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Abstract:

Growth of different thin films was performed by
physical vapour deposition (PVD) and molecular beam
epitaxy (MBE). The thin films produced were Au with
PVD and GaN with MBE. The Au thin films were
grown on a quartz glass substrate with no intermediate
layer. For the GaN thin films, different substrates
were tested to grow the thin film. Substrates such
as Si(100) and muscovite mica were used and heated
during deposition. For Si(100) substrate, the Ga
source temperature was optimised to be 970 °C and
afterwards the sample temperature was optimised.
The sample temperatures for this substrate where 650
°C, 710 °C, 725 °C and 760 °C.
The muscovite mica samples had two different sizes
to ensure the best possible heat diffusion through the
sample. The two sizes were 25 � 25 � 0.15 mm and
9�32�0.15 mm. For both of the sizes heat distribution
simulations were made in COMSOL[1]. The big
muscovite mica samples had sample temperatures of
550 °C to 850 °C with a temperature step of 50 °C.
The lowest temperature was to see if it was possible
to deposit and the highest temperature was to ensure
where the threshold for heating muscovite mica would
be. For the smaller muscovite mica samples, sample
temperatures of 650 °C to 800 °C with a temperature
step of 50 °C, were made. The final temperature of
this sample size where 770 °C and 780 °C.
Optical microscopy, atomic force microscopy (AFM)
and photoluminescence measurements were produced
for all samples. Only for the GaN with the Si(100)
substrate, XRD measurements were produced. For
the assembly three different methods were used,
3-mercaptopropyl(trimethoxysilane) (MPTS), silver
epoxy and adhesive tape lift-off.
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Resume

Dette speciale fokuserer på udviklingen af metoder til vækst og overførsel af tyndfilm med henblik
på syntese af metamaterialer, gennem kombinationen af tyndfilms metal så som Au og halvleder
så som GaN. Tyndfilmene blev fremstillet ved hjælp af henholdsvis physical vapour deposition
(PVD) for Au og molecular beam epitaxy (MBE) for GaN. Formålet var at undersøge, hvordan
disse materialer kan kombineres uden at danne uønskede fejl i groningen eller kombination af
materiale mellemlag, som kan forringe de optiske eller elektriske egenskaber.

Au blev groet direkte på kvartsglas uden et bindende mellemlag, mens GaN blev dyrket på
både Si(100) og muscovite mica. For at optimere vækstbetingelserne blev temperaturen af både
Ga kilden og substraterne varieret. Til Si(100) blev Ga temperaturen optimeret til 970 °C, og de
resterende temperaturer blev afprøvet i området 650 °C til 760 °C. For muscovite mica blev der
anvendt to forskellige størrelser af substratet, og der blev udført detaljerede varmesimuleringer
i COMSOL Multiphysics[1] for at undersøge varmefordelingen på de to forskellige substrater.
Dette blev gjort for at undersøge hvor stor en forskel på temperatur der vil være når GaN bliver
deponeret. De temperatuerer der blev undersøgt for muscovite mica var fra 550 °C til 850 °C.

Karakteriseringen af de fremstillede tyndfilm blev gjort ved hjælp af optisk mikroskopi,
atomar kraft mikroskopi (AFM), fotoluminescens spektroskopi og x-ray diffraction (XRD). XRD
blev kun udført på substratet af Si(100). Disse metoder blev anvendt til at vurdere ruhed,
krystalstruktur og optiske egenskaber. Fotoluminescens blev brugt til at analysere båndgab og
defekter i GaN filmene. Det blev observeret, at substratvalget og substrat temperaturen havde
stor betydning for GaN filmens kvalitet og defektstruktur. For GaN på Si(100) blev der bl.a.
fundet krystalfaser og relevante fotoluminescence toppe, mens muscovite mica gav anledning til
højere variation i ruhed og optiske egenskaber, men også for Van der Waals samling.

Der blev eksperimenteret med tre forskellige metoder til at samle de to typer af tyndfilm:
kemisk overfladefunktionalisering med 3-mercaptopropyl(trimethoxysilan) (MPTS), anvendelse
af sølv-epoxy og mekanisk lift-off med tape. Hver metode blev evalueret i forhold til vedhæftning
og potentiale for anvendelse i videre integration af funktionelle materialer. Den mest lovende
metode viste sig at være MPTS-behandling.
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Intro 1
Today's electronic industry uses semiconductors, a material between a conducting material and
an insulator. Before the semiconductor, around the 1900s to 1950s, vacuum tubes were the
primary electronic component. These tubes were fragile, and bulky, produced a lot of heat and
required a lot of power. In 1948 the transistor was invented at Bell Laboratories. The transistors
were smaller, lightweight, had long lifetimes and used less power than the vacuum tube.[2]

From this advance, Jack Kilby of Texas Instruments created in 1958 a semiconductor chip
with resistors and capacitors. This was the catalyst for further advances in the electronics indus-
try. The physical chemist Gordon E. Moore predicted in 1965 that the number of components
on a chip would be doubled every year, which he then 10 years later corrected to be every two
years instead. This became Moore's law.[2, 3, 4]

For the past years, the material often used for semiconductors was silicon[2]. With the in-
creasing research made in the past years, semiconductors are made of elements from group III-V
or II-VI. These semiconductors are currently used in a variety of di�erent electronics, such as
optoelectronic devices or photovoltaic cells.[5]

A variety of di�erent semiconductors have been researched and things like oxide semicon-
ductors, thin �lm transistors, transparent electrodes and doped semiconductors with magnetic
impurities, have been produced.[5]

Not only are semiconductors used in microchips, but also for light-emitting diodes (LED). These
forms of LEDs have a short wavelength and are thereby in the blue-violet range. This can thereby
be used for things such as laser light to focus the laser light and get a smaller spot. The most
e�cient semiconducting alloy material for this is the group III nitrides, such as AlN or GaN.
They have the characteristic wide bandgap.[6]

