 

that the integral diverges with a lower limit T→ 0. Therefore, a lower limit Tmin has to be 

introduced corresponding to a maximum impact parameter bmax. An estimation of bmax is 

obtained by the so-called “adiabatic cutoff “.  

 

Table.1.1 Material analysis from Ion beam induced emission process 

 

 

 

 

 

 

Fig 1.2 a) Variation of dE/dx of Au ions in GaN, b) Plots of Se and Sn  as a function of 

depth from surface of GaN for 120 MeV Au ions  

 

Assuming a characteristic time interval τ of the interaction, the electrons of a target atom 

contribute to energy loss only if their mean orbital frequency ω is small compared to the 
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inverse of the characteristic collision time. Otherwise, at large orbital frequencies, the 

electron would attach adiabatically to the moving ion. Using the momentum 

approximation, the characteristic collision time can be estimated from the transverse 

momentum transfer and its associated force integral so that the integration is limited to a 

maximum impact parameter (bmax).   
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Then, the result becomes (the classical “Bohr” formula). 

 

 

 

In the classical picture, the energy dependence of the electronic stopping reads as ~ E-

1ln(CE3/2), C being a constant.  

Calculating the scattering cross section in Born approximation (includes intra atom 

excitations) gives the Bethe formula  

 

   

According to Bloch, a 

reasonable approximation for I 20ZI≈  with 0I = 10 eV 

Bethe- Bloch has given electronic stopping power for relativistic velocities,  

 

 

 

Where v = cβ  

)4.1(2ln.
2

1
4

2

22
0

42
12









=−

I
vm

vm
eZNZ

dx
dE e

eel πε

)5.1(2ln.1
4

2

22
0

42
12









=−

I
vm

vm
eZNZ

dx
dE e

eel πε

)6.1(
2

ln.1
4

2
222

222
0

42
12












−








=− β

γβ
βπε I

cm
cm

eZNZ
dx
dE e

eel



14 
 

Assuming further approximations, Fano [23] described a relativistic version of Bethe-

Bloch energy loss formula where two additional corrective terms are included, the shell 

correction term C/Z2 and the density effect correction term δ/2 and it is given as, 
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There have been many corrections proposed to improve on Fano’s theoretical 

approximations. Traditionally, this is done by expanding this equation in powers of Z1, 

which can be used to add additional corrections to the ion and target interaction. 

1.2.2 Nuclear Energy loss (Sn) 
At low velocities, an additional energy loss process occurs. In this regime, energy of ion 

is transferred from nucleus of projectile to target nucleus by electrostatic interaction 

(elastic collision) between the screened charges of the two nuclei. As suggested by Bohr 

and later developed by Lindhard et al, Sn becomes another major component of energy 

loss at low energies, especially for heavy projectile atoms. Nuclear energy loss has two 

regimes, displacement followed by replacement collisions. At the entrance of surface the 

ions dislodge atoms from lattice site and the number of displaced atoms can be calculated 

using well known Kinchin- Pease formula. Replacement collision occurs at the end of the 

ion range where the collision cascades are dominant. Damage profile of GaN is quantified 

using Transport of Ions in matter (TRIM) calculation by taking effective displacement 

energy (Ed) for Ga and N sub lattices as 25 eV.   
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1.2.3 Effective charge 
The average charge of the ion, which depends on its velocity, is denoted as “effective” 

charge, Z1eff,. Most importantly, when ions of arbitrary charge state are impinging on a 

solid surface, the actual charge state of ions in matter continuously fluctuates and is 

determined by the net difference of electron loss and electron capture. At high velocities, 

electron loss dominates, so that the ions become a bare nucleus with Z1eff = Z1 at 

sufficiently high energy. In low energy regime atomic electrons interact with the electrons 

of the solid and then ion becomes almost neutral by vanishing effective charge. 

Quantitatively, if the ion velocity is lower than the characteristic orbital velocity of its 

target atomic electrons then electron attachment to the projectile is effective. Under these 

conditions, electrons from the electron gas of the solid have sufficient time to adjust with 

the moving ion. At the end of range, ion velocities are very low which starts interacting 

with target atoms thereby dislodging atoms from regular lattice sites.   

 

1.3 Consequent/ competing process  
Thermal spike: SHI irradiation is known for depositions of high density of energy to 

electrons along the ion path within very short intervals of time. According to the thermal 

spike model [24] during the passage of swift heavy ions, the kinetic energy of the 

electrons is transported to target lattices via electron- electron or electron-phonon 

interaction causing sufficient increase of local lattice temperature above the melting point 

of the material. The temperature increase is followed by a thermal quenching at an 

extremely high quenching rate 1011–1014 K s−1. At these quenching rates, pre existing 

defects in semiconductors can be annealed out.  

 

Coulomb explosion: In this case, an incident energetic ion excites the electron cloud 

producing charge separation along its path through the solid which results in repulsion 

between the transiently ionized atoms in the solid causing “Coulomb explosion”[25]. 

Such transiently ionized region produced by an incident ion is known as an “ionization 

track” which can produce craters [26] and sputtering [27–29], as well as damage tracks in 

solids [30,31]. Coulomb explosion model and the thermal spike model are used to 

describe defect production in insulators and semiconductors [32]. It is somewhat 

remarkable since Coulomb explosion is a mechanism for coupling of the electronic 

excitation energy into atomic motion, whereas a thermal spike model describes the 
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transport of energy out of a heated region. Mostly, Thermal spike model is used to 

interpret the observed effects in semiconductors and Coulomb explosion model is being 

used to explain the observed effects in insulators. However, it is observed that these 

interaction processes compete with each other in all the materials. Even in insulators, with 

in short intervals of time and few nms after entering the target, enough electrons are 

generated to screen out the projectile charge resulting in transition from coulomb 

explosion to thermal spike situation. 

 

1.4 Introduction to III-V compound semiconductors  

1.4.1 III-V compound semiconductors 

III-V compound semiconductors are extensively studied due to their technological 

advantage in optoelectronic devices. Among III-V compound semiconductors, InxGa1-

xAs/InP heterostructures are extensively investigated due to the possibility of both 

compressive and tensile strain depending on the composition. These materials exhibit 

zinc-blende structure where the two FCC sublattices are chemically distinct. Generally, 

this is the crystal structure for III–V semiconductor compounds. In this case, the each Ga 

atom would be on one FCC sublattice (ions) is surrounded by four As atoms which would 

be on other FCC sublattice and vice versa, in a tetrahedral geometry as shown in Fig.1.3.  

 

Fig.1.3 Zinc Blende crystal structure consists of two interpenetrating FCC lattices, one 

displaced from the other by a distance (a/4,a/4,a/4) along the body diagonal. The position 

of two atoms is (000) and (a/4,a/4,a/4). 
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More importantly, band gap as a function of lattice parameter has been achieved with 

change in composition of ternary alloy as shown in Fig.1.4. Observed lattice constants for 

GaAs and InP at room temperature are a = 5.653 Å and 5.868 Å, respectively. 

 

Fig.1.4: Bandgap as a function of lattice parameter for the most common III-V ternary 
alloys 

1.4.2 III-Nitrides 

III- nitrides (GaN, AlGaN and AlInN) have attracted many researchers due to their 

technological applications. Currently, these materials are being used for light emitting 

diodes (LED), laser diodes, UV detectors and ultra high power switches despite being 

highly defective. Some of the unique properties of III nitrides, essential for opto- 

electronic device applications, are discussed below.  

Family of III- nitrides are wide direct band gap semiconductors, crystallizes either in 

hexagonal closed packed (hcp) or cubic zinc blende structures. Generally, the wurtzite 

structure is found to be most stable than the cubic zinc blende structure. The wurtzite 

structure consists of two inter penetrating hcp sub lattices, each with one type of atom, 

offset along the c-axis by 5/8 of the cell height (5c/8). The wurtzite and zinc blende 
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structures are somewhat similar and yet different. The differences between these 

structures are stacking sequence of closest packed diatomic planes and bond angles of 

second nearest neighbors. The primitive cell of wurtzite has a1=a2 with an included angle 

of 120° as shown in Fig 1.5. The c axis is normal to the plane of a1 and a2.  Here, one 

atom of the basis is at the origin (0,0,0); the other Ga atom is at (2/3,1/3,1/2) and nitrogen 

at (0,0,3/8) and(2/3,1/3,7/8) of unit cell.  

 

Fig 1.5 Wurtzite structures with polar and non polar planes  

Observed lattice constants for GaN at room temperature are c = 3.189 Å and a = 5.185 Å 

[33]. For zinc blende structure, lattice constant is observed to lie between 4.49- 4.55 Å 

[34,35]. These materials exhibit partly covalent and partly ionic due to difference in their 

electro negativity values.  Most importantly, different atoms occupy on different planes 

with deviation of c/a from ideal values of hcp structures. The hcp structure lacks space 

inversion symmetry as a result spontaneous polarization (PSP) is observed [36].  The PSP 

values and their corresponding c/a values for AlN, GaN and InN are given in Table 1.2. 

Besides PSP, these materials also show piezo-electric polarization (PPE) due to lattice and 

thermal mismatch between substrate and epi layers. PPE dependence on strain is given by   
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where e is piezo electric coefficients, C is elastic coefficients; asub is substrate lattice 

constant and aepi is epilayer lattice constant. Thus, a charge sheet at the interface of hetero 

structures is the cause of strain.  
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Table1.2  Psp and c/a values for AlN, GaN and InN semiconductors 
 

Material AlN GaN InN 

c/a 1.6 1.626 1.613 

Psp(C/m2) -0.081 -0.029 -0.032 

Band gap (eV) 6.2 (D)  3.42 (D) 0.7 (D) 

Lattice constants (Å)  a = 3.112 
c = 4.979 

a = 3.189 
c = 5.185 

a = 3.548 
c = 5.760 

Fractional Ionic character (FIC)         0.72        0.51        0.54 

Thermal conductivity (W cm-1K-1)        2.85       11.9          0.8 

 

As such, polarization charge affects the device operation in all nitrides based devices, 

particularly heterojunction field effect transistors (HFETs), and thus must be taken into 

consideration before realizing device structures.  Moreover, these polarizations eventually 

affect the band diagram of hetero structures. It is therefore imperative to consider strain 

effects in III – nitrides. Electronic energy-band structure of GaN shows direct band gap at 

Γ point in the Brillouin zone [37]. The lowest conduction band in GaN is non degenerate, 

but crystal field, the spin-orbit interactions and strain lift the degeneracy of heavy and 

light holes in valance band [38]. Strain in Wz-HS is imperative that affect the properties 

of hetero structures.  The advantages of strain in electronic and optoelectronic devices of 

ZB crystals have been studied [39]. 

 

 

 

 

  

 

 

 

 

Fig1. 6 Density of states for 2D and 1D systems 

 



20 
 

 

 

 

 

 

 

 

 

 

Fig 1.7 Schematic representation of AlGaN/GaN multi quantum well at gamma point 

 

Advancement in growth techniques allows different structures with one, two and three 

dimensional confinements. In one dimensional confinement, the component of wave 

vector is quantized along the growth direction. In plane components of wave vectors are 

not quantized and usual energy momentum relation would apply.  

 

Corresponding E-K diagram in two dimensional systems with confinement along Z- 

direction for quantum energy levels is shown in Fig 1.6. Due to confinement, density of 

states in both valance and conduction band are discretized. Quantum wells are those 

semiconductors having same crystal structure with low band gap material in between high 

band gap materials. Such sequence of quantum wells without and with strong overlap of 

wave functions corresponding to periodic quantum wells are called Multi quantum wells 

(MQWs) and Super lattices (SL) (see Fig 1.7), respectively.  

 

Moreover, it is observed that quantum wells get deeper for compressive strain and 

shallower for tensile strain. The density of states at the valence band maximum gets 

smaller for compressive and larger for tensile strain. Ion beams are proven to be best tool 

in altering density of states, strain and band gap. Thus, critical understandings on lower 

dimensional structures are essential for solid state lasers and quantum infrared photo 

detectors. 
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1.5   Basics of characterization techniques 

Following are some of the most suitable techniques for characterizing hetero structures 

and multi quantum wells are as follows  

1. High resolution X-ray diffraction  

2 . Raman Spectroscopy 

3. Rutherford backscattering spectrometry  

4. Atomic force microscopy 

5. Transmission electron microscopy  

6. Photoluminescence  

We have used these techniques for characterizing our samples. Some basics of above 

techniques are discussed below. 

1.5.1 High Resolution X-ray diffraction (HRXRD)  
This technique is a non invasive technique and essentially used for structural 

investigations such as nature of strain, lattice parameters with high precision, tilt and twist 

angles and defect densities. When a monochromatic X-rays of suitable wavelength 

impinges on sample surface, it undergoes scattering from large number of atoms. In this 

process, energy is being transferred to an electron while traversing materials without 

letting loose of electrons from atoms. Finally, elastically scattered X-rays by electrons is 

observed as Thomson scattering. In this process the electron oscillates like a Hertz dipole 

at the frequency of the incoming beam and becomes a source of dipole radiation. Since 

atoms are arranged periodically on lattice points, the scattered rays then have definite 

phase relations between them.  These phase relations are such that destructive 

interference occurs in most directions of scattering, but in a few directions constructive 

interference takes place and then diffraction spots are formed. The crystal acts as a 

diffraction grating and array of diffraction maxima can be investigated. Diffraction spot 

positions and shapes are inversely related to the inter planar spacing and size of the 

crystals (mosaic blocks). Thus, the crystal planes are associated with real space and the 

diffraction spots with reciprocal space. 

The Bragg law is derived based on the following geometrical facts 
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(1) The incident beam, surface normal, and the diffracted beam are always coplanar. 

(2) The diffraction angle should be always 2θ which is an angle between diffracted and 

the transmitted beam.  It is this angle, rather than θ, which is usually measured 

experimentally. 

Diffraction in general occurs ( as shown in Fig 1.8) only when the wavelength of the 

wave motion is of the same order of magnitude as inter planar spacing, this requirements 

follows from Bragg equation,  

)11.1(2 λθ nSind hkl =
                                                               

 where  hkld  is inter planar spacing, θ  is Bragg angle and λ is  X-ray wavelength.  For 

diffraction, the smallest value of n is 1 and n =0 cannot be observed. Therefore the 

condition for diffraction at any observable angle 2θ is λ < 2 hkld . In particular, the 

measurement of the full width at half maximum (FWHM) of the rocking curve  has been 

used for probing GaN epitaxial quality. In general, the broadening of the XRD curve is 

affected by the dislocation structure. 

 

Fig 1.8 Visualization of the Bragg equation. Maximum scattered intensity is only 

observed when the phase shifts add to a multiple of the incident wavelength λ.  

Moreover, other additional structural imperfections like heterogeneous strain, small 

correlation lengths, impurities and instrumental broadening  influence the diffraction 

pattern. The heterogeneous strain, the correlation lengths normal and parallel to the 

substrate surface and the degree of mosaicity are expressed by the tilt and twist angles 
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which are key issues in characterizing the quality of epitaxial films with a large lattice 

mismatch to the substrate. 

The density of screw dislocations N [0001] can be obtained from the expression [40]  

                                    ( )
( )
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[0001] 24.35
N

b

α 
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                                                                 (1.12)                                                                                        

Where, α is the value of tilt angle and b is Burgers vector’s magnitude (0.5185 nm). Thus, 

the defect densities are calculated using (1.12). 

 1.5.2 Raman Spectroscopy 

 It is a non destructive method used for determining the lattice dynamics, carrier   

concentration, structural disorder, composition and strain in III-V compound 

semiconductors. When a photon interacts with a molecule, the electric field induces a 

dipole moment; EP .α= , where α  is a polarizability tensor of the molecule and is a 

measure of the ease with which the electron cloud around a molecule can be distorted. 

The polarizability tensor has frequency dependent contributions at the molecular vibration 

frequencies; (ω − ωv) is Stokes component and the (ω + ωv) is anti-Stokes component 

where ω is incident frequency and ωv is vibrational frequency. A vibrational mode is 

Raman active if the direct product contains the irreducible representation for symmetric 

final states. This is the basic selection rule for Raman activity. The process involves an 

electron–photon interaction to produce an excited state where an electron–phonon 

scattering event occurs by creating (Stokes process) or absorbing (anti-Stokes process) a 

phonon or emitting same incident radiation (Rayleigh scattering), and finally the scattered 

photon is emitted. Stokes scattering can always occurs because the intensity of stokes are 

high compared to anti-stokes.  

