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Abstract
In this work growth of cubic GaN in the selective area (SA) MOVPE process is
simulated. The simulations are restricted to small pattern SA MOVPE growth.
In this case the traditional MOVPE growth and the enhanced growth caused by
surface diffusion are important growth factors. The lateral vapor phase diffusion
is ignored while this process only has a small impact on the enhanced growth in
the small pattern SA growth. The model is build for simulation of anisotropic
growth. It has been shown that different type of anisotropic growth occurs when
the mask pattern are orientated in different directions on the substrate. While the
anisotropic growth is not well understood two different models are studied in this
work.

The simulation is restricted to the geometrical growth characteristics such as mask
and crystal width, mask alignment and surface diffusion on the crystal. The reac-
tor geometry, pressure and growth temperature are not investigated that closely
and are only treated as constants in the model.

The model used in this simulation gives good results for short time simulations for
some certain cases. The model shows that the fill factor has a greater impact on
the grown shapes than the individual mask and crystal width. But there are prob-
lems with the anisotropic and flux from mask modeling while some facets do not
appear and the lateral growth along the mask show doubtful results. The model
show good results in short time growth and predict some important characteristics
in SA MOVPE.

Sammanfattning
I detta arbete har en modell för icke isotropisk kubisk GaN tillväxt i SA MOVPE
simulerats. En modell framtagen av Khenner samt två icke isotropiska modeller
har utvärderats i detta arbete. Detta är en geometrisk modell vilket betyder att
tillväxten beror på kristallytans struktur och egenskaper i ett begränsat område.
Modellen har visat sig bra för att simulera det initiala skedet av kubisk GaN till-
växt men kan inte förutse egenskaper som uppkommer vid större kristallstrukturer.
Modellen har även visat bristfälliga resultat vad det gäller att simulera lokal till-
växtökning genom maskernas atomflöde till kristallen. Modellen behöver utvidgas
för att kunna användas i simuleringar av kubisk GaN.
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Chapter 1

Introduction

Gallium nitride (GaN) is a wide band gap semiconductor material with a high
melting point. Its wide band gap and its properties, such as stability for harsh
environments and high temperatures [1], makes it interesting for a wide range
of applications in high power electronics and high power lasers. The wide band
gap makes it suitable for blue light in lasers and light emitting diodes (LED).
There are two types of crystal structure of GaN, the stable wurtzite (hexagonal)
structure and the metastable zincblende (cubic) structure. So far the research has
been focused on the hexagonal phase, since it is easier to grow. But the cubic
crystal structure has many advantages compared with the hexagonal structure.
In the theory the cubic GaN is more suitable for laser applications. Therefore it
is interesting to understand how to grow high quality cubic GaN crystal structures.

High quality GaN is complicated and expensive to manufacture. Because of its
high melting temperature and high decomposition pressure it is not possible to
grow bulk crystals of GaN with existing growth methods. Therefore heteroepitax-
ial growth (a foreign material is used as a template to be able to grow the crystal
structure) is needed to produce materials for devices. One way of growing the
GaN is by metal organic vapor phase epitaxy (MOVPE) which will be studied in
this work. The heteroepitaxial substrates available for cubic GaN growth have a
large lattice mismatch and a different thermal expansion coefficient which leads to
many dislocations in the grown crystal. These crystal impurities make the perfor-
mance of the devices worse because of carrier recombination at the defects. Much
research has been done to reduce the dislocation density and one way to do that
is to use selective area metal organic vapor phase epitaxy (SA-MOVPE). It has
been shown that SA-MOVPE decrease the dislocation density in some areas of the
grown crystal [5].

There are many parameters involved in the SA-MOVPE process. The growth
depends on type of gases, reactor temperature, pressure, mask pattern and mask
alignment. All those parameters make it difficult to predict the growth and simu-
lation is therefore a good tool for understanding the process and makes it possible
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2 Introduction

to change the growth conditions to adjust the growth rate and shape of the crystal
without growing the crystal which may save money and time. By analyzing the
shape of the crystal it is possible to predict the structure in the crystal [4]. In
this work the anisotropic shapes and the growth speed of cubic GaN is simulated.
The growth process is complex and so far there is only one model available (to the
author’s knowledge) for simulations of anisotropic growth in the SA-MOVPE pro-
cess. This model is used in this work and is developed by Khenner et al [15]. The
model contains relatively few simplifications compared with other SA-MOVPE
models [11], [12] and [13]. The parameters are fitted for growth of GaAs which
also is a cubic phase crystal but with an almost perfect match with the substrate
lattice (homoepitaxial growth is possible). While there is only one model available
for anisotropic growth it has been evaluated and used in this work. The question
is if this model is suitable for simulation of cubic GaN growth. The goal is in the
long run to develop a model that can simulate the SA-MOVPE growth process
of cubic GaN and in that way improve the knowledge about the process and how
growth parameters affect the growth of crystal shapes and growth rates.

While not much research has been done in the growth of cubic GaN there is
not that many samples to verify the results from the simulations. In this work the
samples grown by Sakuntam et al. ([4], [5] and [6]) have been used as reference
samples. These samples were grown on a GaAs(001) substrate. On this substrate a
low temperature cubic GaN layer was grown. The mask patterns in these samples
are aligned in the [100], [110] and [1-10] direction.

1.1 Outline
This work is divided into five chapters: theory, model, experimental setup, sim-
ulations and results. Chapter 2 explain important theory about GaN and the
SA-MOVPE process. This part is a summary of the literature study done before
the programming and simulation work started. Chapter 4 describes the model
used in this work. Also a short description of the program and the limitation of
the model are presented here. Then the experimental setup used in the reference
is shown in chapter 3. Finally the simulations, results and discussion are presented
in chapter 5 and 6.



Chapter 2

Theory

This chapter presents an overview of GaN and the theory of the SA-MOVPE
and describes most of the factors that are important for the growth but it is the
geometrical factors that are put in focus. Other growth parameters such as growth
temperature and chamber pressure must be taken into account in the modeling
but are not treated with the same certainty in this work.

2.1 Gallium nitride
GaN can appear in two different crystal structures; the stable wurtzite (hexago-
nal) phase and the metastable zincblende (cubic) phase (see figure 2.1). Metastable
means that this structure is stable in a certain equilibrium range but there is at
least one other equilibrium state with a lower energy and in this case that is the
hexagonal phase. Both of these structures have a wide and direct bandgap. The
cubic phase has a bandgap that is 3.2 eV (at 300 K) [2] and the bandgap in the
hexagonal phase is 3.44 eV (at 300 K) [1].

Much research has been done about the growth of hexagonal GaN. But the cubic
structure has futures that makes it more suitable for laser applications than the
hexagonal phase because of its valence band structure [1]. While cubic GaN is
metastable it is much harder to grow than the hexagonal phase. To make it possi-
ble to grow the cubic phase a substrate with cubic structure is needed as a template
for stabilizing the growth. This is called epitaxial growth. Of course a cubic GaN
substrate would be the best substrate for the growth. This is called homo epitaxial
growth). But because of the high melting temperature and decomposition pressure
it is not possible to grow bulk materials of GaN with existing methods. Instead a
foreign substrate is used as growth template; this is called heteroepitaxial growth.
A good heteroepitaxial substrate shall have a lattice structure that is similar both
in lattice parameter and thermal characteristics as the grown crystal. There is no
good substrate for growth of cubic GaN at the moment. In this work cubic GaAs
is used as substrate to stabilize the cubic GaN growth. The lattice parameter is
4.52 Å for cubic GaN crystal and 5.65 Å for GaAs [7]. Another problem with the
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4 Theory

GaAs substrate is that it has a much lower melting point than GaN. Often better
quality of cubic GaN is observed at higher growth temperatures [7] but in this
case the substrate limits the growth temperature. The lattice mismatch is 20 %
between these structures. The lattices mismatch between GaN and 3C-SiC is only
3.6 % but this substrate is much more expensive. To reduce the strains occurring
due to the lattice mismatch the GaAs is covered with a buffer layer of cubic GaN
grown at a low temperature. In this buffer layer the dislocation density is high.
The density of dislocations is of the order 109 dislocations cm−2 (this can be com-
pared to the homo epitaxial growth of GaAs which has a dislocation density of
the order 103). The dislocations lead to less good performance and lifetime of the
device. But compared to many other semiconductor crystals the performance is
quite good even at rather high dislocation densities. Much research has been done
to reduce the dislocation density in cubic GaN crystal.

Notice in figure 2.1 that the cubic GaN crystal has the same structure in the [111]
direction as the basal plane in hexagonal GaN (planes marked with red in the fig-
ures). This makes the [111] facet an excellent growth template for the hexagonal
phase and makes the stable hexagonal phase to grow on this facet. Therefore the
hexagonal phase often appears in the growth of the cubic GaN at high tempera-
tures if the crystal has a [111] facet. The [111] facets often occur in the SA-MOVPE
growth process but not in MOVPE (these growth methods will be discussed in the
following sections). The advantage is that the SA-MOVPE growth reduces the
dislocation density. To avoid the hexagonal phase in the SA-MOVPE growth the
[111] facet must be avoided in the growth or the growth conditions must be set so
that the stable hexagonal phase does not occur. In high temperature growth that
is necessary to grow high quality cubic GaN it is not easy to avoid the hexagonal
phase even though epitaxial growth is used.

2.2 MOVPE

Metal organic vapor phase epitaxy (MOVPE) is a complex process where gas dy-
namics, chemical reactions and thermodynamics are examples of processes that are
important to understand for a complete picture of this process. Thermodynamical
theory can explain the growth kinetics in this process. Therefore the temperature
distribution and pressure in the reactor are important parameters in the growth
process. In the selective area (SA) MOVPE the growth rate tend to be higher
compared to the MOVPE. It is believed that this growth rate enhancement is
dependent on the geometrical factors such as mask and crystal width and mask
alignment. The simulations in this work focus on the impact of the geometrical
parameters and not that much on the thermodynamical aspect.
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Figure 2.1. The two GaN structures. Black dots are gallium (Ga) atoms and the grey
ones are nitrogen atoms. The left figure shows the metastable zincblende (cubic) and the
right one is the stable wurtzite (hexagonal) structure. The red lines highlighting crystal
planes in the two different crystals that have the same structure. The hexagonal phase
easily occurs in the growth of cubic GaN in SA MOVPE while the [111] plane often
appears [10]

.

