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Abstract

Gallium nitride (GaN) has emerged as one of the most important semiconductors in modern techno-

logy. GaN-based device technology was mainly pushed forward by invention of p-type doping and

the successful fabrication of light emitting diodes (LEDs) and laser diodes (LDs). Intensive studies in

the last 20 years on GaN have significantly advanced the understanding of the properties and have ex-

panded the range of practical applications. Beside basic lighting, current applications of GaN include

high-power and high temperature electronics, microwave, optoelectronic devices, and so on.

The successful production of optical devices demands efficient tuning of charge carrier lifetime where

defect engineering plays a vital role. During growth, varying the level of recombination centers is

difficult, whereas ion irradiation can do this job efficiently on a final product. On the other hand,

during doping, undesirable defects can also be produced and epitaxial GaN is known to have a highly

defective structure. Thus, having both positive and negative aspects, it is very important to have a

detailed understanding of irradiation-induced defects.

To explain experimental findings, atomic level understanding is necessary, but it is not always possible

to have an atomistic view of defect dynamics in experiments. Some damage build-up studies by

single ions have been reported in the literature, but not many by molecular ions. In this thesis, the

irradiation of GaN by single and molecular ions by the means of atomistic simulations was studied.

Detailed analysis mainly of what kind of defects, their distribution, reason of defect formation and

time evolution have been studied and compared with experiments.

The irradiation response of both bulk and nano-structured GaN system were studied. For bulk stud-

ies, all projectiles were irradiated having the same energy per mass. The damage by molecular ions

showed strong dynamic annealing. No non-linearity had been observed in the total number of point

defects between single and molecular ions. On the other hand, molecular ions produce larger clusters

of point defects than single ions. These large defect clusters can be one of the mechanisms of the

experimentally observed faster carrier decay time for molecular projectiles. Defects were mostly con-

centrated at the surface and near-surface regions, which is also evident from experiments.
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Comparison between a similar mass single ion and a molecular ion show that a single ion produced

more defect clusters than molecular ions. This suggests that heavy ions are even more efficient than

similar mass cluster ions to quench the carrier lifetime.

Irradiation of a GaN nanowire (NW) reveals that a large surface to volume ratio promotes high density

of surface defects. The experimentally observed yellow luminescence band is correlated with these

defect induced surface states. Irradiation induced defects also expand the lattice parameters of the

NW.
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Chapter 1

Introduction

Semiconductor materials have been studied intensively since the birth of silicon (Si) technology. A key

factor for the multitude of electronic devices in our life is the ability to physically and chemically tailor

the properties of semiconductors. Semiconductor materials like Si and GaAs have been extensively

studied and have found many applications in different fields. But there are fundamental property

limitations, for instance, in power electronic devices Si technology has already touched its limit. In

response to these limitations, devices based on high band gap materials like GaN are being developed.

Gallium Nitride (GaN) was first synthesized in 1932 by Johnson et al. [1]. There was a major boost in

the GaN research around 1970 [2] but failure of producing p-type material faded most of the activities.

In late 1980s, the research on GaN and related materials got new life after Akasaki et al. produced

smooth single crystal GaN on a foreign substrate and fabricated the world’s first GaN p-n junction

UV-light-emitting diode (LED) [3–5]. Based on this, in 1994 Nakamura et al. demonstrated the first

high brightness blue LED [6]. Since then, much has been done in the development of better and more

efficient GaN-based devices.

In recent years, group III-nitrides have become third in importance after Si and GaAs among semi-

conductor materials systems and are rapidly moving to overtake GaAs [7]. Figure 1.1 shows some

dominating properties of GaN over Si and SiC which make it a strong candidate for high power ap-

plications. The chemical stability at high temperatures combined with the significant hardness make

GaN an important material for protective coatings. By alloying GaN with AlN and InN a continuous

range of direct band gap energies from the visible spectrum to the UV wavelengths can be spanned.

This makes the nitride system attractive for optoelectronic device applications, such as LEDs, lasers,

and detectors, which are active in the green, blue or UV wavelengths [8–10].
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Figure 1.1: Comparison between properties of Si, SiC and GaN [9].

In the fabrication of GaN based devices, effective and controlled doping is essential to modify the

electrical and optical properties. Ion implantation is one of the important players for doping of semi-

conductor materials. GaN inherently possesses a high defect density and techniques like ion irradi-

ation produce more defects in the material. To get a high quality product, a low defect density is

desirable, at the same time in some applications defects can be used in a positive way. For instance,

it is possible to introduce controlled defects and impurities which are optically active [11]. Thus, ion

irradiation offers wide possibilities of defect engineering through the choice of implantation species,

dose, and energy. It is well-known that a successful application of ion implantation depends on un-

derstanding the production and annealing of radiation damage. Thus, detailed studies of implantation

damage in GaN are very important for further development and efficiency of applications.

The effects of single ion irradiation on defect formation of GaN have been studied widely. However,

not many works have been focused on the defect formation behaviour when irradiation is done by mo-

lecular projectiles. Some experiments have shown that the damage production itself in semiconductors

is non-linear with the deposited energy density of single and molecular projectiles [12–14]. There are

also experiments investigating the effect of ion-beam-produced defects on luminescence properties

[15–18]. Although such studies exist, atomistic level information on the dynamics and characteristics

of irradiation damage is difficult to obtain from experiment. Molecular dynamics (MD) simulations

[19, 20] give a theoretical description of the dynamics of the system up to the microsecond time scale

at the atomic level. It is used in many fields of science like materials science, biophysics, biochemistry

etc.

In this thesis, MD simulation is used to study the defect formation in GaN by single and molecular

ion irradiation. Point defects and defect clusters are studied in the bulk phase of GaN as well as in a

one-dimensional nanowire. All results were compared with experimental findings which is important

for validation of simulation and the understanding of the experiments.
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Chapter 2

Purpose and Structure

The purpose of this thesis is to study the defect formation and their effect on optical properties in

GaN by single and molecular ion irradiation and get insight into some experimental findings. For this

purpose, simulation of ion irradiation is done by MD simulation code PARCAS [21–23].

This thesis consists of a brief summary part and five original publications, which are published in in-

ternational peer-reviewed journals, presented with the permission of their publishers. The publications

are referred to using boldface Roman numerals within the text.

The content is structured as follows. In this section, each publication included in this thesis are sum-

marized. The author’s own contribution is described as well as those of others. In chapter 3, structure,

growth, applications and properties of GaN is briefly described. In chapter 4, several aspects of ion ir-

radiation are described. The modelling methodology and analysis techniques are presented in chapter

5 and this is followed by the summarized results in chapter 6. Finally, the closing remarks are provided

in chapter 7.

2.1 Summary of original publications

Publication I: Molecular dynamics simulations of damage buildup by atomic and molecular

projectiles in GaN

M. W. Ullah, A. Kuronen, F. Djurabekova, K. Nordlund and P. Karaseov, Proceedings of the 2011

Ion-Solid Interactions conference (Moscow aviation institute publisher, Moscow, Russia 250, (2011)
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This paper contains a preliminary study of irradiation induced damage in GaN. We used

MD simulations to compare atomic and molecular ion irradiation of GaN. The results

showed indication of non-linear cluster effect in damage formation but there was large

statistical variation in the data.

Publication II: Atomistic simulation of damage production by atomic and molecular irradiation
in GaN

M. W. Ullah, A. Kuronen, K. Nordlund, F. Djurabekova, P. A. Karaseov and A. I. Titov, Journal of

Applied Physics 112, 043517 (2012)

This paper presents a comparative study of defect production in GaN by single (P, F, Ar,

Ag) and molecular ion (PF4, PF2) irradiation having energy of 0.05 keV/amu. Although

the same energy per mass was used, defect production was non-linear at the beginning of

irradiation based on molecule size and mass. On the contrary, very strong defect recom-

bination has been observed which lead to linearity in the final defect numbers.

Publication III: Defect clustering in irradiation of GaN by single and molecular ions

M. W. Ullah, A. Kuronen, F. Djurabekova, K. Nordlund, A. I. Titov and P. A. Karaseov Vacuum 105,

88 (2014)

Here we irradiated GaN by a single and a molecular ion with an energy of 0.6 keV/amu

and reported the preliminary results. The measured photoluminescence (PL) decay time

was found to be decreasing faster when irradiation was done by molecular ion com-

pared to light ion irradiation. From irradiation simulations, we suggested that large defect

clusters produced by molecular ion were responsible for the PL quenching. At the same

time, more simulations were suggested to get better statistics.