GaN has a hexagonal wurtzite structure and belongs to vC6  space group. Group theory 

predicts that there are two A1, two E1, two E2 and two B2 modes. Among them one E1, 

one A1 and two E2 modes are Raman active.  An A1 branch in which the phonon 

polarization is in the Z- direction (the c axis of the crystal is taken to be the Z- axis), an 

E1 branch in which the phonon is polarized in the XY plane, and two E2 branches. The E1 

branch is linearly polarized, but the two E2 branches do not have a simple polarization 

behavior. A1 and E1 branches are polar with different energies for the longitudinal LO 
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and transverse TO components. In the backscattering geometry, with the c-axis normal to 

the surface, the TO branch of the A1 mode and the TO and LO branches of the E1 mode 

are forbidden. The LO branch of the A1 mode and E2 models are allowed. The E2(H) 

mode of GaN is very sensitive to biaxial strain in the c-plane and this mode gives the 

strongest signal in the spectra. Due to its non polar nature, E2 mode is widely used to 

quantify stress in III- nitrides [41,42]. A1(LO) mode, in wurtzite GaN , are  sensitive to 

lattice vibrations along the plane perpendicular to (0001). This mode depends not only on 

the residual stress in GaN film but also on the coupling to free carriers (plasmon) of LO 

mode [43]. Variation of line shape signifies the coupling of this mode with over damped 

plasmon.   

    1.5.3 Rutherford Backscattering Spectrometry (RBS)  

It is a versatile technique to find the thickness and composition of composite materials. In 

RBS, a light ion of given energy incident on sample surface, lose energy by elastic 

collision with target atoms.The ions scattered in backward direction are detected to obtain 

elemental composition and thickness. The energy of the projectile after collision can be 

related to its energy before collision by means of kinematic factor. As the ion penetrates 

through the scattering medium, it loses energy which is directly proportional to the 

thickness of material, so a depth scale can be assigned directly and quantitatively to 

kinematic factor. If ions of mass M1 and known energy E0 are directed on sample 

containing an element of unkown mass M2, by measuring the energy of ions scattered at 

an angle, the unknown mass can be determined as shown in Fig. 1.9. 
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Fig.1.9 Schematic diagram of illustrating backscattering spectrum of Ions of mass M1 

impinging on a thin film containing different masses M2 and M3. 

 

The yield of backscattered particles is proportional to the scattering cross-section so the 

composition depth profile can be found from knowledge of energy loss and cross 

sections. The significant functional dependencies of differential cross section are as 

follows.  

1. It is proportional to 2
1Z  . The backscattering yield obtained from a given target atom 

with a He beam is four times as large as with proton beam. 

2. It is proportional to 2
2Z . For a given projectile, heavy target atoms are much more 

efficient scatterers than light atoms. Therefore, backscattering spectrometry is very 

sensitive to heavy elements  

3. It is inversely proportional to square of projectile energy. Yield increases as energy 

decreases. 

4. It is inversely proportional to fourth power of scattering angle. This gives rapidly 

increasing yields as the scattering angle is reduced. 

1.5.4 Atomic Force Microscopy (AFM)  

Atomic force microscopy is a technique for understanding surface morphology. AFM can 

be used to study insulators and semiconductors as well as electrical conductors. In atomic 

force microscopy, the most commonly associated force is an inter atomic force called the 

van der Waals force. As the tip of the cantilever approaches closer to the sample surface 

either cantilever bends or deflects.  A detector measures the cantilever deflection as the 

tip is scanned over the sample, or the sample is scanned under the tip. The measured 

cantilever deflections allow a computer to generate a map of surface topography. As 

shown in Fig.1.10, The dependence of the van der Waals force upon the distance between 

the tip and sample gives two distinct modes: 1) the contact mode; and 2) the non-contact 

mode. In the contact mode, the cantilever is held less than a few angstroms from the 

sample surface, and an inter atomic force between the cantilever and the sample is 

repulsive. In the non-contact mode, the cantilever is held on the order of tens to hundreds 
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of angstroms from the sample surface, and an inter atomic force between the cantilever 

and sample is attractive (largely a result of the long-range van der Waals interactions). 

Mostly, for MOCVD grown semiconductors, contact mode is being used to investigate 

the surface morphology. 

 

Fig.1.10 Force vs distance curve for different regimes used for AFM             

1.5.5 Transmission Electron Microscopy (TEM) 
The Transmission electron microscopy (TEM) allows imaging the crystal structure at 

atomic scale resolution. Samples for the TEM must be specially prepared to thicknesses 

that allow electrons to be transmitted through the sample. Since the wavelength of 

electrons is much smaller than that of light, the resolution attainable for TEM is many 

orders of magnitude higher than that of a light microscope. Thus, TEM can reveal the 

finest details of internal structure in some cases it can show as small as individual atoms. 

Under optimal conditions, atomic scale imaging along with chemical composition can be 

determined. Because of the high spatial resolution, TEM is always used for determining 

the detailed crystallography of thin film materials. In TEM there are two basically 

different techniques. Nature of crystal and their orientations are verified with selected 

area electron diffraction (SAED).  

 

In conventional TEM, the specimen is illuminated by near parallel beam of electrons, and 

image is formed by sequence of lenses equivalent to optical microscope. In Scanning 

Transmission electron microscopy (STEM), a fine beam of electrons are focused and 

scanned across the specimen. Again STEM, offers two different imaging modes. Bright 

field imaging is based on the low angle scattered electrons, yielding images subject to 
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phase contrast in similar manner to conventional TEM. But, most conventional imaging 

mode for STEM is high angle annular dark field (HAADF). The great advantage of this 

imaging mode is that the incoherent scattering distribution can be understood directly in 

terms of atomic number. Therefore, HAADF mode is called Z-contrast imaging mode. In 

this mode defects appear bright due to static random displacements of electrons, and 

different types of defects are clearly distinguishable.   

 

1.5.6 Photoluminescence (PL)  
Photoluminescence (PL) is a result of incident photon absorption which results in the 

generation of an electron hole pair and emission of photon of different wavelength. 

Incident photons, when absorbed excite electrons usually from the valence band into 

conduction band through momentum conserving process. The electrons and holes 

thermalize to lowest energy states of their respective bands via phonon emission before 

recombining across the band gap and emit photons of corresponding energies. Effects of 

Irradiation on radaitive recombination centers are extensively studied using PL. 

 

1.6 Conclusions 
In this chapter, the motivation and advantages of current works have been elucidated.  

Much emphasis is given on the following points: (i) materials of interest (ii) basics of 

characterization techniques (iii) the consequent/ competing effects by ion beams for 

material modification. The next chapter describes the experimental facilities utilized for 

investigating various structural and optical properties. 
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Chapter-II 

Experimental Details 

2.1 Experimental facilities 

This chapter gives all the experimental details that have been used for growth, irradiation 

and subsequent characterization. Metal Organic Chemical Vapour Deposition (MOCVD) 

facility has been used for growing InGaAs/InP and AlGaN/GaN Multi Quantum Wells 

(MQWs) at Institute of Electronic Materials Technology (ITME), Warsaw, Poland. 

AlInN/GaN heterostructures have been grown using MOCVD at Tata Institute of 

Fundamental Research (TIFR), India.  High energy irradiation work has been carried out 

at Inter University Accelerator Center (IUAC), New Delhi. Pristine and subsequently 

irradiated samples are characterized by High Resolution X-ray Diffraction (HRXRD) and 

Photoluminescence (PL) at TIFR, India. Similarly in-house facilities instituted at 

University of Hyderabad, such as HRXRD, Micro-Raman and Atomic Force Microscopy 

(AFM) facilities have also been extensively used. Rutherford Backscattering 

Spectrometry (RBS) technique has been carried out at Indira Gandhi Centre for Atomic 

Research (IGCAR), Kalpakkam, Centre for Ion Beam Applications (CIBA), National 

University of Singapore (NUS), Singapore and National Centre for Compositional 

Characterization of Materials (NCCCM), Hyderabad. Some of the Photoluminescence 

(PL) measurements have also been carried out at Coordinamento Interuniversitario 

Veneto per le Nanotecnologie (CIVEN) & Nanofab Laboratories, Venice, Italy. The 

aberration corrected Transmission Electron microscopy (TEM) investigations are done at 

Institute for Nanotechnology, Karlsruhe Institute of Technology (KIT), Germany.  

The details of materials investigated are given in Table 2.1. These materials have been 

irradiated to understand the ion beam induced interface mixing and subsequent effects on 

structural and optical properties.  

 

2.2 Accelerator facilities  

2.2.1 Pelletron details:  
High energy irradiation work has been carried out using 15MV tandem accelerator 

facility at IUAC [1]. This pelletron is a heavy ion tandem type of electrostatic accelerator. 

http://www.iuac.ernet.in/infrastructure/accelerators/pelletron/pelletron.htm
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In this, Ion source produces negative ions which are pre-accelerated to ~300 keV and then 

injected into an accelerator tank filled in with SF6 (insulating gas). 

 

Table.2. 1: Sample specifications with growth details  
  

S.No Sample specifications  Deposition 
technique  

Source of samples/ 
Collaboration 

1 InGaAs/InP X15 MQWs 
/InP(substrate) with In =0.23 
 

MOCVD ITME, Warsaw, 
Poland 

2 AlGaN/GaN X15 MQWs / 
Al2O3(substrate)  MQWs 
with average  Al = 0.25 
 

 
MOCVD 

 
ITME, Warsaw, 
Poland 

3 GaN (5µm)/ Al2O3 (substrate) MOCVD Kyma technologies 

4 AlInN/GaN( heterostructure ) 
/ Al2O3 (substrate)  with In = 
0.12 

MOCVD TIFR, Mumbai 

5 AlInN/GaN (heterostructure) / 
Al2O3 (substrate)  with In = 
0.21  

MOCVD TIFR, Mumbai 

 

At the centre of the tank, a terminal shell is maintained at a high voltage (~15 MV). Inside 

the terminal, a stripper uses a gas (usually N2 or Ar) or a thin carbon which, upon 

collision removes electrons from the incoming negative ions. Then the positively charged 

ions experience a second boost of acceleration (hence the name "tandem" accelerator) as 

they exit the terminal and travel down the acceleration tube to ground at the high- energy 

end of the machine (Fig.2.1).  

 

The primary benefits of the tandem configuration are:  

a) The final beam energy is approximately (q + 1) times the terminal voltage, where q is 

the charge state to which the ions are stripped in the terminal.  

http://www.iuac.ernet.in/infrastructure/accelerators/pelletron/ion_source.htm
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b) On exiting from the tank, the ions are bent into horizontal plane by analyzing magnet, 

which select a   particular type of beam. The switching magnet diverts the high energy 

ion beams into various beam lines into different experimental areas of the beam hall.  

The entire machine is computer controlled and is operated from a separate control 

room. 

 

Fig.2.1: Schematic of 15MV pelletron accelerator  

 

All the Irradiation experiments were performed in high vacuum irradiation chamber as 

shown in Fig.2.2.  We have used 150 MeV Au, 100 MeV Au, 100 MeV Ag and 70 MeV 

Ni ions at varied fluences such as 1×1012, 3×1012 and 1×1013 ions/cm2. Necessary 

precautions were taken during irradiation to minimize heating of samples and channeling 

of ions by maintaining low beam currents and orienting samples to 5° with respect to 

beam axis, respectively.  

 

Fig.2.2: Materials science high vacuum irradiation chamber  
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2.3 Rutherford Backscattering Spectrometry (RBS) 

2.3.1 Tandem accelerator at IGCAR  

Ion beam characterization work presented in this thesis has been carried out using the 

RBS facility at IGCAR, India. The tandem accelerator has dual source (i) Duoplasmatron 

(for H and He ions) and (ii) SNICS (Source of Negative Ions by Cesium Sputtering , for 

almost all other elements in the periodic table) with a terminal potential can be varied 

between 0.1 and 1.7MV (see Fig.2.3 ). The central feature of the Tandetron concept is a 

state of the art and SF6 insulated parallel fed Cockroft-Walton type HV power supply 

characterized by high reliability, extreme low noise level, high voltage stability and low 

ripple. A high RF driving frequency, special RC-filtering and feedback circuits eliminate 

hum, drift and jitter and provide a high terminal voltage stability and low terminal voltage 

ripple without the need for slit stabilization. As the Tandetron HV power supply is a solid 

state power supply, it has the advantage of having no moving parts. 

 

Fig.2.3: Schematic of 1.7MV tandetron accelerator  

As a result there are no vibrations, which might result in terminal voltage fluctuations. 

Also, the ripple and stability values and dynamic behaviour are stable over many years of 

operation. A Generating Voltmeter (GVM) is used for measuring the terminal voltage. 

Stripper gas (N2) at 7 kg/cm2 is provided in the high voltage terminal by means of a 

plastic tube running through the column from outside the pressure tank to a metering 

valve feeding gas to the stripper canal. The plastic tube is of sufficient length to withstand 

the high voltage. It is kept as a coil mounted inside a teflon tube. A turbo molecular pump 
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is provided in the terminal to pump out and re-circulate the stripper gas so as to maintain 

a gas pressure of 50−100 microns in the stripper canal and 10-7 mbar in the accelerating 

tubes. The negative ions accelerated in the lower energy side are made positive by 

stripping of the electrons with N2 gas. They are further accelerated by the high energy 

accelerating tube. 

2.3.2 Duoplasmatron ion source 

This source can provide H+ and He+ ions. Positive ion beam from the duoplasmatron ion 

source is accelerated by anode voltage of 100 V into a charge exchange canal.  Lithium 

vapour introduced into the charge exchange canal converts 1-2% of the positive ions to 

negative ions. The negative ion beam is pre-accelerated by a gap lens to 10-20 keV and 

focused at the entrance of the 900 mass analyzing magnet. 

2.3.3 Negative sputter ion source 

This source (SNICS) can provide ions of almost all elements, which can form negative 

ions. The target material in solid form, necessary for producing the ion beam, is packed in 

a copper target holder and mounted in the source and 3 to 10 kV voltage is applied. 

Cesium ions, produced by thermal ionization of Cesium vapour sputter the target 

material. The sputtered atoms pass through a thin layer of Cesium on the target and 

negative ions are produced. They are pre-accelerated to 20 to 30 keV and focused at the 

entrance of the 900 mass analyzing magnet. 

2.3.4 RBS/Channeling facility 

The setup at IGCAR has some major parts which have been discussed elsewhere [2], The 

RBS/C facility has been automated using virtual instrument (V I) automation software. 

Corresponding RBS setup is shown in Fig.2.4. The dual axis Intelligent Motion controller 

(IMC) which accepts simple ASCII commands from the PC and controls the tilt angular 

rotation(u)  to a resolution of 0.01° over 360° and the azimuthal angular rotation, (F) over 

0 to 360° to a resolution of 0.001°.   

In this RBS, the source generates a beam of collimated and monoenergetic particles of 

energy E0. A typical case is a beam current 10 - 100 nA of 2  MeV He+ ions in a 1-mm2 

area. Such ions impinge on the sample object to be analyzed. Almost all of the incident 
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particles come to rest within the sample. A very few ions scattered back from the sample, 

are detected using semiconductor detector which produces an analog signal proportional 

to the energy of backscattered particles. The output analog signal is processed by a 

multichannel analyzer, which subdivides its magnitude into series of equal increments. 

Each increment is numbered and referred to as a channel. An event whose magnitude falls 

within a particular channel is registered there as a count. At the end of the experiment 

each channel has registered a certain number of counts.  The output of the multi channel 

analyzer is thus a series of counts contained in the various channels. The analog signal 

generated by the analyzer contains quantitative information on one particular parameter 

of the detected particle. Correspondingly, a spectrum obtained with such a detector is a 

backscattering energy spectrum.  

 

Fig.2.4: Schematic representation of RBS 

2.4 High Resolution X-ray Diffraction (HRXRD):  
HRXRD has been vital in finding out lattice parameters upto sensitivity of 10-5. 

Essentially, the reasons for affecting lattice expansion or contraction are understood by 

HRXRD measurements and possible reasons are listed below:   

(i) Electronically active defects in semiconductors can deform the conduction band [3], 

causing lattice parameters to increase with the increase in the electron concentration [4].  

(ii)  It depends on the size of dopant [5 ,6]. 



36 

 

(iii)Residual strain is generally present even in supposedly strain-free samples [7]. The 

generation, redistribution and diffusion of point defects are thought to provide a strong 

contribution towards the residual strain [8] 

2.4.1 X-ray generation and instrumentation  

The electrons emitted from cathode are accelerated towards anode plate. The anode plate 

is typically made up of Copper (Cu) or Chromium (Cr) or Molybdenum (Mo). In these 

processes, bound electrons are first released and subsequently an electron from a higher 

energy level depletes to emptied state. Then the transition is associated with the emission 

of radiation that corresponds to the energy difference between the final and initial states. 

