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Abstract 
 

  GaN belongs to the group III nitrides and is today the material of choice for 

efficient blue light emission, enabling solid state white lighting by combining red, 

blue and green light emitting diodes (LED) or by having a blue LED illuminating a 

phosphor. By combining GaN quantum well (QW) structures with colloids, 

nanoparticles or polyfluorene films, LEDs may be fabricate at lower cost. Such 

hybrid structures are promising for future micro-light sources in full-color displays, 

sensors and imaging systems. In this work, hybrid structures based on an MOCVD 

grown GaN QW sandwiched between two layers of AlGaN have been studied. On 

top of the structure, colloidal ZnO nano-crystals were deposited by spin-coating. 

Time-resolved photoluminescence was used to investigate the QW exciton dynamics 

in these hybrids depending on the cap layer thickness. From comparison of the 

recombination rate in the bare QW structure and the hybrid, the efficiency of the 

non-radiative resonant energy transfer between the QW and the nano-crystals could 

be obtained. 

  Bulk GaN of large area is difficult to synthesize. Thus, due to lack of native 

substrates, GaN-based structures are grown on SiC or sapphire, which results in high 

threading dislocation density in the active layer of the device. Fabricating GaN 

nanorods (NR) can be a way to produce GaN with lower defect density since 

threading dislocations are annihilated toward the NR wall during growth. Here, 

GaN(0001) NRs grown on Si(111) substrates by magnetron sputter epitaxy using a 

liquid Ga target have been investigated. Sputter deposition has the advantage of 

being easy to scale up for depositions on large surfaces. It is also possible to deposit 

at lower temperatures, which allows the use of substrates with lower decomposition 

temperature. In the second paper of this thesis, optical and structural properties of 

sputtered GaN NRs have been studied.      
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1. Introduction 
 

 

1.1 Background 

  GaN is a semiconductor which belongs to the group III-nitrides. GaN, together 

with its alloys of Al and In are of high interest at present. The main public focus is 

related to their light emitting properties which are important for such applications as UV 

and blue LEDs. In this connection it is worth to mention that the Nobel Prize 2014 in 

physics was awarded to Isamu Akasaki, Hiroshi Amano and Shuji Nakamura for their 

work on GaN based blue LED. Additionally, GaN also has excellent electrical properties 

making it suitable for e.g. high frequency and high power devices
1–3

.  

 

 

Figure 1. Official IUPAC periodic table4 with aluminum, gallium and indium of group III and nitrogen 

of group V highlighted 
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  GaN in industrial scale cannot be synthesized from a liquid phase
5
. Therefore, 

different methods have been developed to grow GaN from a vapor phase
6,7

. To this date, 

only few studies have considered sputtered GaN from a liquid gallium target with 

nitrogen as working gas
8
. An alternative way to produce GaN by sputtering is to sputter 

Ga2O3 followed by ammonization
9,10

. 

  Also, the lack of low cost high quality GaN substrates of large areas requires 

commercial devices to be grown on e.g. Si, SiC or sapphire. Due to the huge lattice 

miss-match between GaN and the substrate materials, defects such as dislocations are 

introduced in the film. The dislocation density can be up to 1011 − 1012 cm
-2

, which 

lowers the efficiency of the device. Akasaki and Amano, besides the invention of 

efficient p-type doping in GaN, have also found that by employing an additional buffer 

layer (AlN, or low temperature GaN) on sapphire before depositing the GaN base-

structure, the defect density in the active layer can be significantly reduced
11,12

. After 

this discovery, the explosive commercialization of GaN based devices could be started. 

However, the dislocation density is still high and a common defect in GaN thin films 

today, which are affecting the device performance, are threading dislocations
13,14

. By 

growing GaN nanorods (NR), threading dislocations can be annihilated at the NR 

sides
15,16

. This give rise to GaN structures with high crystal quality. Additionally, these 

types of structures can be grown on substrates with even higher lattice mismatch which 

enables the use of the mature fabrication processes of cheaper substrates, e.g. Si.  

  This work is focused on luminescence properties of GaN-based structures. A 

valence electron in a semiconductor can, if given enough energy, become excited. It is 

no longer restrained to the bonds in the crystal, but is now free to move across the 

lattice, i.e. is in the conduction band. As the electron has this new energy state, it also 

leaves the “absence of an electron” in the valence band, which is called a hole. The 

electron and hole can form a bound state (particle called exciton) due to an attractive 

Coulomb’s force between them. An exciton can then recombine, i.e. the electron return 

to its previous energy state. The excess energy it once possessed needs to be released. 

The recombination process can be radiative, with emission of light or non-radiative, by 

dissipation of phonons, i.e. by producing heat. The non-radiative recombination can also 

be caused by different impurities or defects having additional energy levels within the 

band gap. For LEDs, the radiative recombination is a demand and that is why a high 

crystal quality is important. 
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1.2 Hybrid Structure LEDs 

  If the emission spectrum of one semiconductor is overlapping with the 

absorption spectrum of another semiconductor, the energy of the photon emitted can be 

used to radiatively pump the second semiconductor. This principle is used in hybrid 

LEDs (HLED)
17–19

 for efficient down conversion of UV light to visible light. This is 

especially important for the green region, where there is still lack of efficient LEDs. 

HLED structures are fabricated using a GaN LED and a layer of fluorescent material 

such as an organic polyfluorene or colloid nanocrystals, thus combining the advantages 

of both components. Organics can be engineered to emit light of different colors based 

on functional groups or by mixing a blend of several polymers
20

. Different color-

emitting colloids can also easily be mixed. However, organics have very low carrier 

mobility and electrical pumping is therefore inefficient to obtain electroluminescence
21

. 

It is also difficult to make electrical contacts on nanocrystals, and, thus to use them 

directly for fabrication of commercial LEDs. The higher carrier mobility of the 

inorganics makes them more suitable to electrical contacts
22

. That is why one could 

utilize the electrically pumped efficient inorganic GaN-based LED to radiatively pump 

the polymer/colloidal film with fluorescence in the visible region.  

  Recently, a novel class of HLED structures has been suggested. As described by 

T. Förster in the late 1940’s and 50’s
23–25

, Energy transfer between an energy donor and 

an energy acceptor material is possible if the spectral overlap is wide and the spatial 

distance between them is small. This phenomenon is discussed in Paper I and more 

details can be found in Chapter 3.    

 

1.3  Aim 

  The aim of this thesis is to study the optical and structural properties of GaN 

nano-structures (quantum wells and NRs) to further understand radiative mechanisms 

responsible for the near band gap luminescence. Hybrid structures based on AlGaN/GaN 

quantum wells and ZnO nanocrystals were studied in Paper I and GaN NRs in Paper II. 
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2. Group III-Nitrides 
 

 

  Group III-nitrides can crystallize in either wurtzite or zinkblende structure. The 

wurtzite structure is thermodynamically stable (for all binary, ternary and quaternary 

alloys). This crystal structure is therefore the easiest to grow and most studies, including 

this thesis, are done on the wurtzite structured nitrides
26,27

. In the wurtzite structure the 

atoms are placed in the lattice points of two interpenetrating hexagonal close packed 

lattices. The lattices will be relatively shifted by 
3

8
 the height of the lattice cell

28
 as 

illustrated in figure 2. Table 1 below summarized the conventional way of naming 

planes and directions in terms of Miller indices. The bonds are polar covalent and each 

atomic species is placed in tetrahedral coordination due to the sp
3
 hybridization of the 

bonds. 

