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Abstract

In this thesis, Selective Area Growth (SAG) of cubic Gallium Nitride (c-GaN) on
3C-SiC/Si (001) pseudo substrates is demonstrated. Silicon Dioxide was employed
as a growth mask, preventing nucleation of c-GaN on covered surfaces. Plasma
deposited and thermal silicon oxides were employed and patterned by means of
Nanosphere Lithography (NSL), Block-Copolymer Lithography (BCP) and Electron
Beam Lithography (EBL). NSL and BCP were utilized to achieve hole arrays with
130 nm and 17 nm in diameter. EBL was employed for patterning of U- and V-shaped
grooves. Patterns were transferred into SiO, by Reactive Ion Etching. 3C-SiC and
SiOy were etched by SFg and CHF3/Ar plasmas, respectively. It was possible to
demonstrate phase pure and selective nucleation down to nano scales of 17 nm
and 100 nm on <001> and <111> facets of 3C-SiC, correspondingly. Hexagonal
fraction of GaN was confirmed by means of Transmission Electron Microscopy (TEM)
and High Resolution X-Ray Diffraction (HRXRD). On checker board patterns with
openings of 3 mm, hexagonal phase contents below 1 % were achieved. On V-shaped
grooves, approximately exposing <111> facets along [110] in 3C-SiC, a hexagonal
phase content of 17.6 % was estimated. For all structures, phase pure nucleation
was shown by TEM imaging. Furthermore, coalescence was shown to be possible
after nano SAG of ¢-GaN with dominant cubic phase. On BCP patterned holes the
lowest hexagonal fraction observed was 29% after coalescence of GaN.

Key words: Gallium Nitride, Silicon Carbide, Plasma Assisted Molecular Beam
Epitaxy, Selective Area Growth, Lithography



Declaration

I hereby declare that this thesis is my own work and effort and that it has not been
submitted anywhere for any award. Where other sources of information have been
used, they have been acknowledged. Results already published elsewhere will be
marked respectively.

23.01.2023 Falco Meier









Contents

1 Introduction

2 Theory

2.1 Group III-V Nitrides and related Crystals . . . . . .. ... ... ...
2.1.1 Properties of Nitrides . . . . . . .. . ... ... ... ...
2.1.2 Properties of Substrates. . . . . . . ... ...

2.2 Epitaxy . . . ... ..

2.2.1 Epitaxy of cubic Gallium Nitride. . . . . . ... ... ... ...
2.2.2 Selective Area Growth . . . . . . . . .. ... ... ...

2.3 Characterization . . .

2.3.1 Reflective High Energy Electron Deflection . . . . . . . . .. ..
2.3.2 High Resolution X-Ray Diffraction . . . . . . . ... .. ... ..
2.3.3 Atomic Force Microscopy . . . . . . . .. . ... L.
2.3.4 Electron Microscopy . . . . . . . . . ..o
2.3.5 Photoluminescence Spectroscopy . . . . . . . . . ... ..

2.4 Lithography . . . ..
2.4.1 UV Lithography

2.4.2 Electron Beam Lithography . . .. .. ... .. ... ... ...

2.5 Reactive Ion Etching

3 Experimental
3.1 SiOy Deposition . . .
3.2 Checkerboard Pattern

3.3 Nanosphere Lithography . . . . . ... ... ... ... ... ...
3.4 Block Co-polymer Lithography . . . . . . ... ... ... ... ....
3.5 Electron Beam Lithography . . . . . . . .. .. ... ... ... ....
3.6 RIE Patterning of SiO/3C-SiC (001) . . . . .. ... ... ... ...
3.7 PAMBE of cubic Gallium Nitride . . . . . . ... ... ... ... ...

4 Results
4.1 Selective Area Growth

4.1.1 Critical substrate temperature . . . . . . . .. .. .. ... ...
4.1.2 SAG on nanoscopic SiOs Masks . . . . . ... ...
4.1.3 GaN growth on NSL patterned SiO, on 3C-SiC . . . . ... ..
4.1.4 GaN growth on NSL patterned SiO on 3C-SiC (001) . . .. ..
4.1.5 GaN growth on EBL patterned SiOy on 3C-SiC . . . . . . . ..
4.1.5.1 V-shaped grooves . . . . . . .. ... ... ... ... ..
4.1.5.2 GaN growth on V-shaped grooves . . . . . . . ... ...
4.1.5.3 Aspect Ratio Limit . . . . . . ... ... ... ... ...



ii Contents

4.1.6 BCP Masks . . . . .. .. ... 89

4.2 PAMBE of c-GaN at elevated temperatures . . . . . . . ... ... .. 93

5 Summary and Outlook 101
Bibliography 103
Appendix 121
A First chapter of appendix 122
Al Sample list . . . . . ... 122

Publications 127



CHAPTER 1

Introduction

Wide bandgap group III Nitrides could be utilized to replace common semiconductors.
Due to their favorable mechanical [Haul8], thermal [Amb96; Haul8] and electrooptical
[Haul8; Str92| properties, nitrides stay interesting for a lot of applications. Nowadays,
one of the most prominent application is the blue LED invented by Nakamura. [Heb14]
Besides blue LED’s, Nitrides can also be used in Telecommunication as the Band gap
of cubic Indium Nitride is about 0.6 €V. By mixing Indium, Gallium and Aluminum
with Nitrogen a range from 0.6 eV to 4.4 eV can be covered within the cubic Nitride
material system, granting usability for a lot of applications like LED’s, LD’s and
more. Nitrides are also suitable for high frequency applications [For05]. In industry,
hexagonal nitrides are commonly utilized, e.g. for LED’s, as they are easy to grow
with high quality on sapphire and other commercially available substrates.

Efficiency of such devices is strongly lim- 100 ¢
ited by internal polarization fields caused |5  f o
X 90 S
by hexagonal crystal symmetry. These 0 i =
polarization fields result in the so called |G 80§ S
Quantum Confined Stark Effect (QSCE), |5 i &
which limits the overlap of wave func- -c_’l'u 70 §
tions in active low dimensional struc- | £ 60 .g
tures, e.g. Quantum Wells. Therefore, S E
. 50 L
the effect reduces the internal quantum ]
efficiency of devices based on hexagonal 0 50 100 150 200
Nitrides. These inefficiencies could be Current Density (A/cm?)

treated by employing the cubic phase Figure 1.1: Normalized IQE (left y-axis)
of Gallium Nitride [Tsa22]. Figure 1.1 4pq efficiency droop (right y-axis) as a func-
depicts the Internal Quantum Efficiency tion of current density are plotted. Red
(IQE) versus current density. As can hexagons and green rhombuses refer to the h-
be seen, polar nitrides suffer 51% effi- and c-LEDs, whereas blue pentagons refer to
ciency droop compared to their cubic the nonpolar h-LED grown on m-plane GaN
counterparts at high current densities. substrates. Taken from [Tsa22].
Furthermore Tsai et al. revealed, that

c-GaN based devices are more immune to Auger electron-hole interactions and other
efficiency degrading effects.

Despite its symmetric advantages, the cubic phase is metastable and therefore very
hard to grow with high crystal quality. Additionally, no lattice matched substrates
exist. This strongly limits structural and morphological quality of GaN epilayers, and
therefore devices based on cubic Nitrides, dramatically. Successful SAG of c-GaN
could overcome previous limits and therefore promote c-GaN to commercial qualities.
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The presented work engages the challenging task of growing cubic Gallium Nitride
(c-GaN) selectively. Selective Area Growth (SAG) is a commonly used technique
to overcome mismatch induced crystal defects like Stacking Faults (SF). SAG is
used in many material systems to grow materials with lattice mismatch on differ-
ent substrates as HSU et al. successfully demonstrated for Gallium Arsenide on
patterned Silicon (Si) substrates [Hsul2]. In this way it is possible to switch to
cheaper substrates like Si. In the case of cubic Nitrides it could allow to achieve new
grades of crystal quality as no lattice matched substrates exist. The closest substrate
utilized is 3C Silicon Carbide (3C-SiC) with a mismatch of 3.2 %. State of the Art
thin films with thicknesses of around 600 nm exhibit Full width at half maximum
(FWHM) of Rocking curves of about 30 arcmin with hexagonal contents well below
1%. Surface roughness Root Mean Square (RMS) of such films is in the order of 4 nm
on 10x10 pm?2. While this is a good start, such structural quality is not good enough
to compete with hexagonal counterparts. In cubic Gallium Nitride 54.7° stacking
faults are the dominating defects reducing crystal quality. Therefore it is crucial
to find techniques to reduce SF density. On successful implementation comparable
works show reduction of FWHM of a factor of 2 at least [She02]. For hexagonal
Nitrides multiple techniques were already demonstrated useful[Fan08; Kap97; Sch11;
Tan00]. Furthermore, proper SAG parameters could allow additional techniques like
Pendeoepitaxy, Nano Hetero Epitaxy, Aspect Ratio Trapping and many more to
become viable [Che08; Ju04; Lin99; Liul6; Man20).

Successfully implementing SAG is strongly dependent on different factors like the
lattice mismatch, the sticking coefficient of ad atoms, I11/V flux ratios, substrate
temperature and more. The fact that GaN is metastable in its cubic phase adds more
difficulty on top. When adapting growth parameters to ensure selectivity its unclear
if the cubic phase can be kept dominant. Therefore this work is not only about
achieving selective but also cubic growth within SAG conditions. Besides the work of
Shen et al. [She02], up to now only Ricada Kemper attempted Nanoheteroepitaxie
(NHE) to increase c-GaN quality by reducing the growth area [Keml14]. While
being somewhat successful, the growth was not selective and therefore not usable
in combination with masks. If growth is not selective there is little to no chance
to achieve coalescent cubic films with higher quality compared to films grown with
regular heteroepitaxy on unpatterned 3C-SiC substrates. A byproduct of Kempers
work were V-shaped grooves approximately dissecting <111> facets of 3C-SiC. TEM
measurements revealed that c-GaN and c-AIN deposited in such grooves were defect
free. It is impossible to cover all conceivable techniques within one thesis to a
satisfying extend. The main goal of this thesis is to find a mentioned set of SAG
conditions while preserving the cubic phase and try to achieve coalescence. Selective
nucleation will be tested down to nanoscopic scales. Additionally, SAG conditions for
cubic nucleation in V-Grooves, with an angle of 54.7° exposing (111) facets, etched
into 3C-SiC along [110] and [1-10] shall be found. In the work of R. Kemper such



V-shaped grooves were artifacts of the patterning. In this work such growth shall be
reproduced selectively and without Aluminum Nitride interlayers.






CHAPTER 2

Theory

In the following chapter theoretical basics are presented. This includes the properties
of cubic Nitrides and correlated Crystals like the substrate made of 3C-SiC (001).
For growth Plasma Assisted Molecular Beam Epitaxy (PAMBE) is used. Usually
c-GaN is grown with carefully optimized substrate temperature to ensure that a
monolayer (ML) of Ga is present during growth the whole time. The description and
theory of this method does not hold for selective growth as the substrate temperature
has to be increased by over 100°C to achieve selectivity between 3C-SiC and SiOs.
Therefore, a brief explanation is given based on experimental findings. There is no
citable explanation of the process of growing cubic Nitrides with PAMBE without
a metal monolayer. This process is still subject of current research. Nevertheless,
growth at elevated temperatures was already suspected to happen in a so called
evaporation-condensation equilibrium [Sch02]. First results in such a growth regime
are presented in section 4.2.

Additionally, characterization methods of Nitrides are explained. In situ monitoring
is done via Reflective High Energy Electron Deflection (RHEED). Characteriza-
tion methods involve High Resolution X-Ray Diffraction (HRXRD), Atomic Force
Microscopy (AFM), Scanning Electron Microscopy (SEM), Transmission Electron
Microscopy (TEM) and Photoluminescence measurements (PL).

Patterning of Masks was done with the help of optical and electron beam Lithogra-
phy as well as self organization methods like Nanosphere Lithography (NSL) and
Block-Copolymer Lithography (BCP). All lithographic techniques will be covered
briefly.

The Chapter is concluded with theoretical background about Reactive Ion Etching
(RIE) processes necessary to pattern SiOy and 3C-SiC.

2.1 Group llI-V Nitrides and related Crystals

The following chapter describes the fundamental properties of the employed Crystals.
Namely this will cover Nitrides, especially Gallium Nitride as well as substrate
materials. To begin with, table 2.1 lists all physical parameters.

