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INTRODUCTION

Gallium nitride (GaN), aluminium nitride (AIN) and indium nitride (InN) are
members of the group Ill-nitrides (IlI-N), and are binary compounds of a
group three metal and nitrogen. They have a wurtzite crystal structure and
belong to the IlI-V compound semiconductors, which also include phosphides,
arsenides and antimonides. In Figure 0.1 the band gap, which is the funda-
mental measure of semiconductors, is compared for all IlI-V semiconductors.
Even at first glance it is clear, that llI-N are remarkably versatile materials.

ALl lll-nitrides in the wurtzite structure have a direct band gap and cover
the broadest band gap range in all compatible semiconductor systems. It
spans from 6.2 eV for AN over 3.4 eV for GaN down to 0.7 eV for InN. The
ternary compounds InGaN and AlGaN thus continuously cover wavelengths
from the near infrared, over the entire visible spectrum up to far ultraviolet.
It is foremost this property, but not the only, which has driven the research
and development of this material system.

[II-N devices are largely based on heterostructures, i.e one material is grown
epitaxially on a different material. In many cases, interlayers of ternary IlI-N
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Figure 0.1: Band gaps of IlI-V compound semiconductors over lattice constants. The
solid red line indicates the structures studied in this work.
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compounds are grown on GaN. This affects the band profile depending on
the band gaps and the polarization of the different materials, giving rise to
certain applications. In optoelectronics for instance, interlayers of materials
with a smaller band gap result in wells which represent the active region
for recombination. For transistors, the channel between source and drain is
based on carriers accumulated at interfaces due to strong polarization fields.
Today, the most prominent applications of IlI-N heterostructures are in
optoelectronics. Primarily InGaN based devices are found in everyday items,
such as laser diodes in Blu-ray players and blue or white LEDs, be it for
lighting or as backlights in a TV, laptop or mobile phone. These fields of
applications are based on the band gap in the visible range of InGaN.
Various AlGaN heterostructures devices are on the verge of commercial
launch, because of their chemical properties in combination with the wide
band gap. The bond strengths between Ga-N and Al-N are high, which
allows device operation in hazardous environments. Because of their high
melting points above 2500 °C together with the wide band gap, they are
suitable for high power and high temperature applications. In this segment,
AlGaN heterostructure based devices are projected to gain a large market
share in the near future. Furthermore, the materials are non toxic and are
currently under investigation for applications as sensors in biology and
medicine.

Anyone not familiar with the growth of these materials might assume, that
the large number of operating and upcoming devices is the result of intensive
research, which it is, and of high material quality, which it is not. The
noble prize winner Wolfgang Pauli referred to semiconductor physics as dirt
physics. In a letter in 1931 he wrote: One should not work on semiconduc-
tors, it is a mess, who knows if semiconductors even exist'. This statement
addresses the sensitivity of semiconductors to impurities. Back then, all
semiconductors contained a high number of defects, which compensated semi
conducting features. Today, semiconductor physics can be rightfully consid-
ered highly clean because much attention is paid to clean environments
for device production. Still, lll-nitrides are subjected to a high amount of
defects compared to other compound semiconductors, e.g. GaAs. This makes
some basic properties hard to access.

This is especially true for InNGaN. An example is the band gap of InN, and
thus also InGaN, which was not determined precisely until recently. Optics
are mostly apply to characterize this material system and little is known
about the electrical transport properties. Electrical characterization of, e.g.
the spin-orbit coupling, spin lifetimes or the effective mass in InGaN, would
however be of great interest particularly with regard to possible applications
in spin-transport devices. From AlGaN it is known, that in order to obtain
these parameters from low-temperature measurements of two dimensional

Original: ‘Uber Halbleiter sollte man nicht arbeiten, das ist eine Schweinerei, wer weiR ob
es liberhaupt Halbleiter gibt’
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electron gases (2DEGs), the growth of high quality heterostructures with
high electron mobilities is essential. The focus of this work is thus the
growth optimization of InGaN based heterostructures and a comparison
of the growth conditions and the transport properties of GaN/InGaN and
GaN/AlGaN structures.

The growth of high quality GaN/InGaN structures is challenging. The lower
melting point of InN compared to GaN complicates the growth of InGaN and
its application in GaN based heterostructures. Furthermore, InGaN has a
tendency to segregate and the homogeneous and reproducible incorporation
of indium is an issue. As for all llI-N, the lack of suitable substrates results in
the incorporation of dislocations. Ill-nitrides can not be pulled from the melt,
as they decompose before melting unless very high pressures are applied.
[ll-nitrides are therefore commonly grown on foreign substrates such as
silicon carbide and sapphire. This results in the formation of dislocations
because of the different thermal extension coefficients and the lattice mis-
match between the substrate and the growing material. Dislocations act
as strong scattering centers in electronic transport and mainly limit the
electron mobility in optimized GaN/AlGaN structures.

The major developments in III-N growth were mainly achieved by metal
organic vapor phase epitaxy (MOVPE) for optoelectronics, by hybride VPE
(HVPE) for the growth of quasi-substrates and by molecular beam epitaxy
(MBE) for high-electron mobility 2DEG heterostructures. For device pro-
duction, VPE is most commonly applied. MBE is only used if high quality
is necessary for device operation and the production rate are comparatively
small, e.g. in the production of high frequency transistors and LASER diodes.
This growth method is, however, a versatile technique which promotes great
advances in research. It allows for in-situ characterization of growing films
which permits a better understand of growth mechanisms.

GaN/AlGaN structures with the highest electron mobilities at low-temperature
reported in the literature were grown by MBE. No high mobilities in GaN/In-
GaN structures grown by VPE techniques or MBE have been reported. MBE
growth conditions that are applied for GaN/AlGaN structures might, however,
result in high mobilities in GaN/InGaN heterostructures as well. Under
typical MBE pressures III-N materials already decompose above 800 °C
which is low compared to other growth techniques. High substrate tempera-
tures above 1000 °C are usually needed to produce smooth layers, which
is essential for heterostructure growth. For GaN and AlGaN growth it is,
however, well known and understood that metal-rich growth conditions result
in smooth layers at temperatures far lower than applied for other growth
techniques. This makes MBE suitable for InGaN growth, as this material
requires the lowest growth temperatures of all ternary IlI-N due to decompo-
sition. The impact of metal-rich growth conditions on the electron mobility
in GaN/InGaN structures is therefore studied in this work.
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The aim of this work is the MBE growth optimization of GaN/InGaN and
GaN/AlGaN structures with regard to high electron mobilities at low tem-
peratures. Studies of the low-temperature magnetoresistance identify the
dominant scattering mechanisms for optimized structures.

Part one provides the background to experimental techniques. The MBE
system and the mechanisms that determine the growth conditions for smooth
nitride layers are presented. After a short introduction of reflection high
energy electron diffraction (RHEED), the relevant applications of this in-situ
method for the growth optimization process are explained in detail. The
last chapter of part one focuses on the electrical characterization. Here,
the implications of heterostructure parameters on carrier accumulation and
the impact of scattering mechanisms on low-temperature transport are illus-
trated.

Part two presents the growth optimization in detail. Separate chapters
address GaN, GaN/AlGaN and GaN/InGaN growth in order to determine
the effects of key steps of growth on the structural quality and transport
properties individually. A new method to estimate the maximum incorporable
amount of indium by RHEED is presented for InGaN growth. The impact of
the heterostructure design on the two dimensional carrier confinement is dis-
cussed for Ga/AlGaN and GaN/InGaN. The dominant scattering processes
for electronic transport at low temperatures are determined by magnetore-
sistance measurements. A section gives the results for the application of
GaN/AlGaN structures as pH sensors.

The thesis closes with a review of the achievements of this work comparing
them to state of the art results from the literature. It states the limitations
of MBE growth optimization of [[I-N and suggest future areas of work.
The appendix is mainly directed to people working in the lab. It gives some
guidelines and recipes for grown structures. Furthermore, the use of RHEED
in terms of image quality and data acquisition is described. The problem of
temperature measurements in MBE is addressed and it is described how
absolute temperature calibration was realized in this work.
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MOLECULAR BEAM EPITAXY OF III-NITRIDES

Epitaxy is the growth of materials where the crystal structure and
orientation of the growing film are determined by a host crystal.
Molecular beam epitaxy (MBE) is an epitaxial growth technique
which is well known for its precise thin film growth and in-situ
monitoring during growth. It is a popular method for the production
of compound semiconductor heterostructures, i.e. the stacking of
layers of different materials. In this section, the background for
MBE growth of Ill-nitride heterostructures is presented. Specific
challenges that arise for the growth of smooth Ill-nitride layers
by MBE compared to growth by other epitaxial techniques are
discussed, and ways to meet them are presented. This section
closes with a review on state of the art MBE growth conditions for
high-quality GaN/AlGaN and GaN/[InGaN heterostructure growth.

1.1 GROWTH OF III-NITRIDES
1.1.1  Historic development

Group lll-nitrides are used in a range of applications that hardly any other
material system can cover. At the same time, the growth of these materials is
particularly challenging. This is best reflected by the historic development
of the growth of the material system.

GaN was first successfully synthesized in 1938 in the form of small crystal-
lites [1], but it took until the early 70's before larger area layers were grown
by hydride vapor phase epitaxy (HVPE) [2]. Back then, some basic concepts
of today’s Ill-nitride applications were already studied, such as LEDs and
UV detectors [3]. However, poor crystal quality, a high unintentional n-type
doping from point defects and a low reproducibility quickly reduced the
excitement in those early years.

Higher quality material was grown in the mid 80’'s. The low-temperature
deposition of AN buffer layers on sapphire by Metalorganic vapor phase
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epitaxy (MOVPE) increased the quality of GaN (0001) significantly [4, 5].
Soon after, first heterostructures with AlGaN and InGaN were produced. A
rapid development followed, which resulted in the first commercial devices
by the mid 90’s [6].

All the stated advances in nitride growth were achieved by vapor phase
growth techniques and none by MBE. This technique was developed in
the late 60’s at the Bell laboratories [7]. It was successfully applied for
the growth of other Il1I-V compound semiconductors such as lll-arsenides
[8]. The development of GaN growth by MBE was, however, slow compared
to other techniques because of serious challenges that were not overcome
until the beginning of this century. Nowadays, some of the best nitride
heterostructures are produced by MBE. The reason for the delayed success
lies in the growth technique itself, as will be presented in the following
sections.

1.1.2 MBE setup

The basic setup of an MBE system is illustrated in Figure 1.1. The idea
is that separate particle beams supply the pure reactants to a heated
substrate where they are adsorbed and incorporated. Effusion cells provide
the metals. Here, the materials are placed in ceramic crucibles that are
heated by a filament. A material flux is generated at sufficiently high cell
temperatures, which depends on the crucible geometry, the cell temperature
and the equilibrium vapor pressure of the source material. The cells can
be shut mechanically to turn the beams on and off. For pressures below
10> mbar, the mean free path of atoms evaporated from the cells is larger
than the distance between the source and the substrate, which is typically
between 30 cm and 50 cm. The materials thus form beams under low pressures.
Consequently, MBE needs vacuum conditions and growth takes place in a
growth chamber with reduced pressure.

Reactive nitrogen cannot be supplied by thermal evaporation. Pure nitrogen
exists only as N, and is one of the least reactive gases. In order to be
used for growth, the molecules need to be excited or broken up. This is not
possible by thermal excitation because of the high N-N bond strength of
9.8 eV [9]. Reactive nitrogen is thus produced by the dissociation of nitrogen
molecules under plasma conditions.

Plasma sources consist of a crucible to which pure molecular nitrogen
is supplied from a gas bottle. A mass flow controller requlates the gas
flow. A perforated plate partially separates the crucible from the vacuum of
the growth chamber. Pressures of 10-100 mbar are generated in this finite
volume, which is excited by a high frequency field at a fixed frequency with
variable power. Under specific power and nitrogen flow conditions, a plasma
is generated which produces different types of reactive nitrogen. The ratio of
activated nitrogen to supplied molecular nitrogen is of the order of 10% [9].
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Figure 1.1: Schematic of an MBE growth chamber. Molecular beams form under

vacuum conditions and mix in front of a heated substrate. Main compo-
nents: Effusion cells: metals in crucible are heated by filaments. Plasma
source: RF-capacitor excites finite volume which is separated from the
vacuum by a perforated plate and gaseous nitrogen flow is controlled by
a mass flow controller. RHEED: Electron gun generates electron beam
which inclines under small angle onto the substrate and is detected at
a phosphorus screen.

The optical spectrum of a generated plasma is shown in Figure 1.2. Several
transitions can be observed which represent different nitrogen species. They
can roughly be divided into atomic nitrogen and several different excited
nitrogen molecules. Both types of nitrogen can contribute to growth which
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will be addressed in Section 1.2.

In MBE, the arrival rate of atoms supplied from the cells and the desorption
of atoms from the surface determine the growth rate. Technically achievable
effusion cell temperatures in case of metals and feasible stable plasma
conditions in case of nitrogen limit the deposition rate. For typical MBE
growth conditions, the growth rates range from 1 um/h down to 1 monolayer
per several seconds. Such low growth rates result in sufficiently high surface
migration of adsorbed atoms and allow for epitaxial ordering on appropriate
substrates. However, the rate of contamination from the ambient must be small
compared to the growth rate in order to produce clean crystals. For typical
MBE growth rates, this requires a base pressure below ppgse = 1070 mbar
which is the main reason for the technical complexity of MBE machines.
The commercial Veeco GEN Il MBE system used in this work is shown
in Figure 1.3. The ultra high vacuum (UHV) in the growth chamber needs
to be maintained even if several samples per day are introduced into the
system. This is possible with a three chamber setup which does not break the
UHV at any time during reqular operation'. The substrates are introduced
via a load lock chamber with pressures below ppgse = 10~/ mbar. They are
then heated to reduce contaminations and water, condensated from the
atmosphere. Afterwards, the substrates are transferred to a buffer chamber

1 growth chamber opened 2-4 times a year for maintenance

cells -

T — . ) =
,, - rowth chamber

\447 :

bl 4 RHEED
\ QM detection

\

» QO
i ; |y W
S - N

|
3 :

Figure 1.3: Veeco GEN Il MBE used in this work. Substrates are introduced into
the load lock with ppgse <1077 mbar and transfered into the buffer
chamber with ppgse < 10~% mbar before entering the growth chamber
with ppgse < 1010 mbar.
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with ppase < 1072 mbar and heated once more before transferred into the
growth chamber with a base pressure below ppgse = 1010 mbar.

During growth, the pressure rises to pgrowth = 107> mbar because nitrogen is
supplied to the plasma source. This does not conflict with MBE requirements.
The higher pressure results from highly pure nitrogen and is no source of
contamination. Furthermore, the pressure is still low enough to allow for the
formation of molecular beams.

1.1.3 Advantages and challenges of IlI-N growth by MBE

MBE is an excellent technique for the growth of compound semiconductor
heterostructures in principle and is remarkably successful in producing high
quality lll-arsenide structures. MBE grown structures exhibit sharper inter-
faces and doping profiles compared to vapor phase epitaxy (VPE) techniques.
In VPE, carrier gases supply the reactants that flow over a heated substrate
in a chamber. In order to switch between different materials, the flowing
gases need to be changed. Fast switching between different materials is
therefore more difficult than in MBE, where the supply can be shut off
mechanically almost instantaneously in the UHV environment. Together with
a low growth rate, MBE allows for a precise deposition of heterostructures.
In addition, a higher level of security is needed for VPE as some of the
carrier gases are toxic.

Another advantage of MBE is that all growth parameters can be controlled
independently. In MOVPE, nitrogen is generated thermally from the carrier
gas at the growing surface. The nitrogen supply consequently scales with the
substrate temperature and growth at low temperatures with a high nitrogen
supply is not possible. Such conditions are for example desired for high
quality InN growth.

The UHV conditions in MBE also support in-situ monitoring of the growth
process by mass spectrometry, ellipsometry or reflection high-energy elec-
tron diffraction (RHEED). This allows not only for a precise control of the
growth but also provides insight into growth mechanisms (see Chapter 2).
Vacuum conditions are thus the origin of the advantages of MBE growth
compared to other techniques. Unfortunately, problems arise for the growth
of Ill-nitrides for the exact same reason.

From the growth of Ill-arsenides by MBE and MOVPE, it is well known
that the optimal growth temperatures for smooth films is about half the
melting point of the growing material (see Section 1.3). For GaN with
a melting point of 2500 °C [11], this implies growth at temperatures well
above the decomposition temperature under MBE conditions as is shown
in Figure 1.4. The decomposition rate exceeds typical growth rates already
above 800 °C. Higher growth temperatures can only be applied for higher
nitrogen pressures. For MOVPE, where nitrogen is supplied by ammonia, the
NHs3 overpressure is typically in the range of bars. This allows GaN growth

1
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Figure 1.4: Equilibrium vapor pressure over substrate temperature for GaN, InN
and AIN [12]. The optimum growth temperature at half the melting point
is indicated for the different materials. At typical MBE pressure of
p =107 mbar only AIN can be grown at Topt-

at temperatures above 1000 °C. For MBE growth, such high temperatures
cannot be attained because lower pressures are essential for the generation
of molecular beams.

First attempts to grow high quality GaN by MBE therefore focused on in-
creasing the nitrogen pressure. This was achieved by ammonia-MBE where
active nitrogen is supplied by NH3. High ammonia overpressures resulted
in the successful growth of GaN up to substrate temperatures of 950 °C [13].
The results were promising, but growth by this technique has its drawbacks.
One is that ammonia has corrosive effects on the metals of UHV components.
Furthermore, a high level of hydrogen is incorporated into the growing film
from the ambient. The growth by MBE with plasma sources is thus more
commonly employed than ammonia MBE.

The game changer for MBE growth of llI-nitrides was the discovery and
explanation of high quality growth under gallium and indium rich conditions
by adlayer enhanced diffusion (see Section 1.4). This effect allows droplet
free growth and produces high quality GaN (0001) and AlGaN (0001) layers
at temperatures below 800 °C.

Despite this big improvement, one problem still remains which results from
the low growth rate in MBE. Nitrides lack of suitable substrates and are
typically grown on foreign substrates such as sapphire (see Section 1.5.1).
The grown layers are highly strained because of the large lattice mismatch.
This strain reduces by the incorporation of dislocations at the substrate/GaN
interface. The amount of dislocations can only be reduced if they anntihilate
or leave the growing crystal at its boundaries. For smooth GaN (0001) layer
growth, the dislocations follow the growth direction [14, 15] and a reduction



1.2 SURFACE PROCESSES DURING MBE GROWTH

of the dislocation density during growth is small. Growth of rough 3D struc-
tures at lower substrate temperatures is thus a common approach in almost
all growth techniques to reduce the dislocation density. Here, dislocations
can annihilate because they do not advance parallel. The 3D structures
are then overgrown by thick, smooth GaN layers. The resulting quality
increases with the thickness. State of the art layers grown by MOVPE
with thicknesses above 5pm result in dislocation densities of 107 cm=2 [16].
HVPE grown structures with thicknesses of about 50 pm exhibit even lower
densities of 106 cm=2 [17].