2.2.1 Reactor

There are many types of MOVPE reactor designs. This work studies crystals
grown in a cold wall reactor with horizontal flow (reference crystals grown by
Sanorpim et al. [7]). Figure 2.2 shows a schematic picture of the reactor and
the gas sources. Cold wall reactor means that the substrate is heated from be-
low trough the susceptor but the surrounding walls are not heated. Two gases,
called precursors, containing the group III and V components in the grown ma-
terial and a carrier gas are used in the growth process. One of the gases is a
metal organic compound like for instance trimethyl gallium (TMG). NH3 is often
used as the nitrogen source but the reference crystals are grown using dimethyl-
hydrazine (DMH). This gas decomposes at a lower temperature compared to NH3
(decompose at 420 ◦C [22]) which is good because of the low melting temperature
for GaAs substrate. The carrier gas transports the metal organic gases trough
the reactor and also effects the decomposition of the gases. Valves adjust the gas
flow through the reactor. The carrier gas is mixed with the precursor gases to a
certain concentration and pressure. The partial pressure of the gases containing
the precursors is important for the growth kinetic. The gas mix flows through the
reactor chamber and above the hot substrate. The gas flow is not uniform above
the plane substrate. To achieve uniformity in the growth the sample must tilt or
rotate. In this work the sample is tilted a few degrees to achieve a uniform gas flow.

Many chemical reactions occur in the gas phase when it flows above the heated
susceptor. The heat in the chamber will make the gases decompose and diffuse
in the chamber or diffuse on the substrate. This is called mass transport. The
chemical process occurring in the MOVPE is very complex but important to un-
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derstand for the growth kinetics. At high temperatures the growth rate is limited
by these processes. At lower growth temperatures the mass transport (surface and
vapor diffusion) limits the growth rate.

Figure 2.2. Schematic picture of the reactor and the gas sources that is used in this
work. This is a cold wall reactor with horizontal gas flow. The susceptor is heating the
sample inside the reactor. To achieve a uniform growth the sample is tilted a few degrees.

2.2.2 Mass transport
Figure 2.3 shows the growth and the gas dynamics in the MOVPE process

Figure 2.3. The growth kinetics in the MOVPE process inside the reactor and the
different layers that are important for the growth. Four different layers are distinguished:
stagnant, fluid, surface and growing crystal layer
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In MOVPE the system can be divided into four regions [12]:

1. stagnant layer

2. fluid layer

3. surface layer

4. growing crystal layer

The two first layers are related to the gas dynamics in this process. If the input
gas speed is not too high the gases near the substrate and the chamber walls moves
slower when the atoms meet the walls. In the middle of the reactor the gas speed
is unaffected by the walls. This layer that is affected by the walls is called laminar
flow or stagnant layer and the zone is called fluid layer. This zone is important for
the atom diffusion to the substrate. The slow speed of the gases near the substrate
progressively heats the gas mix and it achieves the maximum temperature near
the substrate where it has its slowest motion. This property makes reactions more
likely to occur near the substrate and therefore there is a lower concentration of
reactants at the substrate than in the gas flow above. The difference in concentra-
tion is called concentration gradients and transport reactants from the higher to
the lower concentration accordingly to Fick´s law. This diffusion process is called
vapor phase diffusion and is described by the differential equation:

∇2C = ∂C

∂t
(2.1)

/The concentration, C, is assumed to be time independent /

⇒ ∇2C = 0 (2.2)

This equation is textitthe vapor phase diffusion equation. In this equation the
time dependent part is often approximated to zero since the concentration does
not vary much with time because of the constant temperature profile [11]. The
equation (2.2) describes how the reactants will diffuse within the stagnant layer
to the substrate. In simple reactor designs, as the one used in this work, these
approximations has been shown to give good simulation results [23]. Section 2.2.3
explains that the vapor phase diffusion has a small impact on the growth rates
when the mask width is small.

On the surface layer the atoms diffuse trough surface diffusion and are more inter-
esting processes in the SA-MOVPE. In the growing crystal layer the adatoms find
the most energetic favorable position and nucleate from gas phase to a solid. The
MOVPE process can produce cubic GaN with not much inclusion of the hexag-
onal phase. But as mentioned before the MOVPE process tend to create a high
dislocation density due to the lattice mismatch and the strains in the material
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related to it. The type of dislocation that often occurs in the cubic GaN is thread-
ing dislocations (caused by the lattice mismatch). SA-MOVPE is one method of
improving the material and reduces the dislocation density.

2.2.3 SA-MOVPE
To reduce the dislocations the selective area (SA) growth is an interesting method.
It has been shown in [5] that it is possible to decrease the number of dislocations
by using SA-MOVPE. This process reduces the threading dislocations above the
dielectric film by bending the threading dislocations [1].

In this growth method thin stripes of SiO2 (dielectric material) are grown on
the substrate. Each stripe is called mask. The mask doesn’t absorb the adatoms
but the atoms are instead transported to the crystal opening. This selective pro-
cess enhances the growth rate of the crystal compared to the MOVPE growth.
The enhancement of the growth rate depends on the mask width and on the mask
opening (see figure 2.4) . This characteristics is often illustrated with the fill factor:

Fillfactor = C

M + C
(2.3)

Where C is the mask opening and M is the mask width.
The fill factor is important for the mass transport in the SA-MOVPE. But it

is not clear how the fill factor is affected by the individual mask and crystal width
in the small pattern SA-MOVPE.

A good mask material should have the following characteristic [8]:

1. low adsorption rate

2. high migration rate

3. high desorption rate

4. long diffusion length

The three first factors are necessary to avoid nucleation on the mask. The prob-
ability for nucleation on the mask is rising with wider mask widths. It is also
important to achieve a low density of adatoms and molecules impinging on the
mask. If the nucleation has started it tends to continue the growth there and the
selectivity is destroyed.

A long diffusion length makes most of the atoms on the mask layer diffusing to
the crystal layer. For epitaxial regions smaller than <10µm the SA is often called
epitaxial lateral over growth (ELOG) in the literature. In a small mask pattern
the vapor phase diffusion process is not that important. Thus it is important
to understand the reaction and processes taking place on the crystal surface. In
ELOG the crystal starts to overgrow the mask. In figure 2.4 the mass transport
occurring in the SA-MOVPE is described.
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Figure 2.4. SA-MOVPE process. There are three different mass transport mechanisms
occurring in the SA-MOVPE: diffusion (vertical diffusion as in standard MOVPE), Lat-
eral vapor phase diffusion and surface diffusion (migration)

The mass transport is more complex compared to the MOVPE. There are three
different mass transport processes in the SA-MOVPE(see figure 2.4):

1. vapor phase diffusion

2. lateral vapor phase diffusion

3. lateral surface diffusion (migration) from mask

The vapor phase diffusion is the same process as in the standard MOVPE growth.
If the fill factor (percent of the substrate that is crystal openings) is high the
growth is similar to the MOVPE growth. Above the crystal there is the same
type of mass transport as in the MOVPE where the reactants diffuse through the
stagnant layer due to the concentration gradient. In the SA-MOVPE there are
no reactions on the mask. Therefore there is a high concentration of reactants
in this area. At the crystal surface there is a low concentration and this leads
to concentration gradient from the vapor above the mask to the crystal. The re-
actants diffuse laterally to the crystal and contribute to an enhanced growth on
the crystal compared to the MOVPE. This process is called lateral vapor phase
diffusion. The last process that contributes to the enhanced growth rate is the
surface diffusion on the mask. Some of the reactants will end up on the mask.
But due to the long diffusion length on the mask these atoms will diffuse to the
crystal. This process is very complex and the theory is not completely understood.

The width of the mask and crystal are important factors in the process that affect
the enhanced growth. If the mask and crystal opening widths are wide, only a
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very small part of the growth enhancement is coming from the surface diffusion
on the mask. It is believed that it depends on the longer diffusion length in the
vapor phase than at the surface [8]. And if the crystal is very wide the small
contribution of adatoms from the mask diffusion will not have a great impact on
the grown shape compared to the part from the vertical vapor diffusion. If the
mask width is small the growth enhancement is dependent on the surface diffusion.
This process is not fully understood but there is a theory that suggests that the
reactants reaching the mask will diffuse fast to the crystal. Therefore there will be
a low concentration on the mask surface which leads to small lateral concentration
gradients. The last process is simulated in this work ignoring the lateral vapor
phase diffusion that already has been simulated with high accuracy by [11]. The
mask size must be less than 10 µm to alow this approximation [16] [9]. It is not
clear in [16] if this mask width is dependent on the surface diffusion length but
intuitively it feels like the surface diffusion should have a great impact on this
number.

The mask direction is an important parameter that has a large influence on the
shape grown. This is also depending on the surface diffusion on the mask. The
surface diffusion is anisotropic (depends on what the surface looks like). Mask
alignment in the [001] direction results in an amorphous crystal with no clear facets
while the [110] and [1-10] mask alignment shows stable facets. The reference paper
reports growth on masks aligned in the [110], [1-10] and [001] directions.

In figure 2.5 the two mask direction [110] and [1-10] are shown. The growth
in the [1-10] is especially interesting since the lateral overgrown cubic phase has
shown a lower dislocation density than the vertical grown part. The hexagonal
phase easily appears at the 111B facets but it has been observed [5] that the hexag-
onal phase shown in picture (b) and (d) can be overgrown by cubic GaN with less
dislocations than before. The hexagonal phase stops to grow and while it get stuck
under the cubic phase. It is therefore possible to get a clean cubic GaN crystal.

Along the mask direction [110] (see figure 2.5(a) and (c)) there is nothing that
limits the hexagonal growth. Even though it is possible to get clean overgrown
surfaces it still seems that those surfaces will be rough. The goal is to simulate
these long time growth. Maybe it is possible to change growth parameters and
in that way get a flat crystal surface. When the masks are aligned in the [100]
direction no facets are obtained. When the crystal does not contain the [111] facet
there is not much hexagonal GaN in the grown crystal [6]. In this paper it is also
shown that it is possible to reduce the hexagonal incorporation at the [111] facet
at a lower temperature.
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Figure 2.5. Grown crystals after 10 minutes. The masks are aligned along the [110]
direction in picture (a) and (c) in [1-10] in (b) and (d) the crystal along the [1-10]. The
mask and crystal width is 3 µm (i.e the fill factor = 0.5). (a) and (b) are SEM pictures
and (c) and (d) are TEM pictures of the same samples [4]. The hexagonal phase is easily
grown on the 111B facets.





Chapter 3

Experimental setup

The simulations are verified and compared to the ELOG experiments made by
Sakuntam et al [4] [5]. The cubic GaN crystals where grown with a low pres-
sure horizontal MOVPE reactor where the substrate was heated from below by
the susceptor. The precursor gases were trimethylgallium (gallium source) and
dimethylhydrazine (nitrogen source). The carrier gas in this system was H2. In
a horizontal reactor the gases flow horizontally above the substrate. To prevent
a uniform gas flow above the substrate the sample is tilted a couple of degrees.
The substrate is cubic GaAs(001) which has the same crystal structure as GaN
but with a large lattice mismatch (20 % larger lattice constant than GaN). On the
substrate there is a 20 nm low temperature (600 ◦C) GaN buffer layer to prevent
large lattice and thermal mismatch and to smoothen the roughness occurring on
GaAs at high temperatures. On the substrate a thin layer with SiO2 is grown.
Wet chemical etching was used on this layer to obtain thin mask openings (the
pattern has a width of a few microns) that are used in the selective area growth.
The experimental data are summarized in table 4.1.