In this project, the GaN semiconducting material is studied. To form GaN the two elements
need to be in a vacuum environment with Ga rich and N2 rich conditions. Ga is in general a
soft and silvery blue metal which has similar chemical properties as Al. The Ga has a melting
point of 302.98 K and a boiling point of 2676 K and has a low vapour pressure even at higher
temperatures.[7]

For the growth of the GaN both high pressure and temperature are needed to ensure the
best crystallinity. The GaN crystal structure is a wurtzite structure and is usually grown with
heteroepitaxy growth on sapphire. The semiconductor su�ers from di�erent defects when grown,
such as lattice defects, point defects and dislocations. To understand these defects an under-
standing of the surface and interfaces are essential.[5, 8]

Sapphire is one of the most used substrates for GaN growth due to its relatively good lat-
tice match. The two materials have di�erent thermal coe�cients which creates expansions in
substrate and thin �lm, and is a remarkable problem when the diameter of the sapphire in-
creases. The possibility of growing GaN on di�erent substrates, such as Si is starting to become
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interesting in research. The Si despite the low cost, electrical and thermal properties, has lattice
mismatch with GaN, and thermal mismatch.[9, 10]

Muscovite mica with the chemical structure KAl2(Al, Si 3)O10(OH) 2, is available in large
quantities and has low cost. It is also lightweight, transparent, and structurally �exible. It is
possible to deposit GaN on top of muscovite mica by molecular beam epitaxy (MPE). Muscovite
mica is an insulator and is an atomically �at material that consists of weakly bound sheets.
These sheets are bound by electrostatic interactions with the K atoms. This substrate is part
of research with Van der Waals epitaxy, which aims to grow mismatched layers with a reduced
amount of lattice strain. This has been successfully done by pulsed laser deposition reported by
Matsuki, N. et al[11].[11, 12, 13, 14]

Choosing a "pseudo substrate" is to choose what substrate to deposit the thin �lm and then
transfer it to a di�erent substrate, material or thin �lm. This technique is good for two reasons.
Firstly ensure high quality in the thin �lm and reduce dislocations in the �lm. Secondly, it
ensures that the two-dimensional growth does not need an intermediate layer or bu�er layer,
that in the end can react with the thin �lm.[15]

There are di�erent ways of lift-o� for thin �lms such as optically, chemically or mechanically.
One of them is optical, which is a method using a laser, where GaN is grown on a substrate and
then lifted o� the substrate by letting the laser penetrate the substrate to heat the interface.
Another one is chemical where a sacri�cial layer between substrate and thin �lm is grown and
etched away in a chemical. Lastly, the mechanical method can for example be done with adhesive
tape.[16, 17]

After the lift-o� of the thin �lm, the freestanding �lm can be assembled onto other thin �lms,
such as a Au �lm. A Au thin �lm has become important to technology and research since it
has chemical inertness, high work function, favourable optical properties, large atomic mass and
high conductivity.[18]

To combine these thin �lms to create another material is the interest of this project. To
create this without creating alloys or an insulating layer between the two thin �lms. Especially
with a homogenous thin �lm on top of another thin �lm.
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Theory 2
2.1 Index System for Crystal Structures

This section is based on chapter 1 from the book by Kittel, C. et al. Kittel's Introduction to
Solid State Physics(2005)[19].

For crystals, the orientation of the crystal plane can be determined by three points in the
plane, and they are not collinear. The lattice constants (a1, a2, a3) can specify the points in
the plane if each point is on a di�erent crystal axis. From �gure 2.1, the plane in the crystal is
described by the lattice constants and can be in a primitive or nonprimitive cell. The reciprocal
is used from these numbers and then reduced to three integers, with the same ratio. From this,
the index of the plane is described by (hkl).

Figure 2.1. A plane that is at the points of 3a1, 2a2, 2a3, giving the miller indices
of (233) for this plane. Taken from [19].

Examples of the di�erent planes in a cubic crystal can be seen in �gure 2.2, where the (100)
plane will mainly be used in this project.

3
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Figure 2.2. Representation of the di�erent miller indices in a cubic crystal. Taken
from [19].

2.1.1 GaN Crystal Structure

The crystal structure for GaN is ordered in a wurtzite lattice. From �gure 2.3, the crystal
structure is shown with the lattice parametersa and c and the internal parameter u. Where the
lattice values area = 3 :190 Å, c = 5 :189 Å and the internal parameter u = 0 :377.[20, 21]

Figure 2.3. Crystal structure of GaN with the crystal parameters a and c and the
internal parameter u. Ga as red atoms and N as blue atoms. Taken from [20]

The wurtzite structure of GaN gives a wide direct band gap of around 3.4 eV. Thereby the
photons traveling in the crystal have a similar energy as the wide direct band gap. Having a
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direct band gap means that the optical transition in this gap is �allowed�, thus making them
much stronger than indirect band gaps.[20, 21]

The photoluminescence of a perfect GaN crystal is shown in �gure 2.4. Here the black graph
is the perfect GaN crystal and has a distinct maximum at 3.48 eV, which is the bound exciton
and at 3.40 eV is the �rst longitudinal optical (LO) phonon mode. At around 3.27 eV, the
donor-acceptor pair is shown plus the LO phonons. The broad maximum in this �gure is the
yellow luminescence of the crystal.[22]

Not only is the photoluminescence of a perfect crystal shown but also a GaN crystal that
was doped with Fe, which is the red graph. This shows that when the crystal is doped the
donor-acceptor pair is gone, but then a Fe induced vacancy is introduced instead at around 1.30
eV.[22]

Figure 2.4. Photoluminescence of a perfect crystal is shown where the black graph
is the perfect crystal and the red graph is the doped crystal. Taken from [22].