The MBE growth of layers with comparable thickness is time consuming.
Furthermore, the dislocations are more mobile at the higher growth tem-
peratures applied in other epitaxy techniques. Therefore, even the lowest
reported dislocation densities in GaN layers grown by MBE on sapphire
of 108 cm™2 [18] are much higher than those produced by other techniques.
State of the art MBE structures are thus commonly grown on commercial
templates. These are Ill-nitride layers with low dislocation densities grown
by other techniques such as MOVPE and HVPE on sapphire or SiC. A rising
number of publication reports on the MBE growth on bulk GaN with even
lower dislocation densities of 103 cm™2 [19]. These substrates have become
available recently but are still expensive and therefore not widespread yet.
With the metal-rich growth conditions and the use of high quality substrates,
[ll-nitride growth by MBE finally matured. Today, the highest quality Ill-
nitride heterostructures are grown by MBE. The technique is however not
applied in industry. Here, mainly MOVPE is applied because it allows for
higher production rates. MBE growth of IlI-nitrides has its main implications
in research.

1.2 SURFACE PROCESSES DURING MBE GROWTH

Crystal growth always takes place at the surface. The interplay of processes
on the surface therefore determines the MBE growth conditions and is
presented in this section. An overview of the possible processes is depicted
in Figure 1.5. Impinging atoms are adsorbed on the surface where they
diffuse. After some time, they either nucleate, incorporate or desorb. Already
incorporated atoms may also decompose at higher temperatures.

Growth is per definition a non equilibrium process. If a vapor and a solid are
in equilibrium, there will be no effective mass transport. Although various
approaches on a thermodynamic basis exist, the description of growth by
kinetic processes was chosen in this work. The kinetics describe the way of
a system into equilibrium. This description accounts for activation barriers
and explains the reactions via rates. It is thus directly related to the growth
conditions which themselves are characterized by rates. In the following, the
different processes are examined considering the case of GaN growth.

The physical adsorption of atoms on a surface depends on the arrival rate, in-

13
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impinging atoms

Figure 1.5

Processes on the surface
during growth with atoms
impinging. Typical path:

adsorbtion

atoms are adsorbed, then  desorption nucleation

diffuse and incorporate, nu- m /o“
cleate or desorp. At higher 6 g\&f’\
temperatures decomposition incorporation

takes place. growing interface

teraction between different elements, availability of possible adsorption sites
and an activation barrier. The resulting adsorption rate can be characterized
by the deposition rate of impinging atoms and a sticking coefficient which is
the ratio of impinging atoms to atoms actually adsorbed. The adsorbed atoms
are weakly bound to the surface [21]. For GaN growth, the deposition rate,
which is given by the material flux from effusion cells, mainly determines
the adsorption rate. The sticking coefficient is close to unity for gallium and
nitrogen under reqgular GaN growth conditions [22] and can therefore be
neglected.

Incorporation means the chemical bonding of the adsorbed atoms to the
crystal surface. In the case of GaN growth, atomic Ga incorporates by
bonding with a nitrogen atom. Under MBE conditions, this reaction is ener-
getically not favored because liquid gallium and gaseous nitrogen have a
lower potential energy compared to solid GaN as shown in Figure 1.6. The
kinetic barrier of the reaction, however, can be overcome for the reaction
of Ga with a variety of excited molecular and atomic nitrogen species. The
kinetic barrier hinders the backward reaction of GaN to atomic gallium and
molecular nitrogen in the ground state which allows GaN to grow.

Figure 1.6 activated nitrogen GaN reaction
Comparison of the poten- 161 N,es,)
tial energy of activated 14 N(S)+N(D)
nitrogen with Gibbs free 12| NS NEP)
energy for the reaction: 3 10 NCTH ws)ents)
—N,*(a'm
2G§(l)+ N2(q) #Z.G.aN(s) at 2 s_N;:;}ﬂgg))
typical growth conditions [20]. 2 6L kinetic
The kinetic barrier is over- 4 barrier
come by activated nitrogen ’ \I(\ 2GaN(s)
. e AG=1.9 eV
and hinders decomposition. 0L, (ground state) 2 Ga(l)+No(g)| ](@Soogcvmfm)



1.2 SURFACE PROCESSES DURING MBE GROWTH
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Figure 1.7: Growth rate of GaN depending on gallium flux under constant nitrogen
flux. The Ga-flux is given normalized to the GaN stoichiometry. Three
regimes are defined: Ga/N < 1: N-rich, Ga/N = 1: stoichiometric and
Ga/N > 1: Ga-rich

The incorporation rate determines the growth rate. In Figure 1.7, the growth
rate over Ga-flux for a constant N-flux is shown. For low Ga-fluxes, the in-
corporation rate increases with the Ga-flux. This means that every additional
gallium atom finds a nitrogen atom for incorporation. This range is called
N-rich because there is an oversupply of nitrogen and Ga/N < 1. At high
Ga-fluxes, the growth rate is constant because all available nitrogen atoms
are already incorporated. This region is called Ga-rich because Ga/N > 1.
Such diagrams give the surface stoichiometry at Ga/N =1.

Desorption is the process of atoms leaving the surface through thermal
energy gain. Its rate exponentially increases with the surface temperature.
The kinetic barrier for this process depends on the bond strength between
the adsorbate and the substrate. In addition, it depends on the desorption
path, which is different for Ga and N. The desorption rate over temperature
for Ga and N from a GaN surface is given in Figure 1.8 [23]. The activation
energy for Ga desorption is much lower than for N. The reason is that
nitrogen can only desorb as ground state N> because other states would
require energies higher than those supplied thermally by the substrate.
One possible desorption path for N is the bonding of two nitrogen atoms
diffusing on the surface. The desorption process of nitrogen is therefore
related to surface diffusion. This is different for gallium atoms which can
desorb directly. Another possibility for nitrogen desorption is the bonding
of an adsorbed with an incorporated nitrogen atom. The probability of this
reaction increases with temperature and represents a decomposition process.
A high amount of atomic nitrogen in the impinging nitrogen flux therefore
increases the decomposition rate of GaN at higher temperatures [25].
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The desorption rates of Ga and N below 700 °C are lower than the typical
incorporation rates. The desorption rate of Ga becomes greater than incor-
poration rate applied in this work at about 700 °C. Above this temperature,
the Ga-flux needs to be increased in order to maintain stoichiometric growth
conditions. The desorption rate of N exceeds the typical incorporation rate
at temperatures above 750 °C. For fixed nitrogen conditions, this leads to a
decreased growth rate. At even higher temperatures, the nitrogen desorption
rate exceeds that of gallium.

GaN is never thermodynamically stable under MBE growth conditions with
nitrogen pressures around 107> mbar. The kinetic barrier of decomposition
is, however, high and the decomposition rate exceeds the growth rate only at
higher temperatures as shown in Figure 1.8. For temperatures above 800 °C,
the decomposition rate will exceed the incorporation rate applied in this
work and the crystal will be etched rather than grown.

All observable growth modes producing smooth layers, wires or quantum
dots arise from the interplay of the described processes mainly because of
their impact on surface diffusion. While longer diffusion length of adatoms
result in smooth layers (see Section 1.3), short diffusion produces rough
structures. This emphasizes the importance of surface diffusion.

The diffusion length is given by the diffusion coefficient and the time an
atom stays on the surface. The diffusion coefficient increases exponentially
with temperature. The residence time is governed by other surface processes.

4
‘]0§ T T T T T T T

F GaN decomposition
10° £ =N desorption from GaN +
3 Ga desorption from GaN - ]
T InN decomposition Z -7 ]
In desorption from InN =z~
Lt _-- ]
s " g- adl / /
ES F -~ ]
2 o[ P ]
E 10 E PEaE-% a E
= E .’ (9 o ]
I3 g - 8 a
© 10F .7 5 — = E
= E - < 3 ERe) E
L F7 oz =R
10°F = 2 < 3
E = — E
3 =Y =3
107k B 5
10" I . / . I . I
500 600 700 800 900

substrate temperature (°C)

Figure 1.8: Rates of various surface processes over temperature for typical MBE
N, pressures given normalized to a growth rate of 3nm/min used
in this work: N desorption from GaN (0001) surface, Ga desorption
from GaN (0001) surface, GaN (0001) decomposition. Significant Ga
desorption is achieved below the decomposition temperature at 800 °C.
For comparison: In desorption from InN (0001) surface and InN (0001)
decomposition [23, 24].
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Figure 1.9: Diffusion length of gallium on GaN (0001) over temperature: Limited by
incorporation for a growth rate of 3 nm/min and by desorption [23]. A
Maximum diffusion length for Ga is achieved around 700 °C.

An atom arriving on the surface might stay there until it either desorbs or
incorporates. The desorption rate thus limits the diffusion length at higher
temperatures. If the growth rate is increased, the time till incorporation
shortens and rougher surfaces are the result. The diffusion length in MBE
therefore does not simply increase with temperature and is limited by the
incorporation rate at low temperatures and by the desorption rate of the
materials at higher temperatures. An example of the diffusion length of Ga is
given in Figure 1.9. The longest diffusion length is expected slightly above
700 °C.

The Ga/N ratio also influences surface diffusion. In principal gallium is
more mobile than nitrogen. For N-rich conditions, the arriving Ga atoms
are almost directly incorporated resulting in a short diffusion length. For
Ga-rich conditions, the surfaces are smoother which is mainly the result
of an enhanced nitrogen diffusion under a stable Ga-bilayer which will be
discussed in Section 1.4.

1.3 TWO DIMENSIONAL GROWTH MODES

A two dimensional growth is essential for smooth interfaces in heterostruc-
tures. Before engaging the optimization of growth parameters, this section
presents a brief physical treatment of the two dimensional growth of crystals.
Only one material is treated for better illustration, but the derived conclu-
sions also apply for binary and ternary materials. The background to this
chapter, including the derivation of the formulas is found in the literature
[26, 27].

A substrate is needed for epitaxial growth from a vapor phase. Further growth
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FLgu.re 1.10 . 2 4
Cubic model crystal with

5 different possible incor- ) (3)

poration sites: 1 and 2
are very rare, 4 and 5 in-
crease the surface energy,
3 mainly contributes to
growth

of a layer on the substrate occurs if a driving force induces a growth rate
R larger than zero. The growth rate is the difference between the atoms
arriving at the surface and those leaving through desorption. The number
of arriving atoms per time and area Ryps is expressed by a function of the
ambient vapor pressure p:

p
Robs=/Znmks T

here m is the mass of an atom, kg the Boltzmann constant and T the

temperature.

No growth occurs in equilibrium, and the number of atoms arriving at the

surface is equal to the ones leaving. The desorption rate Ryes is therefore

equal to the arrival rate of atoms under the equilibrium vapor pressure pe:

__Pe
V2mtmkg T

As mentioned, the difference between these two rates is the growth rate.
It is therefore proportional to the difference of the vapor pressure and the
equilibrium vapor pressure:

Rde5:

Ruax(T, ) = Rabs — Raes=A(T) %ﬂ\m o
e

with the supersaturation of the vapor phase o= % and a temperature
depended factor A(T). The driving force can thus be identified as o.

The derived growth rate describes only a maximum limit because it implies
that every atom that enters the surface is incorporated into the crystal.
This is only true in a particular case which can be concluded by examining
possible incorporation sites on a model cubic crystal as shown in Figure 1.10.
A real crystal is never perfectly smooth. Therefore, the model crystal has
one exemplary step with a kink site. This step may represent a step due to
a miscut of the host crystal or a part of an island on the surface.

Five different sites of incorporation are identified which differ in terms of
energy and availability. The possibility of incorporation depends on these two
conditions. Incorporation on sites 1 and 2 is energetically favored because it
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reduces the surface energy. However, once those sites are occupied they are
not available for further growth. In contrast, sites 4 and 5 are very common

on the surface, but incorporation on those sites increases the surface energy.

Incorporation at sites 1, 2, 4 and 5 thus contributes little to growth.
Incorporation on site 3 does not change the surface energy. In addition, this
site moves along the step if occupied. This is why sites like number 3 mainly
contribute to growth. This site is called half crystal position because exactly
half of its surface is attached to the crystal. Consequently, the detachment
of an atom at this site requires the same energy as is gained by detachment,
i.e. every atom entering the site with a certain probability is just as likely
to leave. The maximum growth rate was derived for this condition. Therefore,
a crystal that consists only of half crystal positions grows with the highest
growth rate.

A crystal consisting only of the kink sites exhibits a maximum roughness.
Almost no growth is expected for a perfectly smooth surface in this picture.

A more realistic stepped surface with terraces of the length A is therefore
investigated (Figure 1.11).

The way atoms incorporate at a step depends on the temperature. For GaAs
growth, it has been observed that the optimal growth temperature promoting

two dimensional growth is about half the melting point of the material [28].

This can be related to the half crystal position site. At about half the melting
temperature, the kink sites become active. This means that they can be
detached at rates as high as the deposition rate. This leads to a growth of
smooth edges instead of a zig-zack structure as illustrated in Figure 1.11.
Adsorbed atoms remain on the surface only for a certain time before they

kink growth
T>N%ly
(kink-flow)

ledge growth
T < Ty
(kink-pinning)

- A >

Figure 1.11: Comparison of ledge and kink growth expected for high and low
temperatures [28]. Optimum growth temperatures are obtained above
half the melting point of the growing material because kink sites
become active.
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either incorporate into the crystal or desorb due to thermal fluctuations.
During this time, they diffuse on the surface over a certain length As.
Incorporation at the step is only possible for atoms that can diffuse from the
terraces to the step. For large spacings between the steps or small diffusion
length the incorporation rate is reduced. The growth rate by step growth
therefore depends on As and A:

2A
Rstep: B (TS) : Rmax (T, U)

with the factor B(%=) < 1.

Nucleation has to be considered if 2A; < A. Because atoms are preferably
incorporated at a step, less free atoms are found in the vicinity of a step
which can be expressed as a decreased o. The supersaturation is thus
maximal in the middle of the terrace and depends on A and As (Figure 1.12
a)).

Free atoms can attach to each other and form crystalline nuclei. By doing
so, they gain energy if the crystalline phase is lower in energy. However, it
costs surface energy. This results in a critical nuclei radius below which the
nuclei decompose. The critical radius is related to a critical supersaturation
0. above which the nuclei will grow further. Nuclei grow on terraces if the
supersaturation on the terrace of a stepped surface exceeds o (Figure 1.12
b)). This produces new steps and the nuclei grow two dimensionally. Since o
depends on the diffusions length and the terrace width, so does the growth
rate by nucleation R,,c. The growth rate for nucleation is higher than for
stepflow growth because nuclei generate their own steps.

For high supersaturations, the growth by nucleation causes rough surfaces
due to kinetic roughening (Figure 1.12 c)). The distance between the steps
produced by the nuclei, increases during the lateral 2D nucleation growth.
For high supersaturations, this leads to the formation of new nuclei on top
of still growing nuclei. Therefore, the surface roughens with growth time.

a) o b) o 9] o

step growth 2D nucleation growth kinetic roughening

Figure 1.12: Comparison of 2D growth modes on a stepped surface depending on
the supersaturation: a) 0 < g, - step growth: atoms incorporate at
steps, b) 0 > g, - 2D nucleation growth: growth also by nucleation
between steps, c) 0 > o, - kinetic roughening: nucleation on growing
nuclei roughens the surface over time.
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screw dislocation

lateral
growth fixed—
direction

Figure 1.13: Schematic of spiral growth mode. A threading dislocation generates a
step which is pinned at the intersection. By lateral growth a spiral
with terraces of width A forms around this positions. The curvature of
the spiral depends on the supersaturation o.

Truly two dimensional growth by nucleation is only possible in a small
range of supersaturations, and a roughening of the surface is very likely in
this growth mode. Step growth on the contrary is always 2D and is thus
preferred for heterostructure growth.

Another possible origin of steps are screw dislocations penetrating the
surface (Figure 1.13). Screw dislocations are displacements of a fraction of
a crystal plane. On the surface, this results in a step which is pinned at the
intersection of the dislocation. If this step advances during growth is has to
bow which results in a spiral. Further lateral growth of the spiral increases
its curvature p which leads to an increased edge energy. This slows down
the lateral growth which ultimately results in a finite curvature:

ya

P ks T n(140)

with step energy per molecule y, monolayer height a. Apart from the material
parameters the geometry of the spiral depends only the supersaturation.
The terrace width A formed by the spiral depends on the curvature and
therefore on the supersaturation. For reqular step growth, it was already
shown that the growth rate depends on A. Therefore, the growth rate for
spiral growth is a supersaturation dependent modification of the maximum
growth rate:

2As

Rstep:C )\(J)

“Rmax(T, 0)

with C(575)< 1.

[t should be noted that spiral growth is a modification of the step growth.

They are similar in quality. Step growth from miscut terraces and spiral
growth always take place at the same time because both features are found
on every real sample. An excellent example was observed during this work
and is given in Figure 1.14.

The growth rates for the three different 2D growth modes are compared in
Figure 1.15 for two different diffusion lengths. The morphology is determined
by the mode with the highest growth rate at a given supersaturation. For
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Figure 1.14

Atomic force micrograph illustrating
that spiral and step growth take
place at the same time: three spi-

rals in a stepped surrounding (Sam-
plelD: G1020).

small supersaturation, the step growth is observed. For medium o, the
spiral growth produces higher growth rates. At higher o, the 2D nucleation
growth is observed. The growth rate by nucleation growth equals R4y at
higher supersaturation. This illustrates the rough growth due to kinetic
roughening, as Rpyqx is only achieved on surfaces with maximum roughness.
The transition between smooth and rough growth depends on the diffusion
length. Smooth surfaces are only achieved for a high surface diffusion at
high supersaturations.

Figure 1.15 illustrated, that different growth regimes are expected for different
levels of supersaturation, i.e. how close to equilibrium the growth takes
place. For real structures this can be observed by comparing a MOVPE to
a MBE grown samples as done in Figure 1.16. Since step growth is only
observed at very low levels of supersaturation, the growth by MOVPE takes

a) b) PYNIN
A
smooth
2 @ :
g e
< < ,
5 E A Rl
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Sl &/ g et
Yl Reb ~ /¢ | rough
...... _2% = L »
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Figure 1.15: Growth rate over supersaturation for a) low diffusion length and b) high
diffusion length, with the diffusion length A5 and a terrace width A. The
growth mode with the highest growth rate determines the morphology.
Smooth growth is achieved by spiral and step growth, while nucleation
growth results in rough surfaces due to kinetic roughening.
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Figure 1.16: Atomic force micrograph of GaN (0001) grown by a) MBE and b)
MOVPE. The spirals in MBE growth indicate that growth takes place
further away from equilibrium than in MOVPE.

places closer to equilibrium than MBE growth. A more detailed discussion of
the different morphologies for MBE and MOVPE grown structures is found
in the literature [29]. In Figure 1.15 it also illustrated, that higher ¢ require
higher diffusion length for smooth growth. Therefore, large diffusion lengths
are needed for the growth of smooth layers by MBE.