13



14 Experimental setup

Parameter value
Pressure 160 torr (213.3 mbar)
Substrate GaAs(001) and 20nm low.temp c-GaN buffer layer
Mask alignment [100],[011] and [0-11]
Carrier gas H2
Ga precursor trimethylgallium (TMG)
N precursor 1,1 dimethylhydrazine (DMHy)
Growth temperature 900 ◦C
Mask width 2.5 and 4.2 µm
Crystal opening width 2.5-17.5 µm
fill factors 0.354-0.875
Mask thickness 2 µm

Table 3.1. Exprimetal setup in reference work [4], [5] and [6]



Chapter 4

Model

Modeling of SA-MOVPE is still under development. It is not understood in detail
how the atoms are distributed on the selective areas due to mass transport espe-
cially the surface diffusion process along the mask and crystal. There are many
different models that simulate the SA-MOVPE. Below some of the most important
models are briefly described. In this chapter the Khenner model and the computer
program are also presented.

The Gibbon model [11] was one of the first models to explain the SA growth.
In this model only vapor phase diffusion is taken into account. For large mask and
crystal sizes this model is accurate. The theory behind this model relies on the
fact that the surface diffusion length in epitaxial growth is much shorter than the
diffusion length in the vapor. Therefore contribution from the surface diffusion is
very small and the surface diffusion can be ignored. But when the pattern size
gets smaller this model doesn’t give good simulation results anymore. Another
model that has been successful is the model developed by Fujii et al. [12]. This
model added the surface diffusion to the vapor phase model and has shown to give
good simulation results. Many new models are developed from this model. The
limitation of this model is that it is topological. This means that it only works
on plane surfaces i.e. it predicts the growth rate at the initial growth process.
The model also ignores the anisotropic impact on the growth. New models have
been developed to simulate the SA-MOVPE and many of them works good but
contain many simplifications that limit the field of applications and make these
models only useful for special cases. Today there is still no well developed model
for anisotropic growth in the SA-MOVPE. Khenner et al. [14], [15], [16] and [17]
are developing a model that take care of most types of growth conditions in the
SA-MOVPE.

In this chapter the growth simulation model used in this work is presented. This
model is developed By Khenner et al [15] and simulates small pattern SA-MOVPE
(i.e the mask width is smaller than 10µm) growth of GaAs. It also includes a
model of the anisotropic growth (i.e. surface properties depend on the surface

15
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structure) of the crystal. In this model the growth rate of the crystal is derived
due to thermodynamical laws. So far not much research has been done in the field
of simulations of crystal growth including anisotropy properties. This work uses
the two different anisotropic models. The one Khenner et al. used in [15] and
a new anisotropic model suggested in [18] for the modeling. Khenner et al. has
modulated the growth of cubic GaAs. It seems easy to just change parameters
to fit with cubic GaN, but due to the large lattice and thermal mismatch in GaN
growth strains and surface properties originating from the strains may influence
the accuracy of the model in a negative way. The inclusion of hexagonal phase
that often occurs in the growth of GaN on GaAs substrates may also make it hard
to simulate because of the different material properties of the hexagonal crystal.

4.1 Description of the Khenner model
Figure 4.1 describe the mathematical situation for the ELOG process in two di-
mensions where the gas flows perpendicular to the x’ and y’ axis. While the crystal
opening and mask are much more elongated than their width the 2D approxima-
tion works well and it is enough to only include the region between the center of
mask and mask opening because of mask pattern symmetry.

Figure 4.1. The mathematical situation for crystal growth in the SA-MOVPE process
[15]. Because of the symmetry in the SA-MOVPE process it is enough to include the area
between the centers of the mask and mask opening. The gas mixture flows perpendicular
to the x’ and y’ axis.
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The dotted line in 4.1 is the surface of the crystal and is described by the curve,
s (0≤ s ≤ S). θ is the contact angle and is accordingly to [15] a function of the
surface energy on the mask and vapor phase energy. This is true at equilibrium
but the value can change a bit but is considered as a material constant in this
model. The strains from the mismatched substrate may have an influence on the
contact angle when GaN is grown. In the SEM pictures seen in figure 2.5 the
contact angle seems to be both 54.16◦ and 125.9◦ (180◦-54.16◦) depending on the
mask alignment. The x’∗ and y’∗ is the contact point between the crystal and the
mask i.e. when s=0. φ is the normal angle relative the x’ direction. This angle is
used to describe the anisotropic effect on the normal speed, Vn. The deviation of
the normal velocity is the core of this model.

4.1.1 Differential equation on crystal surface
In the MATLAB program equally spaced markers represents the crystal surface
shape curve, s. Each marker is represented as (x’,y’) coordinates. These markers
move with a normal velocity, Vn. The normal velocity is derived from an old
article written by Mullins [19] and is the most important part of this model. It
is this factor that explains most of the growth mechanisms and if the model must
be improved and modified this is the part of the model to work with. In brief, the
normal velocity depends on two speed components. The first component comes
from the chemical potential difference between the gas and the crystal surface. It
shows how easy the surface absorbs the adatoms from the vapor phase flux. The
second speed component describes how large the flux of atoms is along the surface
according to the surface diffusion. Appendix A show how the normal velocity is
derived in [19] and [15]. The mathematical expression for the normal speed is:

V ′n = AΩ2 ∂

∂s′

[
D

(c)
s′

∂

∂s′

{(
γ + ∂2γ

∂φ2

)
κ

}]
+AΩMµV −AΩ2

(
γ + ∂2γ

∂φ2

)
Mκ

(4.1)

Table 4.1 explains the meaning of the parameters in this expression.

In [14] the normal velocity is rewritten to a non dimensional form (and all other
differential equations). Which makes it easier to compare the graphs and the re-
sults are easier to verify with the results from that work. The non dimensional
form makes it also more convenient to handle the differential equations. But it is
necessary to transform back to the old parameters after each simulation to be able
to compare the results with the crystal samples. The table 4.2 shows the variable
substitution that is used to write the equations and normal speed in this form.
The coordinates with ’ refers to the parameters before they were transformed.
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A Change in chemical potential
Ω Atomic volume
D(c)
s′ Diffusivity on crystal

µV Chemical potential in vapor
M Mobility
γ Surface energy
κ Curvature

Table 4.1. The parameters in the normal velocity expression (4.1)

Nondimensional parameter
y’=Ly

x’=Lx

s’=Ls

t’= L2

Dms
t

hm=L hm

κ=K/L

Table 4.2. This table show the variable substitutions that has been made to non di-
mension differential equations and the normal velocity. After the variable substitution
the non dimensional normal velocity is expressed as in (4.2).

Equation (4.2) is the resulting non dimensional speed used in the simulations.

Vn = εD
∂

∂s

[
D̂(φ) ∂

∂s

{(
γ̂(φ) + ∂2γ̂(φ)

∂φ2

)
K

}]
+JM̂(φ)−δ

(
γ̂(φ) + ∂2γ̂(φ)

∂φ2

)
M̂(φ)K

(4.2)

Where K is the non dimensional curvature:

K = ∂2y

∂s2
∂x

∂s
− ∂2x

∂s2
∂y

∂s
(4.3)

All differential equations are now rewritten in the non dimensional form and are



4.1 Description of the Khenner model 19

presented below. For details see [14], [15], [16] and [17].

The motion for the crystal surface is determined by the following non dimen-
sional equations:

∂x

∂t
= Vn

∂y

∂s
(4.4)

∂y

∂t
= −Vn

∂x

∂s
(4.5)

The bondary condition is given by:

when s=S ∀ t

∂y

∂s
= ∂3y

∂s3 = 0 (4.6)

and

when s=0 ∀ t and if -d ≤ x∗ <0 and y∗=hm:

∂y

∂x
= tan(θ) (4.7)

when s=0 ∀ t and if x∗=0 and 0 ≤ y∗ <hm:

∂y

∂x
= tan(θ − 90◦) (4.8)

Boundary 4.6 set the flux to zero in the middle of the mask because of the sym-
metry. While boundary (4.7) and (4.8) set the contact angle.

Initial condition:

y(s, 0) = y0(1 + tanh

(
s
tan(θ)
y0

)
(4.9)

x(s, 0) = s (4.10)

These expression makes the initial curve to fulfill (4.7) and (4.8).
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4.1.2 Differential equation on mask
The flux from the mask is included in the model through a boundary condition.
The differential equation describing the concentration on the mask is as follows:

∂nm
∂t′

= ∂2nm
∂(x′)2 + Jg −

nm
τm

(4.11)

where the meaning of the parameters can be found in table 4.3.

The boundary conditions are:

∂nm(−`, t′)
∂(x′) = 0 (4.12)

nm(x
′

∗(t′), t′) = 0 (4.13)

Boundary (4.12) set the concentration change to zero because of the symmetry
while (4.13) set the concentration to zero at the contact point. This boundary
assumes that all atoms are immediately absorbed at this point.

The initial conditions are (−` ≤ x′ ≤ 0):

nm(x′, 0) = 0 (4.14)

The solution to this problem is given in [15] by the following expression:

fm = −Sm
√
α(sinh(

√
αx) + tanh(

√
αd)cosh(

√
αx)) (4.15)

Where Sm (0 ≤ Sm ≤ 1) is the sticking coefficient (probability for the adatoms to
stay on the mask). Assuming that x∗(x-coordinate contact point) is close to zero
(small overgrowth on the mask) the expression can be written:

fm = Sm
√
α(tanh(

√
αd)) (4.16)
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Which is the expression used by Khenner and where fm is the non dimensional
flux from the mask to x’ ∗.

This expression is included in the surface diffusion model in the boundary condi-
tion when s=0 ∀ t:

∂

∂s

{(
γ̂(φ) + ∂2γ̂(φ)

∂φ2

)
K

}
= fm

εβD̂(φ0)
(4.17)

This boundary put the surface diffusion on the mask equal to the surface diffusion
on the crystal at the contact point between them.

4.1.3 Anisotropic variables
This model differs from the other models available ([12] [9]) in the anisotropic
variables for the mobility, surface energy and diffusion. Anisotropic means that
the parameter depends on the surface structure and its properties. These param-
eters are included in the normal velocity equation (4.1) and depend on the normal
to the crystal surface. In this model the anisotropy parameters depend on the
normal direction. Khenner [15] define the M (mobility), γ (surface energy) and D
(diffusion) in the following way:

M = M0M̂ = M0(1 + εmcos(p(φ+ βm))) (4.18)

γ = γ0γ̂ = γ0(1 + εγcos(p(φ+ βγ))) (4.19)

D = D0D̂ = D0(1 + εdcos(p(φ+ βd))) (4.20)

Where p is the four fold or six fold symmetry (cubic phase has 4 fold symme-
try while the hexagonal phase has 6 fold symmetry). M0, γ0 and D0 is the mean
value and M, γ and D is the anisotropic factors. βm, βγ and βd are phase shifts.εm,
εd and εγ are the degree of anisotropy in the model. A high value represents a
high anisotropy for that parameter. The degree of anisotropy is restricted in the
following way:

• 0 ≤ εm

• εd ≤ 1

• 0 ≤ εγ ≤ (1/(p2-1)
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These restrictions are derived from the fact that M, D(c)
s and γ̂(φ) + ∂2γ̂(φ)

∂φ2 must
be positive (see [15]).