From the table 2.1 we can see that only 2 substrates offer a comparably small lattice
mismatch of below 4%. On one hand we have 3C-SiC (001) with a mismatch of -3.9%
and c-AIN (001) with a mismatch of -3.4%. Despite the smaller lattice mismatch of
c-AIN in most cases 3C-SiC is utilized as this substrate is commercially available.
In this work heteroepitaxial growth is mainly conducted on 3C-SiC. Besides that
homoepitaxial SAG of c-GaN on c-GaN is tested. Homoepitaxial SAG is concerned
to increase selectivity.
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crystal Lattice constant[A] Bandgap[eV] | lattice mismatch
a c to c-GaN|[%)]

c-GaN | 4.53[Pow93] | - 3.21[Pow93]

h-GaN | 3.289[Pas04] | 5.186[Pas04] | 3.44[Gol01]

c-InN | 4.97[Tab99] | - 0.61[Sch06] 9.7

h-InN | 3.5365[Dav] | 5.7039[Dav] | 0.9[Dav]

c-AIN | 4.38[She91] | - 4.5[Ber06] 2.8

h-AIN | 3.112[Pas04] | 4.981[Pas04] | 5.9[0ku9s]

Si 5.419[Str52] | - 1.179[Blu74] 16.4

3C-SiC | 4.350[She91] | - 2.3[Har95] 3.2

YSZ | 5.125[CRY] | - 5.8[Nic92] 11.6

Table 2.1: Overview of physical parameters for employed Crystals in this work,
including lattice constant and bandgap for Nitrides, their respective substrates as well
as lattice mismatches to c-GaN (001).
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2.1.1 Properties of Nitrides

[0001]

[1-210]
[2-1-10]

Figure 2.1: Ball and Stick scheme depicting the cubic zinc blende Gallium Nitride
phase (left) and the wurtzite hexagonal Gallium Nitride phase (right). Green represents

Gallium and blue Nitrogen.

> oW 0> TwW
> ® > W

h-GaN (0001)
c-GaN (111)

o> oTw OO o
> ™ O >

Figure 2.2: Schematic of zinc blende
(111) to wurtzite (0001) transition in
GaN projected towards [1-10]. Black
boxes depict the unit cell with respect
to the projection. Red Vector gives
(111)/(0001) direction.

Group III-V Nitrides like Indium Nitride
(InN), Gallium Nitride (GaN) and Aluminum
Nitride (AIN) occur in two phases. Nitrides
tend to nucleate and grow in the stable hexag-
onal wurtzite (WZ) phase. By employing
epitaxy, Nitrides can also be grown in the
metastable cubic zinc blende (ZB) phase. Fig.
2.1 depicts both phases with the help of a
ball and stick theme. Green balls are rep-
resentative for Gallium and blue balls for
Nitrogen. For the ZB phase 1 unit cell is
plotted. Hexagonal WZ is plotted with 3
unit cells to emphasize hexagonal symmetry,
which is more intuitive compared to a single
unit cell. Both phases are made of tetrahedra
with Gallium in the center surrounded by 4
Nitrogen atoms. The stacking sequence is
different for both phases (see Fig 2.2). Along
(111) ZB is stacked ABCABC while WZ is
stacked ABABAB along (0001). In the Ni-
tride system both crystallographic directions
are very similar and have a very small lat-
tice mismatch of 0.4% for the ¢-GaN/h-GaN
<111/0001> interfaces. The critical thick-
ness of c-GaN on 3C-SiC is in the range of a
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few monolayers. Therefore, Misfit Dislocations (MD), causing Stacking Faults (SF)
and hexagonal inclusions on <111> facets of the ZB phase are the most prominent
defects, limiting the crystal quality. Forming such SF and hexagonal inclusions is
the main mechanism of strain relaxation. By choosing proper cubic substrates, like
3C-SiC, and careful stoichiometric control of the III/V ratio, cubic phase can be
epitaxially maintained.

The Nitride material system already offers some advantages in the hexagonal phase,
e.g. thermal[Amb96; Haul8| and mechanical[Haul8] stability as well as electroopti-
cal[Haul8; Str92] properties. Besides that there is the theoretical possibility of mixing
ternary and quarternary compounds made of AIN, GaN and InN. Their bandgap
energies £, cover a wide range from 0.61 eV (infrared) to 5.9 eV (ultraviolet). Thus,
Nitrides could be useful for a wide range of applications.

The wurtzite phase exhibits polarization fields along its ¢ axis. Polarization is
subjected to cause the so called Quantum Confined Stark Effect (QSCE). QSCE is a
delicate derogation of efficiency in wurtzite GaN devices. While blue LED’s made of
h-GaN are efficient enough to be competitive, QSCE is rendering green h-GaN LED’s
bootless. This effect is also called "Green Gap'. By employing zinc blende structure
those fields can be avoided. Due to the discussed properties of cubic Nitrides, crystal
quality is insufficient to compete with hexagonal nitrides up to now [Nip16; Tsa22].

2.1.2 Properties of Substrates

In this work Silicon (Si) , Silicon Dioxide (SiO3) and 3C Silicon Carbide (3C-SiC)
are employed as substrates and masks. Si exhibits a diamond structure, which is
very similar to the zinc blende structure. The main difference is the atomic base.
Where zinc blende is made up of different atoms, e.g. Ga and N, diamond structure
is only made up of one atom like Si (see Fig. 2.1). Si is very cheap, commercially
available and among the purest crystalline materials one can get hands on. This
makes it perfect for testing purposes, where the crystal phase is not that important,
e.g. for selectivity testing.

The mainly used substrate for this thesis is 3C-SiC (001). SiC is a semiconducting
ceramic compound made of Silicon and Carbon. In industry SiC is utilized because
of its chemical and mechanical robustness making it useful for e.g. car brakes,
bullet proof vests and many more. Since the 1970’s it is also used in electronics for
manufacturing of LED’s and Detectors. SiC is especially suited for devices operated
in extreme environments, operated with high power and high frequencies. Over
200 different polytypes have been identified for SiC. The most prominent phases
are 3C-SiC, 4H-SiC and 6H-SiC. The latter ones are made of wurtzite with differ-
ent stacking sequences or unit cell length (2H,4H, 6H), while 3C-SiC exhibits the
zinc blende structure. The wurtzite polytypes stack like ABAB (2H), ABCB (4H),
ABCACB (6H) respectively.
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Figure 2.3: Schematic of the Silicon/3C-Silicon Carbide Interface with monoatomic
steps. These steps on the substrates surface lead to Anti Phase Domains (APD) in the
epilayer. Taken and adopted from [Faul6].

Commercially available 3C-SiC (001) substrates are usually not free standing but thin
films deposited on Si (001). This is done by a complicated Metall Organic Chemical
Vapor Deposition (MOCVD) process in industry. After deposition of 20 pm the film
is grounded to about 10 pum to achieve a surface roughness of below 1 nm.

Since the lattice mismatch between Si (001) and 3C-SiC (001) is close to 20%,
this process comes along with a lot of SF in 3C-SiC grown on Si. These SF are
accompanied by Anti Phase Domains (APD), where the lateral atomic sequence
reverses (see Fig. 2.3). APD’s are introduced by atomic surface steps and can be
suppressed by introducing miscut Si or 3C-SiC surfaces [Faul6; Leel9b]. However,
SF can not be suppressed this way.

All of the aforementioned defects can propagate into GaN epiplayers during growth.
Even if there would be no lattice mismatch between 3C-SiC and c-GaN, introducing
more defects, those defects from the substrate would remain and propagate into the
epilayer. Additionally, defects lines like SF have a predominant orientation depending
on the respective APD [Leel9a]. This is very important for the prospect of tailoring
nanoscopic structures in order to exploit SAG techniques like Aspect Ratio Trapping
(ART).
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2.2 Epitaxy

The term epitaxy (greek "order, alignment") is describing the adoption of crystallo-
graphic properties (orientation, lattice constant, phase, etc.) of condensing matter
on a crystalline substrate. If at least one property is adopted growth is concerned
to be epitaxial. If the materials grown on top of each other are identical (e.g. GaN
on GaN) it is called homoepitaxy. If the materials differ (e.g. GaN on 3C-SiC) it

Frank-Van der Merwe (FM) mode: Volmer—Weber (VW) mode: Stranski—Krastanov (SK) mode
Layer-by-layer growth (2D) Island growth (3D) Layer-plus-island growth

] ] T
f—0 f+0 f>0

e —— N e
Complete wetting Incomplete wetting Incomplete wetting
Small mismatch Any value of mismatch Large mismatch

(a) (b) (c)

Figure 2.4: Scheme depicts growth modes with respect to the lattice missmatch f
and the wetting of the substrate. a) 2D Layer-by-layer growth, b) 3D Island growth
c), Layer-plus-island growth. Adopted and taken from [Tasl19].

is called heteroepitaxy. One of the crucial parameters during epitaxial growth is
the lattice mismatch. It is a measure for the deviation between lattice constants of
epilayer and substrate and is given by the following formula:

ap — Gy

f= (2.1)

Qs

With a; the lattice constant of the layer and a, the lattice constant of the substrate.
When growing a mismatch layer the unit cell of the epilayer has to be distorted in
order to fit onto the substrate. This is called a pseudomorphically strained layer.
One also differentiates between tensile (f<0) and compressive (f>0) strain. Further-
more, the crystal can only grow pseudomorphic until the critical layer thickness h,.
is reached. Above this thickness the layer will relax the accumulated deformation
potential by introducing defects which can be accompanied by island formation.

Fig. 2.4 depicts the possible growth modes. If f is close to 0 the critical layer thickness
is very large. Hence, pseudomorphic or even unstrained growth can be maintained
for thick layers or structures. By carefully setting material fluxes, two dimensional
(2D) layer-by-layer growth can be achieved. This is also called Frank-Van-der Merve
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growth. 2D growth is very useful for 2D structures, as atomically sharp interfaces
can be achieved. On miscut substrates growing layers can propagate as steps, leading
to so called step flow growth. If the lattice mismatch is greater than 0 the epilayer
is compressively strained. After growing past the critical layer thickness the layer
relaxes by the formation of islands, switching to 3 dimensional (3D) growth. This,
so called Stranski-Krastanov growth mode can be used to grow quantum dots. If the
mismatch is large enough relaxation can happen right after nucleation, resulting in
3D growth without any strained layer below. Nucleation happens in independent
islands that can coalesce to form a closed layer. This is accompanied by a lot of
defects.

Epitaxial growth is conducted with different established techniques nowadays. The
most prominent techniques are Liquid Phase Epitaxy (LPE), Metall Organic Chem-
ical Vapor Deposition (MOCVD), Plasma Enhanced Chemical Vapor Deposition
(PECVD) and (Plasma Assisted) Molecular Beam Epitaxy (PAMBE, MBE).

For LPE a crystal seed is placed in a carefully prepared over saturated solution. The
material solved can then deposit on the seedling and grow. This technique is very
good to achieve good structural qualities and stoichiometric control of the solvents.
Drawbacks are its susceptibility against parameter deviations and the challenge to
achieve atomically sharp interfaces.

Another important technique is MOCVD. Metall organic precursors are introduced
into a chamber, where they react at the substrates surface to form the layer. This
allows for sharp interfaces. With MOCVD techniques a big area can be laminated and
therefore it is very commonly used in industrial applications. Nevertheless, MOCVD
employs very toxic precursors and it is very hard to monitor all the reactions going
on in such a chamber.

In PECVD Systems deposition occurs after reaction of precursor gases in a plasma
chamber. After ignition Elements of the plasma react and nucleate to form an
epilayer. One of the main advantages compared to other CVD techniques is that
the energy for the reaction of precursors is introduced by a plasma and not by heat.
Therefore, it is also possible to achieve useful epilayers at much lower temperatures.
This opens CVD for different applications like lamination of plastics. Plasma deposi-
tion can also be used to induce chemical reactions with the substrate. This can be
helpful to increase sticking of the epilayer. MBE utilizes molecular beams. The used
materials are evaporated inside a ultra high vacuum chamber from Knudsen cells
and are directed towards the substrate. This allows for very precise stoichiometric
control. Because of the very low pressures inside the chamber very low background
doping levels are incorporated into the layers. Furthermore, very sharp atomically
flat interfaces can be achieved. The disadvantage of MBE is the limited substrate
size and comparably small growth rates. This makes MBE an excellent choice in
research but their use is limited in industry. In this work MBE will be used to grow
Nitrides and PECVD to deposit oxides.
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2.2.1 Epitaxy of cubic Gallium Nitride

In order to find a theoretical approach of the discovered process of growing cubic
Nitrides selectively (see chapter 4), a brief explanation of Gallium’s behavior as an
ad atom is given. Afterwards experimental findings of previous works are discussed
and put into perspective of the experimental findings of this work.