Publication IV: Effects of defect clustering on optical properties of GaN by single and molecular
ion irradiation
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M. W. Ullah, A. Kuronen, K. Nordlund, F. Djurabekova, P. A. Karaseov, K. V. Karabeshkin and A. I.

Titov, Journal of Applied Physics 114, 183511 (2013)

As a further extension of previous study, more irradiation simulations were done and Ag

was used as a projectile due to a comparable mass with PF4. In this publication, with large

number of statistical data, we confirmed the findings of the previous study (Publication

III) and showed that Ag is even more efficient than PF4 for defect cluster formation.

Defect formation was explained by overlapping collision cascades and cascade density.

Publication V: Atomistic simulation of Er irradiation induced defects in GaN nanowires
M. W. Ullah, A. Kuronen, A. Stukowski, F. Djurabekova and K. Nordlund, Journal of Applied Physics

116, 124313, (2014)

In this paper, a GaN nanowire was irradiated by the rare earth ion Er. Irradiation induced

strain was observed in both c and a lattice parameters. Defects were found to be mostly

concentrated at the surface region of the nanowire, which might be the reason for the

experimentally observed intense surface yellow luminescence band.

2.2 Author’s own contributions

The author carried out all the simulations in publications I-V. Analysis of the results and writing

of the manuscripts were mainly carried out by the author. The photoluminescence decay time study

in Publications III and IV and related experimental results and discussions were done by Platon

Karaseov. In Publication V, the strain calculation was done by Antti Kuronen and a modified version

of the Voronoi defect analysis method was developed by Alexander Stukowski.

2.3 Other works

The author has also participated in the following scientific publications, which, however, are not part

of this PhD thesis.

Silicon crystal morphologies during solidification refining from Al-Si melts
Mohammad W. Ullah and T. Carlberg, Journal of Crystal Growth 318, 212 (2011)
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Simulation of surface solidification in direct-chill 6xxx aluminium billets
M. Erdegren, M. W. Ullah and T. Carlberg, IOP Conference Series: Materials Science and Engineer-

ing 27, 012013 (2012)
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Chapter 3

Gallium Nitride

In this chapter, an overview of GaN, namely crystal structure, growth technologies, applications and

properties that are relevant to this thesis are described.

3.1 Crystal structure

GaN can have two crystal structures, the hexagonal and the cubic phase. The thermodynamically

stable or natural structure is wurtzite (hexagonal) and a metastable zincblende (cubic) structure can

be formed under controlled growth conditions [24]. Besides these two common structures, under

high pressure GaN experiences a phase transition to rocksalt structure [25]. We used wurtzite (WZ)

structure of GaN in this thesis because of its stability and wide use in the industry.

3.1.1 Wurtzite

The wurtzite crystal structure is a member of the hexagonal crystal system. The structure is closely

related to the structure of hexagonal diamond. In both, each Ga atom is surrounded by 4 N atoms at

the corners of a tetrahedron and vice versa. The primitive unit cell of WZ GaN consists of four atoms.

Figure 3.1, shows the structure of a unit cell of GaN. The occupied (β) symbols at tetrahedral sites

and open (γ) symbols represent gallium and nitrogen atoms, respectively. Ga atoms can either be at

heights (3/8)c above (β1) or below (β2) the N site, depending on the crystal polarity.

The stacking sequence along the [0 0 0 1] c-direction is AaBbAaBb. The WZ structure is represented

by a in the basal plane and c perpendicular to the basal plane. The internal parameter u is the ratio of

anion-cation bond length and c lattice parameter. In an ideal WZ structure, the values of axial ratio
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Figure 3.1: Schematic diagram of the GaN unit cell. Gray (β1, β2) and open (γ1, γ2 ) symbols represent
occupancy sites for Ga and N, respectively. β sites are tetrahedral positions and only one family of β
sites can be simultaneously occupied by Ga atoms [26].

and internal parameter are c/a =
√

8/3 = 1.633 and u = 3/8 = 0.375, respectively. In GaN, the

c/a ratio and the internal parameter u slightly deviate from ideal values. Experimentally observed

c/a = 1.634 and u = 0.377 for GaN [27]. Due to this deviation nearest neighbour distances also

differ slightly: one with distance cu and other three of length
√

1/3a2 + (1/2− u)2c2 [28, 29]. The

WZ primitive lattice vectors are

~a = a(1/2,
√

3/2, 0)

~b = a(1/2,−
√

3/2, 0)

~c = a(0, 0, c/a)

The basis atoms are positioned at (0, 0, 0), (0, 0, uc), a(1/2,
√

3/6, c/2a) and a(1/2,
√

3/6, [u+1/2]c/a).

There are three planes in WZ structure of special importance, which are (0 0 0 1) c-, (1 1 2̄ 0) a- and

(1 1̄ 0 0) m-planes (Figure 3.2).

3.2 GaN bulk crystal growth

Around 1970, researchers (Pankove, Maruska and others) in Radio Corporation of America (RCA)

laboratories pioneered the growth and characterization of GaN [31–33]. The currently available devices

use GaN deposited by epitaxy on different substrates mainly on sapphire, SiC, GaAs, Si, LiGaO2

and AlN [34]. Epitaxial methods like hydride vapor phase epitaxy (HVPE) [31, 35, 36], molecular
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Figure 3.2: Important planes of wurtzite GaN [30].

beam epitaxy (MBE) [37, 38] and metalorganic chemical vapor deposition (MOCVD) [37, 39] are

used for obtaining high quality GaN films. The resulting thin films exhibit high dislocation densities,

high device leakage currents, reduced thermal conductivity, crack formation, short minority carrier

lifetimes etc due to lattice constant (a and c) mismatch, coefficient of thermal expansion mismatch,

different chemical composition than the epitaxial film etc. Due to the high melting temperature (∼
25000C [40, 41]) and the high nitrogen pressure required for congruent melting (∼ 6 GPa at∼ 22200C

[42, 43]), it is difficult to grow single crystalline GaN. The standard techniques (Bridgman, Czochral-

ski, Verneuil) for crystal growth are not applicable for GaN.

Three main growth methods currently used for preparing bulk GaN crystal are:

1. High pressure nitrogen solution growth process

2. Ammonothermal method

3. Na flux growth technology

3.2.1 High pressure nitrogen solution growth process

The high pressure and high temperature crystal growth process was developed by Porowski, Grzegory

and co-workers [42, 44–47]. The experiments were performed in a high pressure chamber of an in-
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ternal diameter of 30 mm or 40 mm containing a furnace with an internal diameter of 14 mm (for

temperatures up to 1500◦C) or 10 mm (for temperatures up to 1800◦C) with a boron nitride (BN)

crucible partially filled with metallic gallium. Then oxygen was eliminated by annealing in vacuum.

The crucible was then filled with pure nitrogen, compressed, and heated. The temperatures were sta-

bilized with a precision of about±1◦C. The N2 pressure was kept at 0.8 to 1.7 GPa at the temperature

of 1300◦C to 1700◦C and the temperature gradient between the top and the bottom of the vessel was

from 30 to 100 ◦C cm−1 in 5-24 hour processes. In some recent works, it became possible to control

the temperature with a precision of over 0.02 ◦C and the temperature gradient between 2 to 20◦C

cm−1. The GaN crystals were separated by a chemical treatment using boiling nitric acid [48].

The crystallization mechanism was driven by solid diffusion where a thin polycrystalline GaN film

formed on the liquid Ga surface [46, 47]. Metallic gallium appeared to help the dissociation of ni-

trogen molecule into atomic nitrogen. This polycrystalline GaN is dissociated in the hotter part and

transported to the cooler part of the solution and increases the nitrogen supersaturation which leads

to the nucleation and growth of GaN single crystals.

3.2.2 Ammonothermal method

In the mid-1990s Dwiliński et al. had first demonstrated that it is possible to get crystalline GaN by

a chemical reaction between gallium and ammonia, in the presence of alkali metal amides (LiNH2

or KNH2) as mineralizers [49, 50]. GaN was synthesized using supercritical ammonia and metallic

gallium, at the temperature of 500◦C and the pressure in the range of 400 to 500 MPa. This process has

been further improved by Kolis et al. where a GaN crystal was grown using ammonia as a solvent and

GaN as a nutrient at T=400◦C and P= 240 MPa, using mineralizers sodium or potassium amide [51].