2.2 Thin Film Growth

This section is based on chapter 14 of the book by Oura, K. et al. Surface Science: An
Introduction (2013)[23]. The growth of thin �lms is when the adsorbate is covered by more
than a monolayer. There are di�erent ways these thin �lms can grow, which are

ˆ Layer-by-layer
ˆ Island
ˆ Layer-plus-island

For layer-by-layer, the atoms are binding stronger to the substrate than to each other, thereby
creating a two-dimensional growth. The island growth is when the atoms bind stronger to each
other than to the substrate. For layer-plus-island growth, the �rst layer consists of atoms binding
strongly to the substrate, and afterwards, the atoms bind strongly to each other to create the
islands on top.
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These di�erent forms of growth can be described by the surface or interface tension (
 ).
Tension is de�ned as the minimum work that needs to be overcome to make the surface or
interface per unit area. The tension
 is thereby also the force per unit length of a boundary,
where it is the contact point of the substrate. The force equilibrium can thereby be described
as:


 S = 
 S=F + 
 F cos' (2.1)

Where 
 S is the tension of the substrate,
 S=F is the tension at the interface of the substrate
and the �lm, and 
 F is the �lm tension. Here ' is the wetting angle of the island. This is
illustrated in �gure 2.5.

Figure 2.5. Schematic of island on a substrate were
 S is the surface tension
substrate, 
 F surface tension of �lm and 
 S=F is surface tension at the interface.

The di�erent growth modes can be described by changing the wetting angle as seen in �gure
2.5 and equation (2.2).

Layer-by-layer: 
 S � 
 S=F + 
 F (' = 0)

Island: 
 S � 
 S=F + 
 F (' > 0)
(2.2)

For the layer-plus-island growth, �rst, the layer-by-layer condition is ful�lled, and then the
island condition.

2.2.1 Epitaxy Growth

There are two ways of epitaxy growth when growing thin �lms: homoepitaxial growth and
heteroepitaxial growth. In homoepitaxy growth, the substrate and the �lm growing on the
substrate are of the same material. In heteroepitaxy, the substrate and �lm are of di�erent
materials. In this project, heteroepitaxy was used.

6
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2.2.2 Heteroepitaxy

In heteroepitaxy growth, there is the problem of strain e�ects when growing the thin �lm.
Di�erent materials have di�erent lattice constants, which means that the thin �lms do not
always have an ideal lattice match. This non-ideal lattice match is described by the mis�t (" ),
which is the relative di�erence of the lattice constants:

" =
b� a

a
: (2.3)

Elastic strain can give low mis�ts by deformation of the lattice in a way that the strained
�lm gets the same periodicity as the substrate at the interface. At the interface, the thin �lm
gets the periodicity of the substrate, and at the perpendicular plane, it can become distorted
to remain the volume of the unit cell. This is because of the elastic strain in the crystalline
structure. Figure 2.6 shows what happens when the mis�t gets higher since the strain is relieved
by the dislocations at the interface. For the dislocations, the distance is de�ned as:

d =
ab

jb� aj
: (2.4)

(a) (b) (c)

Figure 2.6. Shows the di�erent lattice mismatches where(a) is lattice matched,
(b) is pseudomorphic mismatch and(c) is dislocated mismatch. Taken from[23]

The free density energy determines which growth mode is happening. In �gure 2.7a,
the lattice mis�t per energy is plotted, where in the beginning, the strained energy (E" ) is
more favourable. After a critical mis�t point ( " c), the dislocations (ED ) become more energy
favourable. In �gure 2.7b, the �lm thickness dependent on energy is plotted, where the strain
growth is favourable in the beginning and after the critical �lm thickness (hc), the dislocated
growth is more favourable.
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2.3. Assembly Methods Aalborg University

(a) (b)

Figure 2.7. Schematic of lattice energy per unit area, were(a) is per lattice mis�t
and (b) is per �lm thickness. Here " c is the critical mis�t and hc is the critical �lm
thickness. Taken from[23]

2.2.3 Molecular Beam Epitaxy

For molecular beam epitaxy (MBE), the atoms or molecules are delivered to the surface of the
sample for thin �lm deposition. For the growth of the thin �lm onto the substrate, the substrate
is heated at a constant temperature. This ensures that the atoms arriving at the surface migrate
over the surface to the lattice sites. It also ensures that the induced di�usion intermixing between
the already grown layer and the bulk material is not too high. All of this occurs under ultra-high
vacuum for deposition.

2.2.4 Physical Vapor Deposition

Physical vapour deposition (PVD) uses the physical process of either thermal evaporation or
impact process. By using this process the particles that will be deposited will be transformed
into the gaseous state. For this process, the pressure needed is below about 10-1 mbar. In this
project, heating is used.[24]

This method uses the heating of atoms or molecules of a solid or liquid to increase the
kinetic energy in the material, and thereby overcome the separation energy to evaporate. These
evaporated particles consist of atoms, molecules and clusters. There are di�erent ways to achieve
heating of the material. The one used in this project is evaporation by heating from a boat or
wire, consisting of a refractory metal, such as tungsten, tantalum or carbon. This metal is then
heated by an electrical current. This works if the material to evaporate has a lower melting point
than the wire material.[24]

2.3 Assembly Methods

2.3.1 Surface Modi�cation

Various methods can be used to modify the surfaces of two di�erent samples with two di�erent
substrates. By modi�cation of the surfaces, the samples can be assembled depending on the
modi�cation. By using self-assembled monolayers (SAM), the surface can make a chemical bond
to the SAM. This implies surfaces like noble metal, metal oxides and semiconductors.[25]
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Silanes

There are di�erent forms of silanes, such as (3-Aminopropyl) triethoxysilane (APTES),
(3-Glycidyloxypropyl) trimethoxysilane (GPTMS), and 3-mercaptopropyl(trimethoxysilane)
(MPTS). All of them have the characteristic silane group, which will react to the surface by
either hydrogen bonds or covalent bonding. The silane used in this project is the MPTS, which
has a sulfur group at the other end. This is shown in Figure 2.8.[25]

HS Si

O CH3

O CH3

O CH3

Figure 2.8. Chemical structure of MPTS (3-mercaptopropyl(trimethoxysilane)).