Description of Gallium’s kinetic surface diffusion during MBE growth follows [BRY
Bry16; Shi89] inspired by Burton, Carbera and Frank (BCF) theory [Bur51]. Film
growth is initiated with the so called nucleation phase. Ga atoms from the impinging
molecular beam condensate above the substrates surface. After condensation they
can either diffuse, re-evaporate or nucleate with a group V element like Nitrogen or
Arsenic. In our case the impinging III/V flux ratio is always above unity. Therefore,
understanding of the kinetic behavior of the group III element is crucial.

There are thermodynamic approaches for GaN growth inside MOCVD setups. In our
case these descriptions don’t fit very well as growth is very far from thermodynamic
equilibrium and at very low pressures compared to MOCVD. For that reason growth
of GaN is explained mostly by surface kinetics.

Figure 2.5: Scheme of a stepped but atomically flat surface. Depicts the possible
interactions of Ga atoms impinging onto the surface. Taken from [Bry16].

The simplified situation of Gallium ad atoms on a stepped surface is depicted in
Fig. 2.5. Without any nucleation occuring, the net flux adsorbed J,(x) is equal to
the diffusion flux on the surface within a terrace. Steps circumfencing terraces can
occur due to different effects like step flow growth from a miscut substrate, defects
reaching up to the surface or grain boundaries. If steps are assumed to be sinks with
an adsorption probability of 1 the system depicted in Fig. 2.5 can be described with
the following continuity equation:

=J- = Ju(x) (2.2)




14 Chapter 2 Theory

With J,(z) the net absorbed flux, Js(z) the surface diffusion flux, J the ad atom
flux from the vapor phase to the surface, ny the ad atom density on the surface,
7, the mean ad atom residence time and Ay the terrace width or distance between
steps in the surface. In order to discuss diffusion it is also important to acknowledge
Einstein’s formula for the mean displacement of an ad atom [Bur51; Poh20]:

Ty =/ Ds Ty (2.3)

Where Dy is the diffusion coefficient. Diffusion is described as a thermodynamic
process with an exponential behavior. For simple molecules and atoms the following
equation can be used[Burb1]:

,Ed

D,=a* -V -e®t (2.4)

with a the distance between 2 neighboring lattice sites, ¢/ the atomic frequency
(-10'Hz), E, the diffusion barrier, k; the Boltzmann constant and T the temperature.
Inserting (2.2) and (2.4) into (2.3) yields a more sophisticating expression for the
mean diffusion length of a Gallium ad atom:

-E
=¢£—fi> 25)

From (2.5) it is possible to deduce 2 important influences for the mean free path of
Ga on the surface. The mean free path is reducing with increasing temperature. This
is intuitive as a hotter surface has more energy to evaporate atoms. On the other
hand the mean free path can be increased by just offering more Gallium (increase
adsorbed flux J,(x)).

This leads to the conclusion, that the same diffusion length of Ga ad atoms can be
achieved for different sets of Gallium flux and surface temperature. The ad atom
density ns not necessarily changes as a higher adsorbed flux can be compensated by
shorter residence times (increase in surface temperature). Therefore, this behavior is
arbitrary from the absolute amount of ad atoms on the substrate.

The previous discussion cuts short influences like the Ehrlich-Schwobel barrier by
just assuming steps to be sinks of ad atoms. Here we neglect the possible influence
by assuming a very low density of steps as our substrates are without any nominal
miscut in most cases. Also the total amount of Ga atoms on the surface, as well
as the ratio of available and occupied surface sites for residual Ga atoms is not
discussed.

As Nitrogen is introduced into the chamber nucleation starts to take place. Since
the growth rate is limited by the Nitrogen flux, under the assumption of a I11/V
flux ratio above unity, the kinetic behavior of Nitrogen adsorbed onto the surface is
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probably neglectable.

Because of the lattice mismatch growth always starts 3D. Small and very flat 3D
islands form and coalesce after a certain growth time to form a 2D film. Previous
works also reveal, that the growth rate is not linear. It drops to a steady state growth
rate after coalescence. This is important because usually growth rate is averaged
over the whole growth time. A longer nucleation time could be mistaken for a lower
growth rate after reaching a steady state 2D growth. It was also shown that nuclei
capture impinging atoms is the dominating process for growth. Diffusion towards
nuclei was shown to be neglectable [Hea96].

By careful control of Ga flux and substrate temperature it should be possible to
achieve comparable 2D growth over a large range of substrate temperatures in direct
contrast to previously published works regarding growth of cubic Nitrides. Because of
the meta stability of the cubic phase it was concerned to be highly challenging to keep
the phase while achieving noteworthy crystal qualities. Usually a narrow substrate
temperature window of around 720°C (thermocouple shows ~750°C in our case) is
recommended for ¢-GaN on 3C-SiC and found to be working very well. Additionally,
due to the lower total energy of the hexagonal phase, stabilization of the cubic phase
during nucleation is sometimes achieved by comparably low temperature nucleation
(600°C) and by keeping the II1/V flux ratio above unity [As03; Sch02]. To keep the
flux ratio above unity and prohibit Ga droplet formation, surface coverage of Ga is
monitored carefully via RHEED (see section 3.7). Flux and substrate temperature
are optimized in a way, that exactly a monolayer of Ga ad atoms is present. This
counteracts the comparably short diffusion length at the regular growth temperatures
of 720°C. While the diffusion length is short due to the noteworthy re-evaporation of
Ga atoms, the Ga flux is increased to maintain the coverage and metal rich growth.
This leads to the conclusion that good 2D growth in the cubic Nitride system is not
necessarily depended on long diffusion length which is very counter intuitive but was
also shown by Haedrick et al. and Gotschke et al. [Got11; Hea96].

Quite recently, it was experimentally found that it is also possible to keep the cubic
phase while dramatically increasing the nucleation and growth temperature to over
800°C (see section 4.2) without increasing the impinging Gallium flux.
Nevertheless, previous works [Sch02] also state that elevated growth temperatures of
around 800°C should increase crystalline quality because they suspected GaN begins
to dissociate. That would cause irregularly nucleated atoms to be insufficiently
bonded to contribute to 3 dimensional or irregular growth. Those Ga atoms are
available for nucleation on energetically more favorable sites after dissociation and
probably contributing to the total flux of Gallium available for growth. This approach
is backed by experimental findings (see chapter 4). Noteworthy GaN dissociation
occurs above 900°C as the growth rate decreases (see section 4.1.2).

Growing GaN with dominant cubic phase under metal rich conditions at elevated
substrate temperatures (T,»720°C) is still subject of current research. Growth at
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such temperatures is also known to be favorable for hexagonal Nitrides and for the
formation of hexagonal inclusions [Sch02]. Nitrides grown by MOCVD are usually
described by process supersaturation condensing a lot of parameters into one quantity.
However, this description does not hold in MBE grown as the vapor pressures are not
comparable. Also selective growth in MOCVD can be described by supersaturation.
In case of PAMBE, there is no sophisticated thermodynamic description of the
process, yet.

An explanation concluding the counter intuitive observations could be that moving
further away from the thermodynamic equilibrium could maintain the metastable
cubic phase as each nucleation has to take place faster then re-evaporation. Therefore
the adsorbed material has little to no time for diffusion and formation energetically
favorable hexagonal nuclei or 3D irregularities.
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2.2.2 Selective Area Growth

Selective Area Growth (SAG) and Selective Area Epitaxy (SAE) are established
growth techniques for a wide variety of crystalline materials. The aim of these
techniques is to achieve selective growth by offering different surfaces or facets of the
substrate.

There is a difference between both terms because selective deposition does not
necessarily includes epitaxial growth. Especially parasitic growth on unwanted
surfaces tends to produce very polycristalline and unorientated material. But even if
nucleation is reduced to the aimed surfaces proper parameters for epitaxial growth
have to be found and maintained.

SAG and SAE are subject to a lot of research regarding Nitrides at the moment.
Within MOCVD setups selectivity can be achieved by just offering different facets
of the substrate, e.g. Stark et al. demonstrated that GaN doesn’t nucleate on Si
(001) but on the Si (111) facets [Stal3]. However, such conditions could not be found
within our PAMBE setup.

I1>0 e F,
GaN PN T t
Sio
2 A . ]s |
| R | P |
3C-SiC (001)

Figure 2.6: Scheme of a masked and atomically flat surface. Depicts the possible sites
of GaN nucleation at the surface (blue arrows) and material adsorption and desorption
(black arrows, comp. Fig. 2.5).

There are plenty of reports documenting SAG and SAE with different mask materials
preventing nucleation of GaN on Si [Got11], on SiO, [Fan08; Kap97; Sch11; Tan00],
on SiN, [Berl0] and on Ti [Hir08]. Unfortunately, most of the mentioned works
cover selective growth of hexagonal Nitrides or growth within MOCVD setups.
Nevertheless, it was shown that SAG/SAE of c-GaN on 3C-SiC is possible by Suda et
al. and Meier et al. [Mei21; Sud00]. The basic explanation is that the temperature
dependent sticking coefficient of Ga is smaller for all of the aforementioned mask
materials compared to the bare 3C-SiC or Si substrate [Mei21]. Also Dubrovskii et al.
[Dub21] stated that Ga droplet formation on masks is strongly inhibited. Therefore
the substrate temperature was mainly subjected to be the crucial parameter for
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SAG/SAE of c-GaN. Besides that most of the publications suspect that also the
II1/V flux ratio is crucial, not only for keeping the cubic phase but for selectivity
itself.
Gridchin et al. recently presented a theoretical model for SAG of GaN [Gri22]
deduced by selective growth of h-GaN nanowires. To my current knowledge there are
no other useful approaches for the theoretical description of SAG of ¢-GaN within
MBE setups. Within MOCVD selectivity is usually described by Ga supersaturation.
This reduction is already a harsh approximation as epitaxy usually is far away from
thermodynamic equilibrium. Furthermore, growth inside MBE setups is conducted
at much lower pressures compared to MOCVD processes, resulting in an even more
kinetic process.
Gridchin et al. found a mathematical description of growth regimes with the help of
nucleation rates. The idea is astonishing and simple. The result also qualitatively
holds for the observations of this work. Description follows the work of Gridchin et
al. [Gri22].
Figure 2.6 depicts a 3C-SiC surface with SiO, masked regions. Selectivity itself can
be described by different nucleation rates of GaN on the substrate and the mask.
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circular mask openings and the respective residence times 7gq,7gq-

® Parasitic growth % Selective Area Growth & No growth SAG can be classified to occur in-

o0s0 between the regimes of non-growth and
LIVAJEE parasitic-growth. The first inequality de-
scribes the nucleation rate of GaN within

T

0.035 -

0.030

o . . .

S o5 mask opening. To have growth inside

x : .

S . the nucleation rate I has to be greater

7' 0.020 - .. .

% then zero. If Ga flux is insufficient or
0.015 *

growth temperature is to high there is no
GaN nucleation on the bare 3C-SiC sub-
0.005 FE, . . . . strate. The second inequality demands
sl 8o 80 B0 880 the absence of parasitic growth on the
Substrate temperature (°C) K K

SiOp mask. Therefore, nucleation rate

I around the mask openings (S — 7R)?
has to be as close to zero as possible. If

0.010

Figure 2.7: III-V flux ratio over temperature
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Nitrogen is much more volatile.

All Ga and N atoms arriving within mask openings either have the chance to nucleate
or desorb. Nucleation can be described by the total amount of Ga and N presend on
the surface. As Ga adatoms have a much higher mobility, GaN nucleation is strongly
dependend on Ga diffusion.

I = DGanGanN (27)

Where Dg, is the Gallium diffusion constant, ng, Gallium adatom density and ny
Nitrogen adatom density. The total fluxes can be described as following.

Foo = [Ga Dgangany ; Fy & 2Dyngan3 (2.8)

TGa

Eq. (2.8) takes into account that N probably desorbs as Nj. It also neglects the
possibility of Ga diffusion from or towards the mask openings which is, in first
approximation, also supported by our own observations (see section 4.1). Combining
eq. (2.6), (2.7) and (2.8) yields a describtion by fluxes and diffusion coefficients. At
least for hexagonal GaN these are estimated in literature.