Thus, released energy depends upon the chemical nature of the emitting atom. According 

to different levels of transition leads to radiation as denoted by Kα1, Kβ2, Lα, etc. In most 

X-ray scattering experiments, only the characteristic emission lines are of interest. In the 

majority of cases, investigations are performed with Kα radiation, because of its higher 

intensity compared to Kβ. The photon’s wavelength and energy are given by the 

relationship  

                                λ (μm) = 1.24 (eV-μm)/E (eV)                                           (2.1)                         

A closer look at the Kα radiation reveals its doublet nature. In such cases the weighted 

average of both lines is used as Kα. The Kβ line may severely affect the diffraction 

pattern and to suppress it, a thin Nickel (Ni) foil edge filters are introduced into the 

incident beam path. Such suppressed Kβ X-ray lines are then collimated and 

monochromatised using a Hybrid 4- bounce monochromator (multilayered mirror 

followed by a channel cut Ge crystal providing four bounces to X-ray beam). The output 

of the monochromator gives pure Kα1 line (λ = 1.54056 Å), which is then collimated to 

about 20 arcsec in the scattering plane. Hence, a primary monochromator has been used 

to eliminate unwanted wavelengths, λ∆ , and  to reduce δ ( incident radiation divergence) 

to as low as 0.003°. Then at detector, a scintillation counter is used for detecting the 

scattered X-rays from sample. The 2θ value is defined accurately using a channel cut Ge 

crystal providing three reflections from (220) cut Ge crystals, generally referred to a triple 

axis attachment as shown in Fig.2.5. However, the triple axis attachment reduces the 

intensity considerably and is of use only for very high quality epitaxial layers or single 

crystals. Thus in our measurements, we have used different slits in front of the detector 
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besides using the triple axis geometry to improve resolution and to confirm the mosaic 

nature of crystals. The notation and  details of experimental procedure are as follows:  

ω – angle between incident beam and sample surface  

2θ – angle between incident beam and detector  

ψ – Sample tilt which allows 180° rotation of the sample about the intersection between 

the sample plane and the plane of X-rays  

φ – in-plane sample rotation which allows 360° rotation about normal to the sample. 

Before carrying out actual measurements, the following procedural steps have been 

undertaken to optimize the scattering geometry 

 

Fig.2.5: Schematic of HRXRD system in triple crystal diffractometer 

 

1. The detector and incident beam were kept at 2θ = 0, and ω = 0. The detector slit was 

kept fully opened. 

2. The sample was placed on the stage and it was raised such that X- ray intensity seen in 

the detector, falls off rapidly. The positioning of z-axis is done by selecting at half of its 

original intensity. 

3. ω and 2θ are driven to the approximate angles for required Bragg peak.  

4. ω-scan was performed for ~ ± 1° about the Bragg angle and fixed at the actual peak 

position for ω. 

5. ψ scan was performed for ~ ± 5° and ψ was fixed at the actual peak position for ψ. 

6. Step 4 was repeated and the value of ω was re-adjusted, if required. 

7. φ scan was performed for ~ ± 5° and φ was fixed at the peak position for φ.  

8. Step 4 was repeated and the value of ω was re-adjusted if required. 

9. Steps 4 to 7 were repeated several times, until no change in peak positions were 

observed in these scans. The system is now aligned such that the collimated incident X-
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ray beam satisfies the Bragg condition exactly for the epilayer/substrate. Under these 

conditions, open detector rocking curves were recorded. 

10. 2θ scan was performed for ± 1° with small step size (~0.002°) and the detector was 

fixed at the peak position. 

The above procedure results in the alignment of the instrument at the required Bragg peak 

with ψ and φ values optimized for the peak and ω offset is shown in Fig. 2.6 a). The ω, 

θω 2− and φ scans were performed after these initial settings. In ω scan, the angle 

between incident X-rays and detector (2θ) remains constant at required Bragg condition 

(2θ = 2θb), and only incident angle changes as ω ± Δω (Fig.2.6 b)). 

Table 2.2 Factors affecting high angle θω 2− diffraction scans of QWs and super- lattices  

Factors                               θω 2−  

Composition of QWs and barriers 
 

0th order and satellite peak positions and 
intensities 

Repeat thickness 
 

0th order and satellite peak positions and 
intensities 

Decreasing number of repeats 
 

Broadening of all peaks (except the substrate 
peak) 

 
Thickness ratio 

 
Positions of satellite minima 

 
Total thickness 

 
Fringe spacing 

Rough or diffuse interfaces 
 

Reduces observable higher order satellite 
peaks 

 

Variation in MQW repeat thickness 
 

Satellite broadening increases with 
increasing distance from the zero-order peak 

 

Composition grading 
 

Drop in intensity of higher –order satellite 
peaks 

 

Crystalline defects                       peak broadening           

 

In ω-2θ scan, 2θ axis changes by twice the change in ω as shown in Fig.2.6 c). The value 

of ω and 2θ are related by, ω = 2θ/2 ± offset where offset is constant. Φ-scans were 
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performed by in-plane rotation of the sample after aligning the sample at the required 

Bragg peak as described above. Following effects of imperfections on the diffraction 

from a super lattices or MQW are summarized in Table 2.2.  

The sample is mounted on a sample stage. The angles in the instrument are defined as 

follows: 

 

 

 

 

 

 

 

 

Fig.2.6: a) Scattering geometry of X- ray diffractometer after peak optimization   b) 

ω - scan geometry   c) θω 2−  scan geometry  

2.5 Raman spectroscopy: 

 
Fig.2.7: Schematic of micro Raman set up 
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In confocal microscopy, reflected light is collected with same objective and focused 

through multi mode fiber, which directs the beam to a spectrometer equipped with a 

Charge Coupled Device (CCD) camera. An enhancement of lateral resolution requires 

extremely small pinhole diameters. However, too small diameter of pinhole decreases the 

detection efficiency to a level usually unacceptable in the most experiments. Here the 

important number is numerical aperture, which determines the lateral resolution of the 

objective. 

The maximum resolution of a classical microsope is given by the Rayleigh criterion 

                                        
NA

x λ×
=∆

61.0                                                                  (2.2) 

Where  x∆ is the smallest distance between two point objects that will appear separated in 

image plane,  λ is the wavelength of excitation light and NA is the numerical aperture of 

the microscope objectives. 

In this work, the Raman spectra have been recorded at room temperature using JOBIN 

YVON HORIBA HR-800 confocal micro-Raman spectrometer equipped with Ar+ laser 

(514.5 nm), at University of Hyderabad, Hyderabad. The laser power used was 18 mW 

and the resolution of instrument is 0.5 cm-1. The laser beam has been focused using 

different microscope objective lenses for different lateral spot size with different 

diameters (~ μm). 

The scattered signals have been recorded in backscattering geometry as shown in Fig 2.7. 

The spectrograph is the box under the entrance optics of the instrument and forms a 

spectrum on the peltier cooled CCD detector. Raman spectra have also been collected 

using an Ocean Optics, Raman spectrometer (ISA Jobin-Yvon Spex HR-320, f/4.1). The 

spectra are recorded in spectral range of 200 to 2800 cm−1  by a thermoelectrically cooled 

CCD array detector with a 600 g/mm grating using NIR diode laser excitation of 785 nm. 

2.6 Photoluminescence (PL): 
Photoluminescence (PL) studies have been carried out at room temperature as well as at 

low temperatures. The low temperature has been achieved by Closed Cycle Refrigeration 

(CCR), as is normal for temperature requirements. The PL has been excited with 532 nm 

line and detected with a LN2 cooled InAs detector after dispersing with 2/3m McPherson 

monochromator. On some samples, PL characterization techniques have been performed 
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using a Fluorolog-3 (Jobin-Yvon) spectro-fluorometer equipped with a Xenon lamp as 

excitation source and a monochromator with Photo Multiplier Tube (PMT) system for 

signal detection and spectral analysis. The PL has been excited with Xenon UV lamp 

(265nm) and detected with HAMAMATSU N2-cooled detector. These PL studies were 

carried out, on as grown and on irradiated samples at room temperature (295K). The 

Photoluminescence (PL) characterization has also been carried out at CIVEN & Nanofab 

Laboratories and the corresponding PL setup is shown in Fig. 2.8. 

 

 

Fig.2.8: Schematic of Photoluminescence setup 

 

The measurements have been performed with a Horiba Jobin Yvon Fluorolog-3 

spectrofluorometer equipped with a 450W Xe lamp as excitation source, coupled to a 

double grating Czerny-Turner monochromator for wavelength selection. The detection 

system is constituted by a iHR300 single grating monochromator for spectral 

discrimination and a R928 Hamamatsu photomultiplier tube, sensitive in the 185-900 nm 

range, for signal collection and subsequent electronic conversion. The control of the 

whole apparatus and the storage of the data are provided by appropriate PC software. 
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2.7 Atomic Force Microscopy (AFM):  
 

 

Fig.2.9: Schematic of AFM setup 

 

Surface morphology of the samples has been characterized using SPA400, Seiko 

Instruments Inc. Schematic diagram of AFM is shown in Fig. 2.9. Images have been 

taken in contact mode using silicon nitride probe having spring constant of 0.58 N/m.  A 

phase image, typically collected simultaneously with a topographical image, maps the 

local changes in material physical or mechanical properties [9]. Though phase images 

have been recorded but discussions are confined to the topographical images. In NC-

AFM mode, the system monitors the resonant frequency or vibrational amplitude of the 

cantilever and keeps it constant with the aid of a feedback system that moves the scanner 

up and down. By keeping the resonant frequency or amplitude constant, the system also 

keeps the average tip-to-sample distance constant. As with contact AFM (in constant-

force mode), the motion of the scanner is used to generate the data set. NC-AFM does not 

suffer from the tip or sample degradation effects that are sometimes observed after taking 

numerous scans with contact AFM. As mentioned above, NC-AFM is also preferable to 
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contact AFM for measuring soft samples. In the case of rigid samples, contact and non-

contact images may look the same. However, if a few monolayers of condensed water are 

lying on the surface of a rigid sample, for instance, the images may look quite different. 

 

2.8 Transmission Electron Microscopy (TEM):  
An extensive microstructure analysis of films deposited on sapphire substrates has been 

carried out using Transmission Electron Microscopy (TEM) as shown in Fig.2.10. 
Electron diffraction patterns were used to identify the phase and structure of the films.   
The wavelength of electron depends on accelerating voltage. Thus, the de Broglie 

(particle–wave) relation  
λ
hmv =  and the kinetic energy of the electrons, eVmv =2

2
1 , 

are used to correct the inverse relationship between applied voltage and wavelength: 

2
1

2

)(
139.0)( 







 −
=

voltsV
nmvoltsnmλ                                                         (2.3) 

 

where V is the applied voltage in volts and wavelength λ in  nm.  

In electron diffraction, the wavelength of electron is small so is the Bragg angle (0.5°). 

Correspondingly Bragg’s law establishes a relation between camera constant, inter atomic 

spacing and projection distance i.e  

λLRdhkl =                                                                      (2.4) 

where L λ. is known as the camera constant and  R is the distance measured on the screen 

or photographic plate (e.g., mm or cm or m) and dhkl (e.g., nm) is the interatomic spacing 

of the planes (hkl). The units of the camera constant are typically expressed in units of 

mm-nm or cm-nm or m-nm.  The camera constant is a function of the lens settings. It is 

these lens settings that control the system’s magnification, and the electron energy 

determines the value of the wavelength. 

 

High Angle Annular Dark Field - Scanning Transmission Electron Microscopy (HAADF-

STEM), high resolution TEM, and qualitative energy dispersive X-ray (EDX) nano 

analysis have been performed using a FEI Titan 80-300 equipped with an objective lens 

aberration corrector. The microscope was operated at 300 kV providing a resolution of 
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0.08 nm in TEM mode and 0.14 nm in STEM mode. The HAADF-STEM images are 

recorded with a camera length of 196 mm and a convergence angle of 9.5 mrad. All the 

HAADF-STEM and HRTEM images presented in this thesis are raw images only 

adjusted for contrast, brightness and intensity. 

 

Sample preparation for TEM analysis:  Ultrasonic disc cutter was used for cutting 

circular 3mm disk. Such disk was transferred on to cylinder and fixed with wax by facing 

sample upside-down. Then disc grinder was used to grind sample thickness down to 300 

nm. Subsequently, dimpling was done to 120 nm and latter shifted to argon ion milling 

PIPS system, where it was aimed for making electron transparent. Specimens for cross-

sectional TEM analysis were prepared by mechanical polishing, followed by argon ion 

milling using a Gatan PIPS system at an angle of 3° and a voltage of 5 kV or using a FEI 

Strata 400 S Dual Beam Focused Ion Beam (FIB) with in-situ lift-out. 

 

Fig.2.10: Diagram displaying the cross section of a transmission electron microscope and 

the path of the electron beam down the column of the TEM. 
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2.9 Rapid Thermal Annealing (RTA):  

Thermal annealing is necessary for ion implanted samples to anneal out lattice damages. 

However, swift heavy ions predominantly loose energy to target electrons leading to 

dislodging of atoms through electron- phonon coupling. Thus, such created point defects 

have detrimental effects on luminescence properties.  Subsequently, samples are then 

subjected to Rapid Thermal Annealing (RTA) to minimize the irradiation induced 

damages. RTA on these samples have been carried out at different annealing temperatures 

such as 700 °C  and 900 °C for 60 sec in Nitrogen atmosphere with a flow rate of 1000 

Standard Cubic CM (SCCM) using RXV6 Rapid Thermal Processor (RTP) system (AET 

Thermal, Inc). The surface of these samples were capped with a layer of silicon nitride 

(Si3N4), deposited by plasma enhanced chemical vapour deposition (PECVD). The Si3N4 

layer was subsequently removed using a buffered HF solution after annealing. The choice 

of the temperature and time is fixed from available literature values [10,11].   

 

2.10 Conclusions:  

This chapter describes all the experimental facilities that have been utilized for work 

reported in this thesis. These include the Swift Heavy ion irradiation (SHI) facilities, and 

those used for characterizing the pristine and irradiated samples. Further details of the 

relevant facilities have been discussed in the following chapters wherever required. 
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                                         Chapter-III 
 

Ion beam modification studies in InGaAs/InP MQWs 
 

3.1 Introduction 
InGaAs/InP Multi Quantum Wells (MQWs) have numerous applications in 

optoelectronics such as high speed and low dark current p-i-n photodetectors for long 

wavelength optical communications [1,2]. These heterostructures are also model systems 

for understanding semiconductor growth processes where mixed group of III-V interfaces 

are involved. Quantum well inter diffusion technology has become increasingly important 

in the drive towards fabrication of photonic integrated circuits due to its versatile band 

gap tuning process. These structures were realized with advent in growth techniques like 

Metal Organic Chemical Vapour Deposition (MOCVD) [3]. Growth of hetero structures 

on lattice mismatched substrates with uniform strain in the over-layer, results in 

additional advantages. Such strain lifts the degeneracy of light hole and heavy hole at the 

valence band maxima, which is crucial for high speed device applications [4,5]. Lattice 

mismatched hetero structures are useful in tuning the band gap of III-V compound 

semiconductors [6, 7]. In strained hetero-structures, epilayer thickness is an important 

parameter. Beyond a certain critical thickness, the strain gets relieved by generating misfit 

dislocations which eventually deteriorate the device performance. Such studies on tensile 

strain relief beyond critical thickness have been carried out by many researchers [8-9].    

Interfacial properties of InGaAs/InP lattice matched MQWs [10] and their diffusion co-

efficient in InGaAs/InP MQWs by Rapid Thermal Annealing (RTA) [11] have been 

studied. Difference in intermixing effects in InGaAs/InP heterostructures by high 

temperature annealing [12] and swift heavy ion bombardment have been investigated 

[13,14]. Thermal stability of InGaAs/InP quantum wells is important which has been 

thoroughly studied [15]. On the other hand, quantum well intermixing at the interfaces 

have been demonstrated by impurity induced inter-diffusion [16], impurity free disorder 

using various dielectric cap layers [17], ion implantation [18] and focused ion-beam 

induced intermixing [19]. Among these, damage formation owing to nuclear stopping has 

been understood in greater detail [20, 21].  Despite the very similar electronic energy loss 

in InP and GaP, the number of displaced atoms leading to damage formation is very 

significant in InP [22]. Thus, a detailed and clearer understanding of ion-solid interactions 

by passage of SHIs through matter is required [23-26]. Moreover, It has been reported 
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band gap can be tailored with interface mixing using swift heavy ion irradiation in lattice 

matched InGaAs/InP   hetero-structures [27]. Recently we have demonstrated that SHI 

modifies strain in both lattice matched heterostructures and relaxed MQWs [28,29]. Swift 

heavy ions deposit energy via electronic energy loss mechanism and create defects into 

the quantum well active region, which allows atomic diffusion to takes place between the 

quantum wells and barriers. Swift heavy ion irradiation induced intermixing has already 

been observed in metal/semiconductor interfaces. In the present work, much emphasis has 

been given to swift heavy ion induced mixing and consequent effects on band gap 

modification of InGaAs/InP multi quantum wells. 