The anisotropic model is used for giving the parameters in some preferred direc-
tions. For instance the surface diffusion is high on the [111] facet. This anisotropic
model has a large impact on the parameters and the growth. The interface mobil-
ity describes the probability for the atoms to get stuck on a surface. The shapes
are similar to the ones seen in experiments but there are many research articles
in this field that suggest other anisotropic models for crystal growth. For instance
[17] the promising method for simulating Wullf shapes [18]. According to [17] it is
possible to write the anisotropic mobility in the following way:

M̂ = 1− δ + 2δtanh
(

k

|tan(2(θ) + βm)|

)
(4.21)

Plotting the anisotropic parameters as a function of the surface normal angle
makes it easier to get a feeling for these two anisotropic models. Figure 4.2 show
plots of the anisotropic parameters. The maximum values in the plots show the
preferred growth directions (normal angle to the surface).

Figure 4.2. Plots of the anisotropic models as function of the normal angle. The two
first graphs show the old model with 4 respectively 6 fold symmetry (4 fold symmetry for
cubic structures and 6 fold symmetry in hexagonal structures. The last graph shows the
new model for anisotropic mobility. The maximum in the graphs show in what directions
the crystal prefers to grow. While the minimum represents facets with slow growth rates.
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4.1.4 Flux from mask boundary
The boundary condition (4.17) that links the differential equation on the mask to-
gether with crystal differential equation must of cause be important for the growth
enhancement of the crystal due to the theory. While there is no lateral flux from
the vapor due to the small mask pattern (see SA-MOVPE section 2.4) and there-
fore the flux from the vapor is given as a constant flux to the mask, Jg. The
vapor flux to the growing crystal is included in the interface mobility parameter
in the normal velocity expression (4.1) but does not contribute to the enhanced
growth. This means that the most important flux for the enhanced and lateral
growth should come from the mask. Therefore it is interesting to change the pa-
rameters in this equation to see how the growth is affected by these changes. In
figure 4.3 the mask flux is plotted with the parameter configuration that is used in
most of the simulations. With these parameters the impact of the flux is almost
constant. It is only at almost overgrown masks that this mask starts to vary with
overgrowth. The flux is derived from the well establish theory about the surface
diffusion on the mask and crystal.

In the program the boundary is approximated with 2nd order forward difference
in the following way:

Figure 4.3. Adatom flux from the mask to the crystal as a function of the contact point
coordinate on the mask. The flux affects the initial curvature, K1. The flux from the
mask is zero when the mask is completely overgrown (X=-1). With the constants used
in this work the flux is almost constant at almost the whole range of overgrowth.

This equation was included in the program by differentiate the derivative and
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put the K1 (where K1 is the first element in the curvature vector) into the normal
speed equation as a boundary. The second order forward difference is used as an
approximation for the derivative:

∂

∂s

{(
γ̂(φ) + ∂2γ̂(φ)

∂φ2

)
K

}
= γ̂(φ1)−K3 + 4K2 − 3K1

ds
= fm

εβD̂(φ1)γ̂(φ1)
(4.22)

⇔ K1 = K3

3 − 4K3

3 + 2dsfm
3εβD̂(φ1)

(4.23)

When the right hand side of equation (4.22) has a large value the initial cur-
vature get a negative value (which Khenner also got in his simulations [14]). This
may result in numerical errors if the parameters are not chosen carefully. If the
initial curvature (K1) has a very high value it results in a negative growth rate on
the mask (unphysical!).

4.1.5 Model Parameters
In this model there are many constants and parameters (see table 4.3) that are
hard to determine. Many parameters must be approximated and in the worse
case guessed. First the parameters, that was possible to determine, were set. The
parameters used by Khenner et al [15] where fitted for SA-MOVPE growth with
GaAs with the growth temperature 650◦C. In the reference growth [7] the growth
temperature was 900oC but cubic GaAs has the same crystal structure as the
cubic GaN crystal. There are different chemical reactions occurring in GaN and
GaAs growth but it is the flux of gallium that limits the growth in the both growth
cases. The binding energy is different between the GaAs and GaN and will affect
the flux to the substrate. Some of the parameters have been modified in a direction
that is suited to GaN growth. These parameters, not mentioned in any literature,
are used as fitting parameters in this work. In table 4.3 the parameters are listed.

If the normalized normal velocity (4.1) is rewritten it is easier to see the impact
of each parameter during a simulation. First the anisotropic parameters (εm,εd,εγ
and p) is set to zero to make the expression more easy to overview. Then the
physical parameters are inserted in the equation and one can rewrite the expres-
sion as follows:

Vn = ΩA
Dm
s

[
Dc
sΩγ0

L2
∂2

∂s2 (K) +M (µV L− Ωγ0K)
]

(4.24)

Another factor that contains parameters that are important for the growth is the
mask boundary equation 4.17 which has the following form when the physical pa-
rameters are inserted in the non dimensional boundary:
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Jg Flux from vapor
τm Mean residence time of atoms on mask
A Change in chemical potential
Ω Atomic volume
µV Chemical potential in vapor
D(c)
s′ Diffusivity on crystal(anisotropic)

M Interface mobility (anisotropic)
γ Surface energy (anisotropic)
κ Curvature
nm surface concentration on mask
θ contact angle
Sm sticking coefficient on mask

Table 4.3. Parameters

∂

∂s
(K) = fmD

c
sτmJgL

Dm
s AΩγ0

(4.25)

The atomic flux from the vapor Jg can be written according to gas theory as [23]:

Jg = P0√
2πmkBT

(4.26)

Where P0 is the partial gas pressure on the crystal from the gallium reactants,
m is the mass, kB is Boltzmann´s constant and T is the temperature in Kelvin.
The pressure in the reactor was 160 Torr but the total flow of TMGa gas is much
lower and the partial pressure from the gallium atoms will be low. The value
used by Khenner is reasonable also for simulation of GaN. According to equation
(4.28) this parameter should be lower due to higher temperature but Jg is set to
1015atoms/cm2 while the system used by Sakuntam et al. has a higher growth
pressure.

τm is the mean time that the adatoms stay on the mask. If the growth temperature
is higher this constant will be lower because the adatoms has more energy and can
be desorbed to the gas if the temperature and energy is too high. Khenner used
τm=1s but articles suggests a lower value on this parameter. This parameter will
be set much lower and is used as a fitting parameter.

The diffusion constants, D(c)
s′ and D(m)

s′ will increase with the higher growth temper-
ature. The smaller lattice constant will also affect the surface diffusion constant.
The following expression for surface diffusion can be found in [21]:
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Jg 1015 [atoms/cm2s]
τm 0.01 [s]
Dm
s 5·10−8 [cm2/s]

Dc
s 2·10−8 [cm2/s]

Ω 1.15410−23 [cm3/atom]
γ 1000 [erg·s/cm2s]
A 1028 [atoms2/erg·cm2s]
µV 4·10−13 [erg·atom]
M 3 [1/s]
θ 54.16 [◦]

Table 4.4. The constants is set to these values in the simulations

Ds = νa2

2 exp
Ediff
kBT (4.27)

Here Ediff is the potential barrier between different sites, ν is the vibration fre-
quency between surface atoms (dependent on temperature) and a is the distance
between the cites in the energy barrier.

The surface diffusion is very hard to determine and much work has been done
to find this value for the gallium nitride surface. The surface constant has been
suggested to be 1-10 µm in number of articles where the growth temperature was
600-700 ◦C [3]. For the vapor phase diffusion there are expressions that describe
its temperature dependents but in this model the vapor phase diffusion is set as a
constant because of the small mask pattern discussed in section 2.

The only parameter that is possible to set a correct value on is the atomic
volume, Ω. It is determined as the crystal volume divided by the number of atoms
in the crystal structure:

Ω = a3

8 (4.28)

Where a is the lattice constant and 8 is the number of atoms inside the unit cell.
For cubic GaN a=4.52 Å which give a 1.154·10−23 [cm3/atom

]
.

The chemical potential (µV ), change in concentration (A) and interface mobility
(M 0) are set to fit the model with the experimental data from [7]:

In the simulations chapter following parameter values was used (section 5.4)(except
in the section about fill factor impact): The anisotropic variables are used to match
the lateral growth speed with the experimental anisotropic lateral growth rates in
figure 4.4 and to the crystal shapes in the [110] and [1-10] mask alignment direc-
tions.
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Figure 4.4. Shows how growth rate varies with different fill factors. The fill factor is
the percentage of the substrate that has crystal openings. i.e C/(M+C) where C is the
crystal opening width and M is the mask width. In this plot the mask width is fix at 4.2
µm

4.2 Limitation of the model
This model can be used when the vapor phase diffusion does not have a big impact
on the growth i.e when the crystal opening and mask width are smaller than ≈ 10
µm [9] (depending on material type and type of growth parameters). The flux from
the vapor to the mask is constant and at the crystal this value is included in the
interface mobility. Sometimes nucleation can occur on the mask but in this model
the nucleation is ignored. This model is simulated in 2D. This approximation can
be done if the masks are much longer than the width of the pattern and when
the parameters that influence on the vapor phase flux do not change along the
substrate. For some regions on the substrate it has been shown that this is a good
approximation [11] [12]. In this model where the vapor phase diffusion is ignored
the stagnant layer thickness does not have that large impact on the growth and a
constant flux to the mask is used. But for a larger SA pattern this is a limitation.
The temperature and pressure that are determining the flux must be uniformed
above the growth zone to be able to use a constant flux. For a small pattern
SA-MOVPE and a horizontal flow reactor this approximation is sufficiently good.

The stress from the substrate lattice mismatch is also ignored. This may be
a reason why this model isnot suitable for simulating cubic GaN growth. This
model is a geometrical model. This means that the growth speed only depend on
the local crystal geometries such as curvature and its derivatives. This approach
may work well for short time simulations but when the facets get larger the facet
length should have an impact on the growth. In the cubic GaN it often occurs
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hexagonal phase on the [111] facets. But the model assumes that the crystal only
include on type of crystal structure. While the hexagonal phase occurs on the
lateral overgrowth part it is not possible to compare the grown crystals in the
reference paper in the [110] and [1-10] mask alignment because of the high content
of hexagonal phase. Therefore the [100] mask alignment, which leads to isotropic
growth, has been used as reference to fit the model to the real crystal growth.

4.3 Program
To solve the differential equation on the crystal the second order finite difference
method is used. This method approximates the derivatives with the central dif-
ference on the crystal substrate and use the second order forward- and backward
difference approximations at the boundaries. The differential equation on the mask
has been solved analytically by [15] and the solution is included in the program.
To program the normal angles and anisotropic variables vector calculus is used.