1 1+DGaTGa\/% 1 1+D_Ga7_6’a\/2FD_]yN (2 9)
2 2, — - B .
TR TGa DGaTGa\/ % mR TGa DGaTGa\/ ;)_NN

This inequalities can be rewritten with eq. (2.4) and the general expression for resi-
dence time [Burb1] to get a general expression for the III/V flux ratio in dependence
of the substrate temperature necessary to achieve SAG.
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SAG growth regime can be generally described by the following inequalities.
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Rewritten by employing the following definitions:
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Taking both inequalities into account SAG growth regime is limited by two curves.
One curve separates the SAG regime from the non-growth regime. It describes
the limit where Ga adsorption is not sufficient for nucleation. The other curve
describes adsorption limit for Ga on top of the mask. If too much Ga adsorbs on
the mask parasitic nucleation occurs. Fig 2.7 depicts the solution of eq. (2.11) for
the case of SAE of h-GaN nanowires (NW). For this simulation the parameters can
be found in the work of Gridchin et al. [Gri22]. The blue and red curves separate
process windows with parasitic/selective growth (blue) and selective/no growth. The
data points correspond to measurements taken from different samples. The samples
exhibit a quantitatively well known temperature gradient. Therefore, it was possible
to test different substrate temperatures for a fixed flux. Fortunately, the simulated
curves fit measurement data very well. While our results quantitatively differ the
qualitative description holds very well for our experiments.

Besides being able to correlate II11/V flux ratio and substrate temperature necessary
for SAG, eq. (2.11) also describes the influence of the masks geometry by the
parameter P which describes the pitch, the distance between mask openings. If the
pitch is large there is a lot of masked area for nucleation. If the pitch is too large
the SAG process window vanishes completely [Gri22].

In total the description yields 3 important parameters. Over a large variety of
substrate temperatures matching II1I1/V flux ratios ensuring SAG exist. Therefore,
it is crucial to carefully estimate the proper I11/V flux ratio for a given substrate
temperature or vice versa. Besides that, the masks dimensions themself can determine
if there is a SAG growth regime at all.
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2.3 Characterization

2.3.1 Reflective High Energy Electron Deflection

Reflective High Energy Electron Deflection (RHEED) utilizes a fine electron beam
with energys in the range of 5-50 keV. It hits the samples surface under grazing
incidence interfering with topological features on atomic scales. The resulting in-
terference pattern allows in-situ monitoring of the growing Crystal. Analyzing the
RHEED pattern yields useful information, e.g. epitaxial relation between substrate
and epilayer, surface domains and reconstructions, surface roughness, periodicity
of the unit cell, growth rates and more [Has12; Poh20]. Due to the small incidence
angle RHEED is very surface sensitive.
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Figure 2.8: Schematic of RHEED system with diffraction spots of a cubic lattice. a)
Red dots indicate the two-dimensional reciprocal lattice of the sample surface-lattice,
the intersection points of the vertical black truncation rods with the Ewald sphere
define the directions of diffracted beams. Yellow dotted semicircles on the screen
indicate Laue circles. b) Top-view, not to scale. Taken from [Poh20).

Figure 2.8 depicts how the Crystals surface interacts with the electron beam to
generate a pattern by Ewalds sphere construction. kg is the wave vector of the
impinging electrons. As these electrons are suspected to scatter elastically the
resulting wave vectors have the same magnitude. All of these vectors end on a sphere,
called Ewalds sphere, with radius |k|.

1
|ko| = %\/2moE+E2/02 (2.15)

For the used energies the resulting radius is about 400 times larger compared to unit
cells of regular cubic semiconductors [Poh20], cutting the zones almost perpendicular.
Assuming dquidistant atoms, the Fourier transform yields planes. Intersection with
these planes in k-space are so called Laue circles or zones (see Fig. 2.8). As the
surface is 2D these planes reduce to truncation rods resulting in spotty or streaky
intersections and patterns on the screen.
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Different surface morphologies yield different RHEED patterns. Fig 2.9 depicts some
of the possible combinations. A perfect flat surface yields sharp spots on Laue circles.
For this work we expect growth with domains due to the APD’s in 3C-SiC. Therefore,
a perfectly flat surface would correspond to streaks.

A 3D surface also produces spots but they don’t follow Laue circles anymore but
depict the reciprocal lattice. Therefore, also growth mode can be approximated with
the help of RHEED observations.

As already discussed in section 2.1.1, Nitrides have a high chance to generate hexag-
onal inclusions on <111> facets. This can also be monitored by RHEED as the
hexagonal phase produces different reflexes (see Fig. 2.10).

Direct space Recirocal space RHEED Direct space Recirocal space RHEED
pattern pattern
) modulated streaks
(a) flat and single- spots ... (d) multilevel stepped A
crystalline surface 'S ~~“ surface ’ ‘

|
(b) flat surface with [ Strej[s (e) vicinal surface \ \ \ inclined streaks

small domains \“ \\e

transmission spots
. e

| | satellite streaks
(c) two-level stepped ||‘ H || H (f) 3D islands MDD

Figure 2.9: Schematics of various kinds of surfaces, in real-space (direct space)

morphology, in reciprocal space, and their RHEED patterns, respectively. Taken from

[Has12].
RHEED offers the possibility of monitoring the surface wing Nitrides. Figure 2.10
depicts RHEED patterns for different surfaces of grown Nitrides on 3C-SiC. If the
sample generates a pattern comparable to Fig. 2.10 a) the surface is very two
dimensional (2D) with a low roughness but with APD. Figure 2.10 a) depicts a
c-GaN surface grown at very hot conditions (Ty 870°C). The growth mode can
considered to be FM (see section 2.2) for pure streaky patterns.
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Figure 2.10: RHEED images of different surface morphologies during growth inter-
ruptions of Nitrides. a) RHEED image of a perfectly 2D c¢-GaN surface with APD
and 2x2 reconstruction. b) RHEED image of a facetted 3D c-InN surface with streaks
indicating APD and facetation. ¢) RHEED image of a 3D ¢-InN/h-InN surface with
reflexes correspoding to a lot of hexagonal growth on <111> facets.



2.3 Characterization 23

If growth is not optimal it turns to SK or even VW mode with growth of individual
islands. Within some limits, growth can still be reverted to FW growth mode.
Nucleation results in a three dimensional (3D) surface that turns 2D after coalescence.
The as nucleated islands are often confined by <111> facets resulting in streaky
connection lines between the reflexes. While the perpendicular streaks correspond to
APD’s the streaks connecting the cubic reflexes are caused by the aforementioned
<111> facets. Figure 2.10 b) depicts a c-InN surface with a rough 3D surface and a
high Stacking Fault (SF) density.

If growth is not reverted to 2D it can get out of control resulting in formation of
hexagonal nuclei on <111> facets as can be seen in Fig. 2.10 ¢). It depicts a surface
with a phase mixture of c-InN and h-InN. Streaky connection lines between cubic
reflexes are replaced by spotty reflexes of much shorter distance. These additional
reflexes can be denoted to the hexagonal GaN phase. It is (0001) h-GaN grown on
<111> facets of c-GaN.
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2.3.2 High Resolution X-Ray Diffraction

In order to analyze the structure of a Crystal, X-Ray Diffraction (XRD) is utilized.
The basic principle of XRD is Braggs equation.

With A the wavelength of the primary beam, dj;,; the diffracting lattice plane spacing
and 6 the samples tilt off the primary optical axis or diffracting angle.

Braggs equation describes the possibility of constructive interference for an optical
path difference of nA in thin films. Every lattice plane can be approximated as a thin
film for X-Rays with sufficient energy (short wavelength). If one varies 6 constructive
interference is a result of the structural properties of the crystal itself, resulting in
individual and discrete reflexes for every crystalline material.

The structure of a crystal is taken into account by dp. The effective spacing
of lattice planes depends on the structure of the crystal (cubic, hexagonal, ...), on
the Miller index of the planes normal vector and on the lattice constant of the Crystal.

R _§h2+hk+k2+l2

— = — 2.17
d%zkl a? 7 d%zkl 3 a? c ( )

Eq. (2.17) shows the relation for dpy; for cubic (left) and hexagonal (right) primitive
unit cells giving the lattice spacing with respect to lattice constants and the Miller
indices. Combining (2.16) and (2.17) allows for identification of a Crystals structure,
phase and orientation if the wavelength A\ is known.
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Figure 2.11: Schematic of the HRXRD apparatus. The X-Rays are generated by a
sealed copper tube. Copper k, line is filtered by a hybrid Ge (220) monochromator.
The Euler cradle allows precise movement of the sample in all directions. Radiation is
detected by an Malvern Xcelerator, made of a X-Ray sensitive CCD array[Wecl3].

Figure 2.11 depicts a scheme of the Panalytical X’Pert HRXRD apparatus. Xrays
are generated by a sealed copper tube. Afterwards copper k, is filtered out by a
hybrid Ge (220) monochromator combining monochromation and collimation of the
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line focused beam. The beam-divergence is about 47 arcsec and A=1.54A.

A Euler cradle with a high resolution goniometer is working as a manipulator for the
samples and can be moved along 7 degrees of freedom.

That would be the sample tilt and detection angle w and 26, the rotation around
the optical axis y, the rotation around the samples surface normal ¢ as well as the 3
spacial dimensions x,y and z.

Before each measurement all degrees of

freedom have to be carefully adjusted % "
. . . . . Okumura -

to achieve maximum intensity and high Daudin

signal to noise ratio. Especially when
it comes to measurements on thin films
good adjustment is crucial. Detection
is done by a X-Ray sensitive diode ar-
ray called X’Celerator. Among the ba-
sic measurement modes are the w scan
(Rocking curve) and the coupled w — 26 - :
scans, where w = 260 + of fset. Such 100 1000 10°
scans are used to measure defect densi- HyteSpcknaes (n0)

ties and identify crystal phases of poly Figure 2.12: Rocking Curve linewidth of
crystalline samples with the help of C—an layers on 3C-SiC (001) versus epilayer
Braggs equation. Regular c-GaN Films thickness[Kem14].

of 1 pum thickness exhibit defect densities

of 10%/cm? and hexagonal phase contents well below 1%. For crystalline samples
one has to measure so called Reciprocal Space Maps (RSM). Figure 2.12 depicts
the FWHM of rocking curves from different c-GaN epilayers grown on 3C-SiC. The
inset shows a typical rocking curve. The Full Width at Half Maximum (FWHM)
is a direct measure of the dislocation density. The dislocation density and FWHM
of the rocking curve develop inversely proportional with the layer thickness d. The
solid line gives the theoretical minimum of dislocation density under the assumption
of a dislocation glide model from Ayers et al. [Aye95].

Dislocation density is also reduced during growth by SF annihilation. If opposing
defect planes meet they can annihilate [Leel9a]. The figure shows that there is still
room for improvement but state of the art c-GaN films cluster around the squares
approaching the theoretical minimum.

This means that even perfect growth conditions would still result in dislocation densi-
ties around 10°/cm?, rendering cubic Nitrides noncompetitive for device applications.
Besides rocking curves, HRXRD also allows to collect RSM’s due to the very precise
goniometer. Imaging XRD reflexes in 2 dimensions depicts the reciprocal lattice
of the Crystal. The recorded RSM’s allow to estimate additional information like
strain, tilt, composition of ternary compounds and more.
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Figure 2.13: Schematic of reciprocal space accessible by HRXRD[Wec13].

In general the reciprocal space is defined by vertical and parallel lattice vectors @ |
and (). Symmetric and asymmetric scans are seperated. Symmetric scans only scan
along (0,0,1) reflexes while asymmetric scans include all possible (h,k,l) planes. While
symmetric maps are sophisticated to estimate structure, phase and tilt of the layer
asymmetric scans allow to determine composition, strain, mosaicity and more.
Figure 2.13 depicts all allowed and accessible reflexes of reciprocal space. To map
the reciprocal space a bunch of w — 26 scans are collected with different offsets. With
the help of the following formula a RSM can be generated from those line scans.

QL= 2; (5in(20 — w) + sinw) ; Q) = 2; (cos(260 — w) — cosw) (2.18)
In this work RSM’s will be mainly used to estimate hexagonal phase content of
inclusions in the cubic GaN layers. Figure 2.14 depicts RSM’s measured on cubic
GaN samples grown on 3C-SiC under different conditions. The left RSM, grown
under unoptimized conditions, shows hexagonal inclusions on the SF of the c-GaN
layer. SF appear as streaks intersecting the (002) reflection. Intensity maxima on
those streaks correspond to inclusions. Those hexagonal inclusions are missing in
the right RSM from a sample grown under optimized conditions. As the hexagonal
inclusions are oriented they would not appear in symmetrical line scans (see Fig.
2.13). Cubic phase content is approximated by calculating integral peak intensities
of the cubic GaN phase and of all observable GaN reflexes along both azimuths

(p = 0,0 = 90°).
c—GaN > I(c—GaN)
GaN Y. I(GaN)

(2.19)
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Figure 2.14: Measured symmetric (002) RSMs of cubic GaN samples grown under
(a) non-optimized conditions which promote hexagonal inclusion formation, and (b)
optimized conditions, which gives close to 100 % pure cubic GaN, with Stacking Fault
(SF) streaks, Detector Streak (DS), Crystal Truncation Rod (CTR), and Bragg-ring
(BR)[FrelT].
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2.3.3 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a widely used technique to image surfaces down
to atomic scales. It exploits interatomic Van-der-Waals forces between sensor and
sample to create a topographic image of the surface. Resulting Lennard-Jones
potential helps to understand operating modes of AFM’s. In general it describes
chemical potential of weakly bound particles. The tip is attached to a cantilever
whose bending can be attributed to the Lennard-Jones force and its amplitude can
be measured by laser interferometry.
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Figure 2.15: a) Model of Lennard-Jones potential (blue) and derivated Lennard-Jones
Force as a function of interatomic distance. z,, and € are binding distance and energy
respectively. b) scheme of the AFM needle over the samples surface [Bin86; Lot13].