 

 

Figure 2. Illustration of the wurtzite structure. Notice the lack of inversion symmetry as the structure is 

flipped along the c-axis 

A wurtzite structure does not have inversion symmetry, i.e. the direction [0001] and 

[0001] is not equivalent. [0001] is usually called positive c-direction while [0001] is 

usually called negative c-direction. If a GaN crystal is rotated 180° while in [0001] 

direction, Ga and N will exchange positions with each other.  
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Table 1. Crystallographic conventions for naming planes and directions in a lattice. 

Nomenclature Meaning  

[hkl] One specific direction 

(hkl) One specific plane 

{hkl} Crystallographically equivalent planes 

<hkl> Crystallographically equivalent directions 

 

  The wurtzite structure exhibits a macroscopic polarization along the c-axis even 

in the absence of strain. The presence of lattice mismatch in heterostructures results in 

an additional contribution to the total polarization due to the piezoelectric effect. This is 

detrimental to LED technologies
29

 where a very thin film is sandwiched between 

materials with higher band gap forming a so called quantum well structure. In III-N 

heterostructures grown in c-direction, the conduction and valence bands in the quantum 

well and in the barrier layers will be bent by this polarization, thus separating the charge 

carriers and consequently decreasing the probability of radiative recombination. 

  The interest in group III-Ns is caused by their spectacular optical and electrical 

properties making them suitable for different optoelectronic and electronic applications. 

All group III-Ns are direct band gap semiconductors. A semiconductor with a direct 

band gap has the maximum of the valence band and the minimum of the conduction 

band at the same point in reciprocal space as will be discussed in Chapter 3. This is 

different from indirect band gap semiconductors where electrons at the minimum of the 

conduction band and the maximum of the valence band do not have the same 

momentum and therefore recombination processes involve the emission or absorption of 

phonons to achieve conservation of the momentum when an electron recombines with a 

hole. Table 2 summarizes lattice parameters and band gap energies of wurtzite AlN, 

GaN and InN. 

 

Table 2. Collected parameters for wurtzite structured group III-nitrides. For more parameters see 

reference30. 

Parameter AlN GaN InN 

Lattice parameter a (T = 300 K) [Å]  3.112 3.189  3.545 

Lattice parameter c (T = 300 K)[Å]  4.982 5.185  5.703 

Band gap 𝑬𝒈 [eV]
  6.25 3.510 0.78 
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2.1 Ternary Group III-Nitrides 

The ternary III-Ns, AxB1-xN, alloys can be carefully engineered in respect to 

composition. The behavior of lattice parameters, 𝑎 in meters, and energy band gaps, 𝐸𝑔 

in electron volts, with the change of the composition can be described by Vegard’s law 

(equation 1 and 2 respectively). 

𝑎(AxB1−xN) = x ∙ 𝑎A + (1 − x) ∙ 𝑎B                                            (1)  

𝐸𝑔AxB1−xN
= x ∙ EgA

+ (1 − x) ∙ EgB
+ b ∙ x ∙ (1 − x)              (2)  

Where b is the bowing parameter in electron volts. Values for the band gap energies and 

the lattice constants as well as the bowing parameter were taken from Ref.
30

 and used to 

plot figure 3. A comprehensive collection of parameters of III-V alloys have been 

published by the same group
31

. With energy band gaps between 0.78 eV and 6.25 eV 

and lattice parameters, a, from 3.112 Å and 3.545 Å the Al-Ga-In-N alloys offer a broad 

spectrum of engineering possibilities. From analyzing figure 3 some interesting results 

can be deducted. For example, AlInN can be made lattice matched to GaN while having 

a wider band gap. 

 

  

Figure 3. Band gap energy in Г point vs lattice constant a plotted using the data obtained from I. 

Vurgaftman and J. R. Meyer30 
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3. Excitons and Band 

Structures in 

Semiconductors 
 

 

  When a valence electron is moving across the crystal structure it experiences a 

periodic potential due to the nuclei. To find the energy of a particle moving in a periodic 

potential we use Schrödinger’s equation.  

(−
ħ2

2𝑚
∇2 + 𝑈(𝑟))𝛹 = 𝐸𝛹                                          (3) 

Where ħ is the reduced Planck’s constant (1.054571726 ∙ 10−34 J / s), 𝑚 is the electron 

mass in kilograms, 𝑈(𝑟) is the potential in Joule, 𝛹 is the wave function describing the 

electron and 𝐸 is the energy of the electron in Joule. The solution to equation 3 for a free 

electron (in an isotropic material) gives the energy dispersion of the electron: 

𝐸 =
ħ2

2𝑚
k2                                                            (4) 

Where k is an arbitrary reciprocal space vector in reciprocal meters. The energy 

dependence on k is illustrated in figure 4. The area within the parabolas reflects the 

energy states of the electrons. The bottom parabola gives solutions to the Schrödinger 

equation related to the filled states, i.e. the states occupied by the electrons. The top 

parabola relates to the solutions of the empty states. In semiconductors and insulators 

there is a gap between them. This gap is the region of energy for which, at any k-values, 

there are no existing solutions to the Schrödinger equation. This difference in the energy 

between the bottom of the conduction band and the top of the valence band is called the 

band gap.  
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Figure 4. Schematic drawing of a band structure in semiconductors: a) Illustrates a direct bandgap 

while b) illustrates an indirect bandgap. The energy dispersion is plotted vs k. Bottom and upper 

parabolas reflect the filled and empty electron energy states, respectively. In semiconductors and 

insulators an energy gap is present where no electron states, 𝜳, exist.  

 

If the top of the valence band and the bottom of the conduction band is at the same point 

of the reciprocal lattice (as in figure 4a) the band gap is called a direct band gap. If, as 

shown in figure 4b, they do not align in reciprocal space, it is called an indirect band 

gap. Electron transitions between each band must adhere to the conservation of energy 

and momentum. Thus in the indirect band gap semiconductor the transition will be 

phonon-assisted to fulfill this requirement. Phonon-assisted transitions have low 

probability (as involving three particles) and that is why for fabrication of the efficient 

LEDs it is important to use direct band gap materials. For example, SiC, which is an 

indirect band gap semiconductor, has similar band gap energies as GaN; However, it 

could not be used to produce a blue LED of sufficient efficiency
32

.                

  The dispersion relation only shows how the energy depends on the k vector. To 

know how many states there are within a given energy one use a concept of density of 

states, DOS, or D(E). The energy states available for electrons and holes are restricted 

by dimensionallity as illustrated in figure 5. In the top of figure 5 there are schematic 

drawings showing the energy dependence of DOS in the conduction band for different 

cases. As energy is decreasing one can see how the DOS is approaching zero. This 

corresponds to the top of the band gap illustrated in figure 4.   
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Figure 5. Schematic illustration of how dimensionality of the crystal affects the density of state. From 

left; 3D, 2D, 1D, 0D cases corresponding to bulk, quantum well, quantum rod and quantum dot 

respectively. The schematic drawings of DOS at the top illustrates the conduction band DOS for each 

case. 