Very recently, this method has been further optimized using potassium azide (KN3) as a mineralizer

[52]. Platelets and prismatic needles shaped GaN crystals were produced at 500◦C in 10 days, using

GaN powder and/or crystals as a nutrient, the KN3 concentration being 1.3 or 1.6 mol l−1.

At present, a tremendous progress has been made of this process especially to get larger size of the

crystal. AMMONO, a Warsaw based company in collaboration with Nichia Corporation is commer-

cially growing bulk GaN single crystal by the ammonothermal method [53]. They are producing up

to 2-inch diameter high quality bulk c-plane GaN substrate and also non-polar m-plane, a-plane and

semi-polar GaN wafers [54].
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3.2.3 Na flux growth technology

At the end of 1990s Yamane et al. were first to report the growth of wurtzite GaN crystals up to 2

mm in diameter from the Na flux using sodium azide (Na3N) as the Na source [55]. In this process, a

sealed steel tube was used under high N2 atmosphere to introduce gallium and Na3N at temperatures

from 600 to 800◦C and pressures less than 11 MPa for a duration between 24 and 96 hours. A high

Na content is required to form GaN, but with increasing temperature less Na is required.

This technology was soon improved and optimized, and the growth of up to 3 mm large GaN single

crystals was reported [56]. The experiments in the BN vessel with a conic-shaped inner cavity were

performed at 750◦C and 5 MPa of N2 pressure for 200-300 hours growth time. Yields and morphology

of GaN single crystals varied with the molar ratio Na/(Na+Ga) in the starting composition. The crystal

size was further increased to 5× 3 mm2 platelets and bulky prismatic crystals of 1 mm along the c-axis

[57].

3.3 Applications

GaN and its alloys span a continuous range of direct band gap energies from visible to ultraviolet

spectrum. This makes GaN attractive for optoelectronics device applications, such as light emitting

diodes (LEDs), laser diodes (LDs) and ultraviolet detectors. GaN based green and blue LEDs in

combination with GaAs based red LEDs form the basis of large full color displays and white light

illumination. They are used in outdoor displays and signs, interior automotive lighting, traffic signals,

etc. Shorter wavelength (∼400 nm) of GaN-based LDs, make is possible to store higher density of

data on compact disks [58, 59].

GaN is also getting attention in the field of high power and high temperature electronics. This interest

stems from two intrinsic properties of GaN. The first is wide band gap, which means that power

devices can operate at high temperatures and there is less cost for structural design to minimize heat.

The second property is the high breakdown field that with excellent electron transport properties

makes GaN suitable for general electronics, microwave rectifiers, switches, high power and high

frequency transistors etc [60]. GaN is a good candidate for space applications like radar and satellite

communications due to inherent high radiation resistance. GaN based solid state power amplifiers are

in development to replace currently used vacuum tube based traveling wave tube amplifiers in many

space applications [61].
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3.4 Optical properties

Gallium nitride (GaN) is a direct band gap semiconductor having the room temperature band gap en-

ergy of 3.4 eV [31]. GaN-based semiconductor lasers are ideal optical light sources for high density

data storage applications. In a perfect semiconductor, electron-hole pairs will thermalize and accumu-

late at the conduction and valence band extrema, where they tend to recombine. In a direct band gap

semiconductor with applied electric dipole transition, the probability of radiative electron-hole pair

recombination is high. As a result, high quality direct band gap GaN is a strong emitter of band gap

radiation.

Γ7

Γ7

Γ7

Γ9
A

C

B

Eg = 3.504 eV

VBM

CBM

Figure 3.3: Band structure near the direct fundamental Γ (k=0) gap of the wurtzite GaN. The three
energy levels of the top valence bands are A(Γ9), B(Γ7) and C(Γ7) [62].

In GaN, the top of the valence band and the bottom of the conduction band are at the same position

in k-space (k=0). The direct fundamental optical transition at or near this point between the upper

valence band states and lowest conduction band minimum is most important for LEDs and lasers.

The valence band is characterized by strongly coupled Γ9, upper Γ7 and lower Γ7 levels, the holes in

these three valence bands are called A-, B- and C-type holes or excitons, as shown in Fig. 3.3 [59].

Based on the above characteristics, Nakamura et al. first fabricated p type GaN based high power

blue LEDs [6, 63]. Colours from red to ultra-violet can be achieved through band gap tuning by

combination of GaN with In (InGaN) or Al (AlGaN). Currently, commercially available blue (∼460

nm) and green (∼520 nm) LEDs are based on InGaN [8].
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Extended and point defects can introduce states in the band gap which affect the optical properties. In

low temperature PL spectra a peak at 3.41 eV is observed, which is linked to the stacking faults. An-

other defect related broad band is observed at around 2.2 eV, the so called yellow luminescence (YL)

band [64]. Implantation disorder has an effect on visible light absorption. As-implanted GaN under-

goes color change from yellowish-brown to black depending on ion dose and implantation damage.

Most of the PL and cathodoluminescence (CL) data from ion implanted GaN shows that defects act

as effective non-radiative recombination centers, resulting in severe quenching of most characteristic

luminescence peaks [11].



14

Chapter 4

Ion Irradiation

Ion irradiation is a process where energetic particles are bombarded into the surface of a solid sub-

strate with enough energy (from electron-volt to mega-electron-volt energy range) to penetrate the

surface region. The basic concepts of ion irradiation are slowing down of energetic ions, ion range,

defect creation, sputtering, ion-beam mixing, the acceleration of kinetic processes and phase trans-

formations.

4.1 Stopping power and range

When an energetic ion penetrates a solid, it undergoes a series of collisions with the atoms and elec-

trons in the target. In these collisions, the energy loss of the incident particle depends on the energy,

mass, and atomic number of the ion as well as on the mass, atomic number, and density of the sub-

strate material. The energy-loss rate or stopping power of an energetic ion moving through a solid is

determined by screened Coulomb interactions with the substrate atoms and electrons [65, 66]

lim ∆E/∆x = dE/dx ≡ S(E), (4.1)

where ∆x→ 0,∆E = E0 −E1 is the energy loss per distance ∆x traversed and dE/dx is called the

stopping power (S) ( Fig. 4.1 (left) ). Typical units for the energy-loss rate are eV/nm or MeV cm2

mg−1. There are three different mechanisms of energy loss:

1. Electronic stopping power: Inelastic collisions with the atoms in which the moving particle

excites or ejects atomic electrons.



15

2. Nuclear stopping power: Elastic collisions with the target nuclei in which energy is transmitted

as translatory motion to a target-atom as a whole.

3. Radiative stopping power: Bremsstrahlung emission, Cherenkov radiation etc. These are im-

portant only at very high energies.

Figure 4.1: (Left) A particle (red) of incident energy E0 moving through a solid of length ∆x having
end energy E1. (Right) An incident ion penetrates with a total path length R and projected range RP ,
along the direction parallel to that of the incident ion [65].

For most purposes, electronic and nuclear stopping powers are taken into consideration. The relative

importance of the two stopping mechanisms depends on the energy E and atomic number Z of the

particle: nuclear stopping predominates at low E and high Z, whereas electronic stopping takes over

at high E and low Z (Figure 4.2).
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Figure 4.2: Electronic and nuclear stopping cross sections of Ag ions in GaN as calculated by SRIM-
2013 [67] computer code.
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Another important concept is the penetration depth or range, R of the incident ion. The incident ion

does not travel in a straight path due to collisions with target atoms. The actual integrated distance

travelled by the ion is called the range, R. The ion’s net penetration into the material, measured along

the vector of the ion’s incident trajectory, which is perpendicular to the surface, is called the projected

range, RP ( Fig. 4.1-Right ). The distance travelled between collisions and the amount of energy lost

per collision are random processes. So, all ions of a given type and incident energy do not have the

same range. Instead there is a broad distribution in the depths to which individual ions penetrate. This

distribution in ranges is called the range distribution and it’s width the range straggling (∆RP ) [65].

4.2 Effects of ion irradiation on materials

All kind of materials properties like mechanical, electrical, optical, magnetic and even superconduct-

ivity can be affected by ion irradiation. In general, effects can be divided into four main categories

[68]:

1. Impurity introduction: imperfections can alter electrical and mechanical properties. Large num-

ber of impurity atoms may exert pressure on the neighbouring atoms which may lead to swelling

in the material.