High diffusion lengths can be obtained at high growth temperatures. The
activation of kink sites also suggests growth at high temperatures. As was
mentioned in Section 1.1.3, this is a challenge for MBE growth compared to
MOVPE because of decomposition under MBE conditions. It can however be

faced by Ga-rich growth conditions as will be explained in the next section.

1.4 GALLIUM AND INDIUM BILAYER

The previous sections stressed the importance of a high growth temperature
to activate kink sites and the importance of a high diffusion length for the
MBE growth of smooth layers. For the MBE growth of lll-nitrides, the

decomposition limits the applicable temperature range (see Figure 1.4).

Increased diffusion can thus only be achieved by a reduced kinetic barrier
for surface diffusion. This section presents the positive effects of a gallium
and indium bilayer coverage on the growing surface.

Early experimental findings revealed good crystal quality of MBE grown
GaN (0001) for Ga-rich conditions [30]. Total energy calculations for different
Ga coverages on a GaN (0001) surface later explained the experimental
results [31]. The Ga atoms form a liquid bilayer on top of the GaN surface at
growth temperature, which reduces the kinetic barrier for nitrogen diffusion.
Under very Ga-rich conditions a laterally contracted bilayer of Ga atoms
formed on the GaN (0001) surface, as shown in Figure 1.17, is energetically
favored. The first layer orders according to the underlying Ga atoms in the
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Figure 1.17

Representation of the laterally

contracted Ga-bilayer [31] Ga laver0-Ga @ @ @ 90 o °
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face. Ga layer O is compressed ter 2 G G

and closer to the lattice constant 1233 3 _ Na ?

of metallic gallium. Overall Ga

content in layer 1 and 0 com-
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GaN lattice. The second layer on the contrary reduces the surface energy
to a minimum by arranging closer to the lattice spacing of metallic gallium.
This results in the arrangement of Ga atoms in a laterally contracted bilayer
with a total coverage of 2.33 ML of Ga with respect the GaN lattice. For
indium on GaN (0001), a similar behavior was observed, with a coverage of
1.7 ML.

The bilayer model was experimentally investigated by monitoring the desorp-
tion time of Ga from the Ga-face GaN surface with RHEED [32]. The result
is shown in Figure 1.18. A constant desorption time is observed for a wide
range of employed Ga-fluxes. In the constant range, the surface coverage
is 2.7 ML of gallium. This supported the existence of a Ga bilayer which
is stable for a certain range of deposition rates. Note that growth under
these Ga bilayer stabilized conditions requires a sufficient Ga desorption
as otherwise Ga accumulates in the form of droplets.
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Figure 1.18: Ga desorption time over Ga-flux as measured by RHEED [32]. The
constant desorption time at intermediate fluxes indicates the stable
coverage of the Ga bilayer. The jump in the desorption time at 0.2 ML/s
is explained by the change in the desorption characteristic as shown
in Section 2.2.4.
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In order to explain the effects on the surface morphology, the surface diffusion
of Ga and N for Ga bilayer covered GaN (0001) surface was investigated by
density functional theory [33]. Results showed that both a Ga-bilayer and an
In-bilayer significantly change the nitrogen diffusion. No energetic barrier
was found for the diffusion of N through the metallic adlayer. In addition, the
diffusion barrier for N-atoms within the metallic layer is markedly reduced
compared to the bare GaN (0001) surface from 1.5eV to 0.5¢€V. This leads
to a new lateral diffusion channel for nitrogen within the adlayer, resulting
in a higher nitrogen diffusion length.

This alone cannot explain the observed spiral growth mode under bilayer
conditions. An additional effect by the liquid metallic adlayer is the in-
creased activation of kink sites. The presence of an adlayer is known to
decrease the kinetic barrier for decomposition of GaN [34]. This implies,
that already bound atoms can be detached from the crystal more easily.
Therefore, the presence of a metal adlayer increases the activation of kink
sites, which determines the optimum growth temperature for smooth growth
(see Figure 1.11). It was reported that this process results in a kink activity
at 750 °C for a excess Ga on GaN that is expected at 1050 °C for bare GaN
surfaces [35]. The optimum growth temperature for GaN under metal rich
conditions is thus lower than half the melting point.

The finding of the bilayer enhanced diffusion together with the lower optimum
growth temperature were the breakthrough for MBE growth of Ill-nitrides.
These two effects mainly affect the growth conditions for smooth Ill-nitride
layers.

1.5 MBE GROWTH CONDITIONS FOR III-NITRIDES

The key aspects of Ill-nitride growth by MBE have been introduced in the
previous section. In this section, the implications for the growth parameters,
namely the substrate temperature and the material fluxes, for high quality
[lI-nitrides growth by MBE are presented. Furthermore, growth conditions
reported in the literature are given, which are the basis for the experimental
part of this work.

It should be noted that the reproduction of results reported in literature is
not straightforward. Many parameters depend on the machines used. The
temperature of the substrate often deviates, as different calibration methods
are employed. The plasma conditions also vary for different brands of plasma
cells. In addition, the efficiency of the plasma cell reduces over time and
growth conditions vary over time even for the same machine. Furthermore,
the cleaning of the substrates often depends on parameters which can hardly
be specified. Therefore, not only the optimization of growth conditions is
essential for high quality growth but also the reproducibility.
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1.5.1  Substrates

Epitaxial growth is best performed homoepitaxially, which means growth on a
substrate which is by all means identical to the growing film. The production
of any bulk Ill-nitride crystal is however challenging. The synthetization is
not possible from the melt because of the high melting temperatures and
the weak IlI-N bond compared to N-N. Recently considerable progress was
made by other techniques, such as ammonothermal growth, and bulk GaN
wafers up to 2-inches are available [19]. However, such substrates are still
expensive and growth on other substrates is more common.

The growth on foreign materials has produced reasonable results for a wide
variety of substrates [36, 12]. The most common by far are 6H silicon carbide
(6H SiC) and sapphire (Al;03). The lattice mismatch between GaN and SiC
is about 4%, which is much smaller than 16% for sapphire. This results in an
increased crystal quality. However, SiC is expensive, making sapphire the
substrate of choice in most cases.

The high lattice mismatch between GaN and sapphire results in a high
density of dislocations. Their amount could be reduced over the last years
down to 108 cm™2 for GaN grown directly on sapphire by MBE [18]. The
treatment of Al,O3 with activated nitrogen at low temperatures produces a
thin ALN layer [37]. This layer is homogeneous and smooth and is the basis
for thicker layers. The introduction of AIN or GaN buffer layers grown at low
temperatures further increases the crystal quality. During this growth step,
small islands form which then grow and coalesce [38]. The 3D growth allows
for strain reduction and thus for a reduction of the dislocation density. The
overgrowth of these 3D layers by thick, smooth layers results in a decent
overall crystal quality.

Despite all these steps, Ill-nitrides grown on foreign substrates by MBE are
of inferior quality compared to other techniques with higher growth rates.
The substrate of choice for high quality Ill-nitrides are thus MOVPE or

HVPE GaN templates with dislocation densities lower than 108 cm=2,

1.52 GaN

The Ga/N ratio has a tremendous impact on the quality of GaN (0001) layers
grown by MBE as shown in Figure 1.19. For N-rich growth (Ga/N < 1),
the layers are usually rough. The high amount of less mobile nitrogen
on the surface decreases the diffusion length of Ga. It should however be
noted that recently high quality layers were grown under N-rich conditions
for substrate temperatures close to the decomposition of GaN [39]. This
approach is very promising but could not be reproduced in this work.

Under Ga-rich conditions, a sufficient Ga desorption rate has to be achieved
to prevent the formation of droplets. This limits 2D growth to substrate
temperatures higher than 670 °C. Different regimes can be identified above
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this temperature depending on the Ill/V ratio. Above the stoichiometry, the
surface is covered by one ML of gallium or less. Nucleation growth is
observed (see Section 2.2.3) which produces rough layers due to kinetic
roughening. A further increase in the ratio leads to growth in the Ga bilayer
stabilized regime. Smooth spiral growth is observed with roughnesses well
below 1 nm [32]. At higher III/V ratios, the Ga desorption is not sufficient
compared to the deposition rate and Ga droplets begin to form. The best
results in terms of bulk electron mobility and morphology have been obtained
for growth at the bilayer-droplet transition [40, 41].

Decomposition limits GaN growth at higher temperatures. Decomposition
at 800 °C under typical MBE conditions was observed [25]. For Ga covered
GaN surfaces, decomposition already starts at 720 °C as the metallic adlayer
reduces the kinetic barrier of decomposition [43]. Around this temperature, the
highest Ga diffusion length is expected for typical growth rates of 3 nm/min
as was shown in Figure 1.9. High quality structures are therefore grown
around 700 °C with a Ill/V ratio close to the bilayer/droplet transition.
The nitrogen conditions are given by the molecular nitrogen flow rate and
the plasma power. It was reported that higher powers result in a higher
density of point defects [44]. The reason is a damage of the growing film
by high energy nitrogen species. A stable plasma at low powers is only
achieved for low nitrogen fluxes. Conditions reported in the literature thus
vary, with Ny flows from 0.2 to 1.0 sccm at excitation powers below 300 W
[45, 46].

1.5.3 AlGaN

The optimum growth conditions for ternary alloys are a combination of those
for the involved binary compounds. The optimum growth conditions for GaN
have been explained. Similar consideration apply to AIN growth as well. The
decomposition temperature for AN under MBE conditions is considerably
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Figure 1.20: Critical thickness for AlGaN relaxation over Al concentration [47]. For
heterostructure growth the AlGaN thickness is typically below 50 nm.
Here, no relaxation is expected for x4; < 0.25.

higher than that of GaN as seen in Figure 1.4. This would allow for growth
at half the melting temperature. However, this results in the decomposition
of other nitride layers that are part of a heterostructure and is thus not suit-
able. The growth temperature for AlGaN growth is therefore only increased
slightly compared to GaN growth. Instead, the enhanced nitrogen diffusion
by the Ga bilayer is used to obtain smooth AlGaN layers. For thin AlGaN
layers, the temperature is usually kept constant in order to reduce the
interruption time between GaN and AlGaN growth to prevent contamination
of the surface from the ambient [45, 46].

The bond strength between of Al-N is much higher than that of Ga-N.
Aluminum is therefore preferably incorporated over gallium for the applied
substrate temperature range. This means that first every Al atom binds
with a free N atom before any Ga-N bonds form. The Al content is thus
xar =AlU/N and is independent of the Ga-flux under overall metal rich con-
ditions [44]. This incorporation ratio is independent of temperature below
the decomposition temperature of GaN. The Al-flux during AlGaN growth is
thus determined by the desired Al content.

The Ga-flux is chosen to provide Ga bilayer stabilized growth conditions
during AlGaN growth [48]. Compared to GaN growth, the Ga-flux should be
adjusted during AlGaN growth, because less Ga is incorporated over time.
This implies a change of the Ga cell temperature, which results in a growth
interruption. In order to avoid this stop during growth, some MBE machines
are equipped with two Ga cells [49, 50]. This allows to change the effective
Ga-flux instantly.

Apart from the growth conditions, some material specific properties have
to be accounted for. No segregation is expected in AlGaN [51]. However,
long range ordering was observed in strained AlGaN layers even at low Al
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concentrations [52, 53]. This ordering results in a superlattice of Al-rich and
Ga-rich monolayers along the c-axis. The inhomogeneity in the chemical
distribution by this ordering is perpendicular to interfaces. The impact on
electrons moving along interfaces, which is the subject of this work, is there-
fore small.

The relaxation of AlGaN layer becomes important for heterostructure growth.
AlGaN is under tensile strain if grown on GaN. With increasing thickness,
the strain energy rises. Above a critical thickness, the incorporation of dis-
locations, which reduce the strain, is energetically favored. This leads to
a relaxation of the AlGaN layer, which is not desired for heterostructure
growth. A graph of the expected critical thickness is given in Figure 1.20.
For low Al content, relaxation is not expected for AlGaN layers thinner than
50 nm.

1.5.4 InGaN

The MBE growth of InGaN is considerably more complex than that of AlGaN
and different optimum growth conditions are found in literature. The bond
strength of In-N is much weaker than Ga-N. InGaN thus has to be grown
at lower temperatures? than GaN in order to avoid decomposition. Ga is
preferably incorporated over In because of the stronger bond. At elevated
temperatures, this even results in the replacement of incorporated indium
atoms by gallium atoms. The result is a decreased In incorporation at higher
substrate temperatures, as is shown in Figure 1.27. The indium incorpora-
tion is therefore given by x;, =1-Ga/N at temperatures below 560 °C but
decreases rapidly at higher substrate temperatures [54].

2 Note that the temperatures stated in publications for the same growth conditions vary
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Figure 1.21: Indium incorporation over substrate temperature [54].
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The decomposition of InGaN at higher temperatures can be counteracted
by a high overpressure of active nitrogen. This allows for higher growth
temperatures and stabilizes the indium content. Such growth conditions are
applied for InGaN structures with high indium content of for InN growth
[24].

Other approaches utilize the enhanced nitrogen diffusion under In-rich condi-
tions at lower temperatures aroung 450 °C [55]. However, for typical growth
conditions the substrate temperature is not high enough for significant in-
dium desorption. In-rich growth therefore produces In droplets which cause
inhomogeneous morphologies and indium contents in the growing film [56].

Some groups have recently reported the growth of InGaN under In bilayer
stabilized conditions which prevents the formation of droplets [57, 58, 59].
However, this is limited to lower indium contents. Growth in this regime
requires sufficient indium desorption rates. This is only achieved at ele-
vated temperatures (above 590 °C), where the indium incorporation strongly
depends on the substrate temperature. This growth regime has not been
studied in detail yet and was applied in this work.

In any of the stated approaches, the homogeneous distribution of In is an
issue. InGaN has a strong tendency to segregate as shown in Figure 1.22. It
was however reported that the miscibility gap decreases and shifts towards
higher indium content for strained layers [51, 60]. The experimental verifica-
tion is under discussion. No large indium rich clusters have been observed
for optimized growth. Many groups, however, observed small clusters by
TEM. This is argued to be segregation induced by the electron beam of
TEM itself [61] and is thus not accepted as a proof of segregation by others.
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Figure 1.22: Phase diagram of InGaN (0001) for different layer thicknesses [51].
The miscibility gap for thinner layers is smaller and shifted towards
InN.
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low In contents [40]. For a layer thickness of 10 nm relaxation is
expected above x;, =0.15.

thickness for relaxation of InGaN layers is given in Figure 1.23.

Compared to AlGaN of the same Ga content, relaxation is expected at
thinner layers [40, 41]. Relaxation thus has to be considered for GaN/InGaN
heterostructure growth.

Another issue, often reported on, is surface segregation. Surface segregation
means the exchange of atoms between subsurface and surface layers [63].
It was shown that In atoms from the subsurface layer will exchange with

Figure 1.24:
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Concentration profile of x;, over thickness for different substrate tem-
peratures grown at stoichiometric conditions [62]. Surface segregation
induces an increase of x;, after growth is started by accumulating
indium. A slow decrease of x;, is observed after In is switched of due

to the incorporation of accumulated indium.
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Figure 1.25: Indium fluctuation amplitude over indium content [65].

Ga atoms from the surface layer because of the different bond strength
of In-N and Ga-N. Observations by STM revealed one monolayer of In
accumulated on top of an InGaN layer due to this effect [64]. If InGaN is
grown at temperatures with low desorption rates, at N-rich or stoichiometric
conditions, the segregated indium will represent an additional supply of
indium for growth. The incorporated amount of indium will then increase
over time and decay after In is switched off as shown in Figure 1.24 [62].
This onset and tailing effect was not observed in this work.

One problem for InGaN heterostructure growth are fluctuations in the indium
content, which is independent of the applied growth technique. This should
not to be confused with segregation, as no In-rich clusters are observed.
In fact, the indium distributes inhomogeneously, as was observed by TEM
[65]. As shown in Figure 1.25, in an InGaN film containing 12% of indium,
areas with 10% and 14% have been found. These fluctuations have different
consequences for the recombination of electrons and holes in LEDs and
the transport of electrons along the interface, which was studied in this
work. Because the band gap is smaller in regions with higher indium con-
tent, photons are mainly generated from recombination in these areas. The
recombination at other non radiative defects is therefore reduced [66]. For
transport along the interface in a heterostrucutre, the fluctuations are an
additional source of scattering, as will be shown in this work.



RHEED

Reflection high-energy electron diffraction is the most applied
in-situ method in MBE growth today. In this work RHEED was
used to optimize different aspects of growth. The following sections
describe the background of this technique, which is necessary to
understand the observed data. Furthermore, the applied analyzing
methods are demonstrated in detail.

2.1 FUNDAMENTALS

Reflection high-energy electron diffraction (RHEED) offers real time analysis
of the growing interface without interrupting the growth process. This is
because the small incident angle permits the positioning of the effusion cells
almost normal to the surface of a growing sample (see Figure 1.1). The small
inclination also results in a high surface sensitivity which allows analyzing
the growth front. Many different pieces of information about the film quality
and growth conditions can be obtained by this method. In the following,
only the aspects necessary to understand the observed data are introduced
briefly. For a deeper understanding and other applications, two resources
are recommended [67, 68].

The basic RHEED setup consists of an electron gun for high energy electrons
(14 keV in this work), a phosphorus screen to visualize the diffraction pattern
and a camera for analysis. The electrons incline under a small angle <3°
and scatter elastically [67] from the surface which results in a diffraction
pattern observed on the screen. The electron beam can be focused and
deflected by magnetic coils. Because of the small inclination, the beam
interacts with the surface over several millimeters. It thus probes a large
slab of the sample. The sample can be rotated, which allows to analyze
different directions. In addition to the diffraction pattern, a spot of the directly
reflected electron beam, the so called specular reflection spot, is observed.
The intensity of this spot is addressed in this work if the intensity of RHEED
is discussed.
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Comparison of the reciprocal lattice for
a 3D cubic lattice to reciprocal rods
from a square net. k

The RHEED diffraction patterns are different from other electron diffraction
techniques. The high energy of the electrons and the small inclination
result in a small penetration depth of only a few monolayers [69]. Therefore,
diffraction has to be treated for a two dimensional surface. The reduction
from three to two dimensions results in a degeneracy in reciprocal space
because no diffraction condition exists normal to the surface. Reciprocal
lattice points thus degenerate into infinite rods based on a 2D reciprocal
net as illustrated in Figure 2.1.

The interference pattern observed on the phosphorous screen is given by
the Laue condition. Constructive interference is observed if the difference of
the wave vector of an incident electron k?) and that of the diffracted electron
K are equal to a reciprocal lattice vector K:

ko — k'=K

For elastic scattering where |ko|=|k”|, this can be visualized by the Ewald
sphere. The radius of the sphere is |k6| and is large compared to the rod
spacing for high energies'. The Laue condition implies that constructive
interference occurs if the Ewald sphere intersects with a reciprocal lattice rod.
This is illustrated in Figure 2.2. The resulting diffraction pattern observed
on the screen consists of streaky reflexes on so called Laue rings.