The model is programmed (code can be find in appendix B) in MATLAB. Some
comments about the code may make it easier to read. The shape of the crystal
is represented by markers that are equally spaced along the surface. After each
interaction the shape of the curve is updated by a cubic spline function and the
markers are updated to keep the same distance. To keep the distance between
the markers is important while small numerical errors due to the derivatives will
occur. This is the slowest and most critical part of the program.

To approximate the boundary condition the second order finite forward difference
is used. Equation (4.9) and (4.10) has been used as initial condition. This curve is
used to give the right starting contact angle with the mask. Another problem with
this model is how to program the movement of the contact point at unphysical
film edge. The contact angle is undefined at this point. [15] solves this trough fix
the edge and continuously increasing the contact angle until the boundary con-
tact angle is achieved. In [17] the model is extended to model the mask edge in
cylindrical shape. While only large growth times is of interest in this work the
mask height has been set to zero to avoid the unphysical treatment of this problem.

In the finite difference method it is important that the condition

ds

dt
≤ 1

2 (4.29)

(where ds is the space between the markers and dt is the time step) is fulfilled.
Otherwise the numerical method will not diverge. While the shape of the crystal
grow the spacing between will rise due to the elongated surface. If the ds become
too large the number of marker point can be increased in the program if necessary.
The number of markers used in the program is 500 and the dt is set to 1

8000 . The



4.3 Program 29

crystal is plotted after 32000 iterations which corresponds to 4 non dimensional
seconds (see table 4.2). It has been shown in [14] that this setting gives good
numerical results. For further details of the numerical method see [14], [15] and
[16].





Chapter 5

Simulations

In this chapter the SA-MOVPE growth is simulated with both the isotropic and
anisotropic Khenner model. In the isotropic growth simulations the vertical and
the lateral growth rate respectively are studied versus the mask width, crystal
width and the fill factor. The isotropic growth is also used for the investigation
of the parameter impact on the growth rates. Then the growth experiments with
different type of anisotropic parameters are simulated. The purpose of these simu-
lations is to see if this model is suitable for simulation of cubic GaN and what type
of anisotropic parameter configuration that is suitable for the GaN growth along
[110] and [1-10] mask alignment. The isotropic case has already been simulated
by other models but the anisotropic growth is still unexplored.

5.1 Verification of model
The MATLAB code is verified with the plots and data from [14], [15] and [16]
using the following non dimensional parameters for GaAs:

Using these parameters the program gives the same results for all of the cases
simulated by Khenner et al. [16] when the mask height is zero. Also in those
cases when the mask is of zero height [15] the program is correct until it reaches
the unphysical mask corner (the unphysical growth on the mask corner has been
removed from this program, see chapter 4.3).

5.2 Growth rates
One parameter that is especially interesting to understand is the impact of the
mask and mask opening width and how these affect the growth rate. The mask
and mask opening width and its ratio (fill factor) are important parameters in the
theory of mass transport. The question is if the impact of the fill factor is the
only important parameter or if the individual size of the mask and mask opening
has an impact on the growth rate. In this section the fill factor together with the

31
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Figure 5.1. Non dimensional parameters from [15] used to verify the program.

crystal pattern size is varied to investigate the impact of the ratio between mask
and mask opening width. The mask width used is 2.5 and 4.2 µm. The size of
the crystal openings are then varied between 2.5-17.5 µm for the 2.5 µm mask
and 2.3-15.8 µm for the 4.2 µm wide mask. The fill factor will vary between 0.3
- 0.833 for these mask sizes. By comparing the results the impact of the mask
and crystal opening width in the model is clarified. According to the experimental
treatment of the 4.2 µm width the resulting graph should look like figure 4.4 . In
the graphs the parameters are not fitted that accurate (the unknown parameters
where guessed in this section) and therefore there is a large difference between the
experimental data and simulated one. More important is that the graphs have the
same characteristics as the experimental data.

In figure 5.2 the plot shows the grown crystal after 4 seconds for the mask size
2.5µm and 4 seconds respectively 4 non dimensional seconds for the mask wider
mask size (4.2µm). The reason why both seconds and the non dimensional seconds
are set as the simulation length, is to check that there is no numerical errors in
the plot due to the shorter simulation time in the real seconds due to change of
mask width. The different simulation times occur because of the non dimensional
transformation (in table 4.2 the transformation of the time are shown).

The vertical growth rate agrees with the experimental data where a low fill factor
gives a high growth rate in the vertical direction. The same is the case for the
lateral growth. But for small crystal widths the lateral growth rate is decreasing
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Figure 5.2. Dependence of the growth rates due to the fill factor. The left side figures
show the vertical growth rates and the figures on the right side show the lateral growth
rate. On top the mask widths are 2.5µm while two pictures below shows a mask widths
of 4.2µm. The lateral growth rate graphs have a dip for low fill factors. This dip has its
origin in the mask flux boundary and does not agree with real growth.
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drastically. In the experimental data the growth rate in the lateral direction drops
from 13.5 to 8 µm/h when the fill factor was raised from 0.35-0.79 in the isotropic
case ([001], see figure 4.4. This is in good agreement with the plot for the large
fill factors (≥0.6). But for low fill factors the simulations give small values on the
lateral growth rate. Since both the non dimensional as well as the real seconds
shows the same performance this should not be a numerical error. The reason for
this behavior is the flux from the mask boundary (4.22) that gives a large negative
value on the initial curvature when the fill factor is low. This effect disappears at
larger fill factors. The problem occurs because of the programmed with the flux
from mask boundary combined with the parameter fitting at the lower growth
rates. This problem must be taken into account in the simulation of cubic GaN
using this model. Besides this effect the program gives good agreement with the
theory at a larger fill factor than 0.5 (when the mask width is 4.2µm).

In figure 5.2 the case for the 2.5 µm mask size is plotted with the same parameters
as for the 4.2µm mask width. The simulations show the same behavior as for the
larger mask size. The growth rates are almost the same for the both growth cases
but the larger mask size make the structure less sensitive for this error. In [15]
a larger mask size and larger parameters were used. Therefore this effect is not
that easy to observe in this paper. The similarity for the two different mask sizes
indicates that the growth rate depends on the fill factor and not on the individual
mask and crystal width. There is no experimental data in the reference papers
that confirm this observation.

In figure 5.3 this is investigated more closely. The fill factor was here set to
be constant at 0.5 (the mask and mask opening width are the same). Then the
size of the mask and the mask opening were varied. The vertical growth rate is
dropping for higher mask and mask opening widths. But it is a weak decrease
in growth rate. When the crystal opening width is rising from 2.5 µm to 10 µm
the growth rate only decrease with 1 µm /h. While this simulation is done with
higher growth rate simulation than in the real process the growth rate change is
very small in the reality. In the lateral growth the growth rate is slower for small
widths. This lower growth rate has its origin in the same error as the low lateral
growth rate observed in figure 5.2 when the fill factor is low. At smaller mask sizes
the error is more prominent. If this low growth rate is ignored, the lateral growth
rate show the same decreasing growth rate with crystal opening width as for the
vertical growth rate.

5.3 Anisotropic growth
In the theory the mask directions and its alignment on the substrate have a large
impact on the growth speed in different directions. In this section the anisotropic
parameters are varied to see if the anisotropic models used in this work are suitable
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Figure 5.3. The growth rate with constant fill factor (=0.5) as function of pattern
width (i.e. the ratio between the opening and the mask is constant but the widths varied
in size). The Growth rate decrease with wider masks but the change in growth rates is
small. This indicates that it is the fill factor that is the most important growth factor in
small pattern SA-MOVPE.



36 Simulations

for growth of cubic GaN. In the simulations two different models for anisotropic
mobility are used. The first model was introduced in [15] and the second one was
introduced by [21] and has been used in [17]. It has been observed that the [111]
facet easily occurs when the masks are aligned in the [1-10] or [110] direction. The
angle between the substrate plane and the [111] plane is 54.16◦ when the mask is
aligned in the [110] or [1-10] direction. On this [111] facet the atoms have a long
diffusion length due to the close packed atoms. Therefore the anisotropic parame-
ter has its maximum or minimum on this facet. The diffusion has its peak value on
this facet while the surface energy and interface mobility have their minimum here.
These anisotropic properties can be set in the program by adjust the anisotropic
equation (see equation (4.18) and figure 4.2) with a phase shift, thus the maximum
diffusion for instance occurs on the [111] facet. The interface mobility, M0M̂ is
not that commonly used in the literature. The meaning of this parameter is how
easy the interface between the vapor and crystal moves in a certain direction (i.e
the probability to absorb atoms from the vapor).

5.3.1 [110] mask alignment
Figure 5.6 shows the impact on the growth rates when the anisotropic parameters
are changed. The rest of the simulations is done with an anisotropy configuration
that occurs when the masks are align in the [110] direction. Figure 5.4 shows
isotropic growth (i.e. all anisotropic parameters are set to zero and the growth is
not affected by the epitaxial substrate). This figure shows how the growth would
look like if the parameters where unaffected by the epitaxial layer and surface
kinetics. This growth rate can directly be compared with anisotropic growth.
The remaining graphs are comparing the old anisotropic mobility model with the
new one. The first figure compares the two models when the old mobility model
has a high anisotropy factor, εM = 0.8 (see figure 5.6). This is a quite high
anisotropy factor, but the experimental growths have shown that the growth is
highly anisotropic when the masks are aligned in the [110] direction. The lateral
growth rate can be adjusted with the anisotropic factor. In the new anisotropic
model it is not possible to adjust the impact of the anisotropy. Figure 5.8 and
5.10 also show the comparison between the old and new mobility model but here
the other anisotropic parameters are also included in the simulation. In figure 5.8
the parameters are εM = 0.8, εD = 0.8 and 5.10 has the εM = 0.8, εD = 0.8 and
εγ=1/20.

Figure 5.4 and figure 5.6 show that the isotropic growth rate in the vertical di-
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Figure 5.4. Isotropic growth after a growth time of 450 seconds. The mask and crystal
width is 4.2µm each. The growth rate in the vertical and lateral direction is 5.16µm/h
respectively 5.02µm/h. The same parameter configuration is used when the anisotropic
growth is studied. The results in the anisotropic growth can be directly compared with
this graph. There is no distinct facet in isotropic growth and it can therefore be compared
with the growth when the masks are aligned in the [100] direction.

rection is slower than in the old mobility model while the lateral growth rate is
lower. This shows the large anisotropic impact of the interface mobility. Distinct
facets are directly created when the anisotropic model is included in the simula-
tion. The new anisotropic model show fast growth both in the vertical and lateral
direction. But in both cases distinct facets are created close to the [111] facet. If
the growth rate is high in both directions this indicates that the growth absorbs
more atoms both on the [111] and vertical [001] facet. Typically this is not true
for SA-MOVPE. But in growth of cubic GaN the hexagonal phase growth on the
[111] facet increases the growth rate on that facet. This property may make this
model interesting for the cubic GaN growth. The problem is that the hexagonal
phase has different growth parameters compared to the cubic phase and there is
no way to adjust for this in the new model.