2. Atomic displacement: ion irradiation leads to displacement of atoms from their normal positions

in the structure and forms vacancies and interstitials. Dissimilar atoms may interchange their

positions and create antisites. If kinetic energy of the incoming particle is much higher, it can

eject an atom from the target material to space, which is called sputtering.

3. Ionization: in this process an ion is created by removing or adding an electron from/to a neutral

atom. At energies less than the ionization energy irradiation can cause the energy level of an

electron to rise which is called excitation.

4. Energy release or thermal spikes: ion irradiation deposits energy to the atoms localized in a

small volume in the target material. In organic materials, most of the deposited energy breaks

chemical bonds and in metals, it creates heat. MD simulation of a 10-keV event in β-NiAl

shows that after tenths of ps, the maximum temperature exceeds 3000 K [69]. Depending on the

energy density, the local temperature can rise above melting point which may form disordered

or amorphous zone in the material.

Specific effects include:
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1. Mechanical properties: irradiation destroys the well defined lattice structure of crystalline ma-

terials, which changes the basic mechanical properties like hardness, ductility, toughness etc.

Due to ion irradiation, hardness and strength increase when at the same time toughness de-

creases and a permanent strain is induced in the lattice. Radiation induced dislocations inhibit

slip processes, which means, more energy is required to initiate slipping.

2. Electrical properties: ion irradiation has strong effect on the electrical conductivity of materials.

Change of conductivity due to ion irradiation is different in metallic conductors, semiconduct-

ors and insulators. The introduction of point defects or irregularities into a metallic conductor

increases electrical resistivity due to decreased mobility of charge carriers. In semiconduct-

ors and insulators, irradiation excites a large number of valence electrons to conduction band,

creating electron-hole pairs. The excitation of valence electrons into the conduction band sig-

nificantly increases the electrical conductivity for a short time. Ion irradiation induced defects

also produce defect states in the band gap, which promotes easy access of electrons and holes.

3. Optical properties : by selecting proper ion energy and ion dose one can inject trace impurit-

ies that control luminescence, generate optical absorption bands or complex defect aggregates

[70]. For instance, a broad and intense PL peak in the visible range (∼680 nm) and reduced

transparency at high fluence has been observed by swift heavy ion irradiation on crystalline

indium oxide thin film [71]. Also property like refractive index can be controlled efficiently by

irradiation [72].

4.2.1 Point and cluster defects

Ion irradiation produces damage mainly in the form of point defects and defect clusters. When a

particle passes through matter, the particle dissipates energy by exciting orbital electrons and by

elastic collisions with the lattice atom. An elastic collision with sufficient energy can displace an

atom from its normal lattice position. This displaced atom is called a primary knock-on atom (PKA)

which, in turn, may displace other atoms, i.e., secondary knock-on atoms and so on, thus creating a

cascade of atomic collisions, a collision cascade [65]. The displaced atom becomes an interstitial and

the position the atom formerly occupied becomes a vacancy. Together they are referred to as a Frenkel

pair. Point defects form along the tracks of the particle. At the end of the range, the atomic energy

falls drastically (increase of S(E)) and collisions can not be treated as a two-body event, but rather

as a many-body phenomenon. As a result, all the atoms in a small volume are set into motion and

the local temperature increases, giving rise to defect clustering or a liquid like zone. In many cases,

point defects are very mobile (GaN, Si) and many of them anneal out at room temperature, whereas

extended defects like defect clusters are very stable. For instance in Si, all simple point defects anneal
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out at temperature below 500 ◦C, whereas cluster defects are particularly stable up to 800◦C [73].

The probability of producing defect clusters increases with increasing PKA energy. In metals like Cu,

Ag and Au, recoil energies above 25 keV produce large defect clusters [74]. Evolution from point

to cluster defects is attributed to several factors like high mobility of point defects, dense collision

cascades, annealing of point defects, high-dose implantation and impurity concentration [73, 75].

4.3 Ion irradiation of GaN

In the fabrication of GaN based devices, ion irradiation is an attractive tool. It enables introducing

selective area doping, dry-etching, electrical isolation, quantum well intermixing and so on. But all

these processes are accompanied by defect production into the near-surface region, which plays an

important role in device performance. Although extensive studies of GaN have been done for much

of the past decades, knowledge on damage production in GaN under ion bombardment are still rather

limited and far from being understood. Irradiation induced defects can have both positive and negative

effects. For instance, reduction of the carrier lifetime is attributed to gallium vacancies, which has

potential applications in ultrafast optical devices [11, 76].

The semiconductor saturable absorber mirror (SESAM) is an example of ultrafast optical device, suc-

cessfully used in a wide range of solid state and fibre lasers. GaN-based SESAM with GaInN/GaN

quantum wells has been demonstrated, which can be used to passively mode-lock blue lasers for pro-

ducing ultra-short optical pulses [77, 78]. The speed of this device is constrained by the lifetime of the

photo-excited carriers, which can be as long as a few nanoseconds. In order to achieve sub-picosecond

pulse duration, the absorption recovery time should attain ps levels. Ion irradiation induced defects in

the form of traps and recombination centers can reduce the carrier decay time down to sub-picosecond

levels. It has been reported that Ne+ and Ni+ irradiated InGaAs/GaAs QWs at room temperature can

reduce carried decay time down to 0.54 ps and 0.62 ps (Figure: 4.3), respectively, and controlled

creation of defects in GaInAs/GaAs quantum well heterostructures is possible for ultra-fast optoelec-

tronic devices [79–81].

The works of Dhaka et al. [79, 80] indicated that the carrier decay time when irradiated with different

kinds of projectiles depends on the total number of defects and their type. Previous studies have

correlated the decay time with defect clusters due to the observation of defect clusters in transmission

electron microscopy (TEM) [82]. Later on, by means of atomistic simulation, Björkas et al. [83]

reported that increasing amount of large defect clusters decreases the carrier decay time and heavy

ion irradiation can produce large defect clusters more efficiently than light ions.
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Figure 4.3: Carrier decay time as a function of deposited energy for different projectiles. The irradi-
ation energy for each ion is chosen in such a way that similar penetration depth and deposited energy
profiles are obtained. [80].

In GaN, the damage buildup behaviour of atomic and molecular ions irradiation shows that molecular

ions are more efficient in damage production than single ions in the near surface region, and this

efficiency is attributed to the higher density of collision cascades produced by molecular ions [84].

The cascade density effect during ion irradiation was studied by maintaining the following parameter

constant: ion energy normalized to ion mass, ion dose normalized to the number of displacements

per atom (DPA) and ion beam flux normalized to DPAs−1 [14, 85]. Here, DPA= Φ× gv/nat, where

Φ is ion dose, gv is the SRIM [86] calculated number of ion-beam-generated lattice vacancies at the

maximum of the nuclear energy loss profile, and nat is the atomic density of the target.

Figure 4.4(a) illustrates that for the same DPA and energy per mass, a molecular ion (PF4) produces

more near-surface damage than single ions (P and F). Collision cascade density near the surface is

higher for the molecular ion than the density of cascades of atomic ions (Fig. 4.4(b)). This is explained

by the overlap of separate cascades composing the cluster of fluorine and phosphorus atoms in a

narrow near-surface region to a depth of ∼10-12 nm.

In summary, the work of Dhaka et al. and Björkas et al. demonstrate that ion irradiation induced

defect clusters can speed up the operation of GaAs based semiconductor lasers by up to 2 orders

of magnitude. In the case of GaN, the work of Kucheyev et al. shows a threshold like behaviour

between the efficiency of damage buildup and the density of collision cascades where cluster ions

produce denser cascades than single ions [14]. In the following, damage production in GaN by single

and molecular ion irradiation has been studied by means of atomistic simulation based on the above

contexts.
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Figure 4.4: (a) Depth distribution of ion implantation induced disorder by P+, F+ and PF+
4 ions. (b)

Depth distribution of the average density of collision cascades in GaN irradiated by the atomic and
molecular ions listed in the legend in (a) with an energy of 1.3 keV/amu. [87]
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Chapter 5

Simulation Method

In experiments, ion irradiation is done using an accelerator or ion implanter, and defects can be studied

by Rutherford backscattering in combination with channeling (RBS/C), transmission electron micro-

scopy (TEM) or X-ray diffraction (XRD). However, experimental studies can not always give insight

of all processes, for instance the number of defects, cluster size, time evolution of defects can not be

studied accurately. On the other hand, by computer simulation it is possible to have atomic scale un-

derstanding. How many defects are created, what is the initial state, and how these quantities depend

on irradiation parameters can be studied by atomistic simulation.