It should be noted that elastic scattering from only the first monolayer is
not sufficient for a full quantitative description of the intensity and resulting
patterns. Inelastic processes, as well as scattering from multiple atomic
layers, would have to be accounted for. This is neglected in this work
because it has no effect on the presented analyzing methods.

1 |ko|=%=630nm~" at 14 keV
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a) reciprocal net b) reciprocal rods gl
intersections of rod and sphere

sbuwu aneq

observed RHEED pattern

Ewald sphere

Figure 2.2: Construction of the RHEED pattern. a) reciprocal net from a hexagonal
surface, b) intersection of reciprocal lattice rods with an Ewald sphere
and c) resulting RHEED pattern with streaky reflexes and Laue rings.

2.1.1 Patterns

A 2D surface should result in a RHEED pattern built up of points, because
infinitesimal thin lattice rods intersect with the Ewald sphere at one point
only. This is not the case under realistic conditions. The electron beam will
not be fully monochrome, and the shell of the Ewald sphere has a finite
extension. Furthermore, the finite size of the crystal, strong lattice vibrations
at high temperatures and atomic steps on the surface cause a broadening of
the lattice rods. Both effects result in a larger cross section between rods
and sphere. Real RHEED patterns for smooth surfaces therefore consist of
streaky reflexes as shown in Figure 2.3 a).

A spotty pattern is observed for rough surfaces as shown in Figure 2.3
b). Because the diffraction from a 2D lattice is not applicable for a 3D
surface, the lattice rods form segments according to the 3D reciprocal lattice
for the bulk material (Figure 2.4). The increased roughness also causes a
broadening of the segments which results in a bigger overlap with the Ewald
sphere. The spots of a rough surface are therefore broader than the streaks
observed for a smooth surface.

a) b)

. specular spot

’ - no specular spot

Figure 2.3: Comparison of a) a streaky RHEED pattern of a smooth surface and
b) a spotty pattern of a rough surface. Note that no specular spot is
observed in b).
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Figure 2.4: Origin of different RHEED patterns for a 2D, quasi 2D, 3D and
polystralline surface [70]. The diffraction results in different reciprocal
reflexes (blue). The intersection with the Ewald sphere (grey) pro-
duces characteristic RHEED patterns (green) for the different surfaces.
The specular spot is indicated in red and looses intensity for rougher
surfaces.

The pattern modifies further for even rougher surfaces, e.q. for islands or
nanowires. The electron beam is no longer directly reflected but rather
transmitted through the nanostructures. This results in a spotty pattern
and the specular spot will lose intensity until fully gone (Figure 2.4 and
Figure 2.3 b)). If, in addition, the islands are not oriented towards each
other, the spots will form circles.

It is now clear, that RHEED can be used to distinguish between smooth and
rough surfaces during growth. However, no conclusion on the morphology can
be drawn from streaky RHEED patterns and the surface has to be probed ex-
situ. Atomic force micrographs of two samples with almost identical RHEED
patterns are shown in Figure 2.5. Both show a similar roughness but a
entirely different morphology.

2.1.2 Reconstructions

In addition to the reqular patterns discussed in the previous section, other
reflexes induced by surface reconstructions can be observed as shown in
Figure 2.6. These reflexes are only visible for smooth surfaces that are not
covered by liquid metallic adlayers. There are several reasons for a change
in symmetry at the surface such as dangling bond reconfiguration, reqular
arrangement of adatoms or ordering in alloys. If the origin of a modified
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Figure 2.5: Atomic force micrographs for two samples which both showed streaky
RHEED patterns. The morphology is different and could not be distin-
guished by RHEED patterns.

surface is known, the observation of RHEED reconstruction has significant
implications for growth. Some examples are given here.

The best known reconstruction is probably the 7x7 of on St (111). It forms at
high temperatures under UHV conditions and occurs only after the removal of
the native oxide [71]. The observation of this reconstruction thus indicates the
successful removal of the oxide prior to growth. On SiC, a 2x2 reconstruction
is observed, if the oxide is still present and a 1x1 represents a clean SiC
surface [72]. During the growth of MnGa, the reconstruction indicates the
stoichiometry of the growing phase [73]. GaN shows various reconstructions
for nitrogen and gallium rich surfaces at different temperatures which can
be used to determine growth conditions [74]. In this work, the v/3x1/3 R30°
reconstruction of indium on InGaN and GaN surfaces was found to correlate
with degradation of the surface under high temperature growth conditions

reconstruction reflexes

Figure 2.6: RHEED pattern of a 2x1 reconstructed GaN (0001) surface with re-
construction reflexes.
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Figure 2.7: Comparison of different reconstructions. The change in the unit cell is
indicated in real and reciprocal space. The additional spots in reciprocal
space are characteristic for the reconstruction. The dashed lines in
reciprocal space represent the high symmetry directions in RHEED.

(see Section 6.2).

The relationship between observed RHEED patterns in reciprocal space
and the actual surface reconstruction in real space is not straight forward.
Figure 2.7 gives three examples for reconstructions of a hexagonal surface.
A 2x2 reconstruction adds one reflex in all high symmetry directions. For
a 2x1 reconstruction, additional signals are only observed every 90 °. The
V3xV/3R30° results in features only for the (110)-direction?. This clarifies
that one direction holds not enough information to identify reconstructions
and at least two highly symmetric directions have to be monitored. RHEED
radar scans (see Section 2.2.1) provide clearer results.

2.1.3 Indication of directions

A RHEED pattern depends on the angle between electron beam and lattice
planes of the crystal and so on sample rotation. The same pattern is observed

2 R30° indicates a rotation of the unit cell by 30°

real space reciprocal space

[0L1]

Figure 2.8: Indexing of the the two high symmetric directions of a hexagonal lattice.
The reflexes of the (110) pattern are closer together compared to the
(110) pattern.
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after rotation by a specific angle, depending on the crystal symmetry. For
the hexagonal surface of c-plane wurtzite GaN, this occurs every 60 °.
Miller indices are used to index different patterns as illustrated in Figure 2.8.
The direction of the electron beam in real space is represented by the vector
ko in reciprocal space. The Ewalds sphere is perpendicular to ko and the
resulting pattern is index according to the Miller indices of ko- In principle,
every pattern has its own index, but a convention ascribes the (110) and
(110) direction to the two high symmetry GaN patterns.

2.1.4 Spacing between reflexes

The distance between the observed RHEED reflexes gives another infor-
mation. It represents the spacing between reciprocal lattice planes and is
inversely proportional to the in-plane lattice constant in real space. The
spacing between reflexes thus holds information about the strain or the
chemical composition of an alloy. In this work, only pseudomorphic layers
are investigated. Pseudomorphic layers have matching lattice constants in
the plane of inclination, and there should be no difference observed, e.qg. for
AlGaN or InGaN grown on GaN.

Still significant changes were found for growth under metal rich conditions
as shown in Figure 2.9. The observed strain changes as soon as metal is
deposited. After the adlayer is gone, the strain recovers to the original value.
This is an elastic phenomenon induced by the excess metal [75]. This change
in spacing of the RHEED reflexes can therefore be used to monitor the
metal coverage during pseudomorphic growth.

GaN growt

T
c

T T T T T T T T
L | indium deposition | InGaN growth with
- no growth indium adlayer

indium adlayer incorporatio

RHEED strain (arb. units)

0 20 40 60 8 100 120 140
time (s)
Figure 2.9: Spacing of RHEED reflexes during InGaN under a indium adlayer. The
reduced strain during metal deposition is an elastic process. During

InGaN growth the strain reduces only slightly. After the incorporation
of the indium adlayer, the strain recovers to it original values.
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2.2 APPLICATIONS
221 RRS: RHEED Radar Scans

Different directions of inclination have to be monitored for a complete char-
acterization of the surface as was mentioned in Section 2.1.2. RHEED radar
scans (RSS) are one way to do so. In this analysis, the substrate rotates
and the pattern is captured every degree or less. The intensity profile of a
slim frame is then calculated for each rotation angle?. During the rotation,
all reflexes will move in and out of the frame as illustrated in Figure 2.10.
An RRS is then a polar plot of the profile data for every angle. It represents
the reciprocal net of the surface and is comparable to low-energy electron
diffraction (LEED) images. This method is used to identify different orien-
tations, complex reconstructions and epitaxial relations [76]. An example,
comparing a GaN (0001) without reconstruction to a InGaN (0001) surface
with a v3xV/3R30°, is given in Figure 2.11. The intensity decreases every
90 ° because the sample holder covers parts of the surface.

2.2.2  Growth rate by RHEED oscillations

Oscillations in the RHEED intensity are observed during 2D nucleation
growth. In this growth mode, two dimensional nuclei form on the surface and
keep growing laterally until they merge. Afterwards, new nuclei form and
the process starts over. The RHEED intensity changes periodically during
this growth cycle as illustrated in Figure 2.12.

The reflection is highest for a closed monolayer. The surface gets rougher

3 By taking the second derivative, the signal to noise ratio can be increased.

Figure 2.10: RSS construction: A RHEED pattern in shown for different sample
rotations. The intensity in the red box is used to construct the RSS
images. The reflexes move in and out of the box during sample rotation,
as is indicated for two reflexes.
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RRS: 1x1 GaN (0001) RRS: V3x3R30° InGaN (0001)

Figure 2.11: RRS of 1 x 1 GaN (0001) and v/3xv/3R30° InGaN (0001). The unre-
constructed unit cell in indicated in green, the reconstruction reflexes
in red. For comparison see Figure 2.7.

when nuclei form and the RHEED intensity decreases. If half of the surface
is covered with nuclei, the roughness will be maximal and thus the RHEED
intensity minimal. As the growth continues and the monolayer closes, and the
intensity rises again. This cycle leads to oscillations. In reality, the nucleation
will restart on incomplete monolayers and the surface will eventually get
rougher over time. The oscillations therefore decrease in amplitude for longer
growth periods. An example of RHEED oscillations is shown in Figure 2.13
b).

The frequency of the oscillations is the number of monolayers grown per time.
This can be converted into the actual growth rate of the material if the lattice
constant is known. The amplitude depends on the scattering cross section of
the material which decreases from ALN over GaN to InN. Growth oscillations

RHEED intensity

growth time

Figure 2.12: Origin of growth oscillations in the RHEED intensity. During 2D
nucleation growth, the coverage of the surface changes periodically.
The RHEED intensity is maximal for fully closed layers and minimal
for half closed layers. This results in a oscillation over growth time.
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thus are best observed for AIN and GaN growth. The observation during
InN growth is difficult because of the low intensity amplitude amplitude.
The 2D nucleation growth mode is observed close to stoichiometric growth
conditions for nitride growth. Nitrogen rich conditions often result in rough
surfaces while step growth is present under metal rich conditions. For the
latter, the growth of layers continues from existing steps on the surface,
and the roughness does not change over time. This growth mode results in
the best morphologies. Therefore, no RHEED oscillations are observed for
optimized growth conditions but are used for calibration measurements.

2.2.3 Determination of stoichiometry and 11|V ratios

The stoichiometry of a binary material is an important parameter. It is
defined as the unity ratio of two growth components. It distinguishes N-rich
from metal-rich conditions and is used to estimate the concentrations in
ternary alloy growth. In addition, it can be employed to determine the Ill/V
ratio which is used as a measure for the metal fluxes in this work. The
stoichiometry should thus be determined for all binary materials.

In order to determine the stoichiometry of a metal with nitrogen, the nitrogen
flux is kept constant as the metal flux is varied during growth. A characteristic
difference in RHEED intensity trends then gives the stoichiometric flux.
For GaN, this is best done by monitoring the desorption after growth as
shown in Figure 2.13 a). Growth oscillations are observed during growth
slightly above stoichiometry. The intensity increases slightly after growth
because accumulated metal desorbs. The same effect can be induced by
nitridation if the desorption is insufficient at low growth temperature. At
stoichiometric conditions, the intensity remains constant after growth because
no metal accumulated. Under N-rich conditions, the surface gets rougher
and a spotty pattern is observed.

The stoichiometry of AIN can be determined from growth oscillations. The
amplitude of the oscillations is higher for AIN compared to GaN and strong
oscillations are observed around stoichiometric conditions as shown in
Figure 2.13 b). Al-rich growth close to stoichiometric conditions damps the
intensity oscillations because of accumulating metal. N-rich growth roughens
the surface and oscillations are damped. The damping is minimal at the
stoichiometry and RHEED oscillations can be observed for a longer period
of time.

The presented methods provide the metal flux for stoichiometric growth.
This can be used as a measure for the effective nitrogen flux which can
not be gained directly. At low temperatures, the desorption rate of metals
and nitrogen is negligible compared to the growth rate. Furthermore, the
sticking coefficients of the individual components is close to unity [22]. This
implies that every atom reaching the surface is adsorbed and incorporated.
The metal flux is therefore equal to the flux of nitrogen atoms that can be
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a) GaN desorption b) ALN growth oscillations
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Figure 2.13: Determination of stoichiometry by a) desorption of the Ga adlayer and
b) growth oscillations during AIN growth. The nitrogen flux is fixes
and the metal fluxes are varied. Ga/N =1: no desorption. Al/N =1:
most oscillation cycles.

incorporated and Ill =N for stoichiometric conditions at low temperatures®.

The III/N ratio for different metal fluxes under constant nitrogen conditions
can then be calculated from the metal flux calibrated by a beam equivalent
pressure. In this work, this is used as a measure for metal fluxes.

2.2.4 Monitoring metal bilayer desorption

One key factor for MBE growth of nitrides is the metal coverage (see Sec-
tion 1.4). For Ga- and In-rich growth three different regimes are found at
sufficient high temperature depending on the metal flux. Above stoichiometry,
one liquid monolayer of metal starts to accumulate. A stable bilayer forms
for a wide range of higher metal supplies. At very high fluxes, the metal
accumulates in the form of droplets. Different crystal qualities are achieved
for the different metal coverages (see Section 1.5.2). A precise knowledge of
the conditions for which the regimes are present is therefore essential for
growth optimization. This can be monitored by the RHEED intensity.

A quantitative method to determine the metal coverage is to monitor the time
between growth termination and increased RHEED intensity for various
Ga fluxes as was shown in Figure 1.18 [32]. Gallium or indium adlayers
are liquid at typical growth temperatures. This disordered layer causes
a damping of the electron diffraction from the underlying crystal, which
reduces the RHEED intensity. The intensity thus decreases during metal
accumulation and increases during desorption. The desorption time is hence
proportional to the metal coverage. Monitoring the desorption time is a
thorough approach to identify a range of metal fluxes for which a stable
bilayer is present on the surface. This approach requires measurements for
many metal fluxes for satisfying results.

4 the overall nitrogen flux will be higher due to non incorporable components
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The bilayer regime can also be identified by its characteristic RHEED inten-
sity oscillation during desorption as shown in Figure 2.13 and Figure 2.14.
The reason for the oscillation lies in the arrangement of adatoms which form
the bilayer and in their different activation energies for desorption. Adatoms
in direct contact with the surface order above metal atoms. Atoms in the
second layer are compressed for a Ga bilayer and stretched for In bilayer.
They are also more disordered than atoms in the first layer due to their
liquid character. Because of the different activation energies the two layers
desorb one after another. First atoms from the top layer leave the surface.
During this desorption, the RHEED intensity increases because this layer
is disordered and the damping of the electron beam is reduced. If the second
layer is totally gone, the electron beam is reflected by the ordered layer
which results in a maximum intensity. If atoms from the last layer desorp,
the intensity will decrease and then increase because of the incomplete
coverage similar to growth oscillations.

This oscillation during desorption can not be observed if the surface is
covered with only one monolayer. For the droplet regime, the intensity trend
is the same but it is delayed (Figure 2.14) because the desorption from
adatoms above the bilayer is not detected. The desorption in every regime
thus has a characteristic RHEED intensity trend. Different coverages are
determined by comparing the RHEED intensity trends at the transitions
between the regimes. This approach is quicker than the analysis of the
desorption time and is used in this work.

e
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Figure 2.14: RHEED intensity during desorption after growth in the Ga bilayer, the
Ga droplet and the In bilayer regime. The oscillation is characteristic
for bilayer desorption. It is delayed for droplet coverage. 1: full bilayer
coverage - intensity is minimal, 2: full monolayer coverage - intensity
is high, but smaller than for the uncovered surface, 3: partial monolayer
coverage - intensity is minimal, but higher than for bilayer coverage,
4: bare surface - intensity is maximal.



TWO DIMENSIONAL ELECTRON TRANSPORT IN
[NI-NITRIDES

The electron mobility of two dimensional electron gases in ni-
tride heterostructures was investigated in this work. This chapter
explains the origin of two dimensional carrier confinement in un-
doped GaNJAlGaN and GaN/InGaN structures. The dependence of
the electron mobility on the structural quality is presented, which
motivated the characterization of grown heterostructures by magne-
totransport. In addition to the experimental framework of electrical
measurements, different contributions to the magnetoresistance
studied in this work are explained.

3.1 2D CARRIER CONFINEMENT IN IHII-NITRIDE HETEROSTRUCTURES

Nitrides in the wurtzite crystal structure lack of inversion symmetry along
the c-axis. Consequently, the surfaces for nitrides grown along [0001] and
[0001] directions are different as illustrated in Figure 3.1. This is indicated

N-face

®ca Ga-face

(1000

[0001]

Figure 3.1: Crystal structure of wurtzite GaN for Ga-face and N-face polarity. The
polar planes induces dipole charges due to the different electron affinity.
They are only found perpendicular to the [0001]-direction because of the
lack of inversion symmetry. The direction of the resulting spontaneous
PSP polarization is indicated.
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by the notation Ga-face for GaN (0001) and N-face for GaN (0001). In this
work, only metal face structures are considered.

Strong polarization effects arise from the asymmetry for both N-face and
Ga-face crystals [77, 78]. The electron affinity for group Il metals is high
compared to nitrogen. Therefore, the metal-nitrogen bonds have a strong
ionic character. The lattice planes along the c-direction are either pure ni-
trogen planes or pure gallium planes. These planes induce dipoles because
of the ionic character of the bonds and are called polar planes. Whether or
not the dipoles induce a macroscopic spontaneous polarization (PSP), i.e.
polarization without any applied field, depends on the crystal structure.

In zincblende structures, polar planes are found along [111] directions. In
this cubic structure, the four polar planes are arranged perpendicularly
and the dipoles compensate each other. No PSP is therefore present in
zincblende structures. In wurtzite structures, the polar planes are found
along the [0001]-direction and the dipoles arrange only along this direction.
However, there will be no macroscopic charge induced in an infinite crystal
as each dipole charge compensates another. This is not the case for a finite
crystal. Here, the dipole charges at the boundaries, i.e. surfaces or interfaces,
are not compensated which results in an effective polarization charge as
shown in Figure 3.2 a). The charges induce an effective polarization field in
the material. This is the PSP field.