Operating modes are contact and non-contact mode. In contact mode the AFM needle
is in physical contact with the surface with a distance smaller then z,,. This close
contact exerts a repelling force onto the needle bending the cantilever. Amplitude is
kept constant and piezoelectric motors scan the whole surface. Piezovoltages can be
used to calculate an image afterwards. In non-contact mode the distance between tip
and surface is larger then z,,. At this distance Lennard-Jones force is attractive and
the cantilever can start to oscillate. Surface topology influences resonance frequency
which can be measured to calculate an image.

Within this work we use AFM in contact mode to measure the mean surface roughness
of our as grown GaN samples. State of the art c-GaN films have roughnesses in the
order of nanometers. The measure for surface roughness is the root mean square
height (Sq, RMS) which is representative for the standard deviation of heights.

(2.20)

With y; deviation from surface mean height. Sq is also dependend on the absolute
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area as larger areas tend to include more artefacts the RMS is usually bigger compared
to measurements on smaller areas.
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2.3.4 Electron Microscopy

Electron microscopy is a modern imaging technique that was developed and improved

for decades. The idea is to use some sort of probe, able to interact with smaller

structures then light. Electrons can be utilized to analyze matter down to atomic

scales nowadays. The electrons act as a very fine probe for either the surface or the
internal atomic structure of the specimen.

Fig 2.16 depicts the possible reactions

E-beam happening if an electron beam hits a

X-Rays solid sample. In backscattering geometry

Secondary auger electrons, backscattered electrons,

Electrons  X-Rays, secondary electrons and photons

Backscattered
Electrons

Auger
Electrons are observable. From Auger electrons, X-
Photons
Rays, Photons and secondary electrons
Absorbed Sample  E-hole pairs one can achieve information about the
Electrons P . . .
chemical properties of the sample like
elastically inelastically composition and surface states or reveal
scattered slcattered the presence of adsorbates e.g. carbon.
Electrons Direct beam  Electrons Backscattered electrons can be employed

to generate a topological picture of the
Figure 2.16: Fundamental interactions of surface [Ard38].

electrons with a solid surface. Adopted from

Sci For the transmitted electrons it is pos-
cil.

sible to measure the elastically and in-
elastically scattered electrons. For thin
samples, allowing transmission of electrons, one can reveal structural properties like
phase, lattice constant and more.

Backscattering obervations usually refer to Scanning Electron Microscopy (SEM)
while transmission measurements correspond to Transmission Electron Microscopy
(TEM).

Figure 2.17 depicts the two most prominent electron microscopy setups, namely
SEM (left) and TEM (right). In both setups there is an electron source, usually
realized by a hot filament. The generated free electrons are accelerated by an anode
to form a beam, followed by one or multiple condensor lenses. In the SEM setup
condensor lenses as well as objective lenses and x,y displacement coils focuss the
beam down to a few nanometers. This fine electron probe can then be used to
scan the sample. Backscattering and secondary electron detectors allow to plot the
backscattered intensity over x,y creating a morphological picture of the surface down
to atomic scales. Besides that some SEM setups have the possibility to detect X-Rays
emitted from the sample. This X-Rays have characteristic energies depending on the
irradiated material (EDX) and can be analyzed to identify the elements the specimen
is made of. In the TEM the electron beam is collimated and then sent through a
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Figure 2.17: Schematic depicting the SEM (left) and REM (right) apparatus setups.
The main difference between both devices is scattering geometry. While SEM mea-
sures backscattered electorn to depict the morphology of a sample, TEM measures
transmitted electons to resolve a samples internal structure[Gle20].

thin sample. Afterwards the beam is projected on a fluorescent screen to see how
the electrons interact with the sample. In transmission one can achieve higher
resolutions and also measure structural properties like interatomic electrical fields,
defects, phase relations, EDX with atomic resolution and more. Nevertheless, TEM
requires samples to be extremely thin and therefore, sample preparation is time
consuming and expensive. Also the operation of a TEM is way more complicated
then operation of a SEM.
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2.3.5 Photoluminescence Spectroscopy

Luminescence describes the possibility of matter to emit light due to chemical or
physical interactions. Luminescence is categorized by the origin of excitation. E.g.
bioluminescence of algae as a form of chemiluminescence, where the reaction of
Luciferin and Luciferase with certain photo proteins creates light visible to the
human eye [Hadl0]. Description of physical (photo)luminescence follows [As03;
Poh18; Sch02].

In a physical perspective luminescence
CB is referred to any radiative recombina-
tion from excited electronic states. Ex-
o~ cluded are reflections, blackbody radi-
ation and lasing. If a material is irra-
\ diated by sufficiently energetic photons
for excitation, it’s called photolumines-
—MWWW— l —\WWW— cence. If electrons are exciting the pro-
how . =E cess is called cathodoluminescence. Ex-
emission q . . . o . . .
citation by carrier injection is called elec-
troluminescence. High fields can also
VB cause luminescence by impact ionization
resulting in arc discharges. It is also
possible to excite gas discharges within
bubbles squeezed by pressure changes,
called sonoluminescence [Crul5|. Photo-
luminescence spectroscopy measures the emitted light intensity as a function of the
wavelength after excitation. Photons with energy above the irradiated materials
bandgap £, can excite an eletron hole pair, elevating an electron from the valence
band to a state within the conduction band (see Fig. 2.19). The final state is
depending on the energy of the absorbed photon. In most cases heavy holes are
excited as they have the highest density of states (DOS).
As the exciting photons have a larger energy then E,, the excited electrons have
excess energy. This energy is distributed by generating heat (phonons) in the crystal
lattice. This process is called thermalization [As03]. These photon-electron inter-
actions cause the electrons to relax towards the band edges. After thermalization
recombination of electron and holes emits a photon with the bandgap energy of the
material F,.
Electron hole pairs can also recombine through nonradiative processes e.g. impurity
scattering. Within this thesis only radiative recombination is examined. Those
transitions are listed in the following tabular.

h®@excitation

O

Figure 2.18: Shows absorption of electrons
and emission of photons [Jac22].
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Figure 2.19: Possible radiative intrinsic (a) and extrinsic (b) interactions of electrons
and holes emitting photons[Poh18§].

intrinsic

extrinsic

(a) Direct band to band
(b) Indirect band to band
(c) Free exciton

(d) Free-exciton molecule

(e) Electron-hole liquid

(A) Band to impurity

(B) Band-to-multilevel impurity

(C) Excited state to ground state of a localized defect
(D) Donor-to-valence band,

similar to conduction-band-to-acceptor

(E) Conduction-band-to-donor,

similar to acceptor-to-valence band

(f) Phonon-assisted band edge | (F) Donor-acceptor pair

(G) Bound exciton

Table 2.2: Possible intrinsic and extrinsic transitions (see fig. 2.18).
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2.4 Lithography

Within this chapter the very basics of e-Beam and UV (Photo)lithography will be
explained as both techniques will be utilized to pattern the SiOy masks. All of the
following descriptions follow Levinson [Lev11]. The term Lithography is old and
historically refers to engraving patterns into stone to create certain images. In a more
modern sense Lithography describes patterning of integrated circuits on wafers. This
process is crucial for manufacturing of modern semiconductor devices and circuits.

Figure 2.20 depicts the steps necessary for litho-

graphic processes. Some of them are optional (italics). Adhesi .
) ; . esion promotion
First adhesion of the so called resist has to be pro- l
moted. Not all resists stick to all surfaces very well. Resist coat
In our case surfaces are sufficiently prepared by wet d
chemical cleaning steps. Once the surface is cleaned Softbake
the sample is coated with the resist. A small droplet \J
of the liquid resist is deposited onto the surface. The Alignment
sample is then spun around its normal axis with very !
high frequency to spread the droplet and remove ex- EXpisure
cess resist. Once the solvent evaporated it leaves Post-exposure bake
a thin film of resist, typically in the range of 0.1- l
2 pm thickness. After coating, the sample has to be Development
aligned to a reference point as multiple lithographic 2
steps can be necessary to form a device. In our case | Measurement and inspection
alignment is very important to align the structures
to crystallographic directions, e.g. grooves parallel or Hardbake
perpendicular to [-110] crystal direction. Figure 2.20: Steps within

Once the sample is aligned it is exposed. There are
different techniques for different resists which will be
explained later. Resists are either soluable with or
without exposure. Positive resists are normally insoluble in developing chemicals.
They become soluble once exposed. After development exposed parts of the resist is
removed by developing. Negative resists get insoluble by exposure. After development
everything unexposed will be removed. By exposing different regions of the resist
film selectively, patterns like circuits are imprinted onto the surface. In some cases a
post exposure bake can be helpful to drive additional chemical reactions or change
the composition of the resist. The development step removes exposed or unexposed
parts of the resist film, depending on the used resist (positive, negative). In most
cases this is done by just dipping the sample into a certain solvent. After developing
the sample is measured and inspected to control patterning quality. It is then ready
for further processing like hardbaking, etching or deposition steps. Different methods
of optical and electronic exposure will be explained in the following sections.

lithography process. Italic steps
are optional. [Levll]
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2.4.1 UV Lithography

In order to pattern a resist coated surface it is selectively exposed with photons of

sufficient energy. The most common technique is utilizing photomasks for patterning.

In this work we utilized an optical mask writer, both techniques will be roughly

sketched within this section. To achieve small structures, down to micrometer scales,
UV light sources are employed.

Figure 2.21 depicts a scheme of an optical lithog-

l l l l l l Light raphy setup. Light is irradiating a photomask.

— Photomask Unblocked light is then projected onto the resist-

coated wafer by a lens. This technique was de-

veloped to pattern wafers fast. Once a field is

— ens

t exposed the wafer can be moved and the next
\ / field is exposed. Nevertheless, this demands a
[ ]

Resistcoated wafer  PrOper photomask and most applications require

individual masks first.

Optical mask writers are another way of pattern-
ing resist-coated wafers. Figure 2.22 depicts such
a system. A UV Laser is focussed by different optics and then aligned towards a
stage. The stage is precisely controlled and can move the substrate under the beam.
By scanning the substrate arbitrarily chosen patterns are imprinted into the photo
resist allowing for testing of geometrical parameters of structures before converting
to photomasks for mass production. This is also very beneficial for research. In this
work such a mask writer was used to pattern Si masked with SiO,.

\ V;

Figure 2.21: Schematic of Lithog-
raphy utilizing Photomasks. [Lev11]
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> modulator
optics
optics
alignment N
system splitter
P beamsplitter
reduction lens =5 stigmator

beam-
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detectors
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Figure 2.22: Schematic of optical mask writer architecture of ATLA. [Levll]
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2.4.2 Electron Beam Lithography

The principle of Electron Beam Lithography (EBL) is to use electrons instead of
light as they can be focused to much smaller beam diameters compared to light.

The setup is very comparable to a regu-
lar SEM but the stage is much more pre-
cise. Figure 2.23 depicts an EBL setup.
For high resolution applications electrons
are emitted by a thermal field emission
source and accelerated with energies up
to 200 keV. Afterwards the electrons are
focussed by several deflectors and aper-
tures. Typical Beam diameters of 10-
20 nm can be achieved. The electron
beam scans the sample irradiating the
electron resist. For highest resolution
Gaufl shaped beams are utilized.