  In metals the valence band and conduction band overlaps. The valence electrons 

are free to move across the lattice, this is what allows electric current to flow through the 

metal. In insulators and semiconductors the valence electrons are “static” forming bonds 

with the surrounding atoms. The band gap in diagrams shown in figure 4 and 5 is 

representing the required energy, which is needed for a valence electron to break from 

the bonds and to become a conducting electron, which can move free across the lattice in 

similar ways as in metals. 

  When electrons are excited to higher energy states they leave “the absence” of 

an electron, i.e. a hole in the valence band. If the electron doesn’t get enough energy to 

escape the hole it can be pulled back in by the Coulomb’s force and recombine to emit 

light or become an exciton. Excitons are electron-hole pairs bound by an attractive 

Coulomb’s force, and thereby form an electrically neutral quasi-particle. Excitons are 

usually separated into two types based on their Bohr radius; the Frenkel exciton (exciton 

with small Bohr radius) and the Wannier-Mott exciton (having a large Bohr radius). The 

Coulomb’s force, 𝐹, can be written as:  

𝐹 =  
𝑄1𝑄2

4𝜋𝜀0𝜀𝑟𝑟2
                                                        (5)   
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Where 𝑄1 and 𝑄2 are the carrier charges separated by a distance 𝑟 and 𝜀𝑟 is the dielectric 

constant of the material. The attractive force between the two charges decreases if 𝜀𝑟 

increases. The decreased forced also means that the Bohr radius increases. The Frenkel 

excitons are therefore found in polyfluorenes (where 𝜀 is below ~ 4) 
33

 while in the 

group III-nitrides (𝜀 is 5 −  20) 
34

 the Wannier-Mott excitons will be formed. Exciton 

binding energies are on the order of 0.1-1 eV and 0.01-0.1 eV for Frenkel and Wannier-

Mott respectively and the Bohr radius are on the order of a few nm to 10’s of nm for 

Frenkel to Wannier-Mott, respectively. These two types of excitons have different 

properties. The Wannier-Mott excitons start to interact at much lower densities in the 

material because their wave functions are more spread. This allows for optical 

nonlinearity due to many-particle effects
35

.   

  The luminescence emitted from the sample following a radiative recombination 

has different names, e.g.; cathodoluminescence, electroluminescence and 

photoluminescence depending on the source that provided the energy for the excitation 

of the electron, which is electron bombardment, electric field and electromagnetic 

radiation, respectively. 

  Figure 6 illustrates several possible recombination processes. All transitions 

shown are radiative except b) which is the relaxation of the excited electron (or hole) to 

the conduction band (valence band) minimum (maximum). 

  Upon free carrier recombination the emitting photons have higher energies than 

upon exciton recombination (as shown in figure 6 c, d) because of the binding energy of 

the exciton. In bulk GaN the binding energy is about 20 meV while it is slightly 

increased to 28-35 meV in quantum well structures according to theoretical 

predictions
36

. The difference can be understood in terms of the exciton energy being 

determined not only by the Coulomb potential, but also by the carrier confinement in a 

potential well ( i.e. the space the carriers are allowed in the growth direction is limited 

by the thickness of the quantum well). If the space allowed for the carriers are on the 

order of the exciton Bohr radius then the exciton is quantum confined.  
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Figure 6. Schematic drawing of optical transitions in a semiconductor. Different processes are shown; 

a) the excitation of an electron from within the valence band to the conduction band; b) the non-

radiative relaxation of the electron and hole down to the respective band edge; c) the free carrier 

radiative recombination; d) the free exciton radiative recombination; e) the donor bound exciton 

recombination; f) the acceptor bound recombination; g) the donor-acceptor pair recombination. 

 

3.1 Förster Resonance Energy Transfer 

  Förster (or fluorescence) resonance energy transfer (FRET) was briefly 

discussed in the Introduction. Here is a deeper inquiry of the phenomenon. As 

aforementioned, excitons can be described as electrically neutral quasi-particles. 

However, excitons consist of two spatially separated charges with opposite sign (i.e. 

they’re dipoles). Thus, excitons have a dipole moment. In the presence of two closely 

spaced materials (so called energy donor and energy acceptor), it is possible that an 

energy transfer (i.e. FRET) occur between two dipoles due to dipole-dipole coupling
37

, 

see figure 7. 

𝐷∗ + 𝐴 → 𝐴∗ + 𝐷                                                       (6)  

Here, D is the energy donor and A is the energy acceptor. The asterisk denotes which of 

the donor or acceptor that is excited. It is important to mention that FRET is a non-

radiative energy transfer. The acceptor dipole does not gain the energy through the 

absorption of a photon. It was first published by Theodor Von Förster
23–25

 and the 

theory was originally developed to study the equilibrium and dynamical properties of 

e.g. organic compounds or biopolymers. 
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Figure 7. Illustration of a) the origin of dipole moment �̂� in an exciton. b) Is illustrating an arbitrary 

donor and acceptor dipole moment alignment at a distance R. If R is small, dipole-dipole coupling can 

occur. 

If the donor excited state is resonant with the band gap of the acceptor and the spatial 

distance between the excitons is small, the energy needed to excite the acceptor dipole 

can be transferred. 

  When choosing compatible energy donor and acceptor materials for fabrication 

of so called hybrid structures, the spectral emission of the donor should overlap widely 

with the absorption of the acceptor material. The rate of FRET is dependent on distance 

between the dipoles following an inverse power law
38

: 

Г𝐹𝑅𝐸𝑇 = 
1

𝜏
(
𝑅0
𝑅
)
−6

                                                    (7) 

Where 𝜏 is the fluorescence lifetime of the donor in seconds, 𝑅0 is the system specific 

Förster radius in meters. When the inter-exciton distance 𝑅 is equal to or smaller than 𝑅0 

the transfer rate is equal to or higher than the fluorescence lifetime. Equation 7 is 

obtained for molecular interactions of Frenkel excitons
38

 which can be approximated by 

a quantum dot confinement. This relation can also be applied when the quantum dot – 

quantum dot interactions are considered. However, recent studies have shown that 

exciton dimensionality, i.e. confinement to a quantum dot, wire or well, affects strongly 

the power coefficient in equation 7 
39,40

. The efficiency of the energy transfer is also 

dependent on the relative orientation of the dipole moments, �̂�, of the donor and 

acceptor
41

, where parallel alignment is preferred. 
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  The energy transfer from the donor material corresponds to the joule loss of the 

electric field created by the oscillation of the dipole polarization of the donor. The field 

penetrating into the acceptor medium has to be in resonance with the natural frequency 

of the acceptor dipole. The joule loss, 𝑄(𝜔), in an isotropic material in such a case can 

be calculated as
38

: 

𝑄(𝜔) = 
𝜔

2𝜋
∫𝜀′′ (𝑟, 𝜔)|𝐸(𝑟)|2𝑑𝑟                                           (8) 

Where 𝜀′′(𝑟,𝜔) is the imaginary part of the isotropic dielectric tensor of the acceptor,  𝜔 

is a frequency of the donor exciton which is resonant with the natural frequency of the 

acceptor. 𝐸(𝑟) is the penetrating electric field. It has been shown that this process is 

very fast, on the order of several ps
42

. That rate should be compared to the life time of 

excitons which is generally rather long in quantum wells. That means that the FRET 

from the quantum well exciton to the exciton in the acceptor material can occur faster 

than other radiative and non-radiative recombination processes. Figure 8 shows a 

schematic drawing of a GaN/polyfluorene based hybrid structure. 