Crystals with PSP are called pyroelectric and also show piezoelectric
polarization (PPE). Piezoelectric polarization means the generation of po-
larization fields via strain. In nitrides, the PPE originates from the strong
ionic bond character. If a material is under tensile strain, the in-plane lattice
constant reduces while the perpendicular lattice constant increases. The
bond lengths thus change anisotropically. This results in a non uniform
distribution of charges in the ionic bonds and a macroscopic PPE field.
Both polarizations have a significant impact on IlI-N heterostructures and
are the source of two dimensional carrier confinement. Figure 3.2 shows
a Ga-face GaN/AlGaN and a GaN/InGaN structure with the polarization
GaN  AlGaN

9] GaN

InGaN
o ot

P
P
—RleZ0 o,

[0001] [0001]

Figure 3.2: Polarization directions in GaN/AlGaN and GaN/InGaN heterostructures.
a) dipole charges are uncompensated at the boundaries of the crystal
and induce polarization charges ¢t and o¢~. b) PSP and PPE are
parallel in GaN/AlGaN and antiparallel in GaN/InGaN structures. The
strength of polarization is indicated by the size of the arrows.
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3.1 2D CARRIER CONFINEMENT IN III-NITRIDE HETEROSTRUCTURES

a) GaN AlGaN GaN InGaN

CBM a CBM

—
VBM L VBM
pinned by o, Ot pinned by Gs,m< ot

fixed by doping
fixed by doping

Figure 3.3: Schematic of the band profile for GaN/AlGaN and GaN/InGaN struc-
tures. a) taking only the band offsets into account, b) adding doping and
surface pinning and c) adding polarization effects. Only with polarization
two dimensional carrier confinement is observed.

directions indicated. The PSP field is directed from the surface towards
the interface. For InGaN, its strength is smaller compared to AlGaN for
the same Ga content [79, 80]. An AlGaN layer is under tensile strain on
GaN (0001). In this case, the PPE has the same direction as the PSP, and
their strength is comparable for low Al contents [79, 80]. An InGaN layer
is compressed on GaN (0001), and the PPE is directed from the interface
towards the surface. Because of the bigger lattice mismatch the absolute
value of PPE is higher than that of PSP and the overall polarization field
in the InGaN layer is directed towards the surface.

The influence of polarization, surface states and doping on the conduction
band minimum (CBM) and the valence band maximum (VBM) profile of
GaN/AlGaN and GaN/InGaN heterostructures is shown in Figure 3.3. No
carrier confinement is observed if none of the three effects is taken into
account. The bands are then aligned according to their band offset E,ffset.

Fixed boundary conditions for the Fermi level (FL) apply for heterostructures
if doping and a surface potential are taken into account. In the GaN bulk,
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FL is fixed according to the doping concentration. Doping always has to be
accounted for because of the high unintentional defect doping in Ill-nitrides
[81]. The influence of a surface potential has to be considered, because of the
native oxide on lll-nitrides. Gap0O3 complexes form on GaN surfaces. They
represent donor like surface states at £, =1.2¢eV below CBM [82]. For
Er < Egyt, electrons from the surface states occupy states in the material
until Efp = Eg . For EF > Eg,1, electrons from the material occupy surfaces
states until EF = Eg,,r. In equilibrium FL is thus pinned at 1.2eV below
CBM [83]. Electrons screen the surface potential in n-doped materials which
induces a downward band bending below the surface.

Polarization fields with field strength Ezigon and Ejpgen induce a down-
ward tilt of the bands below the surface in AlGaN and an upward tilt in
InGaN. The potential difference induced by the field between surface and
interface increases with the thickness. Above a critical AlGaN thickness,
CBM drops below FL [84]. For InGaN, the opposite field direction causes a
rise of VBM above FL. The critical thickness a. depends on the polarization
field strength and therefore on the composition of the material and on the
pinning of FL:

Esurt — EaiGan - 0c — Eofiset =EF
Esurf+ElnGaN -a. =Ef

Electrons occupy the free states below Ef at the GaN/AlGaN interface
which causes a bend bending in the GaN. The result is a two dimensional
confinement of carriers in an almost trianqular well along the interface. In
GaN/AlGaN structures, a two dimensional electron gas (2DEG) forms on
the GaN side of the interface. In GaN/InGaN structures, a two dimensional
hole gas (2DHG) forms on the InGaN side of the interface. 2DEG formation
in InGaN based heterostructures is possible for structures with GaN cap
layers as will be discussed in Section 6.4. The formation of 2DEGs and
2DHGs in nitride heterostructures is induced by polarization and is possible
without modulated doping.

In 2DEGs and 2DHGs the carrier concentration is called sheet carrier density
ns according to the reduced dimension. Typical values for GaN/AlGaN
structures are in the order of ns =10"3 ecm™2. The typical GaN bulk electron
concentration of n =101 cm~3 due to unintentional doping can only explain
a sheet electron density of ns=10"" cm™2. An investigation of the overall
neutrality condition reveals the origin of the confined electrons [85]. The
charge of the two dimensional carriers is opp = g ns. The number of dopants
is negligible compared to the observed sheet carrier densities: ogan = 0
and ga;ggn = 0. The sum of the polarization charges at the boundaries of
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the AlGaN layer is zero: 0" +0~ =0. This only leaves the surface charge
Osurf @S a source for the confined carriers:

=0

~0 ~0
——
+ — N~
Osurf+ 0" +0~ +0aGaN +0GaN —qns =0
= Osyrf =(qns

The major part of confined carriers thus originates from the surface states,
which explains the observed high densities.

3.2 MOBILITY AND ELASTIC SCATTERING MECHANISMS

The carrier mobility of two dimensional systems is a powerful tool to inves-
tigate the overall quality of heterostructures. It is defined as

€T¢r

m*

with the effective mass m* and the relaxation time between two scattering
events T¢.. The transport lifetime ¢ is a combination of the relaxation times
from different scattering events 7,:

1 1

Ttr - Tn

In most cases, one scattering event m is dominant and 1, < t,. This scat-
tering event limits the mobility and 1, can be calculated from p if m* is
known. At room temperature, the scattering of carriers with phonons limits
the mobility as shown in Figure 3.4. Relaxation times depending on struc-
tural properties can thus not be determined accurately from t; at higher

o
—

b) GaN/AlGaN 2DEG

-

o

(=}
T

electron mobility (cm*V-'s7")
electron mobility (cm’V''s ")
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L |

0 50 100 150 200 250 300
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Figure 3.4: Mobility over temperature for a) GaAs bulk material [86], b) GaN/AlGaN
2DEG [87]. Scattering by phonons (optical, deformation and piezoelec-
tric) limits p at high temperatures. At low temperatures, p is determined
by ionized impurities in bulk material and by other defects in 2DEGs.
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temperatures. This is true for 3D and 2D systems. However, a 2D carrier
confinement results in a remarkably different behavior at low temperatures
compared to 3D transport.

The scattering by phonons is reduced considerably for lower temperatures
and the mobility increases. For a 3D system, a decreased temperature also
results in a stronger localization of carriers at their host atoms. Consequently,
the scattering at the ionized host atoms represents the shortest relaxation
time. The result is @ maximum of pp,k(T) at intermediate temperatures and
a low mobility at low temperatures (Figure 3.4 a)).

The temperature dependence of py for a 2DEG is different as shown in
Figure 3.4 b). The confined carriers are separated from their host atoms
and scattering by ionized impurities is therefore reduced. This results in
an increased p for all temperatures. Furthermore, the mobility does not
decrease at low temperatures and other scattering mechanisms dominate p.

Scattering processes that depend on structural parameters mainly limit
the mobility of a 2DEG at low temperatures. The relative contributions
of different scattering events to p depend on the sheet electron density
ns. On the one hand, a larger number of electron screens charged defects
more efficiently. The influence of scattering at ionized point defects and
threading dislocations, which can be regarded as a line of ionized point
defects [89], is reduced at high ns. On the other hand, the penetration depth
of the confined carriers into the AlGaN increases with ns as shown for
GaN/AlGaN in Figure 3.5 a). The impact of scattering at interface irrequ-
larities and by alloy disorder in AlGaN thus increases at high ns. These
two opposing dependencies result in maximum mobilities at certain a ng as
shown in Figure 3.5 b). The sheet carrier density should have this value to
achieve the highest possible mobility for a given sample quality. Because
layer thicknesses and alloy compositions mainly determine ns, the design

a i i j b) —
) GaN Alg.15GaggsN ) 'n
50 : g
=
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[} =
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~ : . @ 10 . .
0 — ]
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Figure 3.5: a) Calculated probability density for electrons in a GaN/AlGaN struc-
ture. The amount of electrons in AlGaN increases with increasing ns.
The impact of alloy scattering in AlGaN and interface roughness thus
increases with ns. b) Experimental data of y(ns) showing a maximum

due to opposing p(ns) dependencies of different scattering mechanisms
[88].



3.2 MOBILITY AND ELASTIC SCATTERING MECHANISMS

10000

T T T T T T T 7T -

_________

1000 |

alloy disorder

total

electron mobility (cm?V's™)

room temperature

100 . 1 . 1 . 1 . 1
0.0 0.2 0.4 0.6 0.8 1.0

indium content (x)

Figure 3.6: Calculated bulk electron mobility of InGaN at room temperature over
In concentration [91].

of heterostructures is of great importance in order to achieve high electron
mobilities at low temperature (see Section 5.2 and Section 6.4).

Different aspects of growth influence the stated scattering events. The quality
of the interface to the substrate mainly determines the dislocation density.
Scattering at ionized defects is a measure for the density of vacancies and
other point defects. The interface roughness is an indicator for smooth and
sharp interfaces. Only if all these parameters are optimized, high mobilities
can be achieved, making p a benchmark for the overall quality of grown
heterostructures.

Scattering mechanisms affect the transport in AlGaN and InGaN based
structures in a comparable way except for the alloy scattering. In GaN/Al-
GaN structures the 2DEG forms within the GaN and the quality of this layer
largely determines the mobility. Electrons can be found in the AlGaN only
with a low probability (Figure 3.5 a)). The impact of alloy scattering from dis-
order in AlGaN on the mobility in GaN/AlGaN heterostructures is thus small.
In GaN/InGaN/GaN structures, the 2DEG forms within InGaN. Most of the
electrons will therefore be affected by alloy scattering. However, the effective
reduction of the mobility is only small as shown in Figure 3.6. Electrons
in InN have a lower effective mass than in GaN and ALN [90] and there-
fore a higher mobility. The mobility in bulk InGaN is therefore comparable
to GaN for low indium contents with alloy scattering taken into account [91].

Electron mobilities in AlGaN based 2DEGs as high as = 168000 cm?V~1s™"
at 0.5K around ng =2x 10'? cm™2 have been achieved [46]. Such high values
were achieved for RMS roughnesses well below 1 nm and low dislocation
densities. Reproducible state of the art results on substrate with dislocation
densities above 108 cm™2 are however restricted to low-temperature mobili-
ties between p = 20000 cm?V—'s~! and p=50000 cm?V—'s~" for otherwise
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similar crystal quality [92]. At room temperature 2DEG mobilities as high
as 1 =2500cm?V~'s~! have been measured [45] which is twice as much as
the highest bulk mobility of GaN reported [93].

Over the past years, the InN bulk mobilities at room temperature have
increased up to p=3500cm?V~'s~1 [94]. No reports on high electron mobil-
ities at low-temperature for 2DEGs with InGaN layer grown by MBE were
found. This indicates the far more challenging growth of InGaN compared
to AlGaN. For MOVPE grown heterostructures with InGaN channels, the
highest reported mobilities are just above p=1000cm?V~'s~" at 4K [95].

3.3 HALL EFFECT: A BRIEF REMINDER

The previous sections explained the existence of a 2D carrier confinement in
[lI-nitride heterostructures with the sheet density ns. The dependence of the
mobility p on different scattering mechanisms was presented. Both p and ns
can be obtained by measurements of the Hall effect. This section recalls the
effect in brief and states the measurement geometries used in this work.
Electrons have the charge —e and are accelerated by an electric field E.
After a certain time 14, the electrons scatter which results in an average
velocity called drift velocity vy:

— eTTI’ = =

Vg= E=pE

m*
here m* is the effective mass.
The mobility p thus indicates how the drift velocity of electrons scales
with an electric field. With the current density j= —envj=0 E, the basic
description of the conductivity o depending on the carrier density n and p
is obtained:

oc=eny

The conductivity o can be calculated directly from resistance measurements
for a known sample geometry. In order to gain the mobility p, the carrier
density has to be known. This parameter is obtained from Hall effect mea-
surements.

If a magnetic field B is applied to an electrical current /, carriers are de-
flected by the Lorentz force (Figure 3.7). This results in charge depletion
on one and accumulation on the other site of the material. The resulting
electric field is opposite to the direction of the Lorentz force. In equilibrium,
the Lorentz force and the force by the electric field compensate each other.
The charge separation is measurable by the Hall voltage Up:

wUy=RyBI

here, w is the width of the sample. The Hall constant Ry depends only
on number and charge of the carriers: RH:—;—H. The electron concentra-
tion can thus be calculated from the lateral resistance under perpendicular
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Figure 3.7: Schematic of the Hall effect in a sample with width w, length [ and
thickness t. Electrons are deflected in a magnetic field B by the Lorentz
force. This results in a charge accumulation which is indicated by the
color code. The resulting electric field E compensates the Lorentz force
in equilibrium. The potential difference by the charge separation is
measured by the Hall voltage V.

applied magnetic fields. The electron mobility is then calculated from the
longitudinal resistance and the carrier concentration obtained from the Hall
measurements.

A heterostructure will have more than one contribution to the conductance.
The example in Figure 3.8 considers a GaN/InGaN/GaN with carriers in bulk
GaN, a 2DEG and a 2DHG. Each of the different carriers will contribute a
resistance to a parallel circuit. A reliable measurement of, e.g. the 2DEG is
thus only possible if opeg > o2pHe and oapeg > Opuik- If the mobilities
of the confined carriers are comparable, this implies that sheet electron
density nsg of the 2DEG is large compared to the sheet hole density nsy of
the 2DHG. This can be achieved by an appropriate heterostructure design
(see Section 6.4). To minimize the contribution of the bulk ngg > np, ik or
2DEG > Hpulk- This is not true at high temperatures where the mobility of
the bulk is comparable to the 2DEG. Reliable magnetotransport measure-
ments of the 2DEG are thus only possible at low temperatures.

The Hall measurements in this work were performed for two different ge-
ometries. The van der Pauw geometry [96] was used for quick analysis.
Here, the native oxide is damaged mechanically in the corners of a 3x3 mm?
sample and four indium contacts are pressed on the surface. Because of
the large measured area, the impact of inhomogeneities is large and can
lead to inaccurate results. The Hall bar geometry measures a much smaller
area. However, the preparation is more extensive and was used for detailed
measurements of promising samples.

The Hall bar structures, with length [ =520 pm and width w =170 pm, were
produced by lithography. The contacts consisted of 20 nm titanium, 40 nm
aluminium, 25 nm titanium and 40 nm gold. They were annealed at 850 °C
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Figure 3.8: Electrical measurement of parallel channels for the example of a GaN/In-
GaN/GaN heterostructure. Three channels are present: 2DEG, 2DHG
and bulk GaN. Each channel represents a resistance in a parallel circuit.
The conductances of the channels add up and a reliable measurement of
one channel is only possible if it more conductive than the others. Since
the temperature dependence of ¢ is different for 2D and 3D transport,
reliable 2D measurements are best performed at low temperatures.

under nitrogen atmosphere for 30s. The background and optimization of the
metalization can be found in the literature[97, 98, 99]. In order to measure
only a well defined area, the structures were etched outside of the Hall bar
by reactive ion etching.

3.4 MAGNETORESISTANCE

Various scattering mechanisms determine the electron mobility. Therefore,
p is a measure for the overall sample quality. To identify the dominating
scattering mechanisms, the magnetoresistance was studied in this work.
Magnetoresistance means the magnetic field dependence of the longitudinal
resistance Ryx(B). The classical Drude theory predicts no change of the
resistance with magnetic field [100]. The observation of magnetoresistance
phenomena is thus evidence of more physically rich effects. During this work,
the well known non classical effects of weak localization (WL) and Shubnikov-
de Haas oscillations (SDH) were observed. For a complete description of
the magnetoresistance, the classical influence of structural effects has to be
taken into account as well.

The following subsections very briefly describe the different observed sources
of magnetoresistance and state the information they provide. More detailed
explanations of SDH oscillations and WL are found in standard textbooks
[100, 101, 102]. At the end of the section, a graphical summary of different
contributions to the magnetoresistance is given, adding the effects of weak
antilocalization and electron-electron interaction which were not studied in
this work.

It should be noted that all effects are present in every sample. However, their
observation depends on temperature, sample quality and magnetic field. In
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magnetic fields, electrons are forced into a circular motion with the cyclotron
frequency w¢. The condition w, 74 = 1 By > 1 means that the electrons can
complete at least one cyclotron orbit before they scatter. For magnetic fields
smaller than By, the transport is diffusive and weak localization is observed.
At B > B, SDH oscillations are possible. Both effects require a high mean
free path and are therefore only observed at low temperatures.

3.4.1  Shubnikov-de Haas oscillations

Shubnikov-de Haas (SDH) oscillations are observed for transport at low
temperatures for high magnetic fields [100]. The example in Figure 3.9 shows
the oscillations of the longitudinal resistance with increasing magnetic field.
In the following this effect is only introduced in brief in order to illustrate
the information that is gained from this magnetoresistance effect. A more
detailed description of underlying mechanisms and the stated formulas is
found in the literature [100, 101].

The energy eigenvalues of a two dimensional system confined in z-direction
are:

h2 h ) N hZ
X 872m,*

2

 8mZm,*
The confinement to two directions thus leads to a quantization of states as
shown in Figure 3.10. The index j numbers different subbands.

Carriers will move in a circular motion with the cyclotron frequency w. = ‘;’n“f
if a magnetic field is applied perpendicular to the confined plane. Only
discrete kinetic energies are allowed for a quantum mechanical description
of this motion, which results in the formation of Landau levels (LL) as shown

T T T T T T T T
6004 |nGaAs/InP (77% indium)

n,=6210" cm™

4 p = 279000 cm?V's” T

400 + J

Ry (Q)

200 +

0 2 4 8 9
magnetic field (T)

Figure 3.9: Example of Ry(B) showing Shubnikov-de Haas oscillations [103].
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in Figure 3.10. The energy of the n-th landau level for a subband j may be
written as:

h 1
E/,nzej—l-ﬂ n—|—§ We

if Zeemann splitting is not taken into account. The number of states per LL
is given buy:

eB
NLL:TgS

with the spin degeneracy gs.

The oscillating nature of the magnetoresistance is explained by the magnetic
field dependence of the LLs. The energy difference between the LLs increases
with magnetic field. During this process, different LLs will pass the Fermi
energy. Each time the Fermi energy is at the center of a LL there is a change
in the resistivity and pyx oscillates for varying magnetic field. This allows
to calculate the carrier density ns.