Here we have studied swift heavy ion irradiation and followed by annealing effects on 

InGaAs/InP MQWs. High Resolution X-ray Diffraction, Photoluminescence and Atomic 

Force Microscope characterization techniques have been used for structural, optical and 

surface properties.   

 

3.2 Experimental details 
InGaAs/InP MQWs were grown on semi-insulating InP substrate by MOCVD at IEMT 

Warsaw, Poland. MQWs growth had been carried in computer controlled horizontal LP-

MOVPE Axitron, model 200R&D,on 2inches InP(100) oriented substrates. Trymethyl 

gallium (TMGa), Trymethylindium (TMIn) and 100% arsine (AsH3) and Phosphine 

(PH3) were used as source gases. The operating pressure in the reactor was maintained at 

100mbar, III/V ration at 200 and substrate temperature was at 650-700 °C. The irradiation 

was performed at room temperature. The samples were irradiated with 100 MeV Au8+ 

ions at varied fluence from 5x1012  to 1x1013 ions/cm2 by scanning over 1x1cm2 from 

IUAC, New Delhi 15MV Pelletron accelerator. During irradiation necessary precautions 

were taken to avoid heating of sample and channeling of ions into the sample by adjusting 

to low beam currents and orienting the sample at angle of about 5° with respect to beam 

axis respectively. The irradiated samples were then subjected to RTA in order to anneal 

out the irradiation induced damages in the samples .The annealing was done at 700°C for 

60 sec in Nitrogen atmosphere with a flow rate of 1000 SCCM using RXV6 Rapid 

Thermal Processor (RTP) system (AET Thermal, Inc.). The surface of these samples were 

capped with a layer of silicon nitride (Si3N4), deposited by plasma enhanced chemical 

vapour deposition (PECVD). The Si3N4 layer was subsequently removed using buffered 

HF solution after annealing. Pristine, irradiated and annealed samples were studied by 
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HRXRD, PL and AFM characterization techniques. The HRXRD experiments had been 

performed using Philip X’pert system with Kα1 line (λ = 1.54056 Å). Profiles of (004) 

symmetric scans were recorded in ω –2θ scan by optimizing tilt and azimuthal angles. 

Photoluminescence studies were carried out at room temperature (295K) as well as at low 

temperature (18K). PL was excited with YAG laser (532nm) and detected with a LN2 

cooled InAs detector after dispersing with 2/3m McPherson monochoromator. Surface 

morphology of samples was characterized by AFM (in Dynamic Force Microscopy 

mode) using SPA 400, Seiko Instruments Inc. 

 

3.3 Results and Discussion  

3.3.1 High Resolution X- ray Diffraction (HRXRD)  

As grown and swift heavy ions irradiated InGaAs/InP MQWs have been investigated by 

HRXRD measurements. The average composition peak (0th order peak) is well resolved 

from the substrate peak (∆θ = 0.0468); this indicates a tensile strain in the layer.  

The mean super lattice (SL) period (combined thickness of one InP and one InGaAs 

layer) is calculated from the measured angular separation between the satellite peaks and 

is given by, 

( ) λθθ nn ±=−Λ 0sinsin2                                              (3.1) 

  

where θn is the diffraction angle of the order n, θ0 is the angle of zeroth order peak, λ is 

the Cu Kα X-ray wavelength of 1.5406 Å, Λ is the mean super lattice period. The 

estimated Λ from (004) scan was found to be 25 nm for M-U samples which is close to 

the nominal one.  
The difference in the lattice parameter between the In0.23Ga0.77As and InP layers results in 

a tensile strain in the InGaAs layer. The calculated tensile strain is approximately 0.366% 

in the layer. Simulations have been used for fitting the measured experimental HRXRD 

spectrum using the dynamical theory based Philip’s Xpert Epitaxy software. The 

composition and thickness of the layers have been optimized by a trial and error method 

starting from nominal values until a satisfactory fit is observed. The simulated scan 

matches reasonably well with the experimental data for nominal thickness and 

composition of the layers as shown in Fig.3.1. 
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Table.1: Sample IDs and details 

S. 
No 

Sample ID Details Strain (%) 

1 MQW-U As-grown In0.23Ga0.77As 
(5nm)/InP(20nm)  MQW of 15 

periods  

0.366 
 

2 MQW-I1 100 MeV Au ion irradiated with a 
fluence of 5x1012 ions/cm2 

0.0368 w.r.t 
to Pristine 

3 MQW-I2  100 MeV Au ion irradiated with a 
fluence of 1x1013 ions/cm2 

All the peaks                  
have  

disappeared 

4 MQW-I1-A MQW-I1 sample rapid thermal 
annealed at 700 0C for 60 sec in N2 

atmosphere. 

0.079 w.r.t to 
Pristine 

5  MQW-I2-A MQW-I2 sample rapid thermal 
annealed at700 0C for 60 sec in N2 

atmosphere. 

0.0560 w.r.t 
to Pristine 

 

As a function of ion fluence, the interface mixing induced disorder is observed from the 

vanishing of satellite peaks.  Subsequently, these samples were subjected to Rapid 

thermal annealing to anneal out the defects introduced by irradiation. Annealing at 700°C 

for 60 s was performed on MQW-I1 and MQW-I2 samples. Necessary proximity capping 

layer has been deposited before annealing to arrest the out-diffusion of arsenic during 

annealing process. Irradiated and subsequently annealed samples show that there is a shift 

in zeorth order peak. Initially tensile strained MQWs have been further strained by the ion 

bombardment.  These measurements yield strain values as given in Table.1.  

Fig.3.2 shows the comparison of MQW-U, MQW-I1 and subsequently annealed samples 

where the peak shifts are clearly visible, indicating strain is induced into layers. The 

average tensile strain of 0.0360% in MQW-I1 increased to 0.079% upon annealing. Rapid 

thermal annealing causes intermixing of quantum wells by indium and gallium diffusion. 

The decrease in In composition has resulted in a shift of satellite peaks to the higher 

angles which confirms the reduction of epilayer lattice constant. As a result, strain into 

the epilayers further increases and causes a change in the band gap. 
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  Fig.3.1:    HRXRD (004) scans of MQW-U and simulation fit. 

 

Fig.3.3 depicts that all the abrupt interfaces of MQWs have been drastically affected due 

to bombardment at higher fluence. Upon annealing, the irradiated MQWs have 

significantly recovered with improved intensity of satellite peaks as shown in Fig.3.3. 

 

3.3.2 Photoluminescence (PL) 
The irradiated MQWs do not show any PL due to defect induced non-radiative 

recombination centers. However, LT-PL spectra have been measured from MQW-U, 

MQW-I1-A and MQW-I2-A samples as shown in Fig.3.4. Change in the band gap as a 

function of ion fluence has been noticed. The sample MQW-I1-A has good PL intensity 

and a better peak width compared to MQW-U. The MQW-I2-A has two Gaussian profiles 

indicating that there are residual defects. Finally, the PL peak shifts by 45 nm and 82 nm 

for MQW-I1-A and MQW-I2-A have been observed, respectively. This study reveals that 

the desired band gap can be tailored by irradiation followed by optimized annealing 

conditions. 
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  Fig.3.2: HRXRD (004) scans of MQW-I1 and MQW-I1-A. 

 

Band gap engineering in similar samples using low energy ion irradiation and/or 

annealing have been demonstrated by some investigators [26–29]. In the present study, 

band gap engineering by as high as 82 nm has been achieved by swift heavy ions. The 

band gap engineering using low energy ions is normally due to introduction of point 

defects into the active region, which allows atomic diffusion to take place between the 

layers. However, swift  heavy ions induce the atomic diffusion to take place that affected 

electronic energy band gap which may be attributed solely to the electronic energy loss 

(~15keV/nm). Such studies are useful for spatial band gap engineering of optoelectronic 

devices in a controlled manner. 

 

3.3.3 Atomic Force Microscopy (AFM) 
Fig.3.5 shows the surface morphology of samples and we notice that the irradiation 

increases the roughness from 0.15 nm to 0.45 nm. Increased roughness is not noticed very 

much from the RMS values. Hence, the ion irradiated MQWs do not show any 

detrimental surface effects. The surface of the irradiated sample show hillocks as 
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observed in earlier works [30]. Also the number of hillocks is not matching with the ion 

fluence indicating a collective damage of the incident ions at the surface. 
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Fig.3.3:  HRXRD (004) scans of MQW-I2 and MQW-I2-A. 

 

 
  Fig.3.4: LT-PL spectra of MQW-U, MQW-I1-A and MQW-I2-A samples. 
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Fig.3.5:   Surface morphology of samples MQW-U and MQW-I2            

       

3.4 Conclusions 
The present work demonstrates the swift heavy ion induced effects on strain and band 

gap. HRXRD, PL and AFM have been utilized to understand respectively, the interface, 

optical and surface modifications upon irradiation. Irradiation changes the strain but after 

annealing the interface quality improves as evident from HRXRD measurements. 

Photoluminescence has not been observed on irradiated MQWs due to non-radaitive 

recombination centers. However, change in band gap as a function of ion fluence has 

been noticed. The sample MQW-I1-A has good PL intensity and a better peak width 

compared to MQW-U. The MQW-I2-A has two Gaussian profiles indicating that there 

are residual defects. Finally, the PL peak shifts by 45 nm and 82 nm for MQW-I1-A and 

MQW-I2-A respectively, have been observed. The AFM images show that roughness 

does not increase much after irradiation which can be useful in many applications. 

Finally, it is observed that higher fluence lead to rupturing of bonds at the interfaces 

which upon annealing are retrieved that led to interfaces intact. Finally, it is concluded 

that the interfacial mixing induced strain is the main cause of band gap modifications. 

Desired band gap can be achieved if and only if irradiation and annealing process are 

optimized.  
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                        Chapter-IV 

Electronic energy loss dependence studies in MOCVD 

grown GaN 

4.1 Introduction  
III-V compound semiconductors have numerous applications in optoelectronic devices 

and in particular III-Nitride compound semiconductors (GaN,InN and AlN) are 

extensively used in high frequency and high power applications. III-Nitrides show good 

luminescence properties in spite of huge defect densities arising from lattice and thermal 

mismatch with the underlying substrates. Subsequently, AlN and GaN as a buffer layers 

have been used between substrate and epilayer which improves structural and optical 

properties. However, there is an inbuilt strain at the interfaces which significantly affects 

structural as well as optical properties. The effect of strain in hetero epitaxial GaN is an 

important parameter for improving its device performance and to change the band 

structure. Thus, it is important to characterize the substrate-induced strain. This biaxial 

residual strain has been determined by X-ray diffraction [1, 2] and their consequent strain 

effects on optical properties have been investigated using photoluminescence (PL) [2, 3] 

and Raman spectroscopy [2, 4–6]. It is known that residual strain greatly changes 

electrical properties of two-dimensional electron gas (2DEG) [7]. Recent studies by Aziz  

et. al [8] have shown that change of strain by etching the substrate increases the electron 

sheet density and mobility by 25% and 20%, respectively. 

Owing to their technological importance in space applications, more understanding is 

required about the influence of external radiation in general and ion beam interactions on 

III- V compound semiconductors, in particular. Ion-irradiation-induced amorphization of 

III-V semiconductors has been extensively studied in the nuclear stopping regime for 

several decades. Damage production and annihilation by electronic energy deposition are 

not yet clear. However, it is known that irradiation of high-energy particles, such as 

neutrons and electrons, can induce structural defects in semiconductors. There have been 

attempts to address such issues pertaining to charged particle bombardments in GaN with 

high energy electrons [9- 12], low energy electrons [13] and heavy ions [14]. Similarly, 

some studies [15,16,17,18] have also been reported about the effects of neutron 

irradiation on the micro structural and optical properties of GaN thin films.  In the last 
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decade, there have been many reports discussing the irradiation-Induced defects in silicon 

[19], GaAs [20-22], GaP [23], InP [24,25] and GaN [26]. Experimental observations 

revealed that higher band gap materials are more susceptible to SHI irradiation than lower 

band gap materials [24]. It has been noticed that Ga0.50In0.50P is heavily damaged while 

InP is almost amorphized for nearly identical ion-energy loss. However, damage in GaP 

and GaAs remain almost insignificant [24] but Ga0.47In0.53As exhibits intermediate 

behavior between InAs and GaAs [23]. Many researchers have used ion irradiation to 

investigate GaN [27,28,29,30,31], not only to understand the ion- solid interaction 

mechanism but also as a useful tool for tailoring the strain, which in turn triggers 

structural and electrical properties in a selective and controlled manner. On the other 

hand, SHI irradiation also has been used to anneal out pre-existing defects by electronic 

excitation in InP and GaAs [32]. Effects of ion beams on optical and structural properties 

of semiconductors like GaN and related materials have also been discussed [33-37]. 

 

When a swift heavy ion passes thorough the materials, it deposits energy to target atoms 

via electron-phonon coupling by electronic excitation or ionization of target electrons. 

This eventually leads to high pressure and high temperature conditions in the target 

material, not otherwise possible under thermal equilibrium conditions. Due to the rapid 

energy transfer variety of effects can occur in materials, like defects creation, defects 

annealing, crystallization, amorphization [38]. Most of the high-energy irradiation results 

are normally understood based on some explanations about planar defects, de-lamination, 

and tracks propagation [39-40].  

 

In the present study, Irradiation-induced defects and their effects on luminescence using 

Raman scattering and Photoluminescence (PL) techniques have been discussed. We have 

also discussed the effects of ion beam induced strains on frequency shifts of A1 (LO) and 

E2 (high) phonon modes which are parallel and perpendicular to the layer surface. By 

comparing the frequency shifts of these two phonon modes, we investigated the 

differences in the effects of ion beam induced strains on these modes. The effects of 

irradiation and subsequent annealing processes on optical luminescence in GaN films 

have also been investigated using Photoluminescence (PL) and Photoluminescence 

excitation (PLE) spectroscopy. 
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4.2 Experimental details 
5 µm thick GaN was grown on sapphire along (0001) oriented substrate by MOCVD 

technique. AlN as a buffer layer was used between substrate and epilayer to improve 

structural properties. The GaN sample (2 inch diameter) was cut into small pieces of 

dimensions about 1× 1cm2 for room temperature irradiation. The samples were then 

mounted on a Cu ladder with a conductive silver paste, and a low beam current of 1 pna 

for Ag and 1.5 pna for Ni ions was maintained during irradiation to avoid heating effects.  