The alkoxysilane group of the molecule can then bind to a variety of minerals and metal
surfaces by covalent bonds. This is done through complex hydrolysis/condensation reaction to
form the Si �O �R bonds. Where R is any form of atom or metal surface.[26]

2.3.2 Silver Epoxy

For silver epoxy, Ag particles are mixed with epoxy resin. Ag has one of the highest thermal
conductivities of 427 W/mK.[27]

Epoxy resin is a low-molecular-weight pre-polymer, which contains more than one epoxide
group. An epoxide group is shown in �gure 2.9. Here the R could be any form of polymer.
Epoxy resins are thermosetting resins, which means that it is an irreversible process. Depending
on the epoxy resin and curing agent it can be used for di�erent applications.[28]

R

CH2

O

Figure 2.9. An epoxide group where R is a placeholder for any form of polymer.

In this project, it is used as an assembly method. The silver epoxy that was used had an
epoxy resin made of diglycidyl ether of bisphenol-A (DGEBA), shown in �gure 2.10. The way
it is produced is by letting epichlorohydrin react with bisphenol-A in the presence of a basic
catalyst. The properties of this chemical depend on the length of the repeating polymer unit.
For this speci�c epoxide, it can be either low-molecular-weight or high-molecular-weight, which
either is liquid or more viscous liquid/solid, respectively.[28]

Figure 2.10. Chemical structure of DGEBA, where n denotes that this part of the
polymer can be repeated n times. Taken from [28].

Curing Agent

For the epoxy to be cured, it needs a curing agent. There exists a wide range of curing agents,
such as alkali curing agents, anhydrides, catalytic and amine-type. In this project, the amine-
type curing agent is used. This type of curing agent is one of the basic curing agents for epoxy

9



2.3. Assembly Methods Aalborg University

resins. The amine type reacts with the epoxy ring by nucleophilic addition. Figure 2.11 shows
how the amine is used to cure an epoxide by the nucleophilic addition.[28]

Figure 2.11. Chemical reaction of amine with epoxide. Taken from [28].

2.3.3 Lennard-Jones Potential

Atoms can bind in di�erent ways such as ionic bonding and covalent bonding. The Lennard-Jones
potential (LJ) describes a sum of a simple pair potential between two atoms, as seen in �gure
2.12. It describes a weak Van der Waals bond with reliable bond energies and bond lengths.[29]

Figure 2.12. Lennard Jones potential for interaction of atoms. Energy on the y-
axis and distance on the x-axis. Taken from [29].

The LJ is described by,

V LJ (r ) = 4 "
� � �

r

� 12
�

� �
r

� 6
�

: (2.5)

Here r is the distance between the atoms," is the bond energy and� is the bond length.
Thereby the attractive interactions are due to dipoles of the atoms and the repulsive part is due
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to electron clouds overlapping. The repulsive part is also called the Pauli exclusion principle,
which also forces the electrons into higher states.[29]

Equation (2.5) shows that the attractive part of the potential is
� �

r

� 6, where it decays with

the distance because of the dipole-dipole interaction. The repulsive part of the equation is
� �

r

� 12

and decays more rapidly than the attractive part. From this, the repulsive term is dominant at
short distances and the attractive term is dominant at long distances. The bottom of the well
is the equilibrium of the atom pair at 0 K. The bond energy of the two atoms is de�ned as the
bottom of the well to in�nity of the bond energy. The curvature of the bottom of the well de�nes
the frequency of the two atoms swinging.[29]

2.4 Heat Conduction in Solids

This section is based on chapter 1 of the book of Hahn D. W. and Özisik N. M.Heat Conduction
(2012)[30].

Heat conduction can be derived from the di�erential or integral form of heat conduction,
which is often called the heat equation. Here the di�erential control volume equation is derived.
The assumption made for this is that it is a continuum so that all the properties do not vary
on the microscopic scale. The heat equation is for a solid which is homogeneous, stationary and
isotropic, where there is heat generation in the body. The internal heat generation in a solid is
mainly due to nuclear or chemical reactivity, electrical current, and absorption of light i.e. laser.
These are in general a function of time and/or position.

Figure 2.13 shows the di�erential control volume in cartesian coordinates. From this, the
volume and mass of it is de�ned as,

Figure 2.13. Image for the di�erential control volume, for derivations of the heat
equation. Taken from [30].

dv = dx dy dz

dm = �dx dy dz
(2.6)
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Here � is the mass density of the control volume with the units of kg
m3 . For the assumption

of a continuum the equation (2.7) is considered.

" � L 3
c (2.7)

Where " is a volume much larger than the individual atoms and Lc is the smallest length scale
of interest for the heat transfer. When this equation is valid then the continuum assumption is
ful�lled.

After this assumption, we can look at the general statement of conservation of energy, which
is based on the �rst law of thermodynamics.

�
h +

1
2

V
2

+ gz
�

in
� _m �

�
h +

1
2

V
2

+ gz
�

out
+ � _Q + � _Egen � � _W =

dEcv

dt
(2.8)

where h is the speci�c enthalpy, V is the velocity of the �uid, gz is the potential energy per
unit mass, � _min and � _mout is the mass �ow rates in and out of the controlled volume,� _Q is the
net heat transfer into the controlled volume, � _Egen is the generated energy within the controlled
volume, � _W is the work transfer rate out of the controlled volume and dEcv

dt is the rate of change
in energy inside the controlled volume. When the mass �ow rates and the rate of work done by
the control volume are zero, then the heat equation for the quiescent medium can be derived.
Thereby the rate of change in energy can be expanded as,

dEcv

dt
=

d
dt

��
u +

1
2

V
2

+ gz
�

cv
dm

�
: (2.9)