In this section, the computer simulation method that has been used for this thesis is described. The

main principles of MD is introduced and the interatomic potentials used for the simulations are ex-

plained.

5.1 Molecular dynamics

The basic idea of MD simulation is to calculate evolution of a system of particles in time by numeric-

ally solving classical equations of motion. In 1957, Alder and Wainwright had first used this method

to calculate properties of many-body systems [88]. Figure 5.1, describes a simplified flowchart of MD

algorithm.

The initial atomic coordinates (ri) are given at the beginning of the simulation process. In most cases

simulations are done at above T = 0 K, so the initial temperature can be given by generating ve-

locities from the Maxwell-Boltzmann distribution. Then the trajectories of atoms are evaluated by
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7. t > t
max

 ? 

Yes

No

Figure 5.1: Basic steps in the molecular dynamics algorithm.

calculating all forces acting on each atom. The force acting on each atom is calculated from the

gradient of potential energy V.

F i = −∇ri
V. (5.1)

We can get acceleration (ai) for atom i having mass mi:

ai =
F i

mi

. (5.2)

Then Newton’s equations of motion are solved using a suitable integrator algorithm like Velocity

Verlet [89] or Gear5 [90, 91]. In this work, MD simulation code PARCAS [21, 22] was used where the
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Gear5 predictor-corrector algorithm is employed. The choice of the time step (∆t) is very important.

It depends on the maximum velocity of the atoms in the system. The time step ∆t should be small

enough that energy and momentum are conserved and large enough that the simulation does not

become too slow. If ∆t is too large, the system will behave unphysically. In the case of irradiation

simulation, an adaptive time step is used, which means that if there are energetic particles in the

system, ∆t will decrease and with decreasing temperature ∆t will increase [23]. In the adaptive time

step, ∆t is chosen as

∆tn+1 = min

(
∆xmax
vmax

,
∆Emax
Fmaxvmax

, c∆t∆tn,∆tmax

)
. (5.3)

Here, ∆xmax is the maximum allowed distance moved during any ∆t, ∆Emax is the maximum al-

lowed change in energy, vmax and Fmax are the highest speed and maximum force acting on any

particle at t, respectively, c∆t prevents sudden large changes (e.g. c∆t = 1.1), and ∆tmax is the time

step for the equilibrated system.

To remove excess energy from the system deposited by an incoming ion or an energetic recoil or bring

the initial system to some equilibrium temperature, the simulation cell is coupled with a heat bath.

It is done by applying a thermostat algorithm, for instance, in this case Berendsen thermostat [92] is

used to scale the atomic velocities by the factor

λB =

√
1 +

∆t

τT

(
T0

T
− 1

)
, (5.4)

where τT = 1
2γ

(γ = damping constant) is the time constant to determine the efficiency of the temper-

ature control, T0 is the desired temperature and T is the initial temperature. τT should be chosen in

such a way that system cools down to the desired temperature, but not so fast that it prevents natural

temperature oscillations. In our bulk simulations, temperature control was activated all the time at the

x and y periodic boundaries along lateral directions. In nanowire (NW) simulations the thermostat

was activated at the bottom of the NW for 20 ps, after that the temperature of the entire cell was

scaled to the desired value (300 K) step by step.
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In the PARCAS code, it is also possible to perform pressure control. The pressure is scaled by chan-

ging the cell size. If the desired pressure is P0, P is the initial average pressure of the system and τP
is the time constant, the scaling factor is

µ = 3

√
1− β∆t

τP
(P0 − P ), (5.5)

where β = 1
B

(B=bulk modulus). In this study, pressure control was only used to relax the cell before

irradiation to zero pressure to get the correct volume at the operating temperature.

Molecular dynamics becomes a very expensive computational method with increasing system size.

So, to simulate a very large or bulk system an infinite lattice is approximated by using periodic bound-

ary conditions (PBC). It means that if an atom leaves the cell from one side (+x/y/z), it will come

back from other side (−x/y/z) of the cell. Also, to prevent self interaction, simulation cell should be

large enough [20]. In our simulations, the substrate was created by applying the PBC in all directions.

In bulk irradiation, PBC was applied on x-y directions and z was open, whereas, no periodic boundary

was used for the NW. The bottom two layers were fixed to prevent drifting during all simulations.

In PARCAS, the electronic stopping (Se), i.e., slowing down of the recoil while passing through the

electrons is incorporated as a friction force for atoms with kinetic energies higher than 1 eV and

calculated using the SRIM version 2008.04 [86].

∆v = ∆t
Se
m
, (5.6)

where ∆t and m are time step and ion mass, respectively. ∆v is subtracted from the recoil atom

velocity.

5.2 Interatomic potentials

The interatomic potential describes the interaction between a pair of atoms or the interaction of an

atom with a group of atoms. This is the heart of a MD simulation. The choice of the interatomic

potential depends on the area of intended application, material type and computational time. Although

MD potentials are classical, they are based on quantum mechanical principles. Classical MD takes

Born-Oppenheimer approximation [93] into consideration, which states that electrons move so fast
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that they reach equilibrium before nuclei more significantly. Nuclei follow classical equations of

motion due to their heavier mass than electrons.

5.2.1 Analytical bond-order potentials

The analytical bond-order potential (ABOP) of the Tersoff-Brenner [94–96] form is widely used and

has been parametrized for materials, such as: Si, C, Ge, GaAs, SiO2, SiC etc. The potential formalism

used for the GaN system in this thesis is of the ABOP type. The ABOP is based on Linus Pauling’s

bond order concept, which states that the strength of the interaction depends on the local environment.

In particular, an atom with many neighbors forms weaker bonds than an atom with a few neighbors.

The interaction also depends on the bond angle and the bond length.

The total potential energy in an ABOP of the Tersoff–Brenner form is written as a sum over individual

bond energies:

E =
∑
i>j

f cij(rij)

[
V R
ij (rij)−

bij + bji
2︸︷︷︸
bij

V A
ij (rij)

]
. (5.7)

Here V R
ij and V A

ij are the repulsive and attractive terms of the potential, respectively. The indices i and

j run over the atoms of the system and rij is the distance between atom i and j. The term f cij is the

cutoff function to limit the range of the potential.

The attractive and repulsive energies are pair potentials

V R(r) =
D0

S − 1
exp

(
−β
√

2S(r − r0)
)

(5.8a)

V A(r) =
SD0

S − 1
exp

(
−β
√

2S(r − r0)
)
, (5.8b)

where D0 and r0 are dimer bond energy and bond distance. If the binding energy D0 and the ground-

state frequency of the dimer molecule are known, then β is simply given by

β = k
2πc√
2D0/µ

, (5.9)
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where k is the wave number and µ the reduced mass. The interaction is restricted to the nearest

neighbours by a cut-off function, f cij(rij):

f c(r) =


1, r ≤ R−D
1
2
− 1

2
sin(π

2
(r −R)/D), |R− r| ≤ D

0, r ≥ R +D,
(5.10)

where R and D are adjustable parameters, determining the cut-off range and interval. The bond order

term bij , includes three-body interaction and angular dependencies,

bij = (1 + χij)
− 1

2 , (5.11)

where

χij =
∑
k( 6=i,j)

f cik(rik)gik(θijk)exp (2µik(rij − rik)) . (5.12)

Here, µik is the fitting parameter, θijk is the bond angle between bonds ij and ik. The angular function

gik is given by

gik(θijk) = γ

(
1 +

c2

d2
− c2

d2 + (h+ cos θijk)2

)
, (5.13)

where γ, c, d and h are adjustable parameters.

If rb is the equilibrium bonding distance and Eb is the energy per individual bond, then S can be

determined from the Pauling relation

Eb = −D0exp
(
−β
√

2S(rb − r0)
)
. (5.14)
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The parameter sets for Ga–Ga, N–N and Ga–N were adjusted independently. Properties that are af-

fected by other parameters were not included in the fitting procedure. Different dimer properties,

structures of pure elements and compound including metastable phases can be described quite ac-

curately by this potential. This gives a reasonable melting behaviour and solubility of nitrogen. The

potential describes a wide range of GaN materials properties without including long-range interac-

tions [97].