Samples were oriented to 7° with respect to the beam axis  to avoid any channeling of 

ions and then irradiated with 80 MeV Ni6+   and 100 MeV Ag7+ ions at a fixed fluence of 

1x1013 ions/cm2 by scanning over 1x1cm2  area using 15 MV Pelletron accelerator at 

IUAC, New Delhi.  From the stopping range of ions in matter (SRIM) code, the range of 

the ions and electronic energy losses (Se) for 80 MeV Ni6+ and 100 MeV Ag7+   were 

calculated. The corresponding Se and projected range of ions in GaN for Ni 14 keV/nm 

and 9.6 µm, and for Ag ions are 22 keV/nm and 8.9 µm, respectively. The projected ion 

range is larger than thickness of GaN film. Hence, these ions predominantly lose their 

energy in the electronic stopping power regime, while the ion end-of-range region is deep 

inside the sapphire substrate. Subsequently, Ni ions irradiated samples were subjected to 

RTA at 700 °C for 60 sec in Nitrogen atmosphere with a flow rate of 1000 SCCM using 

RXV6 Rapid Thermal Processor (RTP) system (AET Thermal, Inc) to anneal out non-

radiative recombination centers in the samples. Photoluminescence and 

Photoluminescence excitation characterization techniques have been performed using a 

Fluorolog-3 (Jobin-Yvon) spectro-fluorometer equipped with a Xenon lamp as excitation 

source and a monochromator with Photo Multiplier Tube (PMT) system for signal 

detection and spectral analysis. After ion irradiation, samples were characterized by High 

Resolution X-ray Diffraction (HRXRD) with Cu Kα radiation (λ = 1.5406 Å) using 

Bruker D8 DISCOVER. Several symmetric ω and ω –2θ rocking scans were recorded and 

FWHM extracted. Tilt and defect densities (Screw type) were extracted from Williamson-

Hall (W-H) method. Raman scattering measurements were carried out using LabRAM 

HR800 of Horiba Jobin Yvon. The power of the laser was about 6 mW, and the focused 

laser spot was about a 3 µm diameter. The spectra were recorded at room temperature in 

back-scattering geometry with 514.5 nm Argon-ion laser as an excitation source. The 

scattered light was analyzed by monochromator, equipped with a double notch filter 

system, and the signal was detected by a Peltier-cooled charge coupled device array.  
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4.3 Results and discussion  

4.3.1 High resolution x- ray diffraction (HRXRD)  
(0002) symmetric rocking curves of as deposited GaN (AD GaN) and irradiated GaN are 

compared in Fig.4. 1.  It is observed that irradiation influences the Bragg reflection 

position of as deposited  GaN. Moreover, the shift in Bragg angle is larger for Ag than for 

Ni ions irradiation, which means lattice parameter increases with increase of electronic 

stopping power. The lattice parameter c is obtained from the following equation 

                         
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                                                         (4.1) 

where hkld is  an inter-planar spacing for the corresponding  h, k, l miller indices and a, c 

are lattice parameters of hexagonal crystal.  
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Fig.4.1: ω-scan (rocking curve) of AD GaN and subsequent Ni and Ag ions irradiated 

GaN . 

 

Using (4.1) lattice parameter ‘c’ from AD GaN, Ni and Ag ions irradiated GaN have been 

obtained. Increase in lattice parameter with the irradiation has been noticed which has 

been attributed to ion induced compressive strain in GaN. The Full width at half 

maximum (FWHM) of the rocking curves for AD GaN and subsequently for irradiated 
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GaN  with Ni and Ag ions are about 318, 269 and 235 (±10) arc sec, respectively. This 

shows that irradiation improves structural quality but induces compressive strain into the 

GaN. This occurs due to intense fast electronic excitations resulting in atomic 

displacements. This has led to bond-breaking in GaN ,  which is then followed by certain 

collective atomic rearrangements due to a transient rise of the lattice temperature to very 

high values in a very short interval of time.  
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Fig.4.2: Williamson Hall plots for as deposited and subsequent Ni and Ag ions irradiated 

GaN.  

 

The resulting change of tilt angle with respect to epitaxial crystal generates screw type 

dislocations.  Broadening of angular scan or ω-scan of symmetric reflections (0002), 

(0004) and (0006) of GaN grown on sapphire are influenced by tilt angle (mis-

orientation) [41,42,43].  

 

Further, irradiation induced effects on tilt angles are discussed using Williamson-Hall 

plots.  As shown in Fig .4.2, these are drawn for 
λ

θβ ω sin
 vs  

λ
θsin   for AD GaN,  Ni 

and Ag ions irradiated  GaN  samples. Here β is integral line width of measured profile, λ  
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is X-ray wavelength (0.15406 nm) and 2θ is scattering angle. A linear fit has been 

performed for set of symmetric reflections in extracting the tilt angle (α) from the slope. 

The (0002) scan monitors the tilt component of the crystalline structure which strongly 

associates with dislocations having a screw component, with burger vector b = [0001].  

The density of screw dislocations N [0001] can be obtained from the expression [44]  

                            ( )
( )

2

[0001] 24.35
N

b

α 
 =
 × 

                                                                                 (4.2)  

Where, α is the value of tilt angle and b is Burgers vector’s magnitude (0.5185 nm). Thus, 

the defect densities are calculated using (4.2).  

Defect densities for AD GaN, Ni and Ag ion irradiated GaN are found to be 9x107, 

1.2x108 and 1.5x108 defects/cm2, respectively. It is observed that there is a slight increase 

in defect density upon irradiation.  

 

4.3.2 Raman Spectroscopy  

Micro-Raman measurements were performed to obtain a direct evidence of residual strain 

in GaN. The E2 (H) mode of AD GaN, Ni and Ag ion irradiated GaN is collected from 

Raman scattering measurements (see Fig 4. 3). The Raman modes observed from AD 

GaN sample is in good agreement with the values already reported [45]. The E2 (H) mode 

of GaN is very sensitive to biaxial strain in the c plane and this mode gives the strongest 

signal in the spectra. Due to its non polar nature, E2 mode is widely used to quantify 

stress in III- nitrides. The E2 mode of strain-free GaN is known to be at 567.6 cm–1 at 

room temperature [46, 47]. However, frequency shift can be well used to monitor residual 

stress [48, 49, 50, 51]. Its phonon frequency is observed at 567.6cm−1 and 568.5(±0.05) 

cm-1, respectively for Ni and Ag ions irradiated GaN.  The frequency of E2 phonon is 

blue shifted upon Ag irradiation, indicating compressive strain. The shift is attributed to 

the possibility of compression of c-plane lattice parameter due to irradiation. The width of 

the strongest mode E2 (H) can be used to analyze lattice defects [51, 46]. Lattice damage 

accumulation increases with increase of electronic energy loss (Se), as can be seen from 

increase of FWHM of  E 2  mode from 5.0 (±0.1) to 6.21 (±0.2) cm-1. The A1(LO) mode 

depends not only on the residual stress in GaN film but also on the coupling to free 

carriers (plasmon) of  LO mode [52,53]. A1 (LO) mode, in wurtzite GaN , are  sensitive to 

lattice vibrations along the plane perpendicular to (0001). 
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Fig.4.3: Room temperature Raman spectra of E2 (High) and A1 (LO) modes from as 

deposited and subsequent Ni and Ag ions irradiated GaN. 

 

As shown in Fig.4.3, the shoulder peak around 734 cm−1 in spectra is not clearly 

separated from the sapphire peak at 750 cm−1, but its intensity is strong enough so that we 

can correctly determine its peak position and full width at half maximum. Broadening of 

A1(LO) modes can be seen with an increase of Se. 

 

Wang et. al [54] have shown that increase in FWHM of A1(LO) mode decreases the 

carrier concentration with increase of neutron irradiation dosage.  In the present case, the 

variation of the line shape of the A1(LO) mode is attributed to coupling of this mode with 

an over damped plasmon [52].  Here, Se increases this coupling of A1(LO) mode with an 

over damped Plasmon. It is known that the plasma mode of a free electron gas can couple 

with longitudinal optical (LO) phonon lattice vibration mode giving rise to the so called 

coupled mode closely related to the electron density.  
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Fig.4.4: Room temperature Raman spectra of A1 (LO) modes from Ag ion irradiated 

GaN.   

 

The de-convoluted spectra show damage peaks at 716, and 702 cm-1.The observed mode 

at 672 cm−1 ( Fig.4.3) is assigned to local vibrational mode originating from the intrinsic 

defects such as VN(nitrogen related defects), which is consistent with implantation of 

ionic species such as Ar+, Mg+,  Ga+ and Cu+ [55].  Fig.4.4 shows de-convoluted Raman 

spectra of Ag irradiated GaN, which exhibits peaks at 716 and 702 cm-1. These modes are 

could be due to either VGa or its complex.  

 

4.3.3 Photoluminescence (PL) and Photoluminescence excitation (PLE) 

Spectroscopy 
PL and PLE measurements have been carried out at room temperature. This study reveals 

how ion irradiation affects shallow and/or deep level defects in GaN. Observed 

luminescence by ion irradiation and followed by annealing have been discussed at a 

greater detail. Room temperature PL spectra of as deposited GaN sample in the ranges of 

300-500 nm and 400-750 nm are shown in Fig.4.5 (a) and (b). These plots show the 

presence of a narrow featured peak at 362 nm and a wide band featured at around 580 

nm.Peak at 362 nm is attributed to band to band excitonic recombination linked to GaN, 
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and the peak at 580 nm could have originated from recombination of distant donor 

acceptor pairs, which are generally present in GaN as yellow luminescence (YL).   
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                                                                     Fig.4.5.c)    

Fig.4.5: Photoluminescence spectra collected with Fluorolog-3 (Jobin Yvon) spectro 

fluorometer with excitation wavelength of 270 nm evidences (a) GaN band to band 

transitions, (b) unwanted yellow luminescence in the range of 400- 750 nm and (c) PLE 

spectra with emission at 580 nm shows luminescence activation triggered by photon 

absorption. 
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Recent reports on the origin of emission of YL from GaN are attributed to transition from 

a shallow donor to a deep acceptor level [56], deep donor  to shallow acceptor [57]. It is 

observed that the intensities of band edge and YL band are strongly related to the 

threading dislocation density of the GaN film [58]. Fig.4.5 (c) shows PLE spectra from 

pristine GaN , which evidences the presence of band edge around 360 nm (typical GaN 

energy gap), suggesting a mechanism based on luminescence activation triggered by 

photon absorption across the semiconductor gap. Fig.4.6 shows PLE spectra of Ni ions 

irradiated GaN with strong absorption at 450 nm and corresponding Blue luminescence 

being observed in PL spectra (see Fig. 4.8).  This has been attributed to carbon related 

impurities for band gap ranging from 3 eV to 3.05 eV [59,60,61].  The BL band is also 

often observed in un-doped, Mg, Si and Zn-doped GaN with very similar shape and 

position. The reported values of the energy position of the BL band has varied from 2.7 to 

3.0 eV. BL emissions were also observed in amorphous GaN nanoparticles embedded in 

polymer matrix [62]. In the present study, BL band could be attributed to nitrogen related 

defects.  

 

It seems that a high concentration of radiation annealed gallium vacancies has resulted in 

quenching of YL band intensity, while the vacancy concentration of nitrogen favors BL 

band. The later has been evidenced from micro Raman measurements. These are 

consistent with the fact that an increase of Se value increases the nitrogen related defect 

mode intensity.  Decrease in YL intensity upon irradiation has been noticed which could 

be due to annihilation of defects. PL excitation spectra of Ni ions irradiated (and 

subsequently annealed ) GaN are shown in Fig.4.7. This evidences the presence of band 

edge at around 358 nm (typical GaN energy gap), suggesting a mechanism based on 

luminescence activation triggered by photon absorption initiated due band to band 

radaitive transition. 

 

It is evident that defects introduced by irradiation are not completely annealed out.  As a 

result there is no strong evidence of B-B transitions in PL spectra of irradiated and 

subsequently annealed samples. Fig.4.9 shows YL spectra for as deposited, irradiated, and 

subsequently annealed GaN samples. PL measurements show the effective reduction in 

IYL with irradiation and followed by thermal annealing. The schematic energy band 

diagram of GaN is shown in Fig. 4.10 which clearly shows YL and BL band energy 
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levels. Decrease in YL intensity has been noticed which can be attributed to substantial 

reduction in concentration of deep level defects [63] like Ga vacancies [64]. 
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Fig. 4.6: PLE spectra of Ni irradiated GaN shows absorption at 2.8 eV 

 

In the present study, we see that SHI lose energy predominantly to target electrons. As a 

consequence, the intrinsic point defects like VGa or their complex defects from dislocation 

core,  are annealed out which perhaps strongly decreases intensity of YL emissions. Since 

annealing temperature is rather low hence it may be assumed that the defects introduced 

by irradiation are not totally annealed out. In such a case the non-radiative recombination 

rate is higher than that of pristine sample. As a result, the intensity of YL emission band 

decreases. Therefore, it is assumed that the BL and YL are associated with irradiation 

induced N defects, and native Ga vacancies.  

 



68 
 

250 275 300 325 350 375 400 425 450 475 500 525
0.0

2.0x102

4.0x102

6.0x102

8.0x102

1.0x103

 

 

PL excitation - em.580nm
Ni irr. + ann.

PL
 In

te
ns

ity
 (a

rb
.u

.)

Wavelength (nm)

400 425 450 475 500 525
Wavelength (nm)

 

Fig.4.7: PLE spectra of Ni ions irradiated GaN and subsequently annealed at 700 °C in 

N2 atmosphere for 60 sec has resulted no absorption but increased band to band 

transitions. 
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Fig.4.8: Photoluminescence spectra of Blue luminescence from pristine, Ni irradiated and 

subsequently annealed samples.  
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Fig.4.9: Room temperature PL spectra collected from the pristine, irradiated and 

subsequently annealed GaN samples show decrease in YL intensity around 2.2 eV. 

 

 

 

Fig.4.10: Schematic energy diagram of as deposited and irradiated GaN is depicted for 

corresponding transitions with possibility distribution given on the right side. 
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4.4. Conclusions 

MOCVD grown GaN samples were irradiated with Ni and Ag ions at a fixed fluence.  

Structural and optical characterizations have been investigated as a function of electronic 

stopping power by HRXRD, micro-Raman and photoluminescence measurements. 

Increase in crystalline nature, and lattice swelling in growth direction upon irradiation has 

been noticed from decrease of FWHM and shift in Bragg’s peak to lower angles. It is 

evident that the irradiation influences lattice parameters and consequently phonon modes. 

Defect densities are also calculated using W-H plots, which show that irradiation, leads to 

slight increase in defect densities. Raman studies yield E2 modes that are sensitive to 

local strain and consequent blue shift in E2 mode for higher Se value is attributed to 

compressive strain which is consistent with observed HRXRD results. The variation of 

the line shape of the A1(LO) mode of GaN with Se  is basically due to the coupling of 

A1(LO) mode with an over damped plasmon. Therefore it was concluded that as Se 

increases, coupling of A1(LO) mode with an over damped Plasmon increases. This may 

be due to transient rise in lattice temperature by heavy ion bombardment to very high 

values in a very short interval of time, leading to certain collective atomic 

rearrangements. 

 

PL and PLE studies have been carried out on as deposited, Ni ions irradiated and 

subsequently annealed GaN samples. Band to band transitions are noticed from pristine 

sample but there is no evidence of B-B on irradiated GaN. It shows BL band at 450 nm 

besides YL emissions from Ni ions irradiated GaN. It seems that a high concentration of 

radiation annealed gallium vacancies have a quenching effect on YL emission intensity 

while the vacancy concentration of nitrogen favors BL. In the present study, we can 

speculate that BL band is due to nitrogen related defects. Irradiated and subsequently 

annealed GaN shows existence of B-B transitions besides intra-gap defects’ level 

transitions.  PL measurements show the effective reduction in YL intensity with 

irradiation and subsequent thermal annealing. This can be considered as substantial 

reduction in concentration of deep level defects like Ga vacancies due to transfer of heavy 

ions energy to target electrons. As a consequence, intrinsic point defects like VGa or their 
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complexes are annealed out along the ion trajectory. Therefore, it is assumed that the BL 

and YL are associated with N and Ga vacancies, respectively.  
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                           Chapter-V  

Swift heavy ion induced effects in MOCVD grown AlGaN/GaN MQWs 

5.1 Introduction 
 

Multilayer hetero-structures are very important for several applications such as quantum-

well lasers, tunneling devices, access-memory devices and high-electron mobility 

transistors. GaN based materials can withstand high temperatures and high pressures 

rendering GaN-based electronic materials ideal for space applications [1,2]. These 

materials have been realized with the advent of novel growth techniques like Molecular 

Beam Epitaxy (MBE) and Metal Organic Chemical Vapour Deposition (MOCVD) with 

nanoscale precision to reveal their quantum effects.  Elastic strain at the interface due to 

the mismatch in actual structures can be altered with respect to relaxed mismatch, i.e. the 

one that would be measured if the substrate and the epilayers do not interact. Such a strain 

is an important parameter in altering the band gap of GaN based materials [3, 4]. There is 

a critical thickness beyond which the layers become progressively more reluctant to 

distort, and strain relaxes by creation of defects, which in turn degrade the device 

performance. This requires the epilayer to be less than critical layer thickness for effective 

performance of devices. Restrain on layer thickness and its consequent effects have been 

partially resolved by introducing AlN and GaN buffer layers between substrate and 

epilayers. Further, Nakamura et al [5] have observed the effects of GaN buffer layer on 

the growth of InGaN/GaN Multi Quantum Wells (MQWs) as active layers for blue laser 

diodes. Wei et al [6] observed good crystallinity of InGaN/GaN MQWs grown on 

partially relaxed GaN layer, irrespective of large lattice mismatch and thermal 

incompatibility with underlying substrate. Yoshida et al [7] have used AlN as a buffer 

layer between substrate and epilayer, and found an improvement in the optical properties. 