Here u is the internal energy with units of J
kg . This is an intensive scalar property, which

is related to the thermodynamic state of the system. If any changes in the kinetic energy and
potential energy are neglected the change in energy can be described as,

� _Q + � _Egen =
d(u dm)

dt
(2.10)

The net heat is described by the heat rate in and out of the controlled volume, which is,

� _Q = ( qx � qx+ dx ) + ( qy � qy+ dy) + ( qz � qz+ dz) (2.11)

The individual terms of the heat rate can be described by Fourie's law and the respective
cross-sectional area. Thereby the one in thex direction can be described as,

qx = � kAx
@T
@x

where Ax = dy dz: (2.12)

For the y and z direction it is essentially the same, thusAy = dx dz and Az = dx dy,
respectively. To describe the individually exiting heat rates a Taylor series expansion is used
neglecting the higher-order terms. For thex direction it becomes,

qx+ dx = qx +
@qx
@x

dx = � kAx
@T
@x

+
@

@x

�
� kAx

@T
@x

�
dx: (2.13)

By combining equation (2.12) and (2.13) the net heat rate entering the controlled volume
becomes,
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qx � qx+ dx =
@

@x

�
k

@T
@x

�
dx dy dz (2.14)

The same applies to the net heat rate in they and z direction. These de�nitions can then
be inserted in equation (2.11) giving,

� _Q =
@

@x

�
k

@T
@x

�
+

@
@y

�
k

@T
@y

�
+

@
@z

�
k

@T
@z

�
(2.15)

The de�nition of the internal energy generation can be calculated from the volumetric rate of
the internal energy generationg. The volumetric rate of internal energy generation is in general
described asg = g(r̂; t ) and therefore the internal energy generation can be described as,

� _Egen = g dx dy dz: (2.16)

For the rate of change of energy in the controlled volume, the de�nition can be described by
introducing the constant volume speci�c heat cv with units of J

kg�K . This is de�ned as cv � @u
@T

�
�
v

and becomes

u = cvT + uref: (2.17)

It is known that for an incompressible solid or �uid, it is de�ned as cv = cp = c, where cp is
the speci�c heat of constant pressure. By inserting the above expression into the right-hand side
of the equation (2.10) the net rate of change of energy within the controlled volume becomes,

d(u dm)
dt

= �c
@T
@t

dx dy dz: (2.18)

For the equation to hold the assumption that the properties � and c are constant.
Now equation (2.15), (2.16) and (2.18) can be introduced to equation (2.10) to become the

general heat equation in the cartesian coordinate system,

@
@x

�
k

@T
@x

�
+

@
@y

�
k

@T
@y

�
+

@
@z

�
k

@T
@z

�
+ g = �c

@T
@t

: (2.19)

Each of the di�erent terms has the units of W
m3 . The above equation is thereby the net rate of

heat conducted per di�erential volume plus the rate of energy generated internally per volume,
which gives the net rate stored per di�erential volume.

If the thermal conductivity for the general heat equation is a constant the equation can be
rewritten as,

@2T
@x2

+
@2T
@y2

+
@2T
@z2

+
g
k

=
1
�

@T
@t

: (2.20)

Thereby each term in the equation has the units K
m2 , since the thermal di�usivity is de�ned

as

� =
k
�c

(2.21)

where the units are m2

s . Thermal di�usivity is a thermal physical property of the medium.
This physical property represents the �ow of heat. This means that the higher the thermal
di�usivity the faster the response of the medium to thermal perturbations, and the faster the
change in propagation is through the medium.
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Method 3
3.1 Deposition of Au

A machine that Professor Kjeld Pedersen built was used to deposit Au on quartz glass outside
of the clean room. The start parameters for the machine and the parameters for deposition of
Au on the di�erent samples are shown in table 3.1.

Table 3.1. Parameters for growing Au on quartz glass.

Sample Temperature [°C] Current [A] Voltage [V] E�ect [W] Pressure [mbar]
Start 10 5 � � 1�10� 6

1 10 55 9.3 511.5 3�10� 6

2 10 55 9.3 511.5 6�10� 6

3 10 55 9.4 517 2�10� 6

4 10 55 9.4 517 2�10� 6

3.2 Deposition of GaN

The machine used was built by Professor Kjeld Pedersen and technician Peter Kjær Kristensen.
A sample was placed inside the load lock for deposition. The deposition was done with Ga and N
rich conditions in an ultra-high vacuum. The N was cracked with microwaves to create a plasma.
The following parameters for the di�erent samples can be seen in the table 3.2. Here TS is the
temperature of the substrate and TGa is the temperature of the Ga source for deposition. The
parameter TF S is the temperature of the samples getting �ashed to remove the O layer on the
surface of the sample. tF S is the time used to �ash the sample < 1000°C. Here the samples
marked with * are the samples where they got �ashed in the deposition chamber, else they were
�ashed in the loading chamber except for samples 1 and 2. The deposition time for all samples
was around 3 hours.
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Table 3.2. Deposition parameters of GaN.

Sample Substrate TS [°C] Power [A] TGa [°C] tF S [s] thickness [nm]
1 Si(100) 25 � 950 � � 100
2 Si(100) 650 2 950 � � 100
3 Si(100) 650 2 950 10 � 100
4* Si(100) 650 2 970 10 � 100
5* Si(100) 710 3 970 10 � 100
6* Si(100) 725 3.1 970 10 � 100
7* Si(100) 760 3.7 970 10 � 100
8 Mica 550 1 970 � �
9 Mica 600 1.5 970 � �
10 Mica 650 1.9 970 � �
11 Mica 700 2.8 970 � �
12 Mica 750 3.7 970 � �
13 Mica 800 4.6 970 � �
14 Mica 850 5.7 970 � �
15 Mica (small) 650 1.9 970 � �
16 Mica (small) 700 2.8 970 � �
17 Mica (small) 750 3.7 970 � �
18 Mica (small) 800 4.6 970 � �
19 Mica (small) 770 3.5 970 � �
20 Mica (small) 770 3.5 970 � �
21 Mica (small) 780 4.0 970 � �
22 Mica (small) 780 4.0 970 � �

3.3 Optical Microscope

The Optical microscope from Zeiss was used with the AxioCam MRc camera and the SMC 2009
controller. Bright �eld with re�ective light and transmitted light was used to examine the surface
samples. A magni�cation of � 2.5, � 10, � 20 and � 50 was used for all the samples.