One problem with e-beam lithography is
electron scattering. Electrons not only
interact with the photoresist but also
with the substrate below. Backscatter-
ing from substrate and the beam objec-
tive can irradiate the resist at unwanted
locations. Also structures written very
close to each other interfere due to the
so called proximity effect (see Fig 2.24).
Electrons backscattering out of the sub-
strate interact with photoresist that still
has to be exposed. Due to this the resist
can be overexposed and therefore weak-
ened. To guarantee structural sizes this
effects are taken into account by state of
the art devices and are compensated.
The e-beam focus is also very sensitive

Electron gun
— Cathode
~ Grid

[~ Anode

Condenser lens

1%t shaping aperture

Lens/deflector 1

2" shaping aperture

Lens/deflector 2

Final lens/deflector

| | X-Y stage

Figure 2.23: Schematic of an electron op-
tical system for mask writing. For electron
writers where throughput is a priority, the
electron source is a thermionic emitter (such
as lanthanum hexaboride), while systems de-
signed for extremely high resolution employ
thermal-field emission sources.[Lev11]

to the working distance, making it necessary to precisely align the sample before
patterning. This method of patterning is comparably slow. The maximum beam
speed for the utilized e-beam lithography system is 4 mm/s. Patterning of a 1x1 mm?

field with grooves takes about 10h.
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a) incident electron beam b) | Incident electron beam
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+ backscatterin, photomask
g blank

Figure 2.24: a) Backscattered electrons irradiate target areas (grey) and adding
unwanted dose, causing the proximity effect. b) Double backscattering of electrons
from the objective also exposes the resist. [Lev11]
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2.5 Reactive lon Etching

Reactive Ton Etching (RIE) or dry etching describes a technique for removing material
from a substrate utilizing the plasma reaction of certain ions. The plasma presents a
condition where one or more gases are ignited due to an external electrical potential
applied, causing partial ionization of the gas atoms. Within the plasma, positive ions,
radicals and electrons co-exist [Karl4]. This process utilizes physical and chemical
effects like ion bombardement, ion-induce damage, spontaneous chemical etching,
radical generation, film deposition and more. All of the mentioned effects contribute
to the etching performance [Lae20]. The etching consists of two dominant processes.
On one hand accelerated ions sputter the sample removing atoms physically. On
the other hand activated radicals from the plasma can chemically react with the
surface atoms and create volatile radicals that evaporate off or form passivization
layers. Passivization layers can also be deposited and selectively sputtered by adding
gases like Argon or Oxygen to the plasma. Fine tuning of RIE parameters allows to
carefully weight chemical and physical etching to determine the etched profile.

In contrast to wet etching, dry etching is beneficial in terms of reproducibility,
uniformity, throughput and anisotropy [Karl4; Lae20]. Investements and progress
were high for RIE, especially because of the possibility of anisotropic etching without
being dependent on crystallographic orientations. This also allows for lithographic
transfer of well defined patterns with very small structure sizes. As the process
happens in vacuum chambers it is also clean and beneficial for device processing
[Jan12].

The parameters available for RIE are the chosen gases and their flow rates, RF and
ICP powers, bias voltage, process pressure and substrate temperature. The outcome
of the etch is categorized by the achieved etching rate, the anisotropy or sidewall
angle, the masks selectivity, the substrates selectivity, the etched surface quality and
the throughput [Lae20]. Most of them are interdependent. E.g. increasing RF Power
increases DC bias which leads to the generation of more and faster ions bombarding
the surface.Therefore, etching time has to be lowered as etching rate will be higher,
but the resulting structure will be etched more anisotropic.

- —) S\ E— P
Figure 2.25: (c) Shows the anchor part that holds 10 stacked silicon beams. (d)
Zoom in of region in (c). (e) Cross section view of the 3D silicon structures. [Chal8]
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Figure 2.26: Etching rates of SiO9, SigNy4 and Si in dependence of CHF3 flow rate in
a CHF3/Ar plasma [Gat06]

Most RIE processes on Si and comparable semiconductors utilize chlorides like CHF '3,
flourides like SFg and more. It is also possible to achieve 3 dimensional structures by
RIE procedures. Those are useful for applications like field effect transistors, memory
chips, biosensors, photonic Crystals and more [Chal8]. Chang et al. demonstrated
this by a so called DREM (deposit, remove, etch, multistep) process on Silicon. They
achieved stacks of 10 silicon beams with length of 50 pum, widths of 1.5 ym and
thicknesses of only 500 nm. By carefully optimizing each step this complex structure
was achieved within a single RIE operation (see Fig. 2.25). In this thesis the goal
were rectangular patterns like grooves and holes in SiO, and v-shaped grooves in
3C-SiC. Oxides are etched with fluoride based plasmas. Vertical patterns can be
achieved by utilizing a mixture of CHF3 and Ar. Figure 2.26 shows the etchrates
of different dielectrics and Si in a CHF3/Ar plasma with constant gas flow rate of
55 SCCM (cubic centimetre per minute STP), 200 W of RF power and 52 mTorr.
From this the high selectivity between SiOs and Si is visible. Furthermore it helps to
understand the reactions on the surface. The reaction between Si and CHF53 results
in the formation of SiF; radicals and CF; polymers (i=1,2,3,...). Volatile compounds
like SiF4 can evaporate and remove substrate material. CF; polymer layers deposit
and act as a protective layer. While this ensures anisotropic etching by polymer
deposition on the sidewalls, it also reduces the vertical etchrate. Polymer films
introduce a diffusion barrier for F radicals and SiF,; compounds and by this dampen
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the chemical reaction. Depending on the chemistry added ions like Ar or O can
either cause ion-inhibitor or ion-induced RIE. If added ions act like an inhibitor they
deposit on unexposed areas, like sidewalls, preventing chemical etching. If they act
like inducers they help to sputter protective polymer films. Sputtering can promote
the chemical reaction [Jan12]. By adding Ar to the plasma the protective polymer
layer is thinned by sputtering. This results in the highest etching rates for equal
amounts of CHF3 and Ar being fed to the plasma [Gat06; Tac91]. Addition of noble
gas to a plasma can also enhance dissociation of reactive species [Jan12].

The 3C-SiC substrates are etched with SF6 and Oxygen plasma, where oxygen is an
additive. This method of etching was analyzed by Hiller et al. [Hil13]. One of the
main results was the dependency of the side wall slope on the DC bias and chamber
pressure. The lower the DC bias and the higher the pressure the smaller the slope of
the side walls. Mario Littmann [Lit] developed a recipe for v-shaped grooves with
maximized enclosed angle, approximately dissecting <111> sidewall facets, of 70°.
This was achived by reducing DC Bias and increasing chamber pressure which also
fits the observations made by Hiller et al.






CHAPTER 3

Experimental

Within this chapter experimental details of patterning and the regular growth of
cubic Gallium Nitride (c-GaN) are explained. One of the main goals of this thesis
was to achieve V-shaped grooves, exposing <111> facets of the 3C-SiC substrate and
to overgrow them selectively with c-GaN. Besides that, the subject was also to reach
SAG on <001> facets of 3C-SiC. To fabricate various patterns in SiO,, acting as a
growth mask, different Lithography and RIE steps have to be employed. Therefore,
SiO4 deposition will be covered first, followed by structuring masks on top of SiOs.
The checker board pattern is used to measure the critical substrate temperature for
GaN deposition on SiO, for fixed Ga and N fluxes. Nanosphere Lithography (NSL)
and Block-Co-Polymer Lithography (BCP) are used for patterning of large areas
with hexagonal hole arrays of different feature sizes. NSL holes have diameters of
130 nm and BCP holes of 17 nm. Electron Beam Lithography (EBL) is utilized
to write grooves with lateral dimensions of 90 nm and barriers of 150 nm. The
patterned area is 1x1 mm? so the grooves will be 1 mm in length if properly stitched.
To conclude the chapter, PAMBE growth of ¢-GaN is explained. The focus of
that chapter is on controlling Ga surface coverage during growth to maintain a Ga
monolayer. Despite not being selective it is the most prominent method of c-GaN
growth and serves as a state of the art reference for surface morphology and crystal
quality [As03; As10; Sch02].

In all our experiments we will utilize different oxides (thermal, plasma deposited) as
a growth mask to achieve selectivity. In order to structure the SiO,, etch masks
have to be employed. In our experiments etching will be masked by nickel when
applying NSL, by ZEP520A when employing EBL and by Block-Co-Polymers when
using BCP Lithography.

3.1 SiO5 Deposition

Thermal and plasma deposited silicon oxides are employed as growth masks for GaN.
Thermal deposition of SiO, on Silicon and 3C-SiC is already researched [Dea65;
Fun84; Son04]. By heating Si and 3C-SiC substrates to well above 1000°C and
supplying an oxygen rich atmosphere, deposition of smooth (S, < 1 nm) and clean
Si0s is possible. For thermal oxidation a tube stove of AG Meier was used. It can be
supplied with either oxygen or nitrogen rich atmosphere. As the stove is mainly used
for oxidizing Silicon the parameters for precise films of 200 nm were already known.
Si (001) was thermally oxidized dry and at 1100°C for 2h and 53min, resulting in
200 nm of T-SiOy (Thermal-SiOs). Thicknesses were estimated by ellipsometry done
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at AG Goldhahn in Magdeburg.

For 3C-SiC (001) the parameters from Fung et al. couldn’t be matched as they
describe oxidation of hexagonal SiC [Fun84|. Therefore, an oxidation series was
carried out to estimate the growth rate of SiO2 on 3C-SiC (001) at 1200°C which
was the highest temperature setting available for the used stove.

T . : : : : T : ;
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Figure 3.1: (left) Diffusion processes on heated 3C-SiC in an oxygen rich atmosphere
[Son04]. (right) SiO9 film thickness as a function of oxidization time at 1200°C. Red
curve fits thicknesses for a consecutive oxidation series. The blue curve fits all samples.
The blue sample was oxidized seperately to validate red fit. Oxidation time t, was
found to result in 200nm of SiO5 on 3C-SiC.

This process was first described by the Deal-Grove Model [Dea65] for Silicon. Figure
3.1 (left) shows a scheme of this process for SiC which is very similar to the thermal
oxidation of Silicon. Arrows indicate material fluxed and * indexes represent con-
centrations at the respective interface. By excessive heating Si-Si and Si-C bonds
break without melting. If oxygen is supplied, the free sites can be occupied to
form Si-O bonds. The initial oxide growth rate is only limited by the speed of the
chemical reactions happening to dissociate substrate bonds and form SiO,. Once
this process is completed in the vicinity of the surface, the reaction front moves into
the substrate while the SiO, film thickness Xq increases. At some point the growth
becomes diffusion limited as reaction educts (Oz) and products (CO) have to diffuse
through the already grown SiO, film. For that reason Deal and Grove described
the film thickness as a function of time to have a linear and parabolic component.
The thicker the already grown film the longer the diffusion times from the surface
towards the interface, thus growth is slowing down. Linear and parabolic regime are
separated by a characteristic time, adverting diffusion limiting the speed of chemical
reactions forming SiO.
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The oxides growth rate on SiC is about one order of magnitude slower compared
to the growth rate on Si because of several factors. Once the Si-C bond is broken
the Carbon has to be removed. This happens by formation of CO molecules and
consumes some of the available oxygen for growth of SiO5. Furthermore, the CO
has to diffuse out and CO saturation at the growth interface slows the reaction even
further. Together, this results in a much slower growth rate compared to oxidation
of Si. Nevertheless, it still can be described with a modified Deal-Grove-Model as
the process does not fundamentally change, but involves an additional diffusion.
Deal-Grove-Model describes the relation between film thickness X and oxidation
time t as following [Son04].

X?+ AX = B(t+71) (3.1)
d:—éﬂ:\/Az—FélBt;T:O (3.2)

With 7 being related to the initial thickness. B is the parabolic and B/A the linear
rate constant. For fitting, formula (3.2) was used. Figure 3.1 (right) shows the
experimental results for 2 3C-SiC oxidation tests. First, a series with 10 samples was
oxidized in one batch at 1200°C. Every 30 minutes one sample was taken out resulting
in oxidation times ranging from 30 to 300 minutes. When removing a sample the
whole batch had to be taken out of the stove. Therefore, removing each sample
accumulates a 2 minutes error in oxidation time. This series was then analyzed with
ellipsometry by AG Goldhahn in Magdeburg. Accuracy of this method is below
1 nm. From this the red curve was extrapolated and yielded an oxidation time of
500 minutes for 200 nm of SiOy on 3C-SiC (001). To validate this a single sample
(blue) was oxidized without any interruption for 480 minutes. The resulting SiOs
film was found to be (215+1) nm thick. Taking all 11 samples into account (blue
curve) an oxidation time of 436 minutes is sufficient to grow (200£1) nm of T-SiO,
on 3C-SiC (001) in the available stove.

Plasma deposition of (P-)SiOs was done in a plasmalab 80 PECVD apparatus.
P-SiO, was grown at a rate of (734+3) nm/min. The sample inside the chamber is
heated to 300°C. The plasma is operated at 20 W and 1000 mTorr and supplied with
400 SCCM of SiH4 and N5O. In the case of plasma deposition none of the SiC is
consumed. All samples were treated with aceton and isopropanol before and after
deposition of SiO,.
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3.2 Checkerboard Pattern

In order to test selectivity, a critical substrate temperature was tested. For a given
Ga and N flux the critical substrate temperature denotes a substrate temperature
preventing nucleation and growth of GaN on the respective surface. In our case this
is the SiOy mask.