Eventually AlN as a buffer layer has a significant influence on the crystal quality, strain, 

interface and surface properties of AlGaN/GaN heterostructures [8]. In the present work, 

alternating band gap materials were grown on buffer layers (AlN and GaN) with 

sufficiently thick barrier layer such that the charges are confined only in wells. Owing to 

their extraterrestrial applications, there is a need to understand the device performance of 

these semiconductor materials under radiation treatment. In this direction, there is very 

limited amount of research effort in the published literature, but it has been established 

that high-energy ions can create carrier traps to compromise electrical and optical 
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properties [9, 10]. Moreover, a variety of effects can occur in the materials due to the 

rapid energy transfers [11]. Most of the high-energy irradiation results were understood 

by exploiting the concepts of defects [12,13] and phonon deformations. Under MeV ion 

bombardment, it is reported that ion beam induced intermixing can help to tailor the band 

gap of MQWs [14] which underlines the importance to investigate the effects of swift 

heavy ion irradiation on interfaces of multi layer systems.  

 

In this study, 200 MeV Au ions at a fixed fluence of 5x1011 ions/cm2 were used for 

bombardment. In this regime, dynamic annealing process has been reported due to intense 

ultra fast excitation of core and valence electrons occurring along the ion paths [15]. We 

have also investigated effects of electronic energy loss (80 MeV Ni and 120 MeV Au 

ions) at a fixed fluence of 1x1012 ions/cm2 in AlxGa(1-x)N/GaN MQWs on structural 

properties which includes interface quality, defects (creation or annihilation), composition 

and strain. These MQWs were imaged by High Angle Annular Dark Field - Scanning 

Transmission Electron Microscopy (HAADF-STEM) and the results were compared and 

verified by high resolution X-ray diffraction (HRXRD).Type of defects at various 

interfaces have been analyzed using micro diffraction images.  Symmetric and 

asymmetric Reciprocal Space Mapping (RSM) using HRXRD, and Photoluminescence 

(PL) measurements were carried out for direct evaluation of local strain state as well as 

composition and band gap of MQWs. Micro-Raman measurements [16-18] were also 

carried out to understand irradiation effects on strain and free carrier concentration of 

GaN vibrational modes.    

 

5.2 Experimental details 
15 Periods of AlGaN/GaN MQWs (Sample ID as 1473_AD) were grown on C-sapphire 

using an MOCVD system equipped with a horizontal quartz reactor at ITME Warsaw, 

Poland. AlN and GaN were grown as nucleation layers with a thickness of 20 nm and 200 

nm between substrate and epilayers. The samples were cut into 1x 1cm2 pieces and 

mounted on a Cu ladder orienting these at an angle of 7° with respect to the beam axis to 

avoid channeling of ions.  Subsequently, these samples were irradiated with 80 MeV Ni 

(Sample ID as 1473_Ni) and 120 MeV Au (Sample ID as 1473_Au) ions at a fixed 

fluence of 1x1012 ions/cm2 by scanning over the 1x 1cm2 area using the 15 MV Pelletron 

accelerator at IUAC, New Delhi.  The stopping range of ions in matter (SRIM) code was 
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used to calculate the electronic energy loss (Se) and nuclear energy loss (Sn) and 

projected range for 80 MeV Ni and 120 MeV Au ions in MQWs. In the present study, Se 

and Sn for 120 MeV Au ions in MQWs are 25 keV/nm and 0.48 keV/nm, respectively. 

Similarly, Se and Sn for 80 MeV Ni ions in MQWs are 13 keV/nm and 0.03 keV/nm, 

respectively.  The pristine and the irradiated samples were characterized by Raman 

spectroscopy, HRXRD and HAADF-STEM for vibrational modes and interface quality. 

Raman spectra were recorded in backscattering geometry, with an excitation wavelength 

of 514.5 nm at a power of 40 mW by a Jobin-Yvon T64000 triple spectrometer equipped 

with a Peltier-cooled charged-coupled device (CCD) detector at room temperature. 

Specimens for cross-sectional transmission electron microscopy (TEM) analysis were 

prepared by mechanical polishing, followed by argon ion milling using a Gatan PIPS 

system at an angle of 3º and a voltage of 5 kV or using a FEI Strata 400 S DualBeam FIB 

with in-situ lift-out. HAADF-STEM, high resolution TEM, and qualitative energy 

dispersive X-ray (EDX) nano analysis were performed using a FEI Titan 80-300 equipped 

with an objective lens aberration corrector. The microscope was operated at 300 kV 

providing a resolution of 0.08 nm in TEM mode and 0.14 nm in STEM mode. The 

HAADF-STEM images were recorded with a camera length of 196 mm and a 

convergence angle of 9.5 mrad. All the HAADF-STEM and HRTEM images presented in 

this paper are raw images only adjusted for contrast, brightness and gamma. HRXRD 

measurements were done with Cu Kα radiation (λ = 1.5406 Å) using a Bruker D8 

DISCOVER. Several symmetric ω and ω-2θ rocking scans were recorded for strain and 

compositional analysis. 

 

5.3 Results and discussion  

5.3.1 High resolution x- ray diffraction (HRXRD) 
Fig.5.1 shows the experimental diffraction pattern (curve) for (0002) reflection of 

AlGaN/GaN MQWs with simulated curve based on dynamical theory. The measured 

curve exhibits five peaks indicating good layer periodicity. It is also evident from the 

Fig.5.1 that intensity integration is due to a wide open detector slit. Measured (0002) 

reflection with detector slit of 1/8° has been compared with simulation based on 

dynamical theory based Philip’s epitaxy software. As shown in Fig.5.1, the simulated 

scan matches reasonably well with measured ω-2θ scan by optimizing lattice relaxation, 

composition and thickness of the well and barrier by trial and error method. 
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Fig.5.1: Experimental high resolution XRD scan in θω 2−  configuration for the 

symmetrical (0002) reflection with detector slit of 1/80 

 

Fig.5.2: Experimental high resolution XRD scan in θω 2− configuration for symmetrical 

(0002) reflection with detector slit of 1/160. This narrower detector has well resolved  

satellite peaks. 

Different ω-2θ scans were measured as a function of different detector slits and 

measuring times to better resolve satellite peaks like the one shown in Fig. 5.2. 
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The angular positions of all the satellite peaks with respect to GaN reflection from 

symmetric and asymmetric reflections are measured. Such measured angular positions 

corresponding to different reflections from Fig.5.2 and Fig.5.3 are then substituted in 

Bragg’s law to estimate strain,  

                                                 θθ ∆⋅−=
∆ cot
d
d                                                            (5. 1) 

where ∆θ is angular separation between substrate peak and satellite peak. The estimated 

strain values have been compared to identify the 0th order peak [19] (the average lattice 

mismatch, <∆d/d>, has same value for all reflections). Since such measured strain values 

have remained unchanged for one of the satellite peaks for symmetric as well as 

asymmetric reflection, it  has been possible to identify the 0th order satellite peak. 
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Fig.5.3: Experimental high resolutions XRD scan in θω 2− configuration for 

asymmetrical (10-15) reflection. 

Essentially, 0th order peak gives average strain in multi quantum wells [20].  The thickness 

of each period  (D= dw + db,) is measured using the formula 

                                 
( )

)sin(sin2 ji

ji LL
D

θθ
λ

−

−
=                                                               (5. 2) 

where Li, Lj are diffraction order indices and  iθ and jθ  are corresponding peak postions 

and λ is  wavelength of Cu Kα1 radiation (1.5406 Å). The extracted period, D, using 
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equation (5.2), is found to be 25 nm. The average chemical Aluminum composition <x>, 

estimated using Vegard’s law, is found to be 0.25.  Eventually, the obtained thickness of 

each well and barrier are consistent with simulations. 

5.4 HRXRD and PL results of 200 MeV Au ions (5x1011 ions/cm2) 

irradiated AlGaN/GaN multi quantum wells 

 
High precision RSM measurements have been carried out for estimating and comparing 

strain for both as grown and irradiated samples. 

 

Table.5.1: Relative mismatch and super lattice periods are extracted from Symmetrical 

Reciprocal Space Mappings 

 As grown  Irradiated  

 
⊥a  (GaN)= sc⊥  

 

 
(5.1893±0.0001) Å 

 

 
(5.1894±0.0001) Å 

 
⊥a  (MQW) = lc⊥  

 
(5.1777±0.0001) Å 

 

 
(5.1764±0.0001) Å 

Relative perpendicular  

mismatch: 
s

sL

c
cc

⊥

⊥⊥ −
 

 
-2.24x10-3 

 
-2.52x10-3 

MQW  period (0.02570±0.003) µm (0.0250±0.001) µm 

 

Figures 5.4 (a) and (b) and Figures 5.5 (a) and (b) show the reciprocal maps of the as 

grown and irradiated samples. The spread of diffraction intensity over a wider range is 

related to the orientation distribution and decrease in coherency of the scattering vector 

along the structure, indicating mosaic nature. The satellite peaks are aligned in the same 

direction relative to the GaN surface normal, confirming that the strained layers have 

grown essentially pseudomorphic to the GaN layer. Therefore, the MQW structure is 

almost fully strained.  

 

The extracted details from the analysis of these data are given in Table.5.1. Irradiation has 

slightly increased the lattice mismatch by causing the decrease of epi-layer lattice 

parameter.  It is also observed from maps that the intensity of satellite peaks increases 
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upon irradiation, which can be due to annihilation of defects. In addition, a reduction of 

the width of the satellite peaks as a consequence of the irradiation indicates that the 

irradiated sample has a more regular periodicity than the unirradiated samples. 

Moreover, as shown in Fig.5.5.a and 5.5.b, the asymmetric maps show a slight relaxation 

after the irradiation. At the same time, the parallel separation in reciprocal space between 

the substrate peak and the 0th order peak passes from 5.1x10-4Å-1 to 10.3x10-4Å-1.  

 

 
Fig.5.4: RSM taken along (0002) GaN reflection a) as grown and, b) irradiated sample.   

Fig. 5.6 shows the low temperature photoluminescence spectra for GaN. Due to the lattice 

relaxation defect states are insensitive, PL emission at -2510C have shown a good 

luminescence peak  at 3.4 eV.  RT-Photoluminescence spectrum of pristine MQWs 

exhibits no yellow luminescence, while the irradiated MQWs shows increase in yellow 

luminescence signal towards Infrared (IR) region. As shown in Fig. 5.7, the as grown PL 

spectrum is compared with irradiated MQWs spectrum. PL spectrum of irradiated sample 

depicts luminescence peaks for GaN and AlGaN at 3.4 and 3.78 eV respectively and it 

shows that the luminescence intensity has increased by one order of magnitude upon 

irradiation. 
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Fig.5.5: RSM taken along the asymmetrical (1 0 -1 4) GaN reflection a) as grown and, b) 

irradiated sample.  
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Fig. 5.6:  Low Temperature - Photoluminescence spectra of AlGaN/GaN multi quantum 

wells. 

 

As shown in Fig.5.8, irradiated sample shows intense yellow luminescence. The origin of 

the yellow luminescence band is still unknown. There are two models, which explain the 

recombination mechanism partially: First, Ogino et al. [21] proposed that the yellow 

emission is due to transition from a shallow donor to a deep acceptor level. Second, 

Glaser et al. [22] concluded recently, from optically detected magnetic resonance 
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experiments that the yellow transition involves a deep donor and, therefore, a shallow 

acceptor.  
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Fig. 5.7: Photoluminescence spectra of as grown and Au ions irradiated MQWs sample at 

room temperature. 

 

Present study reveals from PL spectra that irradiated sample shows intense yellow 

luminescence peak at 2.21 eV which is due to recombination from ions induced distant 

donor acceptor pairs. Considering the Thermal Spike model, the susceptibility to damage 

formation is related to the efficiency of the energy transfer from the electronic system to 

the lattice which depends on electron-phonon coupling constant ‘g’. Assuming that a 

higher fraction of Se is transferred to the lattices lead to more pronounced damage 

formation and subsequent annihilation. This eventually isolates donor-acceptor atoms 

from its parent lattice site as shallow and deep levels between the conduction and valence 

band. Therefore, we can speculate the origin of intense yellow luminescence as a 

recombination of distant donor- acceptor pairs which were created due to ion 

bombardment. It may also be concluded that at higher Se , low ion fluences have no 

detrimental effects on structural properties and optical properties. 
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Fig.5.8: RT-Photoluminescence spectrum for irradiated MQWs shows yellow 

luminescence around 2.21 eV 

 

5.5.  80 MeV Ni and 120 MeV Au ions at a fixed fluence of 1x1012  
ions/cm2 

 
5.5.1. HAADF- STEM 

 
Fig.5.9 shows a HAADF-STEM image of the as-grown AlGaN/GaN MQW structures 

with well resolved quantum wells and barriers. From the image, the thickness of the 

MQW period is estimated to be 25 nm with a well and barrier thickness of 17 nm and 8 

nm respectively. These values are in good agreement with those extracted from the 

corresponding Philip’s epitaxial simulation of experimental Omega-2theta scans obtained 

from HRXRD [23]. The intensity in HAADF-STEM imaging of perfect crystals is, to a 

first approximation, proportional to Zn (with n~1.7-2) [24, 25]. The substitutional change 

of Ga (Z=31) in GaN by Al (Z=13) leads to a lower average atomic number for the 

barrier, in comparison to the quantum well and, consequently, a reduced intensity is 

observed in the Z contrast images.  
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Fig.5.9: HAADF-STEM overview of the GaN/AlGaN MQWs structure: the 15 

AlGaN/GaN layers of the MQW layers are clearly resolved. In addition, the strained 

sapphire/AlN/GaN interface is visible, which generates defects, which penetrate the 

multilayer structure.  

 

  
      

Fig.5.10: SEAD patterns taken across a) the sapphire/AlN/GaN and b) the MQWs   

 

Threading dislocations appear as bright contours in the MQW matrix. These dislocations 

started at the interface of the sapphire-AlN buffer layer and at the AlN/GaN interface due 

to the large lattice and thermal mismatch. Nevertheless, selected area electron diffraction 

(Fig.5.10 a) of the interface area reveals a good epitaxial relationship between the 

AlN/GaN layer on the sapphire substrate.  
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.   
 

Fig.5.11: BF-TEM and HAADF-STEM images of the AlGaN/GaN MQWs film grown on 

sapphire template.  

 

 
Fig.5.12: HRSTEM image of AlGaN barriers and GaN wells.    

Some of the dislocations grew through the buffer layer into the epilayers, but the highest 

density of dislocations originates from the AlN/GaN interface and is observed within the 

first 50 nm from the AlN/GaN interface. The BF-TEM image is dominated by strain 

contrast contributions from the threading dislocations at the sapphire/AlN/GaN interface. 

The HAADF-STEM image reveals the roughness of the AlN/GaN interface. Further away 

from the interface, the defect density is significantly reduced resulting in a significant 

reduction of dislocations within AlGaN/GaN QW layers.  

AlGaN 

GaN 

GaN 



87 
 

 

 
 
 
 
 
 
 
 
 
 
 

 
Fig.5.13: a) HAADF STEM overview image b) HAADF-STEM intensity profile recorded 

with the STEM-EDX line profile. c) Intensity profiles of Ga Kα and Al Kα measured by 

EDX along line shown in a),  d) and e)  Exemplary EDX spectra averaged over well and  

barrier.  

 

A number of misfit dislocations from the AlN/GaN interface are seen to bend close to the 

interface and thread through the AlGaN layers. Our present results are consistent with 

those of Bai et al. and Egawa et al. [26, 27]. BF-TEM and HAADF-STEM images 

(Fig.5.11) of the sapphire/AlN/GaN interface show that the sapphire/AlN interface is 

smooth, whereas the AlN/GaN interface is quite rough. 

 

Except for the threading dislocations from the substrate, the HAADF-STEM overview 

images (Fig.5.9) and the HRSTEM images of the MQWs in Fig.5.12  do not show  any 

a) 
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formation of extensive defects in the GaN/AlGaN layers suggesting that the lattice 

mismatch in the MQWs is mainly compensated by strain fitting to the single crystal-like 

SAED pattern of the MQW area in Fig. 5.10.  

 

  
 

   
 

Fig. 5.14: HAADF-STEM images of the MQWs after irradiation a) 80MeV Ni, b) 120 

MeV Au. 