3.4 Atomic Force Microscopy

The MDT-Ntegra atomic force microscope (AFM) was used to take images of the surface. The
surface roughness of the di�erent samples was investigated using the semi-contact mode. The
tip parameters that were used are shown in table 3.3.

Table 3.3. Cantilever parameters.

Spring constant
� N

m

�
Resonant frequency [kHz] Model

1.45 - 15.1 87 - 230 NSG01
17 - 34 230 - 380 ScanSense
3.5 - 6 77 - 114 ScanSens

For roughness of the samples images of 3� 3 � m were made to get the most accurate
measurements.
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3.5 Photoluminescence Spectroscopy

Photoluminescence spectroscopy was done using a machine built by Professor Kjeld Pedersen.
The setup uses a UV diode with a wavelength of 280 nm, which leads to a �lter that lets it hit
the sample. The light is detected in a spectrometer through an optical �bre. The input �lter is a
short pass �lter, and the �lter for detection is a long pass �lter, which both have a wavelength of
300 nm. All the measurements were done at room temperature. The parameters that are used
for photoluminescence are shown in table 3.4.

Table 3.4. Parameters for measurements.

Parameter Value
Detector chip -40 °C

Output slit size 1000� m
Input slit size 500 � m
Exposure time 0.2 s
Accumulations 60

Accumulation cycle time 1 Hz
DAC 100

3.6 X-Ray Di�raction

The Empyrean X-ray di�ractometer machine from PANalytical was used to make X-ray
di�raction (XRD) spectra for the samples on Si(100). All samples were rotated while taking
the measurements, and all the samples were taken from 0 to 80 degrees.

3.7 Assembly

3.7.1 MPTS Assembly

The method for assembly of the samples was inspired by Boden, C. A. et al.[25] and Tingting,
Y. et al.[31]. Before the samples were used, they were rinsed with acetone and isopropanol, then
dried with N 2. Di�erent parameters were then changed to get the best possible result. The
di�erent parameters that were changed were the time the sample spent in the ozone and time in
the desiccator. The various times are shown in table 3.5. The try where there is a * was the one
that got MPTS deposited directly on the surface.

Table 3.5. The di�erent parameters changed to assemble the two thin �lms.

Try Assembly sample Ozone time [hour] Vacuum time [hour] MPTS/Toluene mix Weight
1 GaN 20 and Au 1 � 1/2 � 1 1/3 �
2 GaN 20 and Au 1 � 1 � 2 1/3 �
3 GaN 21 and Au 2 � 3 � 3 1/3 �
4 GaN 21 and Au 2 � 2 � 3 1/3 Yes
5 GaN 21 and Au 2 � 24 � 24 1/3 Yes
6* GaN 21 and Au 2 � 24 � � Yes
7 GaN 21 and Au 2 � 24 � 24 1/1 Yes

For the desiccator treatment of try number 1, the sample was left there for around 5 minutes
after the vacuum pump was turned o�. For the second try and afterwards, the vacuum pump
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was on for the whole vacuum time. After the ozone treatment and the desiccator treatment, the
assembled sample was baked in an oven at 100°C for 1 hour, with a weight on top of the samples.

3.7.2 Silver Epoxy Assembly

Samples GaN 21 and Au 2 were �rst cleaned with acetone and isopropanol and then dried with
N2. They were then assembled with silver epoxy from Chemtronics[32]. The sample sandwich
was baked in an oven for 70°C for 1 hour, with weight on top. 24 hours after the sample was
baked, it was placed in a beaker with Tetrahydrofuran (THF) and left there overnight.

3.7.3 Tape Lift-o� Assembly

GaN sample 22 and Au sample 3 were cleaned with acetone and isopropanol, and then dried
with N 2. Adhesive tape was used for GaN lift-o�. This was done 2 more times on the GaN of
the �rst adhesive tape lift-o� from the sample. The GaN on the �rst adhesive tape was placed
in a beaker with isopropanol in an ultrasonic bath until everything came o�. The GaN �ake was
then deposited on the Au sample, and left to dry.

3.8 COMSOL Simulation

To heat the muscovite mica samples, a Si(100) wafer was placed underneath to create a
heating element. This is done since mica is an insulating material. Therefore the temperature
di�erence is important to look at for the whole sample. For simulations, the program COMSOL
Multiphysics[1] (version 6.2) was used. The heat distribution from Si(100) to muscovite mica was
simulated with two di�erent geometries for the two samples of di�erent sizes. The geometries
are shown in Figure 3.1. where both samples have a Si(100) sample with the size of 10� 35� 0.5
mm.

(a) 25 � 25 � 0.15 mm (b) 9 � 32 � 0.15 mm

Figure 3.1. The two di�erent muscovite mica samples.

For the simulation, there was made a time-dependent study, where thermal conductivity
(k), density (� ) and heat capacity at constant pressure (Cp) are from the two materials. The
simulations' surroundings were held at a constant temperature of 293.15 K. The surface-to-
ambient radiation was de�ned to be the muscovite mica sample where the surface emissivity (" )
was from the material and the ambient temperature at 293.15 K. Then one end of the sample
was heated in a time from 0 min to 1 min with a time step of 0.01 min. This was done for
temperatures from 823.15 K to 1123.15 K with a temperature step of 50 K.
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Results 4
4.1 Grown Au Surface

Several Au surfaces were grown on a quartz glass substrate, where optical images and AFM
images were taken to examine the surface. These thin �lms were grown to be around 50 nm in
thickness.