5.2.2 Energetic short-range interaction

The short range interactions between atoms are added to the potential after fitting the equilibrium

properties correctly. This part of the potential is needed for high energy recoils where repulsive forces

become stronger between two nuclei, such as during the simulation of ion irradiation. A common

practice is to smoothly join the universal Ziegler-Biersack-Littmark (ZBL) [98] repulsive potential

with the low energy part

VZBL(r) =
e2

4πε0

Z1Z2

r
φ(r/a), (5.15)

where Z1 and Z2 are the charges of the nuclei, r is the distance between nuclei, e is the elementary

charge and a is a screening parameter

a =
0.8854a0

Z0.23
1 + Z0.23

2

, (5.16)

where a0 is the Bohr radius. The screening function φ(x) is given by

φ(x) = 0.1818e−3.2x + 0.5099e−0.9423x + 0.2802e−4028x + 0.02817e−0.2016x. (5.17)
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5.2.3 Lennard-Jones potential

Apart from pure GaN interactions, we need the potential which can describe the interaction in PF4 and

PF2 molecular ions. The cohesion of PF2 and PF4 molecules was modeled using the Lennard-Jones

potential,

VLJ(r) = 4ε[(σ/r)12 − (σ/r)6]. (5.18)

It describes correctly bond lengths, bond energies and bond angles of the molecules (see Table 5.1,

Figure 5.2). Dissociation energies (ε) were chosen as 4.6 and 1.6585 eV [99–101] and the bond

length parameters (σ) were chosen as 1.408 and 2.131 Å for the P–F and F–F bonds, respectively.

The interactions at high energies were described by the Ziegler-Biersack-Littmark (ZBL) universal

repulsive potential (see Section 5.2.2). ZBL potential was smoothly joined to Lennard-Jones potential

by using the Fermi function to describe the interaction at high energies:

f(r) =
1

1 + exp(r − r0)/a
, (5.19)

where f(r) is the Fermi function. The total potential is

V (r) = f(r)VZBL(r) + (1− f(r))VLJ(r). (5.20)

Geometrical parameters
Molecule Parameters Simulation Reference

PF2
` 1.579 1.579
θ 98.83 98.5

PF4

`1 1.54 1.54
`2 1.59 1.61
θ1 105.09 103.7
θ2 166.41 164.6

Table 5.1: Bond lengths (`) and bond angles (θ) of PF2 and PF4 molecules (see Figure 5.2) used in
the simulation and compared with experiment and theory [99–101]. Bond lengths are in Å and bond
angles in degrees.
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Figure 5.2: Geometries of (a) PF2 and (b) PF4 molecules

5.3 Defect analysis

The Voronoi cell method is used to identify vacancies, interstitials and antisites [21, 102]. Voro-

noi polyhedra were centered on each initial atom position and compared with the irradiated lattice.

Polyhedra with no atoms were labeled vacancies, polyhedra with 2 or more atoms interstitials and

polyhedra with one atom of the opposite type to the initial one were antisites.

In publication IV, a GaN nanowire was irradiated with rear-earth erbium (Er). In case of a free stand-

ing nanowire, the classical Voronoi cell method fails due to large elastic distortions. As a result, a

large number of perfect crystal atoms are no longer confined to the Voronoi cell volume centered at

their initial position, and a large number of unrealistic point defects is reported by the method. To

be able to use the Voronoi cell method, we developed a preprocessing algorithm, which eliminates

elastic displacements.

It is assumed that elastic displacement can be very large but relative elastic displacement change very

slowly between two nearest neighbors. The algorithm starts with a fixed atom from the bottom of the

irradiated nanowire and checks all the nearest neighbors within a certain cut off radius. The algorithm

repositions each of the neighboring atoms to it’s closest perfect lattice site. This process continues

until all atoms in the crystal have been visited once and mapped onto ideal lattice sites. It is now

possible to use the classical Voronoi method, since all atoms are located on ideal lattice sites. The

process becomes a bit tricky when a nearest neighbor atom is close to more than one lattice site. In

that case, the lattice site is chosen in such a way that it results in the smallest elastic displacement. The

detailed explanation is given in Publication IV. In addition, cluster analysis was done by calculating

the distance from each defect to all other defects. All defects that were within a fixed cut off radius

from each other were interpreted to be a part of the same defect cluster.

The strain was calculated for each atom that was classified as not plastically displaced and had at least

four of its nearest neighbors similarly classified. This classification was based on the preprocessing

algorithm described above. The strain tensor was then calculated from the deformations of vertices of

the neighbor atom tetrahedron [103].
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Chapter 6

Results

6.1 Comparative study of atomic and molecular projectiles

The work presented in this section is based on publication I and publication II, where we studied

the defect formation behaviour (total amount, type and position of the defects) in GaN for single

and molecular ion projectiles. Of particular interest is, whether the damage increases non-linearly at

the near-surface region for molecular projectiles as observed in experiment (Figure 6.1). Previously

reported experimental data on implantation damage indicates very strong recovery of ion-generated

defects in GaN [104]. Thus, we studied the time evolution of defects to have a better understanding

about the dynamic annealing behaviour of GaN.

Figure 6.1: Depth profiles of relative disorder after implantation by different ions (as indicated in the
legend) to doses resulting in 4.5 DPA.

The energies for F, P, Ar, Ag, PF2 and PF4 projectiles were 0.95, 1.55, 2, 5.35, 3.45 and 5.35 keV,

respectively. To compare between single and molecular ions, the energies were chosen in such a

way that energy/atomic-mass was the same (0.05 keV/amu) for all atoms and molecules. The results
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show that there is a strong in-cascade damage recombination in GaN, it’s even more pronounced for

molecular ions than single ions (Figure 6.2-Left). The damage peak at about 0.25 ps is roughly 10

times higher for PF4 and 7 times higher for PF2 than the final damage after the cascade has cooled

down. This recombination value (∼10) is 2-3 times higher than in Si [21] and GaAs [105] but much

less than in metals; for instance in Fe typical values are ∼50 [106]. There is a second peak in case of

PF4 and Ag projectiles (Figure 6.2). This is attributed to the elastic wave caused by the collapse of

big collision cascades produced by PF4 and Ag. So, the second peak can be neglected.
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Figure 6.2: (Left) Time evolution of the number of defects for F, P, Ar, PF2, PF4 and Ag projectiles.
The ellipsoidal dots show the time step having the highest number of defects which were used in
depth distributions in Figure 6.3. (Right) Time development of the number of defects of molecu-
lar projectiles compared with linear combinations of single projectiles (P+4×F and P+2×F). From
publication II.

Molecular effects in defect formation are characterized by plotting the number of vacancies calculated

as linear combinations of Nvac(P) + 2Nvac(F) and Nvac(P) + 4Nvac(F) along with the number of

vacancies produced by the molecular projectiles (Figure 6.2(right)). The idea is that if there are no

molecular effects related to non-linearities in defect production, these curves should coincide with the

corresponding molecular irradiation curves. For PF2, this is more or less the case. However, in the case

of PF4 the amount of damage by the molecular projectile is 2–3 times higher than that of the linear

combination of single ion damages. So, with increasing number of atoms in molecular projectile non-

linearity in instantaneous defects become more pronounced. However, after around 2.5 ps the curves

coincide. Final number of defects shown in Table 6.1 also supports this linear behaviour.

The reason for the observed appearance of linearity in the case of molecular ions is the enhanced

defect recombination property of GaN. Although a near-surface non-linearly disordered region has

been observed experimentally at higher energies (Figure 4.4, 6.1), the total number of final defects

for atomic and molecular ion irradiations does not exhibit a notable difference.
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Projectile Energy
Vacancies Interstitials Antisites Sputtered

type (keV)
F 0.95 5 ± 1 5 ± 1 4 ± 1 1
P 1.55 9 ± 2 8 ± 1 8 ± 1 1

PF2 3.45 14 ± 1 16 ± 1 17 ± 1 4
PF4 5.35 29 ± 3 28 ± 2 32 ± 3 7
Ag 5.35 37 ± 5 32 ± 3 33 ± 3 2

Table 6.1: Average number of final defects and sputtered atoms produced by different projectiles after
irradiation with a single ion. Uncertainties are the statistical errors of sets of 20 irradiations. From
publication II.
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Figure 6.3: Depth distribution of instantaneous (closed symbols) and final (open symbols) vacan-
cies produced in GaN by different projectiles. Also shown are the SRIM [86] predicted defect depth
distributions using two different threshold displacement energies Ed=25 eV (solid line) and 12 eV
(dotted line). Closed symbol curves are calculated at the time of maximum defect number shown as
ellipsoidal dots in Figure 6.2(Left).From publication II.