 

Fig.5.13 shows a HAADF STEM overview image and the corresponding HAADF-STEM 

signal with an EDX compositional Ga-Al line profile along the line shown in the STEM 

image. Exemplary EDX spectra averaged over a GaN well and an AlGaN barrier confirm 

the basic composition of the MQWs (in addition to some carbon contamination and some 

sapphire re-deposition from the substrate). After irradiation with 80 MeV Ni at a fluence 

of 1x1012 ions/cm2, HAADF-STEM imaging of the MQWs (Fig.5.14) does not reveal any 

significantly different structure compared to the pristine sample. However, after 120 MeV 

Au ions irradiation, a drastic decrease in MQW quality is obvious in the HAADF-STEM 

images. In some areas, the multi layer structure is not recognizable anymore and the 

b) 

a) a) 
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HRSTEM image reveals a large number of defects in the MQW region. 

 

5.5.2. Raman Spectroscopy  
 

The E2(H) and A1(LO) phonon modes are generally used to monitor stress and free 

carrier concentrations in III- Nitrides. The E2(H) mode is observed in the pristine, the Ni 

and the Au irradiated samples and the sapphire mode (Eg) at 750 cm-1 is also observed for 

all samples.  

 

Table.5.2. FWHM values of E2 and A1 modes, and perpendicular strain from pristine, 

1473-Ni and 1473-Au samples. 

 

Sample ID  

 

E2(high) 
(cm-1) 

 

FWHM 

(cm-1) 

 

A1(LO) 
(cm-1) 

 

FWHM (cm-1) 

strain 
from 
(0002) 
HRXRD 
measurem
ents  

1473_AD        570 8.6 735 10  11×10-3 

1473_Ni 572, 568 6.5, 5.3 737 6.2 10.6×10-3 

1473_Au 570.4, 566 
and 551 

55,6.9 and 
6.2 

-- -- 10.8×10-3 

 

A red shift in the E2(H) mode is evident for Ni and Au ion irradiated samples as shown in 

Fig.5.15 a). It is known that stress induces variations in the Raman shift [28] and a red 

shift can be easily understood according to the configurations of the phonon modes in 

which the atomic oscillations are in the c plane and therefore sensitive to the lattice strain 

[29]. We note a stronger configurational disorder as a result of the higher Se values in the 

AlxGa(1-x)N sample, which, in turn, result in an asymmetric Raman line shape of the E2 

phonons [30]. The spectra for the Ni and Au ion irradiated samples have been de-

convoluted with multi Lorentzian peaks and the FWHM of the de-convoluted Raman 

modes as a function of Se are given in table 1. The A1(LO) phonon modes  observed in 

pristine and Ni irradiated samples at 735 cm−1 and 737 cm-1 (Fig 5.15 b), are shifted to 

higher frequency than reported in the literature [31] and has a broader line shape.  
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a)                                                                                  b) 

Fig.5.15: a) Raman spectra of 1473_AD, 1473_Ni and 1473_Au samples for the E2(H) 

mode of GaN and b) Raman spectra corresponding to the A1(LO) mode from 1473_AD 

and 1473_Ni samples. 

 

An increase in intensity of the A1( LO) mode can be seen for moderate Se value 

irradiation. However, at higher Se, there is no signature of the A1(LO) mode visible. It is 

expected that the larger reduction of the free carrier concentration occurs at the position, 

where larger lattice damages are introduced by the high-energy irradiation.  

 

5.5.3 High Resolution X- ray Diffraction (HRXRD) 
Fig.5.16 shows ω-2θ scans of pristine and irradiated AlGaN/GaN MQWs samples. ω-2θ 

scans from pristine and moderate Se irradiated AlGaN/GaN MQWs show well resolved 

satellite peaks next to the 0th order peak. Well resolved satellite peaks are due to a high 

periodicity of the multi layer structure which is consistent with the TEM results. An 

increase of Se resulted in a shift in Bragg angle for the 0th order peak and also affected the 

satellite peaks.  
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Fig.5.16: ω- 2θ scans from 1473_AD, 1473_Ni and 1473_Au samples. 

 

Perpendicular strain has been estimated from GaN and 0th order peak which is found to be 

decreasing with Ni and Au ion irradiation as shown in Table.1. As Se increases the 

intensity of the satellite peaks decreases due to degradation of interfaces. This implies that 

at higher Se values, ions predominantly loose energy to lattices via electron phonon 

coupling, resulting in atomic diffusion at the interfaces of the multi layer structure. 

5.6 Conclusions 

MOCVD grown AlGaN/GaN MQWs have been irradiated with different heavy ions such 

as 200 MeV Au ions at a fixed fluence of 5x1011 ions/cm2, 80 MeV Ni and 120 MeV Au 

ions at a fixed fluence of 1x1012 ions/cm2.  Several symmetric and asymmetric reflections 

were recorded to identify the 0th order peak. Essentially, these measurements have also 

been used to estimate out-of-plane and in-plane strains from pristine and irradiated 

samples. Irradiated AlGaN/GaN MQWs with 200 MeV Au ions at a fluence of 5x1011 

ions/cm2 have shown improved interfaces which is evident from improved intensity of 

satellite peaks. The measured strain values show that strain increases upon irradiation. 

Moreover, improved band to band transitions are also observed from enhanced intensity 

of PL emission. Increase in intensity of luminescence is attributed to ion beam induced 

dynamic annealing process. Therefore, we can conclude that the origin of intense yellow 
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luminescence is related to recombination of distant donor- acceptor pairs which are 

created due to ion bombardment.  

HAAD-STEM has been used to understand the interfaces of MQWs and buffer layers. An 

improved interface quality and reduced defects along the c-axis have been observed in the 

MQW region due to the use of AlN and GaN buffer layers. A large number of misfit 

dislocations at the GaN/AlN interface are seen to bend through the interlayer and thread 

through the AlGaN/GaN layers. HAADF-STEM image from Ni ions irradiated MQWs 

does not reveal a significant difference in structure as compared to the pristine sample. 

However, after 120 MeV Au irradiation, a drastic decrease in MQW quality and 

significantly increase in defect density are observed from HAADF-STEM images. It is 

evident from the HRXRD results that moderate Se irradiation has improved the quality of 

the interfaces compared to the pristine AlGaN/GaN MQW interfaces. HRXRD revealed 

that, after the initial improvement, the degradation of interfaces increases as Se value 

increases. At higher Se there are two significant observations: a) a red shift and 

asymmetry in the E2 (H) mode, which are attributed to ion beam induced intermixing b) a 

decrease in free carrier concentration where larger lattice damages are introduced. Finally, 

it is observed that ion beams for a given critical fluence and projectile energy do not show 

any detrimental effects in III- nitride compound semiconductors.  
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           Chapter-VI 

Structural changes induced by swift heavy ion beams in 

AlInN/GaN heterostructures 

6.1 Introduction 
 

The family of III- nitrides has numerous applications in optoelectronic, high power and 

high frequency devices. In particular, AlGaN and InGaN hetero structures (HS) have been 

investigated extensively compared to AlInN. On the other hand, high quality nearly 

lattice-matched AlInN/GaN heterostructures were reported by several research groups [1–

7]. These structures have been used for realizing Bragg reflectors, microcavities and 

transistors [3, 6, 8, 9]. Furthermore, AlInN alloys cover extremely wide spectral range 

from deep UV to infrared. However, the growth of AlInN over the full compositional 

range is difficult due to large disparities in cation size (0.53 A˚ for Al3+ versus 0.76 A˚ for 

In3+) [9] and thermal properties of the binary constituents [10–12]. Recently, it was 

demonstrated that biaxial strain (which depends on composition and thickness) is vital 

and influences miscibility gap [12]. Hence it is important to study the various factors that 

can influence the compositional gradients of these heterostructures.  

Owing to their technological importance in satellite communications, there is a need to 

understand how the device performance degrades / improves under various kinds of 

irradiations including heavy ion bombardment. Thus, there is a great demand to 

understand the interface mixing and delimitation of HS under the influence of heavy ion 

irradiation. It is well known that when a fast moving ion passes through solid materials, it 

transfers large amounts of energy to the electronic subsystem through inelastic collisions 

by either electronic excitation or ionization of the target atoms [13]. At these velocities, 

ions in materials can create columnar defects [14], cylindrical tracks [15], amorphization 

[16] and recrystallizations [17].  Most of the high-energy irradiation results were 

understood by exploiting the concepts of planar defects, delamination, and tracks 

propagation [18–19].  

In the recent past, it has been observed [20] that the electronic energy deposition beyond 

critical value can cause the movements of atoms leading to intermixing of multilayers. 

Swift Heavy Ion (SHI) induced mixing of various metal-semiconductor and 

semiconductor-semiconductor interfaces has been studied by several groups [20-26]. The 
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amount of mixing is found to be dependent on the amount of energy that is transferred to 

target electrons. It is observed that the intermixing is a result of diffusivity of atomic 

species during the transient molten phase in picoseconds range. However, similar effects 

in III-Nitrides have not been studied in any detail yet. Here, we study SHI induced mixing 

of both nearly lattice matched and tensile strained Al(1-x)InxN/GaN HS. Compositional 

profiles of as deposited and irradiated samples have been studied using Rutherford 

Backscattering Spectrometry (RBS) and High Resolution X-ray Diffraction (HRXRD) 

techniques. Subsequently, the surface morphology was studied by Atomic Force 

Microscopy (AFM). It is found that ion irradiation can obviously influence the surface 

morphology.  (0002) symmetric ω-2θ scans are recorded and results are compared for 

pristine and irradiated samples. Consequently, strain from pristine and irradiated samples 

has been estimated and compared. Composition obtained from HRXRD for pristine 

sample has been compared with those obtained with RBS results. Inter diffusion of Ga 

and In elements across the Al(1-x)InxN/GaN interface and the consequent formation of a 

new mixed quaternary alloy (AlxGayIn1-x-yN) layer have been observed. The influence of 

electronic energy loss of SHI on intermixing effects has also been studied.   

 

6.2 Experimental details  
Tensile strained Al(1-x)InxN/GaN HS were grown on (0001) sapphire substrate by Metal 

organic chemical vapour  deposition (MOCVD) technique. Then such samples were 

irradiated with 80 MeV Ni and 100 MeV Ag ions at different fluence (1×1012  and 3×1012 

/cm2). The corresponding average Se and projected range of ions in AlInN for Ni ions are 

10 keV/nm and 11 μm, and for Ag ions are 17 keV/nm and 10 μm, respectively.   

 

Nearly lattice matched Al(1-x)InxN/GaN HS were grown on (0001) sapphire substrate by 

Metal organic chemical vapour  deposition (MOCVD) technique. Pristine, 70 MeV Ni 

and 100 MeV Ag ions irradiated samples were named as T2A, T2B and T2C respectively. 

The purpose of this experiment is to study the influence of electronic energy loss of SHI 

on Al(1-x)InxN/GaN HS at a fixed fluence. Electronic energy loss (Se) and nuclear energy 

loss (Sn) of 70 MeV Ni ions and100 MeV Ag ions in HS were calculated using stopping 

and range of ions in matter code (SRIM 2003). Corresponding Se and Sn for 70 MeV Ni 

and 100 MeV Ag are estimated to be 10 keV/nm , 0.02 keV/nm and 16 keV/nm, 0.08 

keV/nm respectively. The projected range of these ions is found to be much larger than 
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the thickness of the film. Thus, ions predominantly deposit energy to target electrons 

uniformly throughout the film. Rutherford Backscattering Spectrometry (RBS) studies 

have been performed with a collimated beam of 2 MeV He+ ions using a 2.5 MV model 

AN-2500 Van-de-Graaff accelerator (High Voltage Engineering) at National University 

of Singapore (NUS), Singapore. The backscattered He+ ions have been detected at an 

angle of 170° using a silicon surface barrier detector with an energy resolution of 15 keV. 

We have used SIMNRA simulation code for fitting the measured RBS spectra. The 

structural properties of pristine and irradiated AlInN/GaN HS have also been 

characterized by High Resolution X-ray diffraction (HRXRD). These measurements 

around  (0002) GaN reflection are carried out by a Bruker D8 DISCOVER, X- ray 

diffractometer with a Cu Kα source and four-bounce Ge (220) monochromator. 

 

6.3 Tensile strained AlInN/GaN heterostructures  
 
6.3.1 High resolution X-ray diffraction, RBS and AFM results 

As shown in Fig.6.1, (0002) symmetric ω-2θ scan of pristine sample is carried out in 

triple axis geometry. Simulation of the HRXRD (Fig.6.1) has been carried out using the 

dynamical theory based Philips Epitaxy software [27]. Composition of the layer has been 

optimized by a trial and error method starting from some nominal values until a 

satisfactory fit is observed. The simulated scan matches reasonably well with the 

experimental one for nominal Indium composition of the layer as 12 %. Measured and 

simulated RBS spectra corresponding to Al1−xInxN/GaN HS experiments are shown in 

Fig.6.2. The elemental concentration has been determined by means of the SIMNRA 

simulation [28] and indium concentration is found to be 10 %. The arrows labeled In, Ga 

and Al indicate the energy of the backscattering He+ ion from In and Al atoms at the 

surface and Ga atoms from GaN layer. The In signal is completely separated from the Ga 

signal and similarly, Al signal is clearly distinguishable from Ga in the spectrum. The 

window (between 560 -600 channels) shows gradient of In and Ga which is a result of 

diffusion of In and Ga from AlInN and GaN layers due to difference of ambient 

temperature during growth of AlInN and GaN layers.  

 

As deposited, Ni and Ag ions irradiated ω-2θ rocking curves exhibited significant 

changes in AlInN (0002) peak positions. Effect of electronic energy loss (Se) and fluence 

on Bragg angle can be seen in Fig.6.3. It is evident that Bragg angle for AlInN layer 



98 
 

increases with increase of fluence due to enhancement in strain values. This is attributed 

to point defects created by heavy ions affect lattice expansions or compressions 

(reduction) which in turn affected the strain. Interestingly at lower fluence, Ni and Ag 

ions irradiation has resulted in same strain values. However, higher Se has resulted in 

further increase of strain as shown in Table.6. 1. 
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Fig.6.1: (0002) symmetric ω-2θ rocking curve of pristine AlInN/GaN HS fitted with 

Philip’s epitaxy simulation   

 

Fig.6.4 shows typical AFM images with a 2 x2 μm2 scan area taken from the pristine and   

irradiated tensile strained AlInN/GaN HS. It is known that grain size depends on growth 

conditions like gas flow rate, growth temperature etc. In the present study AFM images 

clearly show surface morphology with uniform grain sizes for the pristine sample. At 

higher fluence, a significant change in surface morphology can be seen. The images for 

irradiated samples show that as Se value increases, the grain size slightly decreases. The 

surface roughness in terms of root mean square (rms) was measured to be approximately 

5 nm for pristine sample. Significantly, Ag ions at moderate fluence have reduced the 
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surface roughness from 5 to 3.6 nm, while the reduction in rms roughness is insignificant 

(4.2 nm) for Ni ions irradiated samples. 
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Fig.6.2: RBS spectra of as grown AlInN/GaN HS sample collected in backscattering 

geometry with detector at 165° has been fitted with SIMRA  simulation code.  
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Fig.6.3: (0002) symmetric ω-2θ rocking curves of as grown and irradiated AlInN/GaN 
HS 
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Fig.6.4: AFM images of a) pristine, irradiated b) 80 MeV Ni at 1×1012, c) 100 MeV Ag at 

1×1012, b) 80 MeV Ni at 3×1012 d) 100 MeV Ag  at 3×1012  with the scan area of 2 × 2 

μm2.  

 

Table.6.1 Strain and RMS roughness of pristine and irradiated Al(1-x)InxN/GaN HS 

Sample Details Angular separation 
between GaN and AlInN 
Bragg peaks 

RMS  
roughness  
from  AFM 

AD TS08074          0.49° 5 nm 

80 MeV Ni ions @ 1×1012          0.51° 5 nm 

80 MeV Ni @ ions 3×1012          0.53° 4.2 nm 

100 MeV Ag ions  @1×1012          0.51° 4.2 nm 

100 MeV Ag ions @ 3×1012          0.56° 3.6 nm 
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6.4 Nearly lattice matched AlInN/GaN hetero structures by swift heavy 

ion irradiation:  
RBS measurements are performed on pristine and irradiated samples (T2A, T2B and 

T2C) for determining Ga and In compositional profiles. The presence of In, Ga and Al 

can be observed in the RBS spectrum of pristine sample (T2A) shown in Fig.6. 5. 