4.1.1 Optical and AFM Imaging

Sample number 1 of the grown Au on quartz glass is shown in �gure 4.1. For �gure 4.1a the
magni�cation was � 10 and shows a few visible imperfections on the surface. For �gure 4.1b
the magni�cation was � 20, where it shows the surface with transmitted light, to better see the
imperfections.

Di�erent AFM images were taken of the Au surfaces to examine the roughness of the surface.
For sample 1, the roughness depends on the place of the sample. Some areas on the sample have
more Au islands and other places are more smooth, as observed in �gure 4.1c. In table 4.1a the
roughness of sample 1 can be observed and the average roughness is around 2.3 nm.

(a) (b)

18



4.1. Grown Au Surface Aalborg University

(c)

Figure 4.1. Sample 1, Au surface on quartz glass without binding material between
Au and quartz glass taken in an optical microscope and AFM. Here(a) is taken with
a magni�cation of � 10 and (b) is with a � 20 magni�cation and with transmitted
light. (c) is the AFM image of the surface.

Sample 2 of the Au samples is shown in �gure 4.2. Here the Au has a homogeneous surface
with a few imperfections. This is also observed in the image taken with transmitter light, which
shows the surface to be blue. The AFM image shows many grains spread over the surface, with
an average roughness of 1.7 nm, shown in table 4.1b.

(a) (b)
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(c)

Figure 4.2. Sample 2, Au surface on quartz glass without binding material between
Au and quartz glass taken in an optical microscope and AFM. Here(a) is taken with
a magni�cation of � 10 and (b) is with a � 20 magni�cation and with transmitted
light. (c) is the AFM image of the surface.

Samples 3 and 4 were grown in the deposition chamber at the same time. Sample 4 is shown
in Appendix 7. Figure 4.3 shows sample 3 with a homogenous surface and one big scratch. The
image of the transmitted light shows a few grains of imperfections throughout the surface. From
the AFM image, the surface shows some big grains on top of the surface. This makes the average
roughness 4.0 nm, shown in table 4.1c.

(a) (b)
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(c)

Figure 4.3. Sample 3, Au surface on quartz glass without binding material between
Au and quartz glass taken in an optical microscope and AFM. Here(a) is taken with
a magni�cation of � 10 and (b) is with a � 20 magni�cation and with transmitted
light. (c) is the AFM image of the surface.

Table 4.1. Roughness of the Au surface on di�erent wafer places taken from the
3� 3 images.

(a) Sample 1

Image number RMS [nm]
1 1.4
2 1.3
3 10.3
4 1.2
5 1.3
6 1.1
7 1.4
8 1.2
9 2.5
10 1.4

Average 2.3

(b) Sample 2

Image number RMS [nm]
1 1.4
2 1.5
3 1.8
4 4.0
5 1.5
6 1.3
7 1.5
8 1.1
9 1.3
10 1.1

Average 1.7

(c) Sample 3

Image number RMS [nm]
1 2.0
2 2.4
3 3.7
4 1.9
5 2.8
6 2.9
7 4.0
8 5.5
9 8.2
10 6.1

Average 4.0
(d) Sample 4

Image number RMS [nm]
1 0.9
2 0.6
3 0.5
4 0.9
5 1.0
6 0.6
7 0.8
8 0.6
9 0.6
10 0.7

Average 0.7

21



4.2. Grown GaN Aalborg University

4.2 Grown GaN

The growing process for GaN was done with substrates of Si(100) and muscovite mica. For all
samples, the optical images were taken with re�ected light. Optical images, AFM images and
photoluminescence measurements were made to look at the surface and to check if the grown
GaN had the ideal structure for its band gap energy. The band gap energy was calculated by
equation (4.1)

Eg =
hc
�

; (4.1)

where Eg is the band gap energy,h is the Planck constant, c is the speed of light and� is
the wavelength.

Only for the GaN on Si(100) samples, XRD measurements were made, to check the thin �lm
structures.

4.2.1 Optical, AFM and Photoluminescence For GaN on Si(100)

The �rst test sample that was made can be seen in Appendix 10. The other results of di�erent
temperatures on Si(100) are shown in Appendix 8. Sample 1 is seen in �gure 4.4 where the
surface of GaN on a Si(100) substrate can be observed. Here, �gure 4.4a is the surface with
a magni�cation of � 50, and �gure 4.4b is at the edge of the GaN surface with the same
magni�cation. The GaN is grown to be around 100 nm in thickness. The surface shows a
homogeneous layer with a few imperfections.

AFM images were made to check the roughness of the di�erent samples. In �gure 4.4c the
image of a 3� 3 � m is shown for sample 1. A lot of small grains can be observed on the surface.
Table 4.2a shows the roughness of the surface from di�erent places of sample 1 with the grown
GaN. The average roughness of this sample is around 2.2 nm.

From �gure 4.4d, the photoluminescence measurement is shown for sample 1. Three maxima
can be observed in the graph. The �rst maximum is around 280 nm, which is the pump light
leaking through the pass �lter. This maximum can be observed again around 560 nm which is
the second-order di�raction of the monochromator grating. The very small maximum from the
black box is around 367 nm, which gives a band gap energy of 3.38 eV.

(a) (b)
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(c)

(d)

Figure 4.4. Grown GaN on a Si(100) substrate where(a) is the optical image of
the middle of the surface and(b) is the edge of the sample, both with a magni�cation
of � 50.(c) is the AFM image. (d) is the photoluminescence measurement where the
green line is the smoothened data of the purple raw data. The zoomed part on the
graph is from the black box.