Figure 6.3 shows the defect (vacancy) depth distribution for all projectiles at the time step where

the number of the defects is highest (no defect recombination), as well as the depth distribution of
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final defects. This figure also compares the results obtained by MD and SRIM which does not take

into account in-cascade defect recombination. Neither the standard value of threshold displacement

energy (Ed = 25eV) nor even a twice lower value (Ed = 12eV) can properly describe the MD defect

generation. High defect density is apparent close to the surface and the defect peak for PF4 is four

times higher than for PF2. This indicates non-linear damage production with increasing molecular

size in near-surface region. Also, by comparing molecular ions (PF4 and PF2) with single atomic ions

(F, P and Ar) irradiation, we can see that former ions produce a significantly larger amount of lattice

disorder close to the surface region.

6.2 High energy irradiation and defect clustering

It has been shown that in GaN, molecular ions produce more structural damage in the surface prox-

imity than atomic ions due to overlap of individual cascades (Fig 6.1). However, the question of what

type of defects are produced in such cascades as well as their possible influence on photoluminescence

(PL) properties of the material is still unclear. The collaboration from St. Petersburg State Polytech-

nic University (Russia) experimental group demonstrated that the PL decay time decreases faster for

molecular projectiles than single ion projectiles when the energy per unit mass is the same for both

PF4 and P projectiles (Fig 6.4). In the previous section, non-linear effects in the total number of final

defects was analyzed. In this section, based on the above discussion, we will look at the defect types,

particularly at defect clusters. For this study, we increased the energy to match with experiment for

better comparison whereas in the previous section it was ∼10 times lower than the experiment. This

work is the topic of publications III and IV.

Figure 6.4: Photoluminecence decays times for GaN irradiated by single (P) and molecular ion (PF4)
as a function of fluence expressed in units of displacement per atom (DPA) (conversion from fluence
to DPA, see section 4.3), from publication IV.
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(a)

(b)

Figure 6.5: (a) Snapshots of defect cluster produced by F, P, PF4 and Ag projectiles denoted by a,
b, c and d, respectively. The dark purple color shows the largest cluster. Light colors show the small
clusters or point defects consisting of vacancies(yellow) and interstitials(orange). The projectile enters
the substrate from the top. From publication IV. (b) Closer snapshot of the largest defect cluster
produced by an Ag projectile.

Energies of 19, 11.4 and 65 keV for P, F and PF4 were used, respectively. Figure 6.5(a) shows a visual

comparison of defect clusters (vacancies and interstitials) produced by different projectiles. As we

can see, the largest cluster produced by PF4 is much larger than the clusters produced by F and P

irradiation. Defect distribution is wider and deeper in the case of molecular ions compared to the light

ions.

Figure 6.6: Vacancy depth distribution of different projectiles (as indicated in the legend). From pub-
lication IV.
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Figure 6.6 shows the damage-depth profiles for all projectiles and also the linear combination of

Nvac(P) + 4Nvac(F). Two peaks are observed in the curves: surface and near-surface region. The

depth distributions of all point defects (Fig. 6.6) for PF4 and P+4×F are almost overlapping. This

clearly shows the linearity in total number of defects between single and molecular ion as observed

in low energy irradiation as well (See Section 6.1).

The distributions of defect cluster sizes give a different picture compared with the total number of

point defects described in the previous paragraph and Figure 6.6. The largest defect cluster produced

by PF4 consists of more than 200 point defects whereas P+4×F has produced defect cluster contain-

ing around 50 point defects at most (Figure 6.7). Table 6.2 gives the detailed data of Figure 6.7. The

numbers of point defects and small clusters are almost the same for P+4×F and PF4 but with increas-

ing cluster size, the number of clusters obtained for PF4 starts to dominate. After cluster sizes 50-100,

no clusters are visible for P+4×F.

Type
P F P+4×F PF4 Ag

Size
1 44.0 ± 0.8 28.0 ± 0.6 156 ± 3 146.0 ± 1.3 136 ± 2

2-5 18.0 ± 0.4 11.4 ± 0.3 63.6 ± 1.1 58.4 ± 0.6 57 ± 1
5-10 3.6 ± 0.1 2 ± 0.1 11.5 ± 0.3 11.3 ± 0.2 13.0 ± 0.2

10-20 1.0 ± 0.1 0.40 ± 0.03 2.6 ± 0.1 2.7 ± 0.1 4.2 ± 0.1
20-50 0.30 ± 0.03 0.04 ± 0.01 0.40 ± 0.04 0.80 ± 0.04 1.8 ± 0.1

50-100 0.01 ± 0.01 0.003 ± 0.003 0.02 ± 0.01 0.10 ± 0.02 0.40 ± 0.03
100-200 0 ± 0 0 ± 0 0 ± 0 0.03 ± 0.01 0.10 ± 0.02
200-500 0 ± 0 0 ± 0 0 ± 0 0.003 ± 0.003 0.03 ± 0.01

Table 6.2: Size distribution of simulated defect production per ion for different projectiles and for the
linear combination P+4×F. Data of this table is illustrated in Figure 6.7. From publication IV.
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Figure 6.7: Cluster analysis of simulated defect production per ion for different projectiles (as indic-
ated in the legend). Data is taken as an average of 400 simulations. Error bars show the standard error
of the mean. From publication IV.
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Figure 6.4 shows quenching of the carrier decay time for molecular ions compared with single ions.

It is known that carrier decay is correlated with defects. In literature, it was suggested that the change

in the carrier decay time depends not only on the number of defects but also on the defect type.[80]

In the case of group III-V semiconductors, ion irradiation in general shortens the carrier lifetime

[76, 79, 80, 83]. Although GaN shows strong in-cascade damage recombination (see Section 6.1),

the thermal stability of the large defect clusters created by molecular ions is high, up to 8000C

[107]. Ion generated defects form different energy levels in the band gap. Most of these levels will

be non-radiative recombination sinks. Hence, by ion irradiation we create a lot of new channels of

non-radiative recombination. And even if luminescent transitions are still possible, the number of

carriers recombining via these channels decreases [108]. Another explanation is interaction of ion-

beam-generated defects with luminescent centers converting them to non-radiative [109]. Based on

this, we suggest that one of the important mechanisms of faster PL decay time reduction after mo-

lecular ion irradiation is the formation of large and stable defect clusters.

6.3 Mass effect on defect formation

Beside single and molecular ions, we also used Ag which has the similar mass as PF4. In this case,

the deposited energy during irradiation was equal for both projectiles. It has been reported previously

that heavy ions are more efficient in reducing carrier decay time than light ions in semiconductor by

producing defect clusters [83]. But, what about a molecular ion and a similar mass single ion? Which

one is more efficient? From this point of view, we compared defect production between Ag (107.86

amu) and PF4 (106.93 amu). This work is based on publications II and IV.

The time evolution of defects at low energy irradiation (Figure 6.2 (left)) shows that the Ag curve is a

little bit higher than the PF4 curve. The final number of defects is also slightly higher for Ag than for

PF4 (Table 6.1).

From the snapshot of defects at a high energy (Figure 6.5), it is apparent that the largest defect cluster

(dark purple color) is larger and defects are not as widespread for Ag than for PF4. In the case of

the depth distribution of point defects (Figure 6.6), the Ag and PF4 curves are very close to each

other. Thus, there is not much difference in the total number of final defects. On the other hand, if we

take the same point defects and do the cluster analysis, we see a different scenario. Ag is producing

a higher number of large defect clusters than PF4 (Figure 6.7). In the case of depth distribution of

clusters containing more than 20 point defects, we see a clear higher peak for Ag also deeper in the

sample than for all the other projectiles (Figure 6.8).
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Figure 6.8: Depth distribution of clusters larger than 20 defects by different species. From publication
IV.
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Figure 6.9: Total damage production per single or molecular ions and the percentage of different sized
defect clusters. Small=2–20 defects, medium=21–50 defects, big>50 defects. From publication IV.