Figure 3.2 depicts the structure used to
test selectivity. 20 pieces of Si (001) were
coated with SiO,. Half of them were
oxidized thermally and the other half
were covered with plasma assisted de-
position. The SiO, film thickness was
(200+10) nm. The structure was writ-
ten with maskless UV Lithography by
employing a Heidelberg DW66 appara-
tus, operated by AG Bartley. The used
laser has a wavelength of 375 nm. This
method allows fast patterning of macro-
scopic masks. After developing the struc-
ture was transfered from the photoresist
to the underlying SiO5 by means of RIE,
precisely described in section 3.6. The
Figure 3.2: Schematic of the checkerboard presented structure not only allows esti-
pattern utilized to test critical substrate tem- mation of critical deposition temperature

perature for nucleation of GaN for given Ga 1)1t also to measure diffusion. If there
and N fluxes. Grey areas depict Si and blue

areas SiOq respectively. While the sample is
1x1 cm? every field is 3x3 mm?.

is noteworthy diffusion, from the SiO,
mask to the substrate, growth rate will
increase compared to unstructured ref-
erence samples. At least there should
be observable thickness differences in the vicinity of the mask. Each sample was
overgrown with a Ga flux of about 2-10" Atoms/cm?s~! and a Nitrogen flux of half
of that. Growth was conducted for 41 minutes. Afterwards, the surfaces of SiO,
and Si were observed by SEM to estimate the GaN coverage. These series were
conducted on Si. After both series, containing 10 samples each, tests on 3C-SiC were
done to see if parameters are adoptable. The large feature sizes also allow structural
examination of the deposited GaN films.
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3.3 Nanosphere Lithography

o _

Polystyrene sphere deposition

A A A A A A A A A A 4 4 4

RIE

Removal of polysterene spheres I l Sphere shrinking

PE—
e m

Figure 3.3: Flowchart for structurization of the Nickel hardmask by NSL Lithography.

Nanosphere Lithography was used to structure a hardmask made of Nickel on SiO,
with small holes on a large area. Samples of 2x5 ¢cm? were processed in one step.
Nickel serves as a hardmask vor the consecutive RIE etch. Description follows
[Bralg].

Figure 3.3 shows a flowchart for NSL Lithography to structure the Nickel hard mask.
First SiO, is deposited as discussed in Chapter 3.1. Before and after deposition the
samples were cleaned in acetone, isopropyl alcohol and deionized water to remove
residues. The resulting 200 nm SiO, film was then covered by convective self-assembly.
This process is done in a home-made apparatus. A droplet of solution with the
spheres inside is deposited on the surface and moved with a doctor blade at a constant
velocity. If the process parameters adjusted well the resulting polystyrene sphere
layer is hexagonally closed packed and 2 dimensional. About 60% of the treated
surface is covered with a monolayer of polystyrene spheres. The other 40% have
multiple layers of spheres or no coverage at all. After deposition of spheres, their
dimensions are further modified with an additional RIE step utilizing an Oxygen and
Argon plasma for shrinking them to the nominal diameter of 130 nm. The shrunk
spheres then act as a shadow mask during Nickel deposition. In our case we nominally
deposit 12.5 nm of Nickel in a self-made Physical Vapor Deposition (PVD) device.
Growth rate is monitored with the help of a Quartz Crystal. Metals are evaporated
from small boats with a heating current applied. Once the Nickel is deposited, the
polystyrene spheres are removed with toluene in an ultrasonic bath. Once the Nickel
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hardmask is structurized the sample is etched to transfer the structure from Nickel
to SiOy. Once the SiOq etch is done, the remaining Nickel is removed with a wet
chemical etch using diluted HoSOy4 (7:1 ratio Water:H5SO,) in an ultrasonic bath
at 135 kHz. High ultrasonic frequencies are necessary! Low frequencies can remove
SiOy from the substrate!



3.4 Block Co-polymer Lithography 49

3.4 Block Co-polymer Lithography

Block Co-polymer Lithography (BCP) utilizes mixtures of poly(styrene-b-
methylmeth- acrylate) (PS-b-PMMA) with precisely estimated fractions of
polystyrene to achieve strucure sizes of about 17 nm. Description follows Bras-
sat et al.[Bral8]. The procedure is depicted in figure 3.4. First a 30 nm layer of

top view top view

. UV exposure + E

Annealing development 17,nm

—
l .
A " - 5 . - -

Figure 3.4: Flowchart for structurization with BCP Lithography [Bral§].

SiO2, TiO2, Au, Pt

PS-b-PMMA is deposited, on the SiO, growth mask, with spin coating. Afterwards
they are thermally annealed for 24h at 180°C for microphase separation. This leads
to PMMA cylinders in a PS matrix. The final step is exposure with UV light for
about 20 minutes followed by a 30 minutes etch in acetic acid to remove the PMMA
cylinders. The remaining PS mask contains hexagonally close packed holes with
nominal diameters of about 17 nm. The remaining PS is then used as a hardmask
for RIE of SiO,. After the RIE step the PS Mask was removed with piranha (H5SO5)
etch.

Piranha etch is dangerous and working with it demands awareness of possible risks.
H5SO5 is not only corrosive but also an oxidizer. This makes it extremely aggressive
for organic compounds (like skin and tissue) and can even lead to fire or explosions
if mixed with solvents or water. Also the fume is very corrosive so all experiments
were conducted within a fume hood and with protective gear containing very thick
gloves, a face shield, an acid resistant skirt and googles.

The Piranha etch is mixed from 3 parts of sulfuric acid (HySOy4, 96%) and 1 part
hydrogen peroxide (HyO2, 35%) by slowly adding hydrogen peroxide to sulfuric
acid while gently stirring the mixture. This process generates a lot of heat and can
even lead to boiling of the acid. To prevent accidents the least possible amount was
mixed every time. In our case that was 20 ml, so just enough to submerge a sample.
After etching the acid was neutralized by solving 35 g of sodium carbonate (NayCO3)
in 100 ml of DI water. The sodium carbonate solution was then added slowly to
the acid. Neutralizing piranha acid with sodium carbonate leads to generation of
excessive heat and foam, caused by CO gas that is a byproduct of the reaction. After
neutralizing, pH is about 9 and the mixture can be disposed. Samples were further
cleaned by Acetone, Isopropanol and deionized water, each in an ultrasonic bath for
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10 minutes. Excess water is blown off the samples with Ny before loading them into

our UHV Chamber.
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3.5 Electron Beam Lithography

Electron Beam Lithography (EBL) is carried out in a Raith Pioneer Field Emission
Scanning Electron Microscope. Zeon ZEP520A [Zeo] was employed as a positive
resist. To coat the sample it is introduced into the spinner and cleaned with acetone,
isopropyl alcohol and DI water subsequently while spinning at 800 rpm. Once the
sample is cleaned, it is aligned so that the normal axis of the sample is parallel to the
rotating axis of the spinner. Otherwise spin coating will result in a defective layer.
50 pm? of ZEP520A are deposited on the surface and spin coated for a minute at
5500 rpm. The resulting layer exhibits a thickness of about 380 nm. After spinning
the resist is baked for 2 min and 30 s at 180°C in ambient.
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Figure 3.5: SEM images of the final employed patterns transferred into SiOs by RIE.
(left) Overview with little magnification showing 1x1 mm? of grooves accompanied
by smaller different hole patterns and a university logo. (middle) Magnified images
from the patterned grooves and holes. (right) Magnified image of the university of
paderborn logo.

In principle, the sample is ready to be introduced into the UHV chamber of the
FESEM at this point, but the sample is scratched aggressively on one edge with a
diamond scriber beforehand. The scratch serves as a surface perturbation, allowing
focusing of the electron beam. Without the scratch there are no features on the
surface to allow proper focusing. Beside that, the scratch acts as a macroscopic
orientation and the grooves will always be patterned to point towards the scratch.

Patterning is done with 75 uC/cm? and a beam speed of about 1 mm/s. This results
in a total patterning time of 10-12h, depending on the current of the beam.

Once the patterns are written, the resist is developed by a 1 min submerge in
n-amylacetat, followed by isopropanol and DI Water rinse. After development of the
resist the sample is ready for further processing, e.g. RIE of SiOs.

Figure 3.5 shows SEM images of the employed patterns. The EBL pattern is
discussed with a real SEM image. 90%+ of the patterning time is dedicated to
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the 1x1 mm? patch containing grooves. Besides the large field of grooves, smaller
patches were added to the right side. Besides the grooves, patches contain circular
and rectangular holes with arbitrarily chosen diameters ranging from 100 to 400 nm.
Furthermore, a university logo was added, with 4 different sizes, just to have large
unpatterned areas for comparison.
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Figure 3.6: (left) Area filling pattern with different opening diameters and constant
barriers of 100 nm. (right) SEM image of the pattern transferred into the photo resist.

Additionally, a pattern was designed to test the limits of our PAMBE chamber
geometry. Figure 3.6 shows the proposed pattern to precisely estimate the geometrical
limits of the chamber. If the aspect ratio is too big, gallium beam cannot reach the
bottom of holes, thus nucleation on 3C-SiC gets unlikely. The pattern was easily
transferred into the resist (see fig. 3.6 right). From previous observations it was
known, that a critical aspect ratio has to be somewhere aroung 1.5 to 2. Aspect
ratio is calculated by opening diameter divided by mask thickness. Nominally the
holes were designed to exhibit aspect ratios from 1.5 to 2 but such small structures
suffer from proximity effects. Therefore, the holes exhibit real aspect ratios ranging
from 1.2 to 1.8.



3.6 RIE Patterning of SiO2/3C-SiC (001) 53

3.6 RIE Patterning of SiO,/3C-SiC (001)

CHF;:Ar Plasma

—

—.

Hardmask Hardmask

T
n si0,

S

500 pm Si (001)

Hardmask

Sio,

Si0,

500 um Si (001)

500 um Si (001)

Figure 3.7: Schematic depicting the RIE procedure in 3 steps. 1) Patterning of a
hardmask (EBL resist, PS, Ni). 2) RIE of SiO2 with CHF3:Ar chemistry. 3) RIE of
3C-SiC with SFg chemistry.

The patterning of SiOy and 3C-SiC is done by CHF3/Ar and SFg chemistry, respec-
tively. Figure 3.7 depicts the employed steps in the process. Once the hard mask
is patterned (figure 3.7 (1)), the samples are introduced into an Oxford plasmalab
100. Figure 3.7 (2) depicts the RIE of SiOy. The plasma was operated 25 W and
30 mTorr and fed with 20 SCCM of CHF3 and Ar respectively. The etching rate was
about 7 nm/h. Total etching time was experimentally estimated for each batch and
structure. For example, etching BCP structured samples usually exhibited much
lower etching rates of the SiOs mask. This is probably caused by diffusion limitation
of products and educts due to the small lateral feature sizes. Tests with various
mixtures of CHF3 and Ar showed that the equal mix results in a very anisotropic
etch profile with very steep sidewalls. When etching is conducted CF; polymers
deposit on all SiO, surfaces. Ar removes such polymers selectively from the bottom
of the etched hole and therefore preserves vertical etching rate while lateral etching
is suppressed. (see section 2.5). If no etching of 3C-SiC is required, the resist can
be removed and after another cleaning step, with isopropyl alcohol, acetone and DI
Water, the samples can be introduced into the UHV chamber of our PAMBE.
Once transferred into SiOs, the patterns can be etched into 3C-SiC with an additional
SFg step. This was also done in an Oxford plasmalab 100. The plasma was operated
at 100 W, 95 mTorr and supplied with 100 SCCM of SFg. Without any supplement
like Ar or O, the etching results in V-shaped grooves approximately dissecting <111>
facets along [110]. However, this also attacks the SiO, mask, as the resist is not
strong enough to withstand SFg RIE.
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3.7 PAMBE of cubic Gallium Nitride

To grow cubic Gallium Nitride (c-GaN), Plasma Assisted Molecular Beam Epitaxy
(PAMBE) was employed. Growth was carried out in a Riber32 MBE chamber
with Knudsen effusion cells. A schematic of the UHV chamber is depicted in fig.
3.8. Gallium, Aluminium, Indium, Silicon, Germanium, CBr; and Nitrogen can
be utilized. Metals were evaporated from Boron Nitride crucibles designed for a
maximum temperature of 1200°C. Nitrogen was activated by an Oxford HD25 plasma
source, operated at 260 W and fed with 0,5 SCCM of N,. Substrate holder can
pick up sampleholders with up to 3" diameters and rotate during growth. Employed
sampleholders were made of Molybdenum and manufactured to hold 1x1 ¢m? and
2x2 cm? samples. For cooling liquid Ny was injected into a cryoshroud. Base pressure
of the cooled UHV chamber was 4-10~? mbar.
Besides pressure gauges the
CI chamber is also equipped with