 

 

Figure 8. Illustration of the hybrid structure where FRET occurs between the Wannier-Mott exciton 

(i.e. energy donor) in the GaN QW and the Frenkel exciton (i.e. energy acceptor) in the polyfluorene 

over layer. The corresponding energy diagram is illustrated on the right side of the structure. 



16 

 

The FRET occurring between the Wannier-Mott exciton in GaN quantum well and the 

Frenkel exciton in the polyfluorene are indicated by the dotted lines. The right part of 

figure 8 illustrates a corresponding energy diagram for the FRET process. The excitation 

of the acceptor exciton is non-radiative through energy dissipation of the electric field 

constructed by the Wannier-Mott exciton. Therefore, the distance between donor and 

acceptor dipoles (or the spacer layer) needs to be short. The influence of this distance on 

FRET efficient is discussed in Paper I. 
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4.  Introduction to Vacuum 

Theory 
 

 

  The demand for good quality materials keeps increasing as new technologies 

emerge. By fabricating thin films in a high vacuum, better control of the contamination 

level can be achieved. Additionally, in vacuum, the mean free path of particles 

increases, which allows atoms to reach the substrate easily. There are 5 vacuum regimes 

based on pressure regions, as summarized in Table 3. This work uses a reactive direct 

current magnetron sputter system with a base pressure of ~1.3 ∙ 10−6 Pa. 

 

Table 3. Definitions of different vacuum regimes and their pressure ranges in Pascal 

Type of vacuum Pressure range (Pa) 

Low vacuum 105 > P > 3.3 ∙ 103 
Medium vacuum 3.3 ∙ 103 > P > 10−1 
High vacuum 10−1 > P > 10−4 

Very high vacuum 10−4 > P > 10−7 

Ultra-high vacuum 10−7 > P ≥ 0 

 

  A central physical quantity in vacuum theory is the mean free path (𝜆). The 

mean free path is the average distance a particle travels between collisions. An 

expression for mean free path could be written as
43

: 

𝜆 =  
𝑘𝐵𝑇

√2𝜋𝑑2𝑝
                                                          (9) 

Were 𝑘𝐵 is the Boltzmann’s constant (1.3806488 ∙ 10−23 m
2
kg/s

2
K), 𝑇 is temperature 

in Kelvin, 𝑑 is the diameter of the gas particle in meters and 𝑝 is the pressure in Pascal. 

A high vacuum means that the mean free path is long, i.e. the particle can travel rather 

far without colliding. At the base pressure of ~ 10
-6

 Pa in the vacuum chamber the mean 

free path is around 600 m while at the deposition pressure (~ 0.67 Pa) the mean free path 

is only several millimeters.  
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  Other central physical quantities are the Knudsen (Kn) and Reynolds (Re) 

numbers. Reynolds number is a way of determining flow while the Knudsen number 

gives information about the nature of the gas. The Knudsen and Reynolds numbers can 

be expressed as: 

𝐾𝑛 =  
𝜆

𝐿
                                                                  (10) 

𝑅𝑒 = 
𝑈𝜌𝐿

ƞ
                                                              (11) 

Where 𝐿 is the length between the chamber walls measured in meters, 𝑈 is the flowing 

stream velocity in the pipe in m/s, 𝜌 is the mass density (kg/m
3
) and ƞ is the viscosity 

(kg/m
3
s) of the gas. Different regions of flow can be distinguished and predicted by 

these dimensionless numbers. Figure 9 provides an overview of these regions. At the 

lowest pressure there are no gas-to-gas interactions. This region is called the molecular 

flow regime and is characterized by a Knudsen number bigger than 1. Reynolds number 

has no physical meaning in this region. The molecular flow regime is the best known 

regime
44

. For Knudsen numbers between 1 and 0.01 there is a transitional flow regime 

where the flow can be either viscous or molecular.  

 

 

Figure 9. Schematic overview of Knudsen number vs Reynolds number for gas flow regimes. 
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  For Knudsen numbers less than 0.01 the gas is found in a viscous flow. The 

viscous behavior can be categorized into two types of flow. At Reynold numbers less 

than 1200, the gas is flowing in parallel layers with no lateral mixing, and this is called a 

laminar flow. At Reynold numbers higher than 2200 the gas is flowing in a shifting 

manner and undergoes rapid variations in local pressure and velocity. This regime is 

known as turbulent flow. The turbulent flow is more difficult to understand and 

describe. At Reynolds numbers between 1200 and 2200 there is a transitional regime 

where the gas flow can be either laminar or turbulent. 
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5. Introduction to Sputter 

Deposition Theory 
 

 

  Sputtering is the process in which target material is ejected by ion 

bombardment
45,46

. Sputtering can be used to clean a surface or construct microstructures. 

It can also be used to deposit films composed of the target material, and this is called 

sputter deposition. Sputter deposition is a physical vapor deposition (PVD) technique in 

contrary to e.g. chemical vapor deposition (CVD) techniques. Sputtering was first 

reported by Sir William Robert Grove
47

 while studying the electrical conductance of 

gases in the mid-19
th

 century. Grove and his contemporaries, however, attributed this to 

thermal processes. Today, as mentioned, there is an understanding that sputtered atoms 

are ejected by impinging ions. The source of these ions can be plasma. The term 

“plasma” was first coined by Tonks and Langmuir
48

 in 1929. Plasma is a quasi-neutral 

collection of electrons, neutral particles and ions exhibiting both gaseous and liquid 

characteristics. Many of them glow in beautiful colors due to the de-excitation of 

metastable energy states of the species involved in the process.  Plasmas are created by 

ionizing gas, e.g. by having gas entering a chamber and applying a negative potential to 

the target. In direct current sputter deposition, the target essentially acts as a cathode and 

the chamber walls act as the anode. Positive ions are accelerated towards the negative 

target by Coulomb’s force, at the same time electrons are repelled. Ions that hit the 

target surface will set off a collision cascade. The transferred energy from ion to target is 

proportional to the mass of the target atom and the incident ion
43

:  

𝐸𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 ∝ 
4𝑀𝑡𝑎𝑟𝑔𝑒𝑡𝑀𝑖𝑜𝑛

(𝑀𝑡𝑎𝑟𝑔𝑒𝑡 +𝑀𝑖𝑜𝑛)
2 cos(𝜃)

2                            (12) 

Where 𝑀𝑡𝑎𝑟𝑔𝑒𝑡 and 𝑀𝑖𝑜𝑛  are the atom masses of the target and ion in kilograms, 

respectively. Similar atom masses are preferable in the sputtering process. 𝜃 is the angle 

between the direction of the incident ion before the collision and the direction of the 

target atom after the collision as illustrated in figure 10. If the transferred energy in the 

collision cascade is high enough to overcome the surface binding energy a target atom 

can be ejected (sputtered).  
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The rate at which this occurs is called sputter rate. From equation 12, it shows that 

compound targets (targets containing more than one element) will have different 

sputtering rates for each species in the compound. During sputtering reflected neutrals 

and secondary electrons are also emitted and collision cascades can occur all illustrated 

in figure 10. 