If the magnetic field changes, so does the number of occupied LLs. The
resistivity is maximal each time the Fermi level lies at the center of a LL
and the number of occupied Landau levels is a half-integer. The relation of
the magnetic fields By and B; of two successive peaks is thus:

hns hns
2eB; 2eB;

The number of carriers can thus be calculated from the position of two
or more peaks in the resistivity. This method is more accurate than the
extraction from the classical Hall resistance.

The Landau levels alone may explain the oscillating nature of pyx(B) but
cannot explain the amplitude and especially not py, = 0. One way to illustrate
this behavior is the presence of edge channels.

Every measured structure will be finite. Sample boundaries can be seen as
potential barriers. At the edge of a sample, this leads to a rise of the LL
energy as shown in Figure 3.11 a). The Fermi energy will thus always cross
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a landau level at the edges. Electrons at the edges thus always contribute to
conduction. Under a magnetic field, these edge states will exhibit a specific
electron motion.

The electrons within the sample are moving in a circular motion. At the
very edge, this is not possible. Here, carriers are drawn along the edge as
shown in Figure 3.11. Scattering processes do not change this motion, as
the electron will be drawn in the same direction as before the scattering
event. For sufficient high fields, this results in zero resistance.

Each time a LL crosses the Fermi level within the sample, states between the
edges states become available. Electrons from the edge channels can now
be scattered into states at the opposing edge. This backscattering results in
an increased resistivity.

Potential fluctuations result in a broadening of the LLs. This can be seen as
the influence of scattering potentials that limit the lifetime of an electron in
a certain LL, i.e. quantum state. This lifetime is called quantum lifetime 7,
and has an impact on the amplitude of the SDH oscillation [104]:

M:1_2€Xp(_ﬂm*)( X )cos(zﬂEF)

pxx (B=0) 1qe B | \sinhy
with x = —4”3:,‘; g* T

The implicit temperature dependence is only in y. The effective mass m*
can thus be calculated by comparing the oscillations at different tempera-
tures [105]. For a known effective mass, the quantum lifetime 7, is the only
unknown variable left and can be obtained by fitting the experimental data
[105].

The ratio of transport lifetime 1, and quantum lifetime 1, provides informa-
tion about the dominant elastic scattering process. The transport lifetime is
derived from the mobility which is determined from electrons moving along
an applied field in one direction. Scattering processes with small angles will
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Figure 3.11: Edge channel model: a) energetic position of Landau levels over sample
width with an upward band bending at the edges. b) electron motion in
the sample with cyclotron motion in the center and drift at the edges
due to magnetic field. c) channels at the edges carrying the current.
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Schematic of electron propagating through a medium X
with a) large angle scattering and b) small angle ) TR, scatterer

scattering. 74, which accounts for every scattering
event equally, is similar in a) and b). 7 increases 4&
for large angle scattering in b) compared to a).

therefore have less impact on 74 than large angle scattering events as is
depicted in Figure 3.12. The quantum lifetime accounts for every scattering
event equally. The ratio of 74//74 is thus a measure of the scattering angle
of the dominating scattering process [106, 107].

3.4.2 Weak localization

Weak localization can be observed for diffusive transport [108, 109]. In this
regime, electrons are scattered along their way. Not every scattering process
is inelastic and the phase information is not lost at every scattering event.
Therefore, two time scales are relevant: the elastic scattering time 7, and the
inelastic scattering time 7;. At higher temperatures inelastic electron-phonon
scattering dominates the carrier transport. Only for lower temperatures T;
can be significantly larger than 7. Under these conditions, weak localization
is observed.

There are many possible paths an electron may follow while moving through a
medium with elastic scatters as illustrate in Figure 3.13. During propagation
from A to B, an electron will change its phase. The phase is changed
reversibly and not lost for elastic scattering. The probability of any electron
being transported from A to B depends on the way taken and is also
influenced by interference. For most possible trajectories, interference will
be unlikely because of the random distribution of phases.

The situation changes for electron trajectories that cross each other. In such
a loop, an electron can take two different directions, ending at the same

closed loop//\x\
W

scatterer E }//f
Figure 3.13 o7 X
. . '/
Possible path of an electron from A to B in a \
———=9eB
medium with scatters. The motion along closed A / et
—
loops is possible in two directions. Electrons in \ AN _~
closed loops do not contribute to current and which I

results in weak localization. current
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point after the same amount of scattering events with an identical phase. It
can be shown, that the probability of carriers propagating on closed loops
is increased, if interference is taken into account [100]. This implies that
the resistance will increase compared to the classical transport as electrons
are localized in the closed loops and do not contribute to a current. The
maximum size of a closed loop will depend on the inelastic scattering time
because the phase needs to be conserved for constructive interference. WL
is therefore only observed if 7, < 1;.

The previous consideration implied no magnetic field. In the presence of a
magnetic field, the direction in the loop will influence the trajectory and the

phase. At zero field, loops of all sizes contributed to a change in resistivity.

For increasing magnetic field, the size and thus the number of closed loops
decreases. The resistance therefore decreases with increasing field and the
classical value is obtained at high fields. A resulting magnetoresistance
measurement is shown in Figure 3.14.

In high quality samples, the scattering centers are further apart than in
structures of lower quality. The smallest possible loops therefore cover a
large area in high mobility samples. As large closed loops are already
prohibited at low magnetic fields, the WL is observed only at low B-fields
if u is large. With increasing temperature, the inelastic scattering length
decreases rapidly. If the phase information is lost within a closed loop
due to inelastic scattering, this loop will not contribute to WL. WL is thus
only observed at low temperatures and vanishes if every scattering event is
inelastic.

The correction of the conductivity by WL can be written as:

2 [ (1 teBi 1 By ’
o (6) =53 [o (355 ) o (545 ) - (3]
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Figure 3.14: Example of Ry,(B) with weak localization measured at T=130mK in
delta-doped silicon [110].
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Figure 3.15: Transport influenced by a potential of impenetrable discs. a) Trajecto-
ries of carriers at different magnetic fields. Cycling carriers describe
circular motions and do not contribute to current. At large fields, carri-
ers are scattered at the same disc multiple times, which results in a
rosette like motion. The area covered by the rosette is larger compared
carriers just moving in cyclotron trajectories and are therefore more
likely to scatter. b) Illustration of the empty corridor. Due to backscat-
tering an area is passed twice by a carrier, which is free of scatterers.
This area decreases with increasing magnetic field. ¢) The resistivity
resulting from this model exhibits three different py,(B) dependencies,
observable at low, intermediate and high B-fields.

here 7. is the elastic scattering time, 7; is the inelastic scattering time, (s(x)
is the digamma function and B¢ = Mz”T is the transport magnetic field
with the elastic mean free path (.. By ﬁtting the experimental conductivity
the elastic mean free path l,, as well as the ratio 7./7;, are obtained. From
the temperature dependence of 7;, the dimension of transport, as well as the

dominant inelastic scattering process, can be gained [111, 112].

3.4.3 Classical influence of scattering potentials

The Drude model predicts no magnetic field dependence of the longitudinal
resistance Ryy. The Lorentz model gives a more physically rich description
of transport in a medium. It investigates non interacting, free electrons
scattered at randomly distributed impenetrable disc potentials of diameter
a and a mean separation [, [113]. This model predicts a change of Ry, with
magnetic field.

Possible electron trajectories in a random disc array for different magnetic
flelds are depicted in Figure 3.15 a). At low magnetic field, the cyclotron
radius of the electrons is large. Only few electrons describe a circular motion
without being scattered. They are called cycling electrons. Many wandering
electrons are scattered and described a diffusive motion. Because cycling
electrons do not move through the medium they do not contribute to carrier
transport. With increasing magnetic field their number increases. This leads
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to a decreased because the carriers follow circles with smaller radius and
scattering is less likely.

The cycling electrons do influence the longitudinal conductivity oy as
well as the Hall conductivity gy,. To find the correct expression for the
longitudinal magnetoresistance, the pyy element of the resistivity tensor has
to be calculated. The result is a negative exponential magnetoresistance.
This result is only valid in the limit of point scatterers. Finite size discs
allow for recollision processes, especially at higher magnetic fields. The
electrons then follow a rosette like trajectory which covers a larger area
compared to the cyclotron orbit as depicted in Figure 3.15 a). This leads
to an increased probability of scattering at other discs and modifies the
exponential behavior of Ry, [114].

At lower magnetic field, the empty corridor effect has to be considered
which is illustrated in Figure 3.15 b) [115]. After backscattering, an electron
might pass through the same region as it traveled before scattering. There

is no scatterer in this corridor and the probability of scattering is reduced.

Because the electron moves in the opposite direction after backscattering, it
is deflected in a different direction by a magnetic field. The probability of
following an empty corridor is therefore reduced at higher magnetic fields.
Numerical calculations taking both considerations into account result in the
following magnetoresistance [116]:

032 2 for 0 < £ <005

p - PO OB 0 B
=Boq 00324 —004 for 0.05< g <2

PO 0 0

039—13 3%—0-5 for B% > 2

with B=w.T and B():%, where a is the disc radius, w. the cyclotron

frequency, T:V—l/ the mean free time and [ the mean free path. Three
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Figure 3.16: Transport influenced by a potential of impenetrable discs and a smooth
random potential. a) illustration of the potential, b) the characteristic
magnetoresistance influenced by such a potential is negative at low
B-fields and positive at higher B-fields.
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different dependencies of Ry, on the magnetic field are found. The ratio of
a/l, can be obtained from the values of the magnetic field at the transitions.
The magnetoresistance changes drastically if a smooth potential is added
to the random array of impenetrable discs as illustrated in Figure 3.16 a).
The potential is characterized by smooth changes in the potential landscape
over a diameter d separated by the distance l4 with d > a and 5 > [,.
Depending on the four parameters a, 4, d and [4 various dependencies
of Ryx on the magnetic field are expected [114]. One example is given in
Figure 3.16 b).
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Figure 3.17: Overview of different contributions to the magnetoresistance together

Ryx(B). WAL and EL-EL

have not been studied in this work and are given for completeness.

with the parameters than can be obtained from






SUMMARY OF THE BACKGROUND

High quality polar GaN, AlGaN and InGaN layers grow under metal bilayer
stabilized conditions by MBE. The typical nitrogen pressure in the growth
chamber is pgrowth = 107> mbar, which is low compared to VPE techniques.
At this pressure, GaN decomposes at 800 °C for N-rich or stoichiometric
conditions. This temperature is too low for the activation of kink sites, which
is needed for smooth 2D growth modes. Growth under gallium or indium
bilayer stabilized conditions increases the surface diffusion of nitrogen com-
pared to diffusion on the bare GaN (0001) surface. In addition, the metallic
adlayers reduce the decomposition temperature to 720 °C, which decreases
the kinetic barrier of kink sites. Two dimensional spiral growth is observed
under bilayer conditions and atomically flat morphologies are obtained.
The growth on affordable foreign substrates by MBE results in a higher
dislocation density than growth by other techniques. Heterostructures with
low dislocation densities are therefore grown on templates.

RHEED is a versatile in-situ technique in MBE. The RHEED patterns
provide information about the roughness, the orientation and the in-plane
lattice constant of the growing film. The RHEED intensity can be used to
analyze the growth rate, the Ill/V ratio and the metal coverage. It is thus a
powerful tool for growth optimization.

Group lll-nitrides exhibit strong pyroelectric polarization. This enables two
dimensional carrier confinement in heterostructures without modulated dop-
ing. Polarization fields cause electrons to accumulate within GaN in GaN/Al-
GaN, while holes accumulate in InGaN in GaN/InGaN heterostructures. The
low-temperature mobilities of the confined carriers depend strongly on the
interface quality and on the bulk crystal quality of GaN for GaN/AlGaN
and of InGaN for GaN/InGaN heterostructures. The analysis of the magne-
toresistance at low temperatures provides information about the dominant
scattering mechanisms. The low-temperature electrical characterization can
thus be used to examine the impact of different growth optimization steps
on the quality of grown heterostructures.

In the next part, the growth optimization process of GaN, GaN/AlGaN and
GaN/InGaN structures will be discussed in detail. The starting point of
optimization will be based on the considerations and publications presented
in part I. RHEED is used in a great part of the process. The impact of each
optimization step on structural and low-temperature electrical properties
will be presented.
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RESULTS OF GROWTH OPTIMIZATION






GALLIUM NITRIDE

GaN layers grown in the [0001] direction are the basis for all
GaN/AlGaN and GaN/InGaN structures investigated in this work.
The optimization of GaN growth is therefore a key factor for the
quality of heterostructures. This chapter presents the optimization
process and the parameters obtained for high quality GaN growth
in detail. For each step, the effects on the structural quality are
presented. Low-temperature 2DE G mobilities of GaN/ALGaN struc-
tures, which are highly dependent on the GaN quality, complement
the results.

4.1 SUBSTRATE PRETREATMENT

The lack of suitable substrates is a challenge in GaN growth. Sapphire is
the material of choice in most cases. In order to obtain a good crystal quality,
various growth steps and thick layers are required [36, 12]. Great progress
has been made, reducing the density of threading dislocation for GaN (0001)
grown by MBE directly on sapphire significantly [18]. Nevertheless, the
typical number of dislocations is higher than for commercially available
templates. These substrates consist of thick GaN layers grown directly on
sapphire by other techniques. The structures presented in this work were
grown on MOVPE grown GaN templates consisting of 3 pm GaN on sapphire
[16] with a nominal dislocation density of 4 x 108 cm™2.

The first optimization step thus addresses the MOVPE/MBE interface.
Contaminations at this interface are the source of additional dislocations.
During optimized growth by MBE the number of dislocations does not
reduce significantly. Dislocations follow the growth direction and do not
annihilate or leave the crystal at its boundaries. The dislocation density is
thus mainly determined before the actual growth and the dislocation density
of the template determines the smallest possible number of dislocations for
a grown structure. This stresses the importance of the pretreatment of the
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with nitridation no nitridation

MBE

Figure 4.1: Transmission electron micrographs of a sample with nitridation (Sample
ID: G0166) and a sample without nitridation (Sample ID: G0107) before
GaN growth. Dislocations form at the MOVPE/MBE interface without
nitridation.

substrate.

All structures were grown on 10x10 mm? pieces which were cut from 2-inch
wafers. After dicing, the substrates were cleaned first with acetone and then
with 2-propanol in an ultrasonic bath at low power. They were then blown
dry with nitrogen quickly to prevent stains from drying solvents. Afterwards,
the samples were heated up to 200 °C in the loadlock and up to 600 °C in the
transfer vacuum chamber for 10 min respectively. This time was sufficient for
a decrease of the background pressure while longer baking times resulted in
carbon formation as indicated by Auger electron spectroscopy. The template
surface did not show any contaminations after this cleaning process in atomic
force micrographs.

However, residual impurities of carbon, oxygen and silicon absorbed on the
surface cannot be detected by AFM. Such contaminations induce a high
number of threading dislocations [93]. By treating the substrate with activated
nitrogen for 15 min, no additional dislocations formed at the MOVPE/MBE
interface as shown in Figure 4.1. Consequently, this step significantly
improved the 2DEG mobility of GaN/AlGaN structures. For a sample with
nitridation, the mobility was p=5200cm?V~"s~1 with n,=7.2 x 10"2 cm—2
at 4 K while for an otherwise identical sample without this step the mobility
was only p=1918 em?V—1s™T with n.=6.8 x 102 cm—2 at 4K.

4.2 OPTIMUM GROWTH CONDITIONS

Growth conditions in MBE are given by the substrate temperature, the
nitrogen flux and the metal flux. Gallium bilayer stabilized conditions pro-
duce the best results for GaN (0001) in terms of crystal quality and surface



4.2 OPTIMUM GROWTH CONDITIONS

morphology (see Section 1.4 and Section 1.5.2). Growth in this regime
requires a sufficient Ga desorption rate to avoid droplet formation. Adequate
high substrate temperatures are therefore needed depending on the applied
nitrogen conditions. The gallium flux is then chosen according to the Ga
coverage to provide a stable Ga bilayer. At higher temperatures, the GaN
decomposition rate becomes comparable to the growth rate and limits the
applicable substrate temperatures.

The nitrogen conditions are given by the power supplied to the high fre-
quency alternating field of the plasma source P and the flow rate of molecular
nitrogen Fap. Depending on the two parameters different ratios between
activated molecular and atomic nitrogen species are obtained as shown
in Figure 4.2. No stable plasma is achieved for high nitrogen fluxes at
low excitation powers. At higher powers, the amount of atomic nitrogen
increases compared to molecular nitrogen species. As atomic nitrogen mainly
contributes to growth [117], the growth rate increases not only with the
nitrogen flow but also with the plasma power. It has however been reported
that higher plasma powers generate a higher density of point defects [44].

All samples presented in this work were grown with a power of 300 W and
a flow rate of 0.5sccm. The resulting growth rate is 3 nm/min for a Ga-flux
corresponding to stoichiometry. The ratio of molecular to atomic nitrogen
was 1.5. These conditions were chosen to allow for stable plasma operation
at lower powers with a decent growth rate.

450
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no stable plasma
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Figure 4.2: Ratio of activated molecular to atomic nitrogen for stable plasma con-
ditions. The values were determined from the optical spectrum of the
plasma by the ratio of two intensity ranges which are characteristic for
atomic and molecular nitrogen transitions [118, 119].
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Figure 4.3: GaN bilayer diagram over substrate temperature and Ga-flux given
normalized to the GaN stoichiometry at 600 °C. Nitrogen conditions:
Frno=0.5scem and P =300W. The three transitions of the Ga cover-
age were determined by RHEED: N-rich to Ga-rich (stoichiometry),
monolayer-bilayer and bilayer-droplet.

The gallium coverage was investigated by monitoring the RHEED intensity
during gallium desorption. Here, the stoichiometry and the limits of stable
bilayer coverage depending on the Ga-flux were obtained according to the
methods introduced in Section 2.2.3 and Section 2.2.4. The gallium flux is
given normalized to the stoichiometric flux. The results of this analysis at
different temperatures are given in Figure 4.3. The stoichiometric point is
constant within the investigated temperature range. The monolayer-bilayer
and bilayer-droplet transitions increase with the substrate temperature. This
is due to the enhanced desorption of Ga from the surface with increasing
temperature. As a consequence, the bilayer regime vanished at temperatures
below 75 =600 °C and droplets form for fluxes higher than the stoichiometry.
This marks the low temperature limit for growth under Ga bilayer stabilized
conditions.

All samples grown under Ga bilayer stabilized conditions showed the spiral
growth mode as depicted in Figure 4.4. This growth mode produces good
surface morphologies with atomically flat terraces. For a more detailed study
of the impact of the Ga/N ratio within the bilayer regime on the crystal
quality, GaN/AlGaN 2DEG structures were grown for 1 < Ga/N < 1.5 at
Ts=700°C. The results of the electron mobility at 4 K over Ga/N are given
in Figure 4.5. A strong dependence on the Ga-flux is observed with a maxi-
mum mobility at the bilayer-droplet transition. This is comparable to reports
on transport in bulk GaN [41, 22]. The relative change of the mobility for
2DEGs is, however, much stronger than for bulk material. This suggests that
Ga-flux not only has an influence on the bulk properties but also a high
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Figure 4.4

Atomic force micrograph of
GaN (0001) grown under Ga bi-
layer stabilized conditions. Spi-
ral hillocks with atomically flat
terraces are observed.

impact on the surface morphology which determines the interface quality in
heterostructures.