Transfergauge a quadrupol mass spectrometer
Manipulator (QMS) to measure background

Quadrupol Cryoshroud gas composition. In our case
Mass Analyzer substrateholder  thats mostly Nitrogen and some
Shutter traces of water with relative

RHEED-Gun silicon pressures well below 10~'2 mbar.
cBr, Gallium Before transfer, the pressure in

Nitrogen the transferchamber is reduced

Indium ——~ Alumini
SS——— uminium to about 10~8 mbar before trans-

Figure 3.8: Schematic of the Riber32 MBE. Adopted fervalve is opened.
from [Kem14]. Growth of c-GaN is conducted
in metal rich conditions as de-
scribed by As and Schikora et al. [As03; As10; Sch02]. In this thesis, c-GaN is grown
on 3C-SiC/Si (001) pseudo-substrates. Growth is controlled by means of RHEED
(see section 2.3.1). At regular growth conditions, a monolayer of Ga is maintained
on the surface during growth. The control of Ga coverage during growth is crucial
to obtain state of the art c-GaN thin films. Surface morphology, structural quality,
growth rate and more features are strongly coupled to Ga coverage.
The amount of Ga on the surface, for fixed Ga and N fluxes, is controlled by sub-
strate temperature. If too much Ga is present, the substrate is heated to increase
evaporation and vice versa. Before growth the substrate temperature is set with so
called "Ga flashes" on the clean 3C-SiC (001) surface. RHEED allows to measure ad-
and desorption times of Ga and the ratio is calculated as a first approximation of
the sticking coefficient. The substrate is cleaned and brought to a reproducible state
by flashing with Ga and Al. The Ga cell is operated at 923°C resulting in a flux of

2-10M2t8 yged for flashing and growing.
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Figure 3.9: (left) RHEED image of the cleaned and flashed 3C-SiC surface along
[110]. (right) integral intensity of the specular spot (red box) plotted vs time showing
3 Ga flashes at 753°C. Sticking coefficient was estimated to be 0.56.

The Al cell was operated at 1005°C for flashing. To flash the substrate, it is heated
to 750°C. Afterwards Ga shutter is opened for 10s and closed for 30s. This is done 10
times to ad- and desorb Ga from the substrate. Subsequently, the substrate is heated
to 900°C. The procedure is then repeated with Al. Flashing with metals removes
contaminants like oxygen compounds. If prepared in this way, 3C-SiC exhibits a
very streaky RHEED pattern with 2x2 reconstruction (see fig. 3.9). Before growth
the sample is then cooled back down to about 750°C. 3 Ga flashes are done again
and the integral intensity of the specular spot is measured with respect to the time.
While adsorbing Ga, the reflected intensity decreases as the surface gets rougher due
to the adsorbed Ga atoms. After the shutter is closed, Ga is evaporating and the
surface gets smoother again, thus integral intensity increases. Calculating the ratio

"* o;)en Gashutter ' T I=720‘:C

Io* s

0 ML coverage

0.8 ML coverage

1 ML coverage

Intensity [arb.u.]

open N shutter

20 50 60 70 80 90 100
Time [s]
Figure 3.10: (left) RHEED image of thin and dominantly 2D c-GaN along [110].

(right) integral intensity of the specular spot (red box) plotted vs time. Adopted from
[As10].
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of intensity changes for both processes, given by the slope of linear fits, yields the
sticking coefficient in a first approximation. Before growth we aim for a sticking
coefficient of 0.55 for Ga/3C-SiC (001) to ensure metal rich growth conditions. This
situation is depicted in figure 3.9. The substrate temperature is then varieed within
10-15°C to achieve the nominal sticking coefficient. This can vary from sample to
sample as the total volume differs and thermal contact is not exactly the same each
time growth is conducted. Between real substrate temperature and thermo couple
we observe an offset in the order of 10K as also reported by Deppe [Dep20]. In this
thesis, all reported temperatures are thermocouple readings. The flashes in figure
3.9 exhibit a sticking coefficient of 0,56 for a set substrate temperature of 753°C.
With this procedure regular growth conditions are set. The next step is to nucleate
GaN. This is done in cycles to achieve good relaxation without facetation. Each
cycle is started with about 7 s of Ga deposition which is roughly one monolayer
of Ga. After 7 s the Nitrogen shutter is also opened. Both shutters remain open
for 30 s. Afterwards both shutters are closed for 30 s to give GaN time to nucleate
properly. 10 Cycles are conducted for nucleation. This results in 5 minutes of total
growth time and in a streaky 2D surface.

Figure 3.10 shows such a RHEED pattern after nucleation process with a total
growth time of 5 minutes. Once the surface is smooth and the RHEED pattern
shows pure streaks, the substrate temperature is precisely set again. The Gallium
shutter is opened for about 7s. After a short adsorption time a characteristic kink
I, appears, marking the point of a monolayer coverage with gallium. When the N
shutter is opened intensity has to climb back to the intensity I;. If the substrate is
too hot, too much Ga evaporates and less then a monolayer is present. If substrate is
too cold, not enough Ga is evaporating and droplets can form because the coverage
exceeds a monolayer.

Once a steady state is reached, rotation is turned on and growth time is measured
with a stopwatch. Growth is interrupted about every 30 minutes to check Ga
coverage again. Growth rate is around 150 nm/h. After the nominal thickness is
reached, growth is interrupted by closing all shutters and shutting down the plasma
source as fast as possible to suppress residual reactions on the surface with activated
nitrogen.

As grown state of the art ¢-GaN thin films with 600 nm thickness show surface
roughnesses in the order of 4 nm and (002) rocking curve FWHM of about 20 arcmin.
Hexagonal phase content is well below 1%. The remaining signal from hexagonal
phase can be assigned to originate from SF’s.



CHAPTER 4

Results

Selective Area growth is necessary as a basis for different sophisticated growth
techniques and will be explained with respect to possible applications. The physical
principles were explained in chapter 2.2.2. Possible applications are motivated,
followed by estimation of a critical parameter for nucleation of GaN on SiO,. After
probing critical substrate temperature, the parameters were adopted to nanoscopic
masks on 3C-SiC. Once that process worked repeatable, it was tested on various
nanoscopic patterns, written with different lithography methods explained earlier.
Each chapter will contain the morphological and structural properties of the mask
and the deposited GaN, dominantly measured by Atomic Force Microscopy (AFM),
Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM) and
High Resolution X-Ray Diffraction (HRXRD). The chapter is concluded with growth
of c-GaN on unstructured substrate at elevated substrate temperatures, employed

for Nano Selective Area Growth (NSAG) of GaN.

4.1 Selective Area Growth

Selective Area Growth (SAG), as explained in chapter 2.2.2, describes surface sen-
sitive nucleation and growth. Within this thesis all experiments were carried out
employing SiOs as a growth mask. SAG was as already reported in literature for
hexagonal nitrides [Fan08; Kap97; Sch11; Tan00]. Also different masks were reported
to be useful, like Si [Got11], SiN; [Ber10] and Ti [Hir08]. Furthermore, more tech-
niques like Epitaxial Lateral Overgrowth (ELO) [Ju04], Pendeoepitaxie (PE) [Lin99],
Nano Hetero Epitaxy (NHE) [Che08], Aspect Ratio Trapping (ART) [Man20], Phase
Transitions [Liul6] and more get viable with proper SAG.

To estimate the parameters leading to proper SAG, a series on patterned silicon was
conducted first. Silicon is very cheap compared to 3C-SiC, also very clean and easy to
coat with oxides. From this series we get a rough idea of the substrate temperatures
necessary to suppress GaN nucleation on SiO,. This critical substrate temperature
was estimated for the Ga flux nominally used for regular growth of c-GaN thin films.
After estimation of the critical substrate temperature for a fixed Ga flux the parame-
ters for SAG were adopted to a macroscopic pattern first. Subsequently, NSAG is
demonstrated on NSL Masks with opening diameters of 130 nm, BCP masks with
opening diameters of 20 nm and V-shaped Grooves with 100 nm width. NSL was
used to test parameters for NSAG on 3C-SiC/SiO, (001). V-shaped grooves were
employed to show NSAG on <111> facets of 3C-SiC. BCP masks were used to see if
coalescence after NSAG is possible.

57
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4.1.1 Critical substrate temperature

Starting from regular growth conditions, with a substrate temperature of about
750°C and Ga cell operated at 923°C (BEP 2-10~"mbar), a substrate temperature is
to be found where no GaN nucleates on SiO, covered surfaces. This temperature will
be called critical substrate temperature T.. By increasing substrate temperature the
mean residence time of adatoms can be decreased below a certain threshold, where
nucleation is unlikely (see section 2.2.2). Therefore, the Ga flux was fixed to test if
there is such a temperature. Below critical substrate temperature GaN nucleates on
all surfaces. Above critical substrate temperature GaN does not nucleate on SiO, if
fluxes, substrate temperature and total growth time is fixed.

Figure 4.1: Optical photographs (top row) and SEM images (bottom row) of prepared
and overgrown checkerboard patterns. SEM images were taken from the corners of the
inner checker board field. a;23) Samples before growth. by 2 3) Samples overgrown
at 810°C. c;2) Samples overgrown at 870°C. Samples shown in a; ), by) employed
P-SiO2 masks. Samples shown in a3), ba3) and c12) used T-SiO2 masks.

Figure 4.1 depicts a selection of optical photographs and SEM images of Si/SiOy
samples, patterned with checker board like structure as described in section 3.2.
SEM images were taken from the corners of the inner checker board field. The
pictures denoted with a; »3) show as prepared samples before overgrowth. In as)
and ag) the different oxides masks can be seen with P-SiO5 in the right and T-SiOs
in the left image. The plasma deposited mask looks grainy and was also found
to be rougher compared to the thermal mask by means of AFM. On a 1x1 pm?
scale, P-SiO, exhibited a roughness of 4 nm while the roughness of T-SiO, was
well below 1 nm. The difference was even bigger for the prepared Si surfaces as
the plasma processes also roughen the Si by some extend. Pictures by ) in figure
4.1 depict samples after overgrowth at 810°C employing different oxides. The nice
golden, purple and blue colors originate from thin film interference. Due to the
difference in mask roughness, GaN has a different probability to nucleate where a
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rougher surface propably favors nucleation by increasing Ga residence time. Delayed
nucleation results in a thinner film and therefore different colors. The color change
was observed because GaN nucleates on all surfaces. Thus growth happened below
T.. The picture bs) shows a SEM image of the sample overgrown at 810°C masked
with T-SiO,. GaN grains with about 100 nm in size grew on all surfaces but they
appear to be a little smaller on the Si surfaces.

Pictures ¢ 2) show a sample masked with T-SiOy overgrown at 870°C. From the
photo one can barely see any change compared to the as prepared sampled depicted
in a;) Just a little edge caused by shadowing of the sample holder is depicted
in the top left corner. The SEM image appears darker compared to the others,
because SiO; and GaN appear in different brightness. If brightness and contrast are
optimized for GaN as in bz) Si and SiO, appear pitch black. As no bright spots can
be seen, there is no nucleation of GaN at 870°C on SiO,. Over both oxide series
different color trends emerged but coverage vanished for 870°C. As the samples
overgrown at 855°C still show coverage, the transition is very sharp and temperature
sensitive. From optical examination a T, of about 870°C was estimated.

Figure 4.2: SEM image of the edge from the center checker board field of a sample
overgrown at 750°C. GaN nucleated on all surfaces with some little gaps (red arrow).
By reducing the image to a binary color scale by using a certain threshold, gaps get
visible. From a binary color scale areal statistics can yield the coverage in %.

To further verify, SEM images of every sample were taken from edges of the middle
checkerboard field. By optimizing brightness and contrast for either GaN or SiO,
both were separated very well as discussed earlier (compare fig. 4.1 ay) and c3)).
Figure 4.2 depicts a SEM image with brightness and contrast optimized for GaN.
Gaps in the very grainy layer appear pitch black. The complete grey scale of the
image contains 255 steps. By moving the color threshold this scale is reduced to
2 values, white and black. After inversion of the color scale, gaps appear as white
spots. Such an image allows for statistic areal evaluation of the covered area by
just calculating the ratio of black and white pixels. This was done for SiO5 and Si
regions, separately. The coverage is then given by:

BlackPizels

4.1
BlackPizels + W hitePizels (4.1)

Coverage =
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Figure 4.