It is interesting to note that most of the defects are not point defects. In comparison with other pro-

jectiles, the percentage of point defects are the smallest for Ag (26%) and for PF4 it is ∼36%. Small

clusters dominate the distribution comprising up to 60% of the total number of defects for all the cases

(Figure 6.9). Although the choice of cluster size limit is arbitrary, Ag and PF4 produced in total 19%

and 7% of the defects as medium and large clusters, respectively. So, we clearly see that Ag is more

efficient in large defect cluster production than PF4. This indicates that a heavy mass single ion may

reduce the carrier decay time even faster than a molecular ion of similar mass.

These observations about light single, molecular and heavy mass ions can be explained based on the

cascade density effect on defect formation [14]. Light ions (P and F) produce very dilute collision

cascades, so they mainly produce point defects and small clusters. PF4 breaks into individual atoms

very close to the target surface (Figure 6.10), but collision cascades started by their atomic compon-
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Figure 6.10: Dissociation of the PF4 molecule. Six different irradiation cases are shown. x-axis: center
of mass of the molecule measured from the sample surface (zero of the axis), y-axis: interatomic
distance between atoms. Atoms stay close to each other (interatomic distance less than 0.5-1 nm)
until ∼1 nm depth. From publication II.

ents effectively overlap. This leads to a local increase of cascade density, which may fulfil the criteria

for energy spike formation. As a result, the probability of formation of large stable defect cluster in-

creases. Individual cascades become spatially separated deeper in the sample and the condition for

large cluster formation vanishes. Although Ag and PF4 have comparable mass, Ag is more efficient

in cluster production than PF4 due to it’s concentrated mass. The nuclear energy loss rate is higher

for heavy ions producing even denser collision cascade than PF4, which helps the formation of defect

clusters or amorphous zones [11].

6.4 Irradiation of a GaN nanowire

In comparison with GaN based thin films or bulk, low dimensional structures like GaN nanowires

(NW) are expected to offer potential advantages due to reduced dislocation density, less thermal

expansion related lattice mismatch and high light extraction efficiency [110]. Like bulk GaN, ion

irradiation used in GaN NW based devices also comes with the price of radiation induced damage

[11, 111]. Lorenz et al. investigated defect related YL in RE implanted GaN NWs. They also reported

irradiation induced lattice parameter expansion [112, 113]. Motivated by their work, we have irra-

diated GaN NW with Er to study the defect formation – especially the type and location of defects,
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which are not possible to pinpoint experimentally. Another focus of this study was to investigate the

elastic strain induced by the irradiation defects. This section is based on publication V.

Irradiation was done at the energy of 37.5 keV on the (0001) surface at 300K. The ion was placed

above the simulation cell surface, and directed towards the surface at the incident angle of 20◦ with

respect to the NW axis. The NW contained 230000 atoms and had an average width of 10 nm and the

length of 40 nm.

Figure 6.11: (Left) Schematic diagram of a simulation setup. The black lines and arrows show the
estimated position and path of the projectiles, respectively. Projectiles from point a can hit the NW
side down to ∼9 nm below the top and from point b they can reach the very end of the top surface.
The blue bottom represents the fixed layer. (Right) Top view of the NW (blue circles) and random
positions of the projectiles (red squares). From publication V.

Ten cumulative irradiations at random impact positions on the top surface of the NW were performed

which corresponds to a fluence of 1×1013 cm−2. For bulk irradiation, defect analysis was done by the

classical Voronoi cell method but in the case of the nanowire due to large elastic strain a modified

version of the Voronoi cell method was used (See Section 5.3). The local strain was calculated by

using so called atomistic elasticity (AE) approach ([103], Chapter 5).

Figure 6.12 shows a quantitative analysis of the three diagonal strain components (εxx, εyy, εzz) of

the strain tensor ε̃. It shows how the local strain changes along the z axis with increasing number

of impacts. There are already large positive (εzz) and negative (εxx, εyy) strain components after the

first impact, which are caused by the longitudinal vibration of a free standing NW after the impact.

There was no strain component at either end of the NW due to the fixed bottom layer and zero stress

at the other end. All strain components are increasing at the irradiated end of the NW as a function
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of the number of impacts upto the depth of z ∼ 2 − 14 nm, which agrees pretty well with the SRIM

calculated ion range 11 ± 4 nm. This we attribute to the irradiation defects, as a high number of point

defects is visible up to z ∼ 14 nm from depth distribution (Figure 6.13). Lorenz et al. have reported

a similar observation of asymmetric broadening in the XRD 2θ− ω curve of as-implanted GaN NWs

and expansion of lattice parameter [112].
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Figure 6.12: Three diagonal strain components as a function of NW major axis. The strain values are
averaged over the NW cross section in the xy plane and ten irradiation samples. The impact region
is at z = 0 − 9 nm and the fixed bottom is at z ∼ 40 nm. The strain components are plotted for the
NW’s after 1, 5 and 10 impacts. From publication V.

In experiments, strong YL band has been observed from the surface in both as-grown and RE im-

planted GaN NWs [114, 115] and they are linked with optically active surface defects [112, 116].

It is still not clear what kind of defects are responsible for the YL band and their position. Figure

6.14 reveals that defects are concentrated at a distance ∼4.5 nm outwards from the axis of the NW

which is the position of outermost atomic layers of the NW. The same effect was observed in an MD

simulation of an Ar implanted GaN NW where implantation was done perpendicular to the NW axis

[117]. Besides point defects, large defect clusters (∼200 point defects) were also found and these can

be stable even at high temperature. So, from high defect density at the surface, we can correlate the

surface YL band with high density of surface defects.
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Chapter 7

Conclusions

Detailed study of ion irradiation induced defects in GaN is not only important for fundamental know-

ledge about the formation of defect processes but also demanded by the growing semiconductor in-

dustry. This thesis is mostly motivated by experimental results, and the validity of theoretical results

is established upon comparison with experiment. In this work, MD simulations were used to study

the defect production in GaN by ion irradiation. The systems can be divided into two categories: the

bulk and the nanoscale.

GaN was irradiated with single atomic ions such as P, F, Ar, Ag and molecular ions such as PF2,

PF4. For bulk simulations 0.05 and 0.6 keV energy per mass was used for small (120000 atoms)

and large (5.5 million atoms) systems, respectively. The main result of low energy irradiation can

be divided into two parts. First, there was clear non-linearity in defect production between single

and molecular ion irradiation when dynamic annealing was not taken into account. The instantaneous

defect depth distribution of molecular ion (PF4) is three times higher than linear combination of single

ions (P+4×F).

Secondly, we saw a complete linearity of the total number of point defects at the end of the simulation

when the sample cooled down. This behaviour of defect processes is indicative of a very strong defect

recombination process in GaN even at room temperature. This result appears to be contradictory

with experiment where non-linear defect formation has been observed. A likely explanation is the

recombination of point defects on time scales longer than those accessible to molecular dynamics.

It was also observed experimentally that photoluminescence decay time was faster for molecular

ion than single ion irradiation having the same energy per mass (0.6 keV/amu). We irradiated bulk

GaN with the same energy as in experiments to investigate the effect of irradiation induced defects

on the PL decay time. The main difference between single and molecular ion irradiation is the size
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distribution of defect clusters. Light ions mainly produce point defects and small clusters (N < 20

defects), whereas molecular ions produce large defect clusters (N > 50 defects). Thus, large and

stable defect clusters can be one of the reasons for the faster PL decay time. Defects create different

energy levels in the band gap. These levels act as non-radiative recombination sinks which leads to

faster carrier decay.

Non-linearity in defect production is observed in the simulations when defect clusters were taken into

account instead of individual point defects. Depth distribution of PF4 defect clusters produce a higher

peak than P+4×F, which was in line with experiments. We also compared defect production between

a molecular ion (PF4) and a similar mass single ion (Ag). Defect clusters produced by Ag were larger

in size and also higher in number than PF4. From this result, we suggest that the heavy ions produce

more disordered region than the similar mass molecular ions which may cause even faster decrease in

PL decay time.

Due to the potential advantages and growing industrial interest, a defect production study was also

done for a GaN nanowire by irradiating rare-earth ions (Er). Irradiation induced defects (point and

cluster) change the lattice parameter of the NW. In agreement with experiment, the c-lattice parameter

expands more than a. The large surface-to-volume ratio of the nanowire affects defect formation in

such a way that they are mostly concentrated at the surface region, which might be the reason for the

experimentally observed intense surface YL band.
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