 

 

Figure 10. Schematic illustration of the sputter process. The most important processes are; the 

formation of sputtered atoms and collision cascades. The formation of photons and secondary electrons 

and reflected neutral atoms formed from ion interaction with surface are also included. The drawing to 

the right illustrates the definition of angle 𝜽 in equation 12.  

   The sputter deposition is a line of sight technique, which makes it hard to 

deposit into deep trenches. However, the sputter deposition can be done at much lower 

temperatures than CVD, which is highly appreciated in electronic industry where the 

substrates can be temperature sensitive such as organics. If sputtering is done in very 

high vacuum, which is the case in our laboratory, it is also a very clean method (in 

respect to impurity concentration).   

 

5.1 Reactive Sputtering 

  Sputter deposition could be used to deposit e.g. metal films with low 

concentration of impurities. That would, however, require that the gas used in the sputter 

process do not form chemical bonds to the metal at the substrate. The way to assure this 

is to use inert gas, such as noble gases. Argon is relatively cheap and is often used as a 

working gas.  
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On the other hand, sputtering can have complicated reactive processes, and is called 

reactive sputter deposition if there is a chemical reaction forming the film. For instance, 

if a reactive gas, such as oxygen or nitrogen is used to react with sputtered material, 

compounds, oxides or nitrides can be formed by chemical reactions at the substrate 

surface
49,50

. A rather common approach is to use a mixture of inert and reactive gases. In 

this work, gallium nitride was fabricated by the reaction of sputtered gallium atoms from 

the target in a pure nitrogen gas atmosphere. When sputtering in a pure reactive 

atmosphere, the target can get poisoned. Poisoning is when the reactive gas inside the 

plasma starts to react with the target surface. The target needs to be negatively charged 

to attract positive ions and if the target is poisoned due to the formation of an insulating 

film, an observed phenomenon called arcing occurs. Arcing is disadvantageous in DC 

sputter deposition since it donates large amounts of energy to the target surface which 

can eject macro-particles that destroy the film. Even if the poisoning forms conductive 

films, it is still worth avoiding because the process will be different from sputtering 

using a new target. There will be a change in surface binding energy, introducing a 

change in sputtering rate. 

 

5.2 Magnetrons 

  In a basic sputter process, secondary electrons can be ejected. In such cases they 

are repelled by the negative cathode and lost to the chamber walls. A magnetron can be 

used to spatially contain the electrons and maintain the plasma close to the target 

surface. Magnetrons are constructed to produce a magnetic field over the target in such a 

way that the field is, parallel to, and in the vicinity of, the target surface. Secondary 

electrons produced during the sputter process are trapped in this magnetic field due to 

Lorentz forces, �⃑�:  

�⃑� = 𝑞(�⃑⃑� + 𝜈 × �⃑⃑�)                                                   (13) 

Where 𝑞 is the particle charge (in this case the elementary charge in Coulomb), �⃑⃑� is the 

electric field in Joule, 𝜈 is the particle velocity in m/s, and �⃑⃑� is the magnetic field in 

N/Am. The trapped electrons continue to ionize neutral atoms close to the target, and 

thereby sustain the plasma. The higher ionization rate obtained using a magnetron 

increases the sputter rate and in turn the deposition rate in general
43

. Because sputtered 

atoms are neutral, they are unaffected by the magnetic field.  

  Fundamental plasma physics implies that the pressure must be sufficient for the 

particle density to sustain the plasma. The second advantage of using a magnetron is that 
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the pressure can be decreased further while still maintaining the plasma thanks to the 

higher ionization rate. By lowering the pressure in the chamber, films can be produced 

with a higher purity. 

  Figure 11 illustrates a typical magnetron consisting of two strong concentric 

circular magnets placed behind the target in one of three configurations. Two types of 

arrangements of magnet poles directed towards the target are commercially available. 

That is, North-South-North and South-North-South arrangement. In an unbalanced type 

I magnetron there is a stronger core magnet than the compensating outer surrounding 

magnet. In the balanced magnetron these two magnets are balanced in strength. In the 

unbalanced configuration of type II we have the opposite situation to type I. The 

surrounding magnet is stronger and cannot be balanced by the core magnet. The 

unbalanced type II magnet is preferable for deposition techniques since the higher 

plasma densities can be achieved close to the substrate without increasing substrate bias. 

The increasing of substrate bias is accompanied by formation of defects and also by 

incorporated stresses
51,52

. The higher plasma densities close to the substrate activate the 

sputter gas and also increase the ion bombardment which is used to modify the 

properties of the growing film.   

 

 

Figure 11. Schematic illustration of three types of magnetrons, all are of North-South-North 

configuration and of either unbalanced type I, II or the balanced type. Unbalanced type II magnetron is 

the preferred configuration for deposition systems.  

  A disadvantage of the magnetron is that the target erosion will occur in the 

position where the magnetic field is perpendicular to the target surface. This will be seen 

as a dimple in the target over the middle magnet as well as a trench (also called “race-

track”) in the target over the surrounding magnet. This effect results in a reduction of 

target material that can be used during the lifetime of the target.  
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5.3 The Reactor 

  The chamber used for the growth of GaN NRs is called Nidhögg. The base and 

working pressure are measured with an ion gauge and a capacitance manometer, 

respectively. The base pressure is in the range of 10
-8

 Torr (1.3 ∙ 10−6 Pa). The reactor is 

constructed in stainless steel with copper gaskets for sealing on all flanges except on the 

Ga magnetron. A schematic illustration is shown in figure 12. The chamber is connected 

to a transfer tube and a load lock chamber, thus the growth chamber is not exposed to 

the atmosphere during the sample loading. The pumping speed can be regulated with a 

butterfly baffle valve. The process gas flow rates are controlled with mass flow 

controllers calibrated for the specific gases. The purity of Ar and N2 gas can be reached 

to 99.999999 % by using gas purifiers. A 99.99999 % pure Ga target is contained in a 

water-cooled horizontal 50 mm stainless steel trough mounted on a type II unbalanced 

magnetron. Ga has a melting temperature of 29 °C and will therefore be liquid during 

the deposition. The gallium target being a liquid provides two advantages: 

1. No target erosion 

2. Continous supply of fresh material to the surface. 

  Ga target is prepared from melting pellets directly into the steel trough. The 

target is solidified by placing the trough on a liquid nitrogen cooled holder. After being 

installed in the chamber again, the target is thouroghly clean-sputtered in pure Ar gas 

before usage. 

 

  

Figure 12. Illustration of the reaction chamber Nidhögg (side view).  



26 

 

  



27 

 

6. Metal-Organic Chemical 

Vapor Deposition  
 

 

  Metal-organic chemical vapor deposition (MOCVD), is a method of chemical 

synthesis of thin films using metal-organic gaseous reagents. These reagents are called 

precursors. CVD is not a line of sight technique compared to, for example, sputter 

deposition. CVD can therefore be used to coat much more complex surfaces while 

achieving a more uniform thickness.  

 CVD have a long tradition within the fabrication of photonic and electronic 

device structure, and great control of the deposition is possible
43,53

. CVD process can be 

considered as a series of steps, illustrated in figure 13. First there is a transport of 

precursors into the reactor, then the following processes can be mentioned: diffusion or 

convection of precursors through the boundary layer, possible gas phase reaction, 

adsorption of the precursors, surface diffusion, surface chemical reaction, desorption of 

adsorbed precursors, desorption of reaction by-products and mass transport of by-

products out of the chamber.  