Figure 5.10 includes the anisotropic surface energy. This tends to remove the en-
hanced growth and instead increase the lateral overgrowth rate. This result does
not show good agreement with the grown reference samples and indicates that
the anisotropy of surface energy may be of minor impact in the crystal growth of
GaN. Another explanation is that the anisotropic growth minimum is in another
direction than on the [111] facet. Usually the surface energy is minimized along
the [111] facet. But in the case of the cubic GaN growth the [001] facet and the
[111] facet have surface energies that are close to each other. The model can be
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Figure 5.5. Anisotropic growth with the old mobility model when the masks is aligned
in the [110] direction. In this graph the surface energy and diffusion is assumed to be
isotropic. Though only the interface mobility is anisotropic a distinct facet is created.
The average of angle between the substrate and the facet is 51.6◦ (54.16 ◦ is the angle
between the substrate and the [111] facet).

Figure 5.6. Impact of the new anisotropic model. The mask alignment is in the [111]
direction. The average angle between the substrate and the created facet is 56.7◦. This
graph can be compared with the old model above. Notice that the new model shows a
much better agreement with the enhanced growth than the old model.
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Figure 5.7. Old mobility model where the anisotropic mobility is included. The average
angle between substrate and facet is 53.6 ◦

.

Figure 5.8. New model where the anisotropic diffusion is included. The average angle
between substrate and facet is 56.7◦. The enhance growth in the previous graphs is
eliminated when the surface energy anisotropy is included. Instead the edge is growing
slower than the rest of the crystal.
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Figure 5.9. Old model where the anisotropic diffusion and surface energy are included.
The average angle between substrate and facet is 53.6◦. The enhance growth in the
previous graphs is eliminated when the surface energy anisotropy is included.

Figure 5.10. New model where the anisotropic diffusion and surface energy are included.
The average angle between substrate and facet is 56.7◦. The enhance growth in the
previous graphs is eliminated when the surface energy anisotropy is included. Instead
the edge is growing slower than the rest of the crystal.
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adjusted for this property if the exact surface energy characteristic is known.

The Khenner model simulates short time growth for single phase crystals, where
the masks are aligned in the [110] direction, with high accuracy. After long growth
times the growth on the [001] facet should accelerate because of the larger [111]
facet areas. The adatoms on the [111] facet often tend to diffuse to the [001] facet.
Hence a large [111] area increase the growth in the vertical direction. The short
diffusion length on the [001] often leads to enhanced growth on the intersection
between the [111] and [001] facet. This type of growth behavior is not possible to
see in this model. Instead the enhanced growth on the [001] facet tends to disap-
pear after long growth times (see fig 5.8 old model). The only growth parameter
that has given any effect to the enhanced growth, is the new anisotropic model for
mobility (see figure 5.6). When the anisotropic surface energy and surface diffu-
sion are added to the model the enhanced growth rate is reduced. Therefore these
parameters may have a less anisotropic behavior than the mobility. The impact
of the anisotropic diffusion is shown in figure 5.6. The anisotropic impact on the
growth is small compared to the interface mobility parameter. In figure 5.10 the
surface energy anisotropy is included to the model. The anisotropic surface energy
gives rise to the lateral growth.

According to these simulations the anisotropic surface diffusion has a very small
impact on the growth. I.e. it is impossible to tell from this model that the diffusion
is an anisotropic parameter or not. In most of the other models it is concluded
that it is the surface diffusion that impacts on the growth. In this model it is
the interface mobility that explains the anisotropic growth. That is how easy
the atoms are absorbed on different facets rather than how they diffuse on the
facet surfaces. Both the new and the old mobility models show a large impact on
anisotropic growth due to the mobility.

5.3.2 [1-10] mask alignment
When the anisotropic growth is set accordingly to the growth condition due to
the [1-10] mask alignment, the resulting simulation is shown in figure 5.12 (the
anisotropic growth parameters are set to fit the growth in figure 2.5 in chapter 2).

In figure 5.12 the anisotropic crystal growths for masks aligned in the [1-10] di-
rection are simulated. The anisotropic parameters have been set as follows. The
mobility has its minimum on the [111] facet. At the same facet the diffusion has
its maximum while the surface energy has its minimum in that direction. This
is set in the same way as in the [110] mask alignment case with the phase shift
parameters in the anisotropic model, βM , βD and βγ . Both the old and the new
anisotropic mobility model are used.
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Figure 5.11. Anistropic growth when the masks are aligned in the [1-10] direction. The
old anisotropic mobility model is used. The angle between the grown facet is 20.74◦

In non of the figures in 5.12, the [111] plane is not created. Instead there is fast
lateral overgrowth above the mask. Even if a larger contact angle is use, the [111]
facet is not appearing in the simulation (no figure). But in the old model the simu-
lations grow a facet close to the [311] facet. This is interesting since the anisotropic
parameters was only adjusted for the [111] facet growth. The new mobility model
has a large angle between the facet created and the substrate plane, 33.34◦. This
facet is not close to the [311] . There is also enhanced growth in the new model
but not in the old. In the experimental reference there is not enhanced growth
on the [001] plane. Also in these simulations the old model seems to be a better
choice for the growth of cubic GaN.

5.4 Parameters
It is important to understand how the parameters affect the lateral and verti-
cal growth rate. By adjusting the partial pressure of the Gallium source and the
growth temperature it is possible to adjust the shape of the crystal. In this section
some change in parameters affected by the temperature and pressures are varied
to investigate how the growth rates change. The parameters that are varied in
this section is the surface diffusion, interface mobility (which indirect includes the
vapor flux to the crystal surface) and the vapor flux to the mask (Jg). These re-
sults are not compared with experimental data. Therefore these simulations only
show how the model reacts on parameter variation due to change in pressure and
temperature. The purpose is to get a feeling of how the model works and how it
can be adjusted to fit with the GaN growth. How the temperature and pressure
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Figure 5.12. Anistropic growth when the masks is aligned in the [1-10] direction using
the new anisotropic mobility model. The angle between the grown facet is 33.34◦

impacts the growth in the model is not obvious. It is difficult to tell how the
parameters react on temperature and pressure variations.

The most interesting parameters to investigate are the variation of the interface
mobility and the vapor phase flux to the mask. Both of these parameters are
affected by the vapor phase flux. Jg is the flux from the vapor phase to the mask
and should be the main contribution mechanism to the enhanced crystal growth
compared to MOVPE. The interface mobility tells how easy the surface absorbs
the atoms to the surface from the vapor phase (i.e. the mobility of the interface).
Due to simulations it has been shown that the impact of the mobility is high in
this model. It can be seen in equation (4.24) that the mobility has a large impact
on flat surfaces (curvature, K, is set to zero in the equation). The dependence of
the vapor phase flux is not that large in this model and is set to the same value as
in [15](the vapor flux contributes to the growth through the interface mobility).

Impact of surface diffusion (that is experimentally hard to measure) is also in-
vestigated. Both the surface diffusion on the mask and on the crystal surface have
been simulated by the same parameters as in 4.4. From the simulation of varied
crystal surface diffusion the vertical growth rate increases with higher diffusion
constants. It seems like the atoms on the side of the crystal, where the surface is
not that flat, diffuse to the flat [001] facet on the crystal. In the lateral direction
the growth rate is not clear. The data vary much and it is hard to tell if there is a
physical explanation or if there is a numerical problem. The surface mask diffusion
gives lower lateral growth rates while the vertical growth rate is increasing. The
mask diffusion also has an impact on the mask boundary condition.
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By increasing the interface mobility constant the growth rates in all directions
on the crystal increases. It is easier for all points on the crystal to absorb atoms.
If this behavior is not true then the growth is adjusted by the anisotropic model
discussed before. The mobility has a huge impact on the growth rates in the crys-
tal and is suitable as a fitting parameter.

Figure 5.13. The lateral growth rate as function of the sticking coefficient. The stick-
ing coefficient tells how easy the adatoms get stuck on the mask. The lateral growth
speed decrease linear with rising sticking coefficient. The vertical growth rate is almost
constant.

The only growth parameter that (besides the mobility) can be adjusted by growth
conditions in the reactor is the vapor flux. This flux can be adjusted by chang-
ing the growth temperature and pressure inside the reactor. In figure 5.13 and
5.14 the growth rate dependence due to the vapor flux to the mask is illustrated.
Figure 5.13 shows how the lateral growth depends on the flux to mask boundary.
When the sticking coefficient is zero there is no impact of the boundary at all.
The plot shows that the lateral growth rate has its maximum at this point. The
curve decrease linearly until the sticking coefficient is equal to one. This result
does not agree with the experiments and also this time the problem is the flux
from mask boundary. In figure 5.14 the sticking coefficient is set to one again.
This time the vapor phase flux is varied. The lateral growth rate decreases with
rising vapor flux to the mask. The vertical growth rate increases, but slower than
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Figure 5.14. Lateral and vertical growth rate as function of the vapor flux to the mask,
Jg. The lateral growth rate is decreasing fast while the vertical increase slowly.

the lateral growth rate. From this figure it is possible to see that the boundary is
the problem in this model. Both the vertical and horizontal growth rates should
increase but only the vertical growth that is unaffected of the boundary, shows the
right physical behavior.

5.5 Long time growth of cubic GaN
In figure 5.15 long time growth is simulated. In this simulation it is possible to see
what is happening when the growth continues for a long time. In this simulation
the old model is used. This figure shows growth along [110] mask alignment after
a growth time of 21 minutes with the same growth configuration as figure 5.10 a.
But with a wider crystal opening, 10.8 µm compared with 4.2 µ m that was the
case in previous simulation. This picture illustrates what is happening in long time
growth. This type of growth occurs in SA-MOVPE for single crystal growth, when
the surface diffusion length along the [111] is long. The [111] facet is growing with
time and the [001] facet gets smaller. When the crystal has achieved the triangular
shape the crystal growth is slow in the simulation. The vertical growth is almost
zero. In reality the growth is zero for crystals as GaAs (this depends on that the
surface energy has been minimized in this shape and it has achieved its thermo
dynamical equilibrium state). This growth can be achieved by the model by rising
the anisotropic constant for the mobility (εM ) from 0.8 to a values close to 1. In
cubic GaN the growth is not zero (at least not in the reference samples). Therefore
the anisotropic constants should be less than 0.8 to illustrate the growth of the
cubic GaN.
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Figure 5.15. Long time growth for small fill factor. The [001] facet grows much faster
and finally it disappears and the growth speed decrease. The surface energy in the system
is minimized.