In order to identify the high temperature limit given by GaN decomposition,
the growth rate depending on temperature was measured by RHEED oscil-
lations under stoichiometric growth conditions. The growth rate decreases
above 750 °C as shown in Figure 4.6. This is in reasonable agreement with
the decomposition of GaN in MBE under an activated nitrogen environment

[117]. The

decomposition temperature under metal-rich conditions is, how-

ever, lower due a decreased kinetic barrier for decomposition under a metal
adlayer. A reduction in the decomposition temperature from to 720 °C has

Figure 4.5:
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Electron mobility in a 250 nm GaN /25 nm Alp15GagssN /50 nm GaN
structure over Ga-flux. With increasing ratio the mobility increases in
the bilayer regime and decreases under droplet conditions. The highest
mobility is obtained at the bilayer-droplet transition.
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Figure 4.6: Decrease of the growth rate at higher substrate temperatures indicat-
ing decomposition. Squares: data obtained by RHEED oscillations,
triangles: normalized data by VanMil et.al. [25].

been reported [43]. The substrate temperature under the applied nitrogen
conditions for Ga-rich growth is thus limited to 720 °C.

It has to be noted, that the substrate temperature values given in this work
are based on the absolute temperature calibration presented in Appendix C.
They do not represent the temperature readings on the MBE setup used
in this work. During the optimization process, the control temperature was
adjusted according to the Ga coverage with respect to the applied nitrogen
conditions in order to reproduce growth conditions. After the experimental
phase of this work, the temperature calibration given in Appendix C was
applied to all results to provide absolute and comparable substrate temper-
ature values.

The impact of the substrate temperature on the electron mobility was not
studied in detail in this work. A substrate temperature of 700 °C was cho-
sen as the surface diffusion of gallium is highest at this temperature (see
Figure 1.9). All heterostructures presented in the following chapters are
based on GaN buffer layers grown at T =700 °C with Ga/N =1.4 at the
bilayer-droplet transition.

4.3 MODULATED GROWTH

A strong dependence of the mobility on the Ga-flux with a maximum at
the bilayer-droplet transition was presented in the previous section. This
illustrates the importance of constant growth conditions. They are, strictly
speaking, met by a single Ga-flux at a given substrate temperature. Even
with extensive calibration of all parameters, this is difficult to achieve. Tem-
perature inhomogeneities on the surface and changes in the Ga-flux over



4.3 MODULATED GROWTH

r beginn[rllg of
bilayer desorption

growth
restarted

RHEED intensity (arb. units)

20 30 40 50

growth time (min)

Figure 4.7: RHEED intensity during modulated growth. The growth is interrupted
every 7.5 min for desorption of excess Ga. The inset shows one desorption
step. After all shutters a close, the intensity increases abruptly which
is not related to desorption. As soon as desorption is indicated, the
growth is restarted.

time make constant growth conditions impossible over longer periods and
over the whole sample. By applying a modulated growth technique, the
impact of such deviation was reduced.

Modulated growth techniques are often employed for growth on large sub-
strates to counteract the droplet formation in colder areas with lower desorp-
tion rates [50]. Most commonly used is the metal modulated epitaxy (MME).
Here, the metallic adlayer is fully incorporated during intervals where only
nitrogen is supplied. This allows to compensate differences in the metal
coverage on a surface due to temperature inhomogeneities. In this work, a
different approach was applied because of the small size of grown samples,
where large area temperature inhomogeneities are negligible.

As it was demonstrated, the surface should be covered with a Ga bilayer
during optimum growth. The complete removal of the metal is therefore
not desired as the growth would restart under non ideal conditions. An
interruption should allow enough time for the reduction of excess Ga without
disintegrating the Ga bilayer. This can be monitored by the RHEED inten-
sity, which increases when the bilayer desorption or incorporation starts (see
Figure 2.14). During an interruption step, the RHEED intensity was thus
controlled and the growth was restarted as soon as the RHEED intensity
increased. The desorption rate is smaller than the growth rate at the applied
substrate temperature. The interruption is this longer for desorption than
for MME, where growth continues during interruption, as only the metal
shutter is closed. Desorption steps thus provide a longer time to react on
changes in the RHEED intensity compare to MME. This allows for a better
control of the growth, and frequent desorption steps were applied in this
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Figure 4.8: Electron mobility over carrier concentration at 4K for selected GaN/
AlGaN structures indicating the impact of active nitrogen treatment
before growth and modulated growth. The highest mobilities were
obtained for nitrogen treatment with modulated GaN growth with a Ga
supply at the bilayer-droplet transition.

work instead of MME.

An example of the RHEED intensity during growth of a thick GaN layer
with desorption steps is given in Figure 4.7. The inset shows one exemplary
desorption step. The growth is restarted as soon as the intensity indicates
a desorption of the Ga bilayer. To minimize Ga accumulation, the growth
should be interrupted frequently. However, the number of growth interrup-
tions has to be limited because the cell shutters might suffer from many
open/close cycles. In addition, a high amount of interruptions decreases the
effective growth rate. As a balance between small Ga accumulation and a
reasonable growth/desorption ratio, growth periods of 7.5 min were chosen.
The samples produced with this modulated technique showed an increased
homogeneity and no gallium droplets on large parts of grown samples even
under highly Ga rich growth conditions.

Another benefit of this technique is that the Ga coverage is checked at each
desorption step. Changes in the gallium flux and the substrate temperature
were thus detected and compensated. In this way, the reproducibility in-
creased. Furthermore, an increase of the electron mobility in GaN/AlGaN
2DEG structures was achieved as shown in Figure 4.8.



ALUMINIUM GALLIUM NITRIDE
HETEROSTRUCTURES

The electron mobility in GaN/AlGaN 2DEG structures is mainly in-
fluenced by the quality of GaN. The impact of growth optimization
on the mobility was therefore presented in the previous chapter.
This chapter addresses the growth of AlGaN only briefly. It pays
closer attention to the dependencies of the electronic properties
on the heterostructure design. The dominating scattering process
at low-temperature is identified by an analysis of the magneto-
transport data. A substantial part of this study is based on results
obtained by Murat Sivis during his diploma thesis. The last section
presents the results of an investigation on the sensitivity of grown
GaN/AlGaN structures to ionic solutions.

5.1 GROWTH CONDITIONS AND STRUCTURAL QUALITY

Two dimensional electron gases (2DEGs) form along the GaN/AlGaN inter-
face. Electrons in the channel mainly move on the GaN side of the interface
and have only a small penetration depth into the AlGaN layer (see Sec-
tton 3.1). The focus of AlGaN growth optimization with respect to the electron
mobility in 2DEGs is thus on the interface and not as much on the bulk
quality of AlGaN. In the following, only the optimization of heterostructures
with thin AlGaN layers and low aluminum content is considered as they
result in the highest mobilities (see Section 5.2).

The growth of ternary compounds is always a compromise between the
optimal growth conditions of the two binary materials involved. Compared to
GaN growth, this implies a higher growth temperature for AlGaN, because
of the higher thermal stability of AIN. Just as for GaN growth, the optimum
growth temperature at half the melting point is not available due to de-
composition under MBE conditions. On this account, Ga bilayer stabilized
growth conditions, which enhance the surface diffusion of nitrogen, were
applied during AlGaN growth. Growth under Al-rich conditions is not possi-
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Figure 5.1

Atomic force micrograph of the
GaN (0001) surface for a GaN/Al-
GaN/GaN heterostructure. Atomi-
cally flat terraces are observed.

ble because aluminium preferably incorporates over gallium and only ALN
grows under an aluminium adlayer. Smooth GaN/AlGaN heterostructures
were grown under Ga bilayer stabilized conditions as shown in Figure 5.1.

During AlGaN growth, less Ga incorporates compared to GaN growth. In
principle, this has to be compensated by adjusting the applied Ga-flux. In
this work, only one Ga cell was used, and a change of the Ga-flux thus
requires a change of the Ga cell temperature. This results in a growth
interruption which increases potential contaminations from the ambiance.
The changes in the growth conditions for AlGaN growth compared to GaN
growth are however small for thin layers with little Al content (<25nm
and <0.25%). Consequently the Ga-flux and the growth temperature were
kept at optimum GaN growth conditions during AlGaN growth in order to

GaN (MBE)

GaN (MOVPE)

Figure 5.2: Transmission electron micrograph of GaN/AlGaN/GaN sample G0490.
No additional dislocations form at the heterostructure interfaces. Sharp
transitions between GaN and AlGaN are observed.
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minimize the growth interruption time. TEM images indicated sharp, smooth
interfaces with no additional dislocations for the applied growth conditions
as shown in Figure 5.2.

Apart from the interface quality, the Al content is of importance for GaN/Al-
GaN heterostructures. Aluminium is preferably incorporated over Ga due to
the higher bond strength of Al-N compared to Ga-N. Deosprtion of Al can
be neglected at the applied substrate temperature. This means that every
Al atom adsorbed on the surface binds with a N atom before any Ga-N
bond forms. The aluminium content is therefore determined by x4; = Al/N
[48] under overall metal rich conditions (Ga+Al> N). The Al concentration
was thus determined from the fraction of the applied Al-flux compared to
the stoichiometric flux for AIN growth. In addition, the Al content in grown
layers was confirmed by X-ray diffraction measurements regularly [120, 121].

5.2 GAN/ALGAN HETEROSTRUCTURE DESIGN

The foundation of a high electron mobility ¢ in 2DEG heterostructures is a
good crystal and interface quality. Furthermore, p depends on the electron
sheet carrier density ng (see Section 3.2). As will be presented in this section,
the thickness of different layers and the Al content in GaN/AlGaN structures
have a significant impact on ns. Thus, the design of the heterostructure
is essential to achieve the higher possible mobility for a given structural
quality.

All AlGaN based heterostructures presented in this work have the same
general layer stacking as illustrated in Figure 5.3. They consist of thick GaN
layers grown on MOVPE templates followed by an AlGaN layer. Structures
are capped with GaN layers to obtain the same surface potential, indepen-
dent of the Al content. For such structures, a maximum low temperature
electron mobility is expected around ng =2 x 10" cm=2 [122].

The electron concentration of 2DEGs was calculated using the self consis-
tent Schrodinger-Poisson solver nextnano? [123]. Apart from the parameters
discussed in the following paragraphs, other factors will affect ns that have

energy

Figure 5.3

Typical GaN/AlGaN stack-
ing used in this work to-
gether with a sketch of the
conduction band minimum
(CBM) indicating the 2DEG
at the interface.
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Figure 5.4: Dependence of ng on thickness taigon and x4;. a) profile of CBM and
VBM for increasing AlGaN thickness. The Fermi level is pinned at the
surface. Above a certain thickness CBM drops below Ef and a 2DEG
forms. For better illustration, no doping is considered in this picture. b)
ns for different Al contents with varying AlGaN thickness, with doping
taken into account. ns increases with xa; and taican.

not been studied experimentally in this work. One is the position of the
Fermi level at the surface. It is fixed at 1.2 eV below the conduction band
minimum [82]. Other parameters were used as provided by nextnano>.
Figure 5.4 a) shows the valence band maximum (VBM) and the conduction
band minimum (CBM) profile for a GaN/AlGaN/GaN structure. Here, no
doping is considered for better illustration. At the surface, FL is pinned to
1.2 eV below CBM. The bands tilt downwards with respect to the surface in
the AlGaN layer according the direction of the polarization fields. As for
a capacitor, the voltage difference at the boundaries of the AlGaN layer
increases with increasing AlGaN thickness t4;G4on under the constant polar-
ization fields. Above a certain thickness, CBM drops below FL. Electrons
then occupy the free states causing a band bending in the GaN. The result
is a 2DEG in an almost triangular well.

The depth of the well increases with t4,5,n and so does ns as shown in
Figure 5.4 b). Here, and in the following, n-type doping is taken into account
with a concentration of n =2 x 10" cm~3. The doping concentration was
determined from transport measurements and is caused by the unintentional
background doping through point defects in GaN. For higher polarization
fields, CBM drops below FL at thinner layers. Therefore, a 2DEG forms at
thinner AlGaN layers for higher aluminium contents and ns increases with
XAl-

The charge of the electron channel causes an additional field between the
2DEG and the surface. The strength of the field depends on ng and is of the
opposite direction of the polarization field. It thus decreases the effective
field in the AlGaN layer. In addition it causes an upward tilt of CBM within
the GaN cap layer (see black line in Figure 5.4 a)). Both, the reduction of
the effective field in the AlGaN layer and the tilt of the band within the
cap layer, affect the sheet carrier density ns, which then again results in
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Figure 5.5: Dependence of ns on GaN cap layer thickness, with doping. a) CMB
and VMB profile for different cap thicknesses. The screening of the
polarization and the surface charge results in a band bending within
the cap layer. For thick cap layers, both charges are fully screened. b)
ns depending on cap layer thickness. ns saturates for thick cap layers.

a change of the field itself. Self consistent calculations of this mechanism
show an effective reduction of ns with increasing GaN cap layer thickness
up to a certain GaN thickness as shown in Figure 5.5 b). If the thickness
is increased further, the bands within the GaN bow due to screening of
the surface potential by electrons from cap layer as shown in Figure 5.5 a).
Ultimately, ns becomes independent of the cap layer thickness.

It should be noted that thick cap layers are not practical. To minimize bulk
contributions, the 2DEG is contacted directly (see Section 3.3). Ohmic con-
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Figure 5.6: Electron concentration ns over x4, and thickness ta;gqon for 2nm GaN
cap layer. ng for which p is maximal is indicated by the black line. The
area of 2DEG depletion as well as the occupation of the 2nd subband
are marked. 2DEGs are achieved over a wider range of t4;Gon for small
XAl-
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tacts were prepared by annealing a stack of metallic layers, which diffused
about 75nm into the material. If the 2DEG lies deeper, a direct contact
requires additional processing. Up to 75 nm ns decreases with increasing
cap layer thickness, and thicker GaN cap layers were only applied to reduce
ns.

A contour plot of ns depending on x4, and taggn IS given in Figure 5.6.
The 2DEG depletes for thin AlGaN layers with low Al content. For large
xar and tqggn the quantum well is deep enough for the second subband
to drop below the Fermi energy. This should be avoided because of inter-
subband scattering [124, 125]. Furthermore, it complicates the analysis of
magnetotransport data, as electrons in the second subband represent an
additional conduction channel with different ng and p [126, 127].

The sheet carrier density around which high p is achieved is indicated in
Figure 5.6 by the black line. High mobility structures are achieved for a
wider range of AlGaN thicknesses at lower x4;. It is also evident that for low
x4 small deviations from intended heterostructure parameters have a smaller
impact on ns than for high Al contents. A better reproducibility of the carrier
densities is thus achieved at low x4; and the impact of fluctuations in ta;gan
and x4, on ns reduces. In addition, low Al contents are desired in order to
reduce the effect of alloy scattering [128]. This work is therefore focused on
thin AlGaN layers with low Al contents (< 25nm and < 0.25%).

5.3 MAGNETORESISTANCE

The two dimensional electron gas is mainly confined in the GaN buffer
layer in GaN/AlGaN heterostructures. The growth optimization of GaN thus
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Figure 5.7: Temperature dependence of y and ns; of sample G0502
(200 nm GaN /25 nm Alp15GaggsN /5nm GaN) showing a typical
2DEG dependence with almost constant ns; and y at low temperatures.
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Figure 5.8: Results from gate dependent measurements of p(ns) for sample G0490
(200 nm GaN /25 nm Alg 15GapgsN /25 nm GaN). A maximum is observed
at ns=2.2x10" cm™2 due to the impact of different scattering pro-
cesses.

has the biggest impact on the 2DEG mobility. These results have therefore
already been presented in Chapter 4. In the following, the magnetoresistance
of selected optimized structures is discussed in order to identify the scatter-
ing mechanism that has the biggest impact on low temperature transport
and limits the mobility.

The temperature dependence of p and ng for a high mobility structure is
given in Figure 5.7. Both p and ns show a typical 2DEG behavior. At low
temperatures, the sheet carrier density is almost independent of T. Above
120K the contribution from bulk electrons sets in and ns increases. The
electron mobility is decreased at higher temperatures due to an increased
scattering rate by phonons.

The electron mobility does not only depends on the sample quality but
also on the sheet carrier density (see Section 3.2). To investigate if the
maximum electron mobility for the given structural quality was achieved,
the dependence of y on ns was studied. This was done for some structures
with a top gate. If the voltage applied to the top gate is varied, the electron
concentration changes and p(ns) can be measured. One result is given in
Figure 5.8. For low carrier concentrations, the mobility increases with ng due
to the improved screening of charged scatterers. For high ng, the probability
density broadens and a larger fraction of carriers is found close to the
interface or even within the AlGaN. This increases the impact of scattering
by interface roughness and alloy disorder, and the mobility decreases with
increasing ns. The maximum mobility is found around ns =2 x 10" cm=2, in
good agreement with literature the [88, 122]. The optimization of the electron
concentration in terms of heterostructure design was thus successful.
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Figure 5.9: Normalized magnetoresistance  of  sample G502  with
p=21500cm?V-1s" at ng=244x10"%cm 2 at 2K. SdH os-
cillations are observed above 2T at 2K. At 12K the B~'InB
dependence at low B-fields and the B'”// dependence for higher
B-fields indicate the presence of a smooth scattering potential and a
potential of impenetrable discs.

The highest mobility obtained during this work was g = 21500 cm?V~'s~!
with ns =2.44 x 10" cm=2 at 2K for a 250 nm GaN /25 nm Alg15GaggsN /
50 nm GaN structure. The magnetoresistance of this structure at low temper-
atures is shown in Figure 5.9. Clear Shubnikov-de Haas (SdH) oscillations
were observed above 2T and were used to obtain different parameters. The
mobility was calculated from the resistivity at B=0T together with the
sheet carrier density from the periodicity over 1/B [100]. An effective mass of
m* =0.204 mg resulted from the temperature dependence of the amplitude
[105] which is in close agreement with the literature [90]. With the knowledge
of p, ng and m* the transport lifetime 7; =2.55ps as well as the mean
free path [;; =565 nm were calculated from p=e 7¢/m* and lo = vF T4. In
addition, a quantum life time 1, =0.83 ps was gained from the amplitude of
SDH oscillations over magnetic field [105].