 

 

Figure 13. Illustration of the CVD process on precursor level near substrate surface. 
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A ”good” precursor must possess as many as possible of the following properties: 

 High volatility 

 High purity 

 Be non-toxic 

 Be available at low cost with consistent purity 

 Have good thermal stability during evaporation and transport into the reactor 

 Clean decomposition 

 Give non-hazardous by-products 

Usually, not all of these requirements can be met. Volatility is one of the top priorities. 

Therefore, ligands that form hydrogen bonds, or strong dipole-dipole or Van-der-Waals 

interactions should be reconsidered
54

. 

  There are two main choices when it comes to types of precursors; single source 

precursors or combined multiple precursors. The single source precursor contains all the 

elements desirable in the film in the form of one single molecule. This requires a higher 

planning of chemistry to make sure that the composition is also reflected in the 

precursor. The different bonds within the molecule must reflect the desired film. Some 

bonds are supposed to be in the film and have to be stronger, while some weaker bonds 

are supposed to break to release the supporting backbone of the precursor. Besides being 

more chemically hard to produce they also generally suffer from high molecular weight 

which gives them less volatility. However, when done correctly, the single source 

precursor has a clear advantage, because of a much better reproducibility can be 

achieved compared to the case of multiple sources where fluctuations in flow can cause 

fluctuations in stoichiometry
53

.  

 For group III-N growth with MOCVD, the following typical main precursors 

are usually used: trimethyl-gallium, trimethyl-aluminum and trimethyl-indium. 

Ammonia is used as the source of nitrogen and hydrogen or nitrogen can be used as 

carrier gas. Metal organic precursors are stored in bubblers connected to the gas system 

of the growth reactor. The process of decomposition inside a growth chamber can be 

complicated and include several steps, for example: trimethyl-gallium decomposes first 

to dimethyl-gallium and then monomethyl-gallium
55,56

.  
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6.1 Hot Wall vs Cold Wall 

  A CVD reactor can be designed into two main types; hot wall or cold wall. In 

conventional CVD, heat is the driving force which initiates the reactions. In cold wall 

reactors the substrate has higher temperature than the surrounding wall. This will 

decrease the reaction rate on the chamber walls and increase the precursor efficiency and 

consequently also the deposition rate on the substrate compared to the hot wall reactors. 

In hot wall reactors the whole reactor chamber is heated. In this case, a more uniform 

temperature distribution across the substrate can be achieved. Temperature gradients and 

fluctuations across the substrate are undesirable since it cause fluctuations in reaction 

rates, diffusion rates, and are detrimental to overall control of the film. However, in hot 

wall reactors, the gas phase reactions occur over the entire chamber which makes the 

control of the precursors partial pressure more difficult
53

.          

 

6.2 Growth Rate 

  Growth rate, 𝑘, depend on temperature, 𝑇 in Kelvin, of the substrate and 

activation energy, 𝐸𝐴 in Joule, of the reaction according to the Arrhenius equation:  

𝑘 = 𝐴𝑒−
(
𝐸𝐴

𝑅𝑇⁄ )
                                                      (14) 

Where 𝑅 is the gas constant (8.3144621 J/Kmol), 𝐴 is the pre-exponential factor (in 

reciprocal seconds for first order reactions) and is representing how often molecules 

collide in the proper orientation. Three regimes of growth rate can be distinguished 

depending on temperature. These regimes are illustrated in figure 14. At low 

temperatures we find a so called kinetically limited regime. The low temperature means 

that the available energies are too small for most precursors to overcome the activation 

energy of the surface reactions. In the intermediate temperature regime, the temperatures 

are sufficient for precursors to overcome the energy barrier of reaction once the species 

reach the surface. Reaching the surface, which is done by diffusion, is the limiting step. 

This temperature regime is considered preferable because it is the most stable regime in 

respect to temperature fluctuations. Also, the growth rate in this regime can be 

conveniently changed by adjusting the partial pressure of the precursors, which is called 

a feed-rate-limited process. 
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Figure 14. Illustration of how the growth rate (in a logarithmic scale) changes with reciprocal 

temperature according to Arrhenius equation. Specific temperatures for each region are highly 

dependent on activation energy of the precursor. 

  At high temperatures all of the precursors decompose and react but the 

temperature is so high that the thermodynamics can change. A gas phase reaction 

leading to a solid film can be described as: 

𝑋(𝑔) + 𝑌(𝑔) ↔  𝑋𝑌(𝑠)                                              (15) 

Here, the arrow pointing to the right means solid film formation and vice versa. The 

change in the Gibbs energy, ∆𝐺 in J/mol, can be seen as the “driving force” for the 

direction in which the reaction will proceed spontaneous  

 ∆𝐺 = 𝐺𝑋𝑌
𝑠 − (𝐺𝑋

𝑔
+ 𝐺𝑌

𝑔
)                                           (16) 

And where the sign of ∆𝐺 can be translated according to  

∆𝐺 = {

> 0                       𝑃𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑠 =  𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (15) 𝑔𝑜𝑖𝑛𝑔 𝑙𝑒𝑓𝑡
= 0                                                                                               𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚
< 0                             𝐹𝑖𝑙𝑚 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 = 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (15) 𝑔𝑜𝑖𝑛𝑔 𝑟𝑖𝑔ℎ𝑡

 

  At very high temperatures, parasitic reactions become favorable, and the growth 

rate decreases. Also, in this regime the reaction rates increase in other parts of the 

chamber which results in the diluted precursor concentrations.  
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7. Characterization 
 

 

7.1 X-ray Diffraction 

  X-ray diffraction (XRD) was discovered first by Laue et. al.
57

 in 1912. It is a 

technique used for investigating the crystal structure of the material. For diffraction to 

occur, electromagnetic radiation has to impinge on a periodic structure that has a 

periodicity in the same order of length as the wavelength of the incoming wave. This is 

true for all periodic structures and all propagating waves. For example, diffraction could 

even be produced by letting a red laser pen shine through a feather of a bird. 

  Atoms arranged in a crystal, however, are arranged with an interatomic length 

scale of a few nanometers. The wavelength of visible light is then too long, and instead, 

X-rays are used. As X-rays impinge on a material surface, three processes can occur; 

photoionization, Compton scattering or Thomson scattering. In Thomson scattering the 

energy from the electromagnetic wave is elastically scattered by the electrons. Therefore 

the wavelength of the X-ray is preserved. It’s this scattering process that is used in XRD. 

Figure 15 illustrates this scattering process. As the wave fronts scatter against the crystal 

new wave fronts are created. These will then interfere with each other, either 

destructively or constructively. 

 

 

Figure 15. Illustration of X-ray interaction with a crystal structure. 