Chapter 6

Results and conclusions

The Khenner model predicts many properties in the SA-MOVPE process and has
the advantage to other models to include anisotropic growth. But the modeling
has a problem to make the prediction accurate at long growth times. It is also
difficult to simulate the lateral growth due to the hexagonal overgrowth because
of the different properties. This model is more suitable for growing stable six fold
anisotropic hexagonal GaN on a hexagonal substrate (as for instance SiC with a
nucleation layer).

If the growth characteristics, such as surface energies, surface diffusion and mobil-
ity, are known for the crystal it is possible to do quite accurate crystal simulation
for short time growth when the masks are aligned in the [110] direction. But since
the model cannot handle the effect of the limited surface diffusion length along
the [111] surface it is not possible to make predictions for a long time growth.
When the [111] facet grows the vertical growth rate should accelerate but it does
not. Since information is needed about the growth to adjust the anisotropic model
parameters and the model does not predict the enhanced growth, the anisotropic
model is not very useful at the moment. If the geometrical properties were in-
cluded in the normal growth rate expression it would improve the results for long
time growth. I think there is enough theory and knowledge about the mass trans-
port along the surfaces to enable to expand this model and make it more useful
in the future.

The mask flux to the crystal is very important in theory. But the mask flux
boundary has a very small impact on the growth. This boundary only affects the
initial curvature and while this model is of geometrical nature it will only have
a small impact at the growth near the intersection between the mask and grown
crystal, and almost no effect on the vertical growth in the middle of the crystal
(only at long growth times this may have a minor impact on the vertical growth).
There is not an easy way to improve this issue. The source of all problems in this
model is the fact that the model is only depending on local geometry. To improve
the model there must be added a term to the normal velocity that enhances the
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growth, not only due to the local geometry but also to the complete geometry
of the crystal. There are theories of atom motion to the crystal geometries (for
instance [13]), with which it may be possible to extend the normal velocity on the
[001] plane.

6.1 How to improve the model?
This model only predicts the growth of crystals with a single crystal phase. To
modify the model to involve two crystal structures it is possible to write a code
that can identify the [111] facets. The markers that represent the [111] crystal
surface in the code can then be grown with hexagonal growth rate. This improve-
ment should not need that hard effort. There is no problem to change parameters
in the Khenner model to fit with hexagonal growth (one has to change to 6 fold
symmetry in the model and change the atomic volume parameter). The problem
is to model the surface properties on the cubic [111] facet that determines when
the hexagonal phase is created. In [6] it is shown that the hexagonal phase can
be reduced on the [111] facet. More experimental work must be done to be able
to understand at what growth conditions the hexagonal phase appears. The other
possible way of solving this problem is to find a better anisotropic model that can
be adjusted to fit the cubic GaN growth.

To improve the anisotropic model, the author believes, it could be of advantage to
extend the model to a semi empirical anisotropic model. If the surface properties
(diffusion, mobility and surface energy) are known for different facets it would be
much easier to create an anisotropic model. The preferred growth directions and
its growth rates could be investigated. This type of experiments has been shown
in papers about Wullf constructions. It may be a possible way to improve the
anisotropic growth modeling. At the moment it is only some certain facets that
are included in the four fold symmetry model, and all of these preferred facets are
separated with a angle of 90◦. This is a very simple and limited model according
to the results from this work.

6.2 Cubic GaN growth
As it has been shown in the simulation chapter (5) it is not easy to simulate the
cubic GaN growth in SA-MOVPE. If the conditions for growth of the pure cubic
phase are known, this model can be used for simulating the anisotropic growth. A
mixture of the two phases makes it impossible to grow with this model (without
the modifications discussed earlier in this chapter) due to the different (bulk and
surface) structures in the two phases.

If it is assumed that a single cubic phase is possible to grow, the following con-
figuration of the model gives the best growth results. The old mobility model
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does simulate the crystal growth better than the new one. But in the old mobility
model the enhanced growth (due to the surface diffusion) is small and is better
simulated with the new mobility model. The old model shows better performance
in the anisotropic growth. Because of the high anisotropic growth in the [110] and
[1-10] mask alignment, high anisotropy factors (εM ≈0.8, εD ≈0.8 and εγ ≈1/20)
gives good growth results. The anisotropy of the diffusion does not have that big
impact on the growth while the anisotropic surface energy shows a faster lateral
growth rate and reduces the enhanced growth. Due to this model the anisotropy
in SA-MOVPE depends mostly on the interface mobility (even when the mobility
constant is set to a much lower value as in this work).

It is also shown that the fill factor is very important for the growth rates in
the vertical direction, while the individual size of the crystal and mask width is
of less importance in these small pattern geometries (the individual widths are of
course more important at larger geometries due to nucleation effects on the mask
and limitation on surface diffusion lengths). The simulations have shown good
agreement with the impact of the fill factor on the growth rates. Only at small fill
factors the lateral growth rate show results that are not in good agreement with
the experimental data. This is due to problems with the flux from mask boundary.

At long growth times the old anisotropic model shows good results in facet cre-
ation. When the preferred facet is created there is almost no growth on this facet
due to minimization of the surface energy. The problem in the long time growth
simulations is that the vertical growth does not accelerate when the [111] facet
grow larger (i.e. the model does not predict the enhanced flux of atoms from this
facet to the [100] plane that occur in experiments).





Appendix A

Derivation of the normal
velocity

This section describes how the normal velocity is formed according to [19] and
[20]. Notice that the flux from the vapor is constant and does not depend on the
stagnant layer. The surface growth rate in the normal direction is determined by
two components i.e. Vn=Vn1+Vn2 where:

Vn1 = MAΩ(µvapor − µcrystal) (A.1)

where µ is the chemical potential, A is change of surface concentration, Ω is the
atomic volume and M is the mobility on the surface.

Vn2 = −Ω∂Js
∂s

(A.2)

Where Js is the current of adatoms and s is the arc length of the crystal sur-
face.

(A.1) says that the speed is proportional to the difference in chemical potential
between the vapor and the crystal. This part corresponds to the flux from the
vapor. In this model the vapor flux is constant (This is a good approximation for
small pattern).
(A.2) describes the surface diffusion along the surface, s.

The components in Vn can be found for instance in [15] and [20] or in a handbook
about crystal growth:
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µcrystal = Ω
(
γ + ∂2γ

∂φ2

)
κ (A.3)

Where κ is the curvature of the crystal surface and γ is the surface energy.

Js = −AD(c)
s

(
∂µ

∂s′

)
(A.4)

(A.1), (A.2), (A.3) and (A.4) give the normal velocity seen in equation (4.1).



Appendix B

MATLAB code

In this section the five most important MATLAB files in the simulation program
are attached.

B.1 khenner.m
This is the main program that are calling all functions. Simulation length and the
contact angle are set here.

function [max_Y,Y_middle,gr_vertical,gr_lateral]=khenner(sim_time, aniso)
% This function simulate anisotropic crystal growth in
% small pattern SA−MOVPE (i.e. ELOG). Mask and crystal width
% less that 10 microns.
%
% Run by typing:
% "[max_Y,Y_middle,gr_vertical,gr_lateral]=Khenner(sim_time, aniso)"
% Where:
% Sim_time = non dim. seconds" and
% ansio determine what
% type of anisotropic model that are used (type 0 for old model
% and 1 for new model)"
% gr = growth rate

% Simulation constants
[eps, D, ∆, alfa, J, hm, beta,d,L_calc,Ds]=constants;
iter=sim_time/4;
simulation_length=(iter*8000);
N=500; %Number of markers along crystal surface
dt=1/2000; %time step dt/ds<1/2 (for numerical stability)
theta=54.16*(pi/180);%0.9453; %contact angle 54.16 grader
L=1; %crystal width

%plot mask walls*********************
X_wall=[−d 0];
Y_wall=[0 hm];
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plot(X_wall,hm*ones(1,length(X_wall)))
hold on
plot(zeros(1,length(Y_wall)),Y_wall)
hold on
%************************************

% Initial condidion X and Y **********
y0=0.01;
Xinit=0:0.001:1;
Yinit=y0*(1+tanh(Xinit*(tan(theta)/y0)));
y_h=min(Yinit);
Yinit=Yinit−y_h;
plot(Xinit,Yinit,'−−')
[X,Y,ds]=markerupdate(Xinit,Yinit,L,N);
% ************************************

%update markers and calculate new X and Y cord.*********
tic; % start stopwatch
j=32000:32000:simulation_length;
plot_counter=1;
for i=1:simulation_length

i
hold on
% first iterations with exact marker distribution
% rest with edge interpolation
if i<10

[X,Y,ds]=markerupdate(X,Y,L,N);
[V_n,K,A_n]=normalvelocity(X,Y,ds, aniso);
[X,Y]=diffmethod(X,Y,V_n,ds,dt,hm,theta);

else
[X,Y,ds]=marker_update_inter(X,Y,L,N);
[V_n,K,A_n]=normalvelocity(X,Y,ds, aniso);
[X,Y]=diffmethod(X,Y,V_n,ds,dt,hm,theta);

end
% %Plot after every 32000 iter

if simulation_length≥32000
if j(plot_counter)==i
hold on
plot(X,Y)
AXIS([−d L 0 1])
plot_counter=plot_counter+1;
end

end
end
%*******************************************************

%plot final shape
plot(X,Y)
AXIS([−d L 0 2])

toc; % stop stopwatch and show result
simulation_time=toc/60 % simulation time [min]

% Calc real speed in Y dirction for flat horiz surface:
t_real=simulation_length*(dt)*((L_calc)^2/(Ds));
Y_middle=(Y(end)*L_calc)/(10^−4); %[microns]
vert_growth=((max(Y)−Yinit(end))*L_calc)/(10^−4); %[microns]
over_growth=(abs(X(1))*L_calc)/(10^−4); %[microns]
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% Growth speeds
gr_vertical=3600*vert_growth/t_real; %[microns/h]
gr_lateral=3600*over_growth/t_real; %[microns/h]

% max Y
max_Y=max(Y)*L_calc;

end

B.2 markerupdate.m
In this function the makers that are used for updating the crystal surface are set.
This program use a cubic spline function and then the markers is updated with a
same distance along the crystal surface. This is the slowest function in the pro-
gram. The most difficult part is to update the markers in high speed with a very
high accuracy.

function [new_X,new_Y,ds,length_S]=markerupdate(X,Y,L,n)
% The markers are divided along the crystal surface curve
new_X=zeros(1,n);
new_Y=zeros(1,n);
if length(X)==length(Y)

dx=0.000001;
XX=X(1):dx:L;
YY=spline(X,Y,XX);

% create S vector containing all s element−length
N=(length(XX)−1);
S=zeros(1,N);
for i=1:N

S(i)=sqrt((XX(i+1)−XX(i))^2+(YY(i+1)−YY(i))^2);
end
length_S=sum(S);
ds=length_S/(n−1);% n=markers=>(n−1) pieces.