Simulations are carried out using SIMNRA code by varying layer parameters starting 

with nominal values until a satisfactory fit is obtained. These measurements suggest that  

the presence of Ga in AlInN layer may be due to possible diffusion of Ga and In across 

the interface during the growth process. The average In composition is estimated to be 

around 21% in this layer as against the nominal value of 18%. Similar compositional 

gradients have been reported earlier for AlInN films [23, 24]. 

 

Generally, AlInN films close to lattice-matched conditions show pseudomorphic growth 

[24]. In the present study, the observed compositional gradient may lead to slight lattice 

mismatch between AlInN layer and GaN substrate. This is further confirmed by high 

resolution x-ray diffraction measurements. Symmetric rocking curve measurements were 

performed along the (0002) axis of GaN for determining the average In composition and 

lattice strain. Fig.6.6 shows the measured and simulated ω-2θ scans of the pristine sample 

(T2A). HRXRD simulation is carried out using the dynamical theory based Philips 

epitaxy software. The composition and thickness of the layer is optimized by a trial and 

error method, starting from nominal values until a satisfactory fit is observed. The 

simulated scan matches reasonably well with experimental data. The average In 

composition and the lattice parameter (c) obtained from these fits are given in Table.6.2. 

These values can be used for evaluating the out of plane strain in AlInN layer. 

 

Table.6.2 Average indium composition of T2A, T2B and T2C samples obtained from 

HRXRD and RBS measurements. 

Sample ID Measured Lattice 
parameters (by HRXRD)      
C (Å) 

Average Indium 
composition 
HRXRD RBS 

T2A (Pristine) 5.150 0.21 0.21 

T2B (Ni) 5.140 ,  5.212  ( bi layer) 0.20, 
0.29 

gradient    

T2C (Ag) 5.146 , 5.205 ( bi layer) 0.21,0.28 gradient 
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Fig.6.5: Measured and simulated RBS spectra of T2A sample showing Ga diffusion into 

Indium energy window 

 

The measured RBS and HRXRD spectra of pristine and irradiated samples (T2A, T2B 

and T2C) are shown in Figures 6.7 and 6.8. These spectra confirm the SHI induced 

diffusion of In and Ga elements across AlInN/GaN interface. The enhanced diffusion of 

In and Ga due to 100 MeV Ag ion irradiation in T2C sample demonstrates the influence 

of Se on SHI-mixing effects. The Ga-edge from GaN substrate in RBS spectra is found to 

be at lower energies in irradiated samples, particularly in T2C, as compared to pristine 

sample. This further confirms the formation of a thin intermixed layer between AlInN 

layer and GaN substrate. In fact, SIMNRA simulation of T2C sample suggested the 

formation of an inter-diffused layer (InGaAlN) with concentration gradients between 

InAlN and GaN layers.  The influence of SHI induced mixing on the lattice strain in 

AlInN layer is studied using HRXRD measurements. Measured values of In composition 

and corresponding lattice constants are given in Table.6.2. Fig.6.8 clearly shows a 

significant shift in the Bragg angle of layer peak and a corresponding change in strain due 

to SHI irradiation as a function of Se. It is important to note that the ion irradiation can be 
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used to alter the strain by varying Se. In fact, tensile strain is induced (T2C) in an initially 

nearly lattice matched / compressive strained layer (T2A). 
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  Fig.6.6: (0002) θω 2−  X-ray diffraction for T2A sample along with theoretical 

simulated profile.  

 

It is known that Ion beams at moderate fluence can create latent tracks in various 

metal/semiconductor and semiconductor/semiconductor bi layer systems [20]. Such SHI 

induced intermixing has been observed by different research groups in different systems 

like Fe/Si , C/Si , C60/Si, Co/Si , V/Si , Zr/Si, Cu/Ge , Ni/Si  and Fe/Ni multi layers. In all 

the above studies, SHI induced mixing at the interfaces has been identified as atomic 

diffusion in molten phase created by transient temperature spike [25-26]. In the present 

study, It is noted from Fig .6.7 and Fig.6.8 that T2C sample shows more intermixing than 

T2B sample, which is due to a significant difference in Se deposition rates for their 

corresponding ion propagation in Al(1-x)InxN/GaN HS. The enhanced diffusion of In and 

Ga across the AlInN/GaN interface at higher Se (i.e in T2C) can be understood as a 

consequence of high quenching rates along the path of ions. 
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Fig.6.7: RBS spectra of T2A, T2B and T2C samples, SHI induced diffusion of Ga from 

GaN into AlInN epilayer are evident. 
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Fig.6.8: The (0002) HRXRD rocking curves of T2A, T2B and T2C samples. SHI induced 

modification of strain in epilayer is evident in spectra.  
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6.5 Conclusions  
MOCVD grown Al (1-x)InxN/GaN HS were irradiated with Ni and Ag ions at varied 

fluence. HRXRD, RBS and AFM characterization techniques have been used for 

understanding the structural and surface morphology of pristine and irradiated samples. 

Philip’s epitaxy simulation has been used for Indium composition of HS and is found to 

be 12 %. Random and simulated spectra of Al1−xInxN/GaN HS from RBS experiments are 

compared. It is evident from the RBS spectra that In and Al signals are completely 

separated from that of Ga signal. Increase in strain with increase of Se value has been 

noticed from HRXRD measurements. This means that there is an increase in Bragg angle 

of AlInN layer which could be attributed to ion beam induced lattice reduction. 

Eventually, this work demonstrates that ion irradiation can create point defects which 

affect lattice expansion or compressions (reduction). Hence, irradiation changed 

interplanar spacing which consequently affected the strain.  AFM images clearly show 

change of surface morphology with irradiation leading to reduction in granular sizes. 

Significantly, Ag ions at moderate ion fluence have resulted in lower surface roughness 

from 5 to 3.6 nm, while the reduction in rms roughness is insignificant (4.2 nm) for  Ni  

ions irradiated samples. 

 

SHI induced mixing effects in nearly lattice matched Al(1-x)InxN/GaN  HS have been 

studied as a function of Se. RBS technique has been used for determining composition 

profiles as a function of depth on pristine and irradiated samples. Compositional gradients 

have been observed in measured RBS spectrum of pristine sample. Average compositions 

obtained from RBS and HRXRD are in close agreement with nominal values. Moreover, 

observed diffusion gradient in RBS and HRXRD measurements is correlated with 

simulations. Change of strain status from nearly lattice matched / compressive strain to 

tensile strain has also been observed as function of Se. Here it is shown that the SHI-

mixing can be used to alter the strain in AlInN/GaN heterostructures. The present study 

indicates that it is possible to achieve complete mixing of AlInN and GaN layers to 

prepare a new mixed quaternary alloy (AlGaInN) which is otherwise quite difficult by 

usual growth methods.     
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Chapter-VII 

Conclusions and outlook 

7.1 InGaAs/InP multi quantum wells 

Tensile strained InGaAs/InP multi quantum wells were investigated before and after 

irradiation using different characterization techniques like HRXRD, AFM and PL for 

interfaces, surface morphology and band gap, respectively [1]. These structures have been 

realized with the novel growth technique like MOCVD. Importance of materials and their 

consequences on strain for band gap engineering under charged particle bombardment has 

been emphasized. Initially tensile strained MQWs have been further strained by the ion 

bombardment. As a function of ion fluence, an interface mixing induced disorder is 

observed from the vanishing of satellite peaks.  Irradiation and subsequent annealing to 

anneal out the defects created by irradiation are discussed.  Rapid Thermal Annealing has 

retrieved intermixing of quantum wells by diffusion of corresponding atomic species such 

as In and Ga. The decrease in In composition has reduced the epilayer lattice constant 

which has resulted in a shift of satellite peaks to the higher Bragg angles. As a result, 

strain into the epilayers further increases and causes a shift in the band gap. Irradiated and 

subsequently annealed samples show that there is a shift in zeorth order peak. An 

irradiated sample does not show any photoluminescence but upon annealing band to band 

transitions are observed. It is concluded that irradiation and subsequent annealing 

improves interface quality but changes strain which is correlated with the increase in band 

gap.  Thus, a blue shift of 40 meV and 70 meV has been observed upon irradiation and 

followed by annealing process. AFM studies revealed no significant change in surface 

morphology. Hence, irradiated and subsequently annealed samples can be used for device 

applications. 

7.2 MOCVD grown bulk GaN  

Structural and optical characterizations have been carried out on MOCVD grown GaN 

samples before and after irradiation.  HRXRD, micro-Raman and photoluminescence 

measurements have been used to understand the irradiation induced effects [2]. Increase 

in crystalline nature, and lattice swelling in growth direction upon irradiation has been 
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noticed from decrease of FWHM and shift in Bragg’s peak to lower angles. It is evident 

that irradiation influences lattice parameters and consequently on phonon modes. W-H 

plots revealed insignificant increase in defect densities upon irradiation. Raman studies 

yield E2 (H) modes that are sensitive to local strain which yields blue shift in E2 mode for 

higher electronic energy loss. This has been attributed to compressive strain that is 

consistent with observed HRXRD results. The variation of the line shape of the A1 (LO) 

mode of GaN with electronic energy loss is basically due to the coupling of A1(LO) mode 

with an over damped plasmon. Therefore it is concluded that as electronic energy loss 

increases, the coupling of A1 (LO) mode with an over damped plasmon increases. This 

could be due to transient rise in lattice temperature during heavy ion bombardment to 

very high values in a very short interval of time leading to certain collective 

rearrangements of atoms. The observed mode at 672 cm−1 is designated to local 

vibrational mode originating from the intrinsic defects such as VN (nitrogen related 

defects), which is consistent with existing literature values.  

Photoluminescence studies have been carried out on as deposited, then on Ni ions 

irradiated and subsequently annealed GaN samples [3]. Band to band (B-B)transitions are 

observed from pristine GaN sample but these transitions are missing for the irradiated 

samples. It shows BL band around 450 nm besides yellow luminescence from Ni ions 

irradiated GaN. Intensity of BL and YL upon irradiation and subsequent annealing has 

been correlated to Ga and N vacancies. From the present study, we can conclude that BL 

band is due to nitrogen related defects. Irradiated and subsequently annealed GaN shows 

existence of B-B transitions besides intra-gap defects’ level transitions.  PL measurements 

also show the effective reduction in YL intensity after irradiation and followed by 

annealing process. This can be considered to be arising due to substantial reduction in 

concentration of deep level defects like Ga vacancies which occurs due to annihilation of 

vacancies by the transfer of heavy ion energy to target electrons. As a consequence, 

intrinsic point defects like VGa or their complexes are annealed out along the ion 

trajectory. Therefore, it is assumed that the BL and YL are associated with N and Ga 

vacancies, respectively.  
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7.3 Tensile strained AlGaN/GaN multi quantum wells  

MOCVD grown AlGaN/GaN MQWs have been irradiated with different heavy ions such 

as 200 MeV Au ions at a fixed fluence of 5x1011 ions/cm2 [4],  80 MeV Ni and 120 MeV 

Au ions at a fixed fluence of 1x1012 ions/cm2[5,6].  Several symmetric and asymmetric 

reflections were recorded to identify the zeroth order peak. Essentially, these 

measurements have also been used to estimate out-of-plane and in-plane strains from 

pristine and irradiated samples. Irradiated AlGaN/GaN MQWs with 200 MeV Au ions at 

a fluence of 5x1011 ions/cm2 have shown improved interfaces which is evident from 

improved intensity of satellite peaks. The measured strain values show that strain 

increases upon irradiation. Moreover, improved band to band transitions are also 

observed from enhanced intensity of PL emission. Increase in intensity originated from 

band to band transitions has been attributed to ion beam induced dynamic annealing 

process. Therefore, it is reasonable to conclude that origin of intense yellow luminescence 

is related to recombination of distant donor-acceptor pairs which were created due to ion 

bombardment.  

Aberration corrected Transmission Electron microscope has been used to understand the 

interfaces of pristine, irradiated MQWs and their buffer layers. In the pristine sample, an 

improved interface quality and reduced defects along the c-axis have been observed in the 

MQW region due to presence of AlN and GaN buffer layers. A large number of misfit 

dislocations at the GaN/AlN interface are seen to bend through the interlayer and thread 

through the AlGaN/GaN layers. Interface roughness is critical at the buffer layers and 

diminishes as it reaches the interfaces of MQWs. HAADF-STEM image from Ni ions 

irradiated MQWs reveal an insignificant difference in MQWs structure as compared to 

pristine MQWs. However, after 120 MeV Au irradiation, a drastic decrease in MQW 

quality and a significant increase in defect density are observed from HAADF-STEM 

images. It is evident from the HRXRD results that moderate electronic energy loss 

irradiation has improved the quality of the interfaces as compared to pristine AlGaN/GaN 

MQW interfaces. HRXRD also revealed that, after the initial improvement, the 

degradation of interfaces increases as electronic energy loss increases. At higher Se there 

are two significant observations: a) a red shift and asymmetry in the E2 (H) mode, which 

are attributed to ion beam induced intermixing b) a decrease in free carrier concentration 

where larger lattice damages are introduced. Finally, it is observed that ion beams for a 
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given projectile energy at a critical electronic energy loss for a fixed fluence does not 

show any detrimental effects in III- nitride compound semiconductors.  

7.4 AlInN/GaN heterostructures 

MOCVD grown tensile strained Al(1-x)InxN/GaN heterostructures were independently 

irradiated with Ni and Ag ions as a function of ion fluence. HRXRD, RBS and AFM 

characterization techniques have been used for understanding the structural and surface 

morphology of pristine and irradiated samples [7]. Philip’s epitaxy simulation has been 

used for fitting the experimentally measured HRXRD scans of heterostructures to extract 

In composition. Similarly, the measured and simulated RBS spectra of Al1−xInxN/GaN 

heterostructures are compared. It is evident from the RBS spectra that In and Al signals 

corresponding to channels are completely separated from that of Ga. Increase in strain 

with increase of Se has been noticed from HRXRD measurements. This means that there 

is an increase in Bragg angle of AlInN layer which could be attributed to ion beam 

induced lattice reduction. Eventually, this work demonstrates that the ion irradiation can 

create point defects which may result in lattice to expand or compress (reduction). Hence, 

irradiations modify the inter-planar spacing which consequently affected the strain.  AFM 

images clearly show reduction in granular sizes with irradiation. Significantly, Ag ions at 

moderate ion fluence have resulted in lower surface roughness from 5 to 3.6 nm, while 

the reduction in rms roughness is insignificant ( from 5 to 4.2 nm) for Ni ions irradiated 

samples. 

SHI induced mixing effects in nearly lattice matched Al(1-x)InxN/GaN  heterostructures 

have also been investigated as a function of electronic energy loss [8]. RBS technique has 

been used for determining composition profiles as a function of depth from surface in 

pristine and irradiated samples. Compositional inhomogenity has been observed in 

measured RBS spectrum of pristine sample but the average composition obtained from 

RBS and HRXRD does not show any variation. Moreover, observed diffusion gradient in 

RBS and HRXRD measurements is correlated with simulations. Change of strain status 

from nearly lattice matched / compressive strain to tensile strain has also been observed 

as a function of electronic energy loss. Here it is confirmed that the SHI induces 

preferential diffusion of Ga and In across the interface of AlInN/GaN heterostructures. 
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Thus, it is possible to achieve quaternary alloy (AlGaInN) in AlInN and GaN 

heterostructures by heavy ion bombardment which could be quite difficult during growth. 

7.5 Future prospects      

The interesting results obtained in the present investigations have opened up several new 

directions which should be pursued in future. It is known that ion beam interaction leads 

to several beneficial effects like nano structuring and healing of defects. On the other 

hand beyond critical beam parameters creation of defects through electron-phonon 

coupling has been identified. Defects introduced by implantation have been understood 

but there is only a limited understanding of defects introduced by swift heavy ions in 

general in all materials and in particular in III- Nitrides.  Thus, it requires non-destructive 

technique like coherent acoustic phonon (CAP) interferometry for these studies. This has 

been used for quantification of point defects in ion implanted GaAs based semiconductors 

but there are no such studies on swift heavy ion irradiated samples. The current 

irradiations results establish that in GaN, the irradiations not only create defects but can 

also annihilate some other type of defects. Thus, such irradiated GaN films need to be 

investigated with coherent acoustic phonon technique to quantify the defect concentration 

as a function of depth. Another interesting subject is to enhance the optical properties of 

GaN with ion beams by reducing YL and BL emission related defects and are to be 

related to observed point defects from CAP technique. Optical responses to local defect 

concentration as a function of ion beam parameters and subsequent annealing 

temperatures are other interesting areas which could be investigated.  
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