  Note that this is not a reflection of X-rays but diffraction. In figure 15 the so 

called scattering vector, (or reciprocal space vector) 𝑄 in reciprocal meters, is also 

defined as: 
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𝑄 = 𝐾 − 𝐾0                                                            (17)  

Where 𝐾0 and 𝐾 are the incident and diffracted wave vectors of the electromagnetic 

field with wavelength, 𝜆 in meters. If elastic scatter then: 

|𝐾0| = |𝐾| =
2𝜋

𝜆
                                                     (18) 

Constructive interference occurs when
58

:    

{
 

  |𝑄| =  2|𝐾0|𝑠𝑖𝑛𝜃 =
4𝜋

𝜆
𝑠𝑖𝑛𝜃 

|𝑄| =
2𝜋

𝑑ℎ,𝑘,𝑙
                               

                                (19) 

Where 𝑑ℎ,𝑘,𝑙 is the interplanar spacing in meters. From this we will obtain the Braggs 

law 

𝜆 =  2𝑑ℎ,𝑘,𝑙 ∙ 𝑠𝑖𝑛𝜃                                                     (20) 

Since 𝜆 of a specific source is known and 𝜃 can be detected, thus,  𝑑ℎ,𝑘,𝑙 can be 

obtained. However, also other considerations have to be done in order to model and 

understand a diffractogram, e.g. a geometrical structure factor and an atomic form 

factor. In this work θ-2θ scans were performed in a Phillips 1820 Bragg-Brentano 

diffractometer. The measurement geometry of this experimental setup is illustrated in 

figure 16. 

 

Figure 16. Schematic illustration of the Bragg-Brentano geometry used in Paper II. 
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  In a θ-2θ scan the incident beam angle and the detection angle is simultaneously 

changed. Expected diffractogram peaks for powder samples are found in reference data 

bases. Samples like thin films can exhibit specific preferred crystal alignment in relation 

to the incident beam and will therefore display peaks with a different intensity ratios 

than a powder sample.  

  When performing a scan in XRD, it is important to keep track of the scatter 

vector in reciprocal space, see figure 17. XRD is a technique that maps the reciprocal 

lattice points of the crystal structure. By performing a θ-2θ scan, the scan direction 

shown in figure 17a is perpendicular to the surface. We only scan along the direction of 

the scattering vector. Also, a rocking curve scan (ω-scan) is illustrated in figure 17b. A 

quantitative estimation of the crystal quality can be done by determining the full width at 

half maximum (FWHM) of the obtained peak in ω-scan. 

 

  

Figure 17. Illustration of scan direction in a) a θ-2θ scan and b) a rocking curve scan 

  From the reciprocal space map a lot of information such as the in-plane lattice 

parameter and film strain can be obtained. XRD is therefore a very powerful non-

destructive technique to study structural crystal quality. No time consuming preparation 

of samples is needed for the investigation of thin films by XRD. 
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7.2 Scanning Electron Microscopy 

  Scanning electron microscopy (SEM) is a technique used to image much 

smaller features than what is possible in visible-light optical microscopy. SEM is a 

widely used tool to examine microstructures and morphology. Visible-light optical 

microscopy operates with visible wavelengths in the range of 400-700 nm. An electron 

microscope such as SEM uses an electron beam instead. The resolution that can be 

obtained is dependent on wavelength, 𝜆. Typical electron beam energies are 0.5-40 keV. 

The wavelength of an electron beam can be calculated as
59

: 

𝜆 =  
ℎ

√(2𝑚𝐸)
                                                          (21)        

Where, ℎ, is Plank’s constant (6.62606957 ∙ 10−34 Js), 𝐸 is the kinetic energy in Joule, 

and 𝑚 is the electron mass in kilograms. Thus, the wavelength of the electron becomes 

much smaller than for visible light (~1 nm vs. 400-700 nm).  

  In SEM, the electron beam is probing the sample surface. When examining the 

SEM images it is important to take into account the electron beam energy. With 

increasing energy the so called excitation volume illustrated in figure 18 is increased. 

When an electron beam impinges on a material a lot of processes occur that produces 

different kinds of radiation, such as; X-rays, Auger electrons and cathodoluminescence. 

Also figure 18 illustrates which depth corresponding to signal for different process. 

  

 

Figure 18. Schematic drawing of excitation volume and the regions from where each type of signal 

can be measured. 
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  An impinging electron beam will create an electron surplus across the sample. 

The sample becomes electrically charged. A negatively charged sample will start 

deflecting the electron beam. When the beam is deflected in this manner the image is 

drifting. Preferably the sample should be conductive and grounded to mitigate this 

effect. However, if the sample is a poor conductor or insulator, lowering the beam 

energy, beam current and grounding of the sample surface can be used to improve the 

quality of the imaging. Samples can also be coated by a thin metal film (usually gold or 

platinum) before SEM study. The problem with coating is that the topology can be 

slightly altered.  

  An SEM is composed of an electron gun, condenser lenses, deflection coils, an 

objective lens, sample holder and detectors placed within a vacuum chamber. Our 

system is a LEO 1550 Gemini SEM with a Field emission gun (FEG) as an electron 

source. One of the most important advantages with FEG is the superior brightness 

compared to a thermionic gun even at much lower acceleration voltages. Brightness is 

the current density per unit solid angle of the source. A high brightness means more 

electrons can be aimed at the sample so that more information can be obtained while 

maintaining the spot size of the beam
59

. A FEG creates electrons by applying several kV 

to a very thin tip to have it emit electrons. The LEO 1550 system has a so called 

Schottky FEG electron gun which means a heating current is also applied to enhance the 

emission. When electrons leave the gun they enter a set of lenses. In all electron 

microscopes the lenses are carefully engineered magnets. When the electrons pass 

through a magnetic field it will experience a Lorentz force. As a result, the beam can be 

controlled and focused. In a basic SEM the electrons that leave the electron gun will go 

through one or two condenser lenses in order to be focused. After this they pass through 

the deflection coils. The deflection coils create a magnetic field in order to steer the 

electron beam so that it scans the surface. The objective lens is the lens situated between 

the deflection coils and the sample. This lens is responsible for focusing on the surface 

so that the impinging beam radius is small. In SEM the secondary electrons or the back 

scattered electrons are detected to form an image. Since secondary electrons are 

electrons emitted from the outer shell of the material atoms they have low energies, so 

they will come from confined places close to the surface. This means that detecting 

secondary electrons will give a good topographical contrast. Back scattered electrons are 

more scattered the heavier the nuclei and do therefore give a compositional contrast. 

However, SEM images do not give elemental information of the sample.   
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7.3 Transmission Electron Microscopy 

  Transmission electron microscopy (TEM) was first developed in 1932 by Knoll 

and Ruska
60

. TEM is also an electron microscope similar to SEM. However, there are 

some significant differences. SEM is a technique that produces images from detecting 

secondary and back scattered electrons while TEM produce images from detecting 

transmitted electrons. Electrons need to be transmitted in order to reach the fluorescent 

screen or CCD below the sample. Therefore, TEM requires a very thin sample 

transparent to electrons. This mean, that TEM is a destructive technique since the 

sample needs to be cut and polished to the proper thickness. Another difference is that 

TEM operates at much higher beam energies (100-300 keV) which allows for higher 

spatial resolution (Equation 21 still applies). In this thesis, samples were studied with a 

high resolution FEI Tecnai G2 200 keV FEG scanning electron microscope. Since TEM 

uses the information of transmitted electrons, both images and electron diffraction 

patterns similar to X-ray diffraction patterns can be produced. Being able to combine the 

high spatial resolution with information about the crystal structure makes TEM a very 

powerful characterization technique.  