% Create new_X and new_Y*************************************
S_sum=0; %Initiate sum of S elements, sum until ds is reaced.
new_X(1)=XX(1);
new_Y(1)=YY(1);
% Put the last spline point as markers
new_X(end)=XX(end);
new_Y(end)=YY(end);

Nxx=length(XX)−2;
j=length(new_X)−1; %Initiate marker number j
G=[];
for i=0:Nxx

S_sum=S_sum+S(end−i);
if S_sum≥(ds) && j>0

sum_diff_1=abs(S_sum−S(end−i)−ds);
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sum_diff_2=abs(S_sum−S(end−i+1)−ds);
if sum_diff_1<sum_diff_2

G=[G (S_sum−S(end−i))]; %just for control
new_X(j)=XX(end−i);
new_Y(j)=YY(end−i);

else
G=[G S_sum]; %just for control
new_X(j)=XX(end−i−1);
new_Y(j)=YY(end−i−1);

end
%G(j)=S_sum;
j=j−1;
S_sum=0;

end
end
%***********************************************************

else disp('Matrix dimensions must agree!')
end
end

B.3 normalvelocity.m
The normal velocity is set in this function. The complex expression is set us-
ing the 2nd order finite difference method. This function contain and set all the
anisotropic constansts.

function [V_n,K,A_n]=normalvelocity(X,Y,ds,aniso)
% V_n=normal_velocity(X,Y,ds,aniso)
% where; (x,y) = coord for marker particle of curve S
% ds = small arcelement of shape−curve
% aniso=0 or 1 (determine anisotropic model 0=old and 1=new

N=length(X);
N_zeros=zeros(1,N);

% material constants
[eps, D, ∆, alfa, J, hm, beta,d]=constants;

% initiate vectros
K=N_zeros;
A_n=N_zeros;
Dh=N_zeros;
Mh=N_zeros;
yh=N_zeros;
secd_y=N_zeros;

% Anisotropic Constants:
p=4; % typ of anisotrophy (4 or 6 fold). value: 4 or 6.
Em=0; % degree of anisotropy, mobility. value: 0≤Em
Ed=0; % degree of anisotropy, surface diffusivity. value: Ed≤1
Ey=0; % degree of anisotropy, surface energy. value: 0≤Ey≤1/(p^2−1)
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beta_m=(−9)*(pi/180); % 54 grad
beta_d=(−9)*(pi/180); % phase shift (control velocity of growth direction)
beta_y=(−9)*(pi/180); % Phase control
rho=0.95; % control width of faset
Xa=10; % control flatness of faset
s_t=1; % Sticking coefficient: 0<s_t≤1
fm=s_t*sqrt(alfa)*tanh(sqrt(alfa)*(d+abs(X(1)))); % Flux from mask

% create curvature vector, K.*****************************
if length(X)==length(Y)

for i=1:N
% derivatives for K calculations
% create normal angle vector, A_n.
if i==1

secd_xs=(−X(i+3)+4*X(i+2)−5*X(i+1)+2*X(i))/(ds^2);
secd_ys=(−Y(i+3)+4*Y(i+2)−5*Y(i+1)+2*Y(i))/(ds^2);
d_xs=(−X(i+2)+4*X(i+1)−3*X(i))/(2*ds);
d_ys=(−Y(i+2)+4*Y(i+1)−3*Y(i))/(2*ds);
K(i)=(−secd_ys*d_xs+secd_xs*d_ys);
% calc angle between normal and horizontal vector
o_v=[X(i+1)−X(i),Y(i+1)−Y(i)]; %orientation vector
o_v_norm=sqrt((X(i+1)−X(i))^2+(Y(i+1)−Y(i))^2); % norm. const
A_n(i)=acos(o_v/o_v_norm*[0,−1]');

elseif i+1≤N
secd_xs=((X(i+1)+X(i−1)−2*X(i))/(ds^2));
secd_ys=((Y(i+1)+Y(i−1)−2*Y(i))/(ds^2));
d_xs=((X(i+1)−X(i−1))/(2*ds));
d_ys=((Y(i+1)−Y(i−1))/(2*ds));
K(i)=(−secd_ys*d_xs+secd_xs*d_ys);
% calc angle between normal and horizontal vector
o_v=[X(i+1)−X(i−1),Y(i+1)−Y(i−1)]; %orientation vector
o_v_norm=sqrt((X(i+1)−X(i−1))^2+(Y(i+1)−Y(i−1))^2);% normalize
A_n(i)=acos(o_v/o_v_norm*[0,−1]');

elseif i==N
secd_xs=(−X(i−3)+4*X(i−2)−5*X(i−1)+2*X(i))/(ds^2);
secd_ys=(−Y(i−3)+4*Y(i−2)−5*Y(i−1)+2*Y(i))/(ds^2);
d_xs=((X(i)−X(i−1))/ds);
d_ys=((Y(i)−Y(i−1))/ds);
K(i)=(−secd_ys*d_xs+secd_xs*d_ys);
% calc angle between normal and horizontal vector
o_v=[X(i)−X(i−2),Y(i)−Y(i−2)]; %orientation vector
o_v_norm=sqrt((X(i)−X(i−2))^2+(Y(i)−Y(i−2))^2);% normalize
A_n(i)=acos(o_v/o_v_norm*[0,−1]');

end
end

else
disp('X and Y have not the same dim')

end

% create anisotrophy vectors (see constants at top)
for i=1:length(A_n)

if aniso==0 % Old anistropic mobility (2002)
Mh(i)=1+Em*cos(p*(A_n(i)+beta_m));
elseif aniso==1 % New anisotropic mobility (2005)
Mh(i)=1−rho+2*rho*tanh(Xa/(abs(tan(2*(A_n(i)+beta_m)))));
else
disp('Must type 0 for old isotropy and 1 for new anisotropy')
end
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Dh(i)=1+Ed*cos(p*(A_n(i)+beta_d));
yh(i)=1+Ey*cos(p*(A_n(i)+beta_y));
secd_y(i)=1+Ey*cos(p*(A_n(i)+beta_y))*(1−p^2); %y+secd_y

end

% initial condion, flux from mask
% (comes from second order forward finit difference)
K(1)=(4/3)*K(2)−(1/3)*K(3)−(2/3)*((fm*ds)/(eps*beta*Dh(1)));

% Help vectors to creat speed vector:
secd_yK=secd_y.*K;
help_d=zeros(1,length(secd_yK));
for i=1:length(secd_yK)

if i==1
help_d(i)=(−secd_yK(i+2)+4*secd_yK(i+1)−3*secd_yK(i))/(2*ds);

elseif i==length(secd_yK)
help_d(i)=(secd_yK(i)−secd_yK(i−1))/ds;

else
help_d(i)=(secd_yK(i+1)−secd_yK(i−1))/(2*ds);

end
end

help_dD=help_d.*Dh;
help_v1=zeros(1,length(help_dD));
for i=1:length(help_dD)

if i==1
help_v1(i)=(−help_dD(i+2)+4*help_dD(i+1)−3*help_dD(i))/(2*ds);

elseif i==length(secd_yK)
help_v1(i)=(help_dD(i)−help_dD(i−1))/ds;

else
help_v1(i)=(help_dD(i+1)−help_dD(i−1))/(2*ds);

end
end

% help verctors
help_v1=eps*D*help_v1;
help_v2=J*Mh;
help_v3=−(∆*(secd_y).*Mh.*K); %Falult can be caused of: K or secd_y

% create velocity vector:
V_n=help_v1+help_v2+help_v3;
end

B.4 diffmethod.m
In this function solve the diffrential equaion on the crystal surface using the 2nd
order finite difference method.

function [new_X,new_Y]=diff_method(X,Y,V_n,ds,dt,hm,theta)
N=length(X);
const_v=(dt*V_n)/(2*ds);
new_X=zeros(1,N);
new_Y=zeros(1,N);
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for i=1:N
if i==1 && X(1)==0 && 0≤Y(1) && Y(1)<hm % crystal growth s=0

new_X(i)= 0;
new_Y(i)=Y(i)+2*const_v(i)*(X(i+1)−X(i))/tan(theta);% Boundary dy/dx=tan(theta)

elseif i==1 && Y(1)≥hm && X(1)≤0
%disp('on mask')
new_X(i)=X(i)−2*const_v(i)*(Y(i+1)−Y(i))*tan(theta); % Boundary dy/dx=tan(theta)
new_Y(i)= Y(i);

elseif i==N %s=S
new_X(i)=1;
new_Y(i)=Y(i)+2*const_v(i)*(X(i)−X(i−1));

else % 0<s<S
new_X(i)= X(i)−const_v(i)*(Y(i+1)−Y(i−1));
new_Y(i)= Y(i)+const_v(i)*(X(i+1)−X(i−1));

end
end

% Set markers to right contact angle:*********************************

% use spline func to find Y when X(end)=1
new_Y(end)=spline(new_X,new_Y,1);
new_X(end)=1;

% The contact point move on the mask as follows.
if hm==0
new_X(1)=(1/3)*(4*new_X(2)−new_X(3)+(3*hm−4*new_Y(2)+new_Y(3))*1/tan(theta));
new_Y(1)= hm;
elseif hm>0 && new_X(1)==0
new_X(1)=0;
new_Y(1)=(1/3)*(4*new_Y(2)−new_Y(3)+(new_X(3)−4*new_X(2))*tan(theta));
end

end

B.5 constants.m
This is the constants and parameters used in the most of the simulations. The
anisotropic constants is set in normalvelocity.m (see above).

function [eps, D, ∆, alfa, J, hm, beta,d,L_calc,Ds]=constants
% constants
Jg=1*10^15; %10^15; atomic flux from vapor
tm=0.01; %1; % Mean residence time of atoms on mask
Ds=5*10^−8;%5*10^−8; % diffusivity on mask
D0=1*10^−8;%2*10^−8; % mean diffusivity on crystal surface
omega=1.154*10^−23; % 1.154Atomic volume (¬2*10^−23)
y0=1000; % Mean surface energy
A=1*10^28;%2*10^28; % Change in conc/change in chemical potential (effect suface diff.crys)
uv=4*10^−13; %3*10^−13; % Chemical potential in vapor (effect non curvature dep mobility)
M0=3; % Mean mobility (=10 in article)

%Width of substrate region(in ref):
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%2.5, 5.5, 7.5, 12.5 and 17.5 for maskwidth 2.5 [micro m](17.5 too large)
%2.3, 3.8, 5.8, 10.8 and 15.8 for maskwidth 4.2 [micro m](15.5 too large)
L=4.2*10^−4; % width of crystal
l=4.2*10^−4; % width of mask (2.5 eller 4.2 [micro m])
hm=0*10^−5;%5*10^−5; % Mask thickness in 0.2 [micro m] (in ref)

%non dimentional parameters
eps=D0/Ds;
D=(omega^2*A*y0)/(L^2);
∆=(M0*omega^2*y0*A)/Ds;
alfa=L^2/(tm*Ds);
J=(omega*A*uv*M0*L)/Ds;
hm=hm/L;
beta=(A*omega*y0)/(tm*Jg*L);
d=l/L;
L_calc=L;
end
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