The optical image for sample 5 shows a homogeneous surface with a circular formation of
grains and a yellow circle around the grains. The rest of the sample also shows a homogeneous
surface. The AFM image of this sample shows many closely packed grains, which gives an RMS
value of 15.3 nm. Photoluminescence of this sample shows a more de�ned maximum at around
351 nm, giving a band gap energy of 3.53 eV. It also shows a broad maximum starting from
around 500 nm to around 800 nm which indicates a defect in the crystal.
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(a) (b)

(c)

Figure 4.5. Grown GaN on a Si(100) substrate where(a) is the optical image
of the surface with a magni�cation of � 50 and (b) is the AFM image.(c) is the
photoluminescence measurement where purple is the raw data, green is the smoothed
data and the zoomed graph is from the black box on the original graph.

For sample 7, the surface was di�erent depending on the wafer position. The two di�erent
positions are shown in �gure 4.6a and 4.6b, where it is the sample in the middle and one of
the edges, respectively. The middle of the surface is homogeneous without visible grains. The
surface on the edge is of di�erent colours and shows many grains. The grains in the AFM image
are closely packed, giving an RMS of 18.5 nm. The photoluminescence of this sample shows
only one very broad maximum at around 610 nm, which is a strong defect of luminescence. The
maximum which is examined is the one from the black box. Here the maximum is small and at
around 370 nm. This gives a band gap energy of 3.35 eV.
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(a) (b)

(c)

(d)

Figure 4.6. Grown GaN on a Si(100) substrate where(a) is the optical image of
the surface with a magni�cation of � 50 on the middle of the sample and(b) is the
optical image on the edge of the sample with the same magni�cation.(c) is the AFM
image. (d) is the photoluminescence measurement from the middle of the sample,
where purple is the raw data, green is the smoothed data and the zoomed graph is
from the black box on the original graph.
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Table 4.2. Roughness of the grown GaN on Si(100) substrate taken from the 3� 3
� m AFM images

(a) Sample 1

Image number RMS [nm]
1 1.6
2 2.9
3 3.0
4 1.6
5 2.0
6 2.0
7 2.1
8 2.1
9 2.3
10 2.8

Average 2.2

(b) Sample 2

Image number RMS [nm]
1 24.2
2 25.1
3 24.7
4 25.0
5 23.7
6 24.1
7 22.3
8 22.5
9 23.4
10 23.7

Average 23.9

(c) Sample 3

Image number RMS [nm]
1 27.2
2 26.0
3 27.3
4 24.3
5 22.6
6 22.6
7 26.4
8 26.7
9 26.8
10 25.4

Average 25.5
(d) Sample 4

Image number RMS [nm]
1 22.1
2 12.9
3 12.0
4 12.1
5 13.6
6 14.5
7 15.5
8 18.2
9 15.2
10 18.8

Average 15.5

(e) Sample 5

Image number RMS [nm]
1 14.2
2 14.2
3 13.3
4 13.9
5 16.6
6 15.4
7 17.6
8 18.2
9 16.4
10 13.3

Average 15.3

(f ) Sample 6

Image number RMS [nm]
1 11.9
2 11.3
3 15.3
4 12.3
5 13.3
6 12.4
7 14.0
8 13.8
9 13.4
10 14.9

Average 13.3
(g) Sample 7

Image number RMS [nm]
1 16.6
2 17.6
3 18.2
4 17.7
5 17.1
6 18.0
7 18.1
8 17.5
9 20.5
10 23.3

Average 18.5

XRD

The following articles were used to analyse all the data shown in this section. The article of
Nasr, F. B. et al. (2016)[33] was used for some of the GaN peaks. Then Saron K. M. A. et al.
(2021)[34] was used for both the GaN and Si(100) peaks. To ensure that the peak for Si(100) is
at around 69.4, the article from Kumar G. et al. (2022)[35] was used. Articles from Masilamani,
G. et al. (2012)[36], Kang, B. et al. (2011)[37] and Martínez-Ara, L. A. et al. (2019)[38] were
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used to ensure that the peaks in the XRD data were indeed the di�erent GaN and Si structures.
XRD data for samples 2 to 4 and 6 are displayed in Appendix 8.1.1. The XRD data shows that
for samples 3 to 7 GaN has an orientation of GaN(002), GaN(200) and GaN(112). Orientations
of GaN(100) and GaN(101) are observed for samples from 4 to 7. Sample number 5 from �gure
4.7b shows a peak for GaN(002) with nearly the same intensity as the Si(100) peak.

(a)

27




	Titelpage
	Intro
	Theory
	Index System for Crystal Structures
	GaN Crystal Structure

	Thin Film Growth
	Epitaxy Growth
	Heteroepitaxy
	Molecular Beam Epitaxy
	Physical Vapor Deposition

	Assembly Methods
	Surface Modification
	Silver Epoxy
	Lennard-Jones Potential

	Heat Conduction in Solids

	Method
	Deposition of Au
	Deposition of GaN
	Optical Microscope
	Atomic Force Microscopy
	Photoluminescence Spectroscopy
	X-Ray Diffraction
	Assembly
	MPTS Assembly
	Silver Epoxy Assembly
	Tape Lift-off Assembly

	COMSOL Simulation

	Results
	Grown Au Surface
	Optical and AFM Imaging

	Grown GaN
	Optical, AFM and Photoluminescence For GaN on Si(100)
	Optical, AFM and Photoluminescence for GaN on Muscovite Mica

	Heat Distribution In Mica
	Assembly

	Discussion
	Au on Quartz Glass
	Ga and N Ratio
	GaN on Si(100)
	GaN on Muscovite Mica
	Smaller Muscovite Mica

	Heat Distribution
	Assembly
	MPTS
	Silver Epoxy
	Adhesive Tape Lift-off


	Conclusion and Outlook
	Bibliography
	Appendix A
	Growth of Au

	Appendix B
	Growth of GaN on Si(100) Results
	XRD of Si(100) Samples

	Growth of GaN on Muscovite Mica Results
	Small Muscovite Mica Samples Results


	Appendix C
	Heat Distribution in Mica Results

	Appendix D
	First Try of Growth of GaN
	Optical Images
	AFM


	Appendix E
	Ionbonding