The dominating scattering mechanism can be identified from ;//74. This
ratio is a measure of the average scattering angle. The transport relaxation
time is derived from the mobility, which is determined by the motion of
carriers along an applied field. Therefore, large angle scattering processes
cause a stronger reduction of 74 than small angle scattering, while the
impact on 74 is equal for every scattering event. For the presented struc-
ture, the ratio is 1¢,/74 = 6.7, which results from small angle scattering and
suggests scattering dominated by dislocations [106]. Furthermore, the mean
free path corresponds to a density of 3.13 x 108 cm™2, which is close to the
dislocation density of the substrate. Therefore, the scattering at dislocations
originating from the substrate is the main elastic scattering mechanism at
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low temperatures.

This indicates that the growth optimization was successful. No further dislo-
cation were incorporated during MBE growth and the quality of the substrate
mainly limits the mobility.

As the amplitude of the SdH oscillations weakens with increases temperature,
another contribution to the magnetoresistance is observed as shown for 12K
in Figure 5.9. For the presented measurement two different dependencies
are found. At low magnetic fields the magnetoresistance is proportional to
B~'In(B) and at high fields to B'?/7. This R,(B) dependence is observed
for 2D carrier transport affected by two potentials [114]. One potential is
described by a random distribution of impenetrable discs with radius @ and
mean distance [,. The other describes smooth potential changes over a
radius d and the mean distance [4. The model is applicable if ¢ <« d and
lo < L.

In order identify the origins of the two potentials, the impact of a threading
dislocation and atomic steps from surface roughness on the conduction band
minimum (CBM) was calculated by two dimensional Schrédinger Poisson
calculations. This allows to analyze the potential change along the GaN/Al-
GaN interface, i.e. the moving direction of the accumulated electrons.

The atomic step results in a barrier in the minimum of CBM along the
interface as shown in Figure 5.10. The height of the barrier is 0.01eV,
and it extents about 3nm around the step. A dislocation in GaN can be
approximated by a line of ionized point defects with acceptor character at
2.2 eV below the conduction band minimum [89]. Such a point defect can
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Figure 5.10: Impact of an atomic step on the 2D CBM profile. The minimum of CBM
represents the energy of the deepest point of the quantum well. The
step induces a potential barrier with a lateral extension of about 3 nm.
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Figure 5.11: Impact of a dislocation on the 2D CBM profile. The dislocation was
approximated by a line of acceptor like point defects [89]. The 2DEG
is depleted around the dislocation with a radius of 25 nm.

be found every two monolayers along the c-direction [89]. In Figure 5.11,
the profile of CBM along the interface for a dislocation penetrating the
2DEQG is given in a 3D plot. The dislocation pulls the Fermi level above
CBM and thus depletes the 2DEG for about 50 nm. The increase around
the dislocation can be considered sharp compared to the depletion length
because it is screened by the high electron concentration in the 2DEC.

Figure 5.12 shows the impact of a dislocation and atomic steps on minimum
of CBM. The plotted distance was chosen according the mean free path of
565 nm that was obtained from magnetotransport measurements presented
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Figure 5.12: Impact of a dislocation and atomic steps on the CBM. The spacing
between steps was taken from atomic force micrographs. This graph is
not the result of a single calculation and is based on the results of a
single step and one dislocation.



5.4 APPLICATION: IONIC AND BIOCHEMICAL SENSING

previously. Because dislocations were identified as the dominant scatter-
ing mechanism, this distance equals the spacing between two dislocations.
Therefore, only one dislocation is plotted. The mean terrace width between
atomic step is in the order of 100 nm as was measured by AFM.

It is evident, that dislocations can be considered as impenetrable disc poten-
tials because they fully deplete the 2DEG. Therefore, dislocations represent
the potential of scatterers with radius a and mean distance [,. Atomic steps
induce only small changes in CBM and are closer together than the dislo-
cations. They are thus not the source of the smooth potential which would
imply d » a and lg > l,. The smooth potential thus has to arise from
other sources with diameters of at least 50 nm and a mean separation well
above 565 nm. Possible sources might be inhomogeneities in the AlGaN
thickness or small fluctuations of the Al concentration.

5.4 APPLICATION: IONIC AND BIOCHEMICAL SENSING

During this work, a collaboration with the University of Western Australia
(UWA) in Perth was started. The aim is to optimize GaN/AlGaN heterostruc-
tures for ion and biomedical sensing applications. In this chapter, a brief
introduction to the topic is given. To achieve high sensitivity, GaN/AlGaN
structures were modeled and then grown according to the results. The ex-
perimental results are compared to MOVPE grown samples from previous
works [129, 130].

Sensors are a promising application for nitride based 2DEG structures.
Compared to GaAs based sensors, nitrides can be used in a broader range
of applications because of their chemical stability and low toxicity. Sensitiv-
ity to gases, pressure, ions and more has been successfully demonstrated
for GaN/AlGaN structures [131]. Applications in biology and medicine are
realized by a functionalization of the surface with cells and molecules as
depicted in Figure 5.13. Here, the chemical response of a cell attached

analyte <>

biological
‘ reaction Figure 5.13
Schematic a GaN/AlGaN sensor
with a functionalized surface: The
analyte causes a biological reac-

cell chemical
response
tion in a cell which results in a

AlGaN change chemical response. This response

modifies the surface potential which
causes a change in the carrier den-
sity of the 2DEG and thus a change
(0)
o/

in the resistance.

surface
potential

2DEG|
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Figure 5.14: Conduction band minimum and n for different surface potentials. A rise
in the surface charge results in a decreased carrier density.

to the semiconductor surface to a biological reaction is detected. Sensing
effects of functionalized nitride 2DEGs for glucose, kidney marker injury
molecules, prostate cancer and DNA have been reported [132].

The basic sensing effect of AlGaN/GaN heterostructures is easily compre-
hensible. The carrier concentration of the 2DEG channel is related to the
surface potential. When ions are deposited on a GaN or AlGaN surface,
the surface charge is modified. This leads to a change in the band profile
and thus to a change of the carrier concentration in the 2DEG as shown in
Figure 5.14. As a result, a change in the conductivity is measured, which
will depend on the type and amount of ions on top of the structure. This
allows for truly gateless sensing devices.

The general quality of a device in terms of sensitivity can be probed by
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Figure 5.15: Charge distribution of a ionic solution over an GaN/AlGaN heterostruc-
ture [133]. Negative ions are accumulated at the surface due to the
positive charge of the oxide. Therefore only negative ions are detected.
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the conductivity change in ionic solutions. For other applications using
functionalized surfaces, the ionic reaction within a cell is probed and the
underlying mechanism is the same. Thus, devices that are highly sensitive
to tonic solutions will also be good sensors in biomedical applications, given
that they are biocompatible.

Only a sensitivity to negative ions was reported for the used setup [129]. This
results from the donor like surface states produced by gallium oxide on GaN
surfaces. Their positive charge results in a redistribution of ions in solutions,
where negative ions accumulate at the surface as shown in Figure 5.15.
The results for pH sensing thus give the concentration of negative ions in a
solution.

5.4.1  Heterostructure modeling

Prior to growth, the optimum heterostructure design for high sensitivity was
calculated. In the chosen measurement configuration, exposure of Ga-face
GaN/AlGaN layers to ionic solutions leads to a positive shift of the surface
potential and thus to a reduction of ns. This change Ans was calculated using
nextnano® by specifying appropriate boundary conditions with an effective
voltage change of +100 meV at the surface. For a realistic figure of merit,
the change in ng was then normalized to the overall carrier concentration
including bulk carriers. Results of the sensitivity as a function of AlGaN
thickness and composition are given as log(100 Ans/n) in Figure 5.16.

The results show regions of markedly different sensitivity, with a strong
dependence on AlGaN thickness and composition. The sensitivity increases
when the distance between surface and 2DEG is reduced. The depletion of
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Figure 5.16: Calculated change of ns over aluminium content and AlGaN thickness
in a GaN/AlGaN/GaN structure with 2nm cap for a change of the
surface potential of +100 meV.
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the 2DEG results in a sharp threshold edge at thin AlGaN layers depend-
ing on the Al content. For thick layers, the surface charge still modulates
the amount of carriers in the channel, but the relative change reflected in
the sensitivity is small because of higher carrier concentrations. The most
promising structures operate close to the threshold for AlGaN layers below
10 nm in thickness. An increased distance between 2DEG and the surface
reduces the response. The GaN cap layers were therefore kept thin with a
thickness of 2nm.

The presented modeling results only account for the carrier concentration
while in experiments the conductivity is measured. The dependence of elec-
tron mobility p on the carrier concentration ns could therefore lead to
different experimental results. Details of py(ns) depend on the interplay of
different scattering contributions and vary with device structure and material
quality (see Section 3.2). A more sophisticated treatment of the device sen-
sitivity would thus require a precise knowledge of p(ns) for each particular
sample. A more basic estimation is presented in the following.

The electron mobility has a maximum depending on ns due to different
scattering mechanisms. As the devices are operated at room temperature,
scattering by phonons dominates the transport. Here, p(ns)oc n2 is expected
for low ng and p(ns)oex ns_o'5 for high ns [134]. Based on this consideration
three different p(ns) relations have been modeled and applied to the calcu-
lated values of ns and n. Model 1 shows a high maximum room temperature
mobility of 4 =1800cm?V~"s~" at ng=4 x 10" cm™2, model 2 and 3 im-
ply a lower mobility of y=1000cm?V~'s~" at ns=1x 10" cm™2 and at
ns=1x10"3cm™2. The three models therefore cover a wide range of possi-
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Figure 5.17: Normalized change of the conductivity of a Alg,GaggN structure with
2nm cap over varying AlGaN thickness. Three different estimated p(ns)
dependencies are applied. The sensitivity for thin AlGaN layers is
underestimated if only Ang/n is considered.
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Figure 5.18: Scanning electron micrograph of cells on a AlGaN (0001) surface.

ble p(ns) dependencies.

The results of Ag/co over AlGaN thickness for x4, = 0.2 for the three models
are shown in Figure 5.17 and compared to the result taking only a change
in the sheet carrier density into account. The general trend in the sensi-
tivity does not change when the mobility is taken into account. However,
the sensitivity is underestimated for thin AlGaN layers for all mobility
models, and overestimated at thick AlGaN layers depending on the model.
This emphasizes the importance of thin AlGaN layers for highly sensitive
GaN/AlGaN structures.

5.4.2 Experimental results

First the biocompatibily of grown structures was investigated [133]. The
growth of cells on a GaN surface and on AlGaN surfaces with different Al
contents was compared to the cell growth in a control well over a period
of 14 days. In addition, the percentage of dead cells was checked during
the first 5 days. The difference of cell growth on grown structures was small
compared to the control well. However, the ratio of dead cells increased
with the Al content. GaN capped samples are thus more promising for medi-
cal applications than sensors with AlGaN surfaces. Furthermore, electron
micrographs attested a strong attachment of the cells to all structures as
the example in Figure 5.18 shows.

The sensitivity measurements were performed using a four point bar config-
uration (Figure 5.19), with sensing areas of 1.5 mm in diameter, at constant

R0

active area

| _,| |\7 |
3 4 Figure 5.19

Four point probe setup for sensitivity mea-
Vg surements.

2
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Sample | Growth | Structure Sens. | p(cm?/Vs) | Geometry

ID method

A MBE 10nm Alg3Gag7N/ | 29% | 856 vdP
2nm GaN

B MBE 20nm Alg2GaggN/ | 12% | 1101 vdP
2nm GaN

C MOVPE | 29 nm Alg.15GaggsN | 5% 2093 HallBar
(with ALN interlayer)

D MOVPE | 23 nm Alp23Gag77N | 4% 2254 HallBar
(with ALN interlayer)

E MOVPE | 22nm Al0.29060.71 N | 2% 2230 HallBar
(with ALN interlayer)

Table 5.1: Summary of different samples with parameters: growth method, structure,
experimental sensitivity, mobiltiy at room temperature as determined
in van der Pauw geometry (vdP) or Hall bar geometry. The mobilities
measured by the two geometries are not directly comparable.

currents of 0.1 mA. All measurements were performed under constant light
conditions. The GaN/AlGaN heterostructures were exposed to different KOH
solutions. Standard cleaning was applied to the GaN surface (acetone, 2-
propanol, de-ionised water and N2 blow-dry) after device fabrication. After
each exposure to ionic solution, the samples were soaked in HCL for 10s
followed by rinsing in de-ionised water.

Figure 5.20:
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Response to KOH solutions of sample A measured as a change in
voltage for a fixed current. For each voltage curve, t =0s corresponds
to the point at which the KOH solution was applied. Higher responses
are observed for higher pH solutions.
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In an early stage, devices were grown on standard templates which are
semi-insulating. These structures showed a low signal to noise ratio. This
results from conduction within the bulk GaN in addition to the 2DEG (see
Section 3.3). The effect was overcome by growth on insulating Fe:GaN sub-
strates. Two of the sensitivity optimized MBE grown samples are presented
here and compared to three MOVPE grown samples from an earlier work
which were optimized for high mobility (Table 5.1).

Figure 5.20 shows as-measured time dependent voltage data for an opti-
mized MBE structure. A high signal to noise ratio and a strong increase in
voltage were observed.

The normalized strength of the response to different KOH solutions for
the five ungated GaN/AlGaN structures can be seen in Figure 5.271. All
measured data was normalized to the maximum potential drop that was
observed for KOH pH12 for each structure. Significant improvements in
differentiation between different pH solutions are achieved for the sensitivity
optimized structure grown in this work compared to the MOVPE grown
samples. This shows the that by optimization of the heterostructure design,
the sensitivity of GaN/AlGaN heterostructure-based ion sensors can be
dramatically improved.

8 9 10 1" 12
pH value

Figure 5.21: Maximum potential drop for five ungated GaN/AlGaN structures ex-
posed to different KOH solutions (normalized to the value obtained
for pH12). MBE grown samples A and B show the highest response.
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The optimization process of InGaN growth in this work can be
divided into three parts. Early samples have been grown at low
temperatures as most results reported in literature. Growth under
In bilayer stabilized conditions at higher temperatures with suf-
ficient indium desorption produced better structural quality. The
suppression of the observed surface degradation induced by indium
and nitrogen resulted in smooth surfaces. This chapter explains
the optimization process and its effects on structural and electrical
properties in detail.

6.1 GROWTH CONDITIONS AND STRUCTURAL QUALITY

The aim of this work was the growth optimization of InGaN heterostructures
with respect to low.temperature 2DEG mobility. In GaN/InGaN/GaN 2DEG
structures, the electrons are mainly confined within the InGaN layer. This
is in contrast to AlGaN based structures, where the 2DEG is mainly con-
fined within GaN. Consequently, the growth optimization of InGaN has a
significant impact on the mobility in InGaN heterostructures, just as the
optimization of GaN had for GaN/AlGaN structures.

Gallium bilayer stabilized conditions cannot be applied for InGaN growth.
Because of the higher bond strength of Ga-N compared to In-N, the incor-
poration of gallium is energetically favored over that of indium. Therefore,
the indium content in InGaN layers is determined by x;, = 1-Ga/N. Conse-
quently, GaN grows under Ga-rich conditions and no indium incorporates.
Growth under overall N-rich conditions, however, resulted in rough surface
morphologies. The growth conditions for InGaN layers presented in the
following are thus In-rich with Ga fluxes below the GaN stoichiometry, i.e
Ga <N and Ga+In > N. The nitrogen conditions were chosen equal to the
optimum GaN growth conditions with an excitation power of 300W and a
nitrogen flow rate of 0.5 sccm.
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Figure 6.1

Atomic force micrograph of a
InGaN (0001) surface exemplary for
growth at low substrate tempera-
tures. No atomically flat features
were observed for growth without
stable indium bilayer conditions.

In an early stage of optimization, samples were grown at low substrate
temperatures according to growth conditions most commonly reported in the
literature as described in Section 1.5.4. This implied growth at substrate
temperatures around 75 =500 °C, which is slightly above the decomposition
temperature of InN. In this temperature range, the desorption rate of indium
is small compared to the growth rate. Growth under In-rich conditions thus
causes the formation of indium droplets. Therefore, the In-flux was chosen
only slightly above the stoichiometry in order to keep the amount of accu-
mulated indium low.

Several series of structures were grown at low temperatures with varying
parameters. The gallium supply was varied from low fluxes up to almost
stoichiometric conditions. Indium was supplied up to overall metal rich
conditions, well above the onset of droplet formation (GaN + In=2). The
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Figure 6.2: XRD 6/26 scans of InGaN heterostructures grown under indium bilayer
stabilized conditions at Ts =620 °C. a) x, increases with indium supply,
reaching a maximum at high indium fluxes. b) indium metal peaks are
found for growth with very low Ga/N ratios which coincides with a
reduced growth rate.



6.1 GROWTH CONDITIONS AND STRUCTURAL QUALITY

substrate temperature was varied from 7T =400°C to s =550°C, above
which no indium incorporation was observed for the applied indium fluxes.
All InGaN structures grown in this parameter range showed rough surface
morphologies. One example is shown in Figure 6.1. Furthermore, no 2DEGs
were measured in GaN/InGaN/GaN heterostructures.

Growth under indium bilayer stabilized conditions promised better surface
morphologies. Stable indium bilayers form for sufficient indium desorption.
This was achieved for substrate temperatures above 570 °C. In this tem-
perature range, the indium incorporation not only to depends on Ts and
Ga/N but also on the indium flux. Figure 6.2 a) shows XRD 6/26 scans
for structures grown at 75 =620 °C with different In supplies. The indium
content x;, was determined according to the literature [121]. It is observed,
that x;, increases with the indium supply, with very little indium incorpora-
tion under stoichiometric conditions. For growth under highly indium rich
conditions, the indium content reached a maximum x;7%%, which depends on

In
the substrate temperature (see Section 6.3). No InGaN growth was observed

above Ts=650°C.

The impact of the Ga supply on InGaN layers grown under In-rich, high
temperature growth conditions depends on x;7?*. At substrate temperatures
below 75 =500 °C, the indium content is determined by the Ga supply with
x;n =1-Ga/N and increases as the Ga flux decreases. Growth at higher
temperatures limits the indium content and x;, does not increase with de-
creasing Ga flux if 1-Ga/N < xjp—max- Under these conditions the growth
rate decreases if the Ga-flux decreases (see Section 6.3). For very low

. y . .
- In/N=0.15 -
In/N=1.10
In/N=1.50
In/N=2.10

RHEED intensity (a.U.)

stoichiometric
e

= 1 A 1 A 1

0 25 50 75 100
desorption time (s)

Figure 6.3: RHEED intensity during indium desorption at 620°C after InGaN
growth with different In-fluxes. Four different characteristic trends are
observed: no increase - stoichiometric, continuous increase - monolayer
coverage, oscillation - bilayer coverage, delayed oscillation - droplet
coverage.
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Ga-fluxes, the formation of metallic In clusters was observed in XRD as
shown in Figure 6.2. Therefore, the gallium supply was chosen close to
1-Ga/N = x]7* in the following.

The desorption of indium was studied by RHEED in order to investigate the
indium coverage for varying indium flux. Characteristic trends of the RHEED
intensity for different coverages were observed as shown in Figure 6.3. They
were used to identify the transitions between droplet, bilayer, monolayer
and stoichiometric growth