 

7.4 Cathodoluminescence 

  As discussed in Chapter 3 when an electron beam impinges on a material 

surface, electrons of the target material can be excited and then radiatively recombine 

with a hole. The process is called cathodoluminescence (CL). The CL detectors can be 

integrated with either an SEM or a TEM. CL is a useful technique to investigate 

emission from semiconductors and also from insulators with large band gap because the 

energy of the electron beam is higher than for most of the lasers. Our lab has a Gatan 

MonoCL4 cathodoluminescence system used combined with an SEM. It employs a so 

called Czerny –Turner type monochromator, the principal parts of which are two slits, 

two spherical mirrors and a diffraction grating. Another big advantage with measuring 

luminescence using an electron beam as excitation source is the high spatial resolution 

of the same order as in the SEM or the TEM. Thus, one can determine from which 

region of the sample the luminescence originates. SEM and CL can be detected 

simultaneously allowing direct comparison of SEM and CL images. Different defects, 

dopants and crystal structures emit light of different photon energy which enables 

identification of these centers by obtaining a luminescence spectrum. Because of the 

relatively large excitation volume of the CL plume shown in figure 18, depth-resolved 

information can be obtained.  



37 

 

  CL measurements can be conducted at low temperatures. The sample is cooled 

down by liquid helium. Our CL instrument has the possibility of attaching a liquid He-

cooled cryo-stage for sample mounting. Low temperature measurements enhance 

radiative recombination because non-radiative recombination centers activate with 

increasing temperature. Also, thermal broadening of the exciton energy is avoided
26,61

.     

  Charging is a problem for CL measurements in the same way as for SEM. In 

contrast to SEM, the sample cannot be metal coated because that prevents the 

luminescence signal. 

 

7.5 Photoluminescence and Time-Resolved 

Photoluminescence 

  When an electron is excited by a laser or a lamp (i.e. by photons) and 

recombines emitting photons, the process is called photoluminescence (PL). PL has 

some advantages over CL. For example a laser of lower energy than the width of the 

band gap can be chosen to probe for defects, donors or acceptors inside the band gap
62

. 

In this work, we have used time-resolved photoluminescence (TRPL) which gives 

information about the PL recombination dynamics. For TRPL measurements a 

Ti:sapphire femtosecond solid state laser was used. The pulse frequency was 75 MHz. 

We have used, for PL excitation, the third harmonics with the wavelength 266 nm which 

corresponds to the energy of 4.65 eV (i.e. above GaN band gap).  In order to study 

TRPL at low temperatures, the samples were cooled in a cryostat. Short laser pulses 

illuminate the sample surface and the emission from the sample is collected and focused 

by lenses into a monochromator. The signal is detected by a streak camera. The streak 

camera is transforming a temporal profile of light into a spatial profile on a CCD. The 

light entering the streak camera produces electrons when impinging on a photocathode 

surface. The electrons are accelerated through a pair of electrodes that will slightly 

deflect them with an applied voltage that varies smoothly with time. After this, the 

electrons will impinge on a thin phosphor screen that will emit light. The light is 

collected by the CCD behind the screen. The result is an image where energy is 

increasing in positive horizontal direction and time increase in negative vertical 

direction. The number of impinging photons per CCD pixel determines the intensity.  
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8. Summary of Included 

Papers 
 

 

Paper I 

  In this paper, hybrid structures based on AlGaN/GaN quantum well (QW) 

structures and colloidal ZnO nanocrystals (NC) have been studied by time-resolved 

photoluminescence (TRPL) measurements in the temperature range from 5-300 K. 

The ZnO nanocrystals were deposited on top of the QW structures having different 

cap layer thicknesses between 3 and 9 nm. The quantum well exciton lifetime was 

extracted from PL decay curves detected for the bare QW structures and for the 

hybrids. The effect of ZnO NC film on the QW exciton dynamics is strongly 

dependent on cap layer thickness. It is suggested that several recombination 

mechanisms with opposite effect can contribute to the QW exciton life time in 

hybrids including a non-radiative resonance energy transfer and variation of surface 

potential in the presence of ZnO NCs.  

 

Paper II          

  In this paper, we study structural and optical properties of GaN nanorods 

grown on Si(111) substrates using a liquid Ga target in a DC magnetron sputtering 

system. Structural quality has been studied by X-ray diffraction and transmission 

electron microscopy (TEM). TEM images reveal a number of basal plane stacking 

faults (SF) having a characteristic signature at 3.42 eV in luminescence spectra at 5 

K. Temperature dependent time-resolved photoluminescence show that the SFs 

related emission is stable until 290 K, exhibiting at the same time a fast dynamics, 

which is typical for type I QWs. However a basal plane SF in wurtzite GaN forms a 

type II QW with no confinement for holes. It is suggested in accordance with TEM 

results that SFs form a regular structure similar to multiple QWs were a more 

efficient confinement for carriers can be achieved    

 





 

 

 

 

Papers 

The articles associated with this thesis have been removed for copyright 

reasons. For more details about these see: 

http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-113741 

 

 

http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-113741

	Abstract
	Preface
	Acknowledgment
	Included Papers
	Contents
	1. Introduction
	2. Group III-Nitrides
	3. Excitons and Band Structures in Semiconductors
	4. Introduction to Vacuum Theory
	5. Introduction to Sputter Deposition Theory
	6. Metal-Organic Chemical Vapor Deposition
	7. Characterization
	Bibliography
	8. Summary of Included Papers


 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.890 x 9.843 inches / 175.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20070320125831
       708.6614
       S5-utfall
       Blank
       496.0630
          

     Tall
     0
     0
     No
     635
     395
     None
     Up
     0.0000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9b
     Quite Imposing Plus 2
     1
      

        
     60
     59
     60
      

   1
  

    
   HistoryItem_V1
   DefineBleed
        
     Range: all pages
     Request: bleed all round 14.17 points
     Bleed area is outside visible: no
      

        
     0.0000
     0
     0.0000
     14.1732
     0
     0
     581
     343
     0.0000
     Fixed
            
                
         Both
         AllDoc
              

       PDDoc
          

     0.0000
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9b
     Quite Imposing Plus 2
     1
      

        
     60
     59
     60
      

   1
  

    
   HistoryItem_V1
   StepAndRepeat
        
     Trim unused space from sheets: no
     Allow pages to be scaled: no
     Margins: left 0.00, top 0.00, right 0.00, bottom 0.00 points
     Horizontal spacing (points): 0 
     Vertical spacing (points): 0 
     Crop style 1, width 0.30, length 5.67, distance 14.17 (points)
     Add frames around each page: no
     Sheet size: 8.268 x 11.693 inches / 210.0 x 297.0 mm
     Sheet orientation: tall
     Layout: rows 0 down, columns 0 across
     Align: centre
      

        
     0.0000
     14.1732
     5.6693
     1
     Corners
     0.2999
     ToFit
     0
     0
     0.7000
     0
     0 
     0
     0.0000
     0
            
       D:20071003103129
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     589
     352
     0.0000
     C
     0
            
      
       PDDoc
          

     0.0000
     0
     2
     1
     0
     0 
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9b
     Quite Imposing Plus 2
     1
      

   1
  

 HistoryList_V1
 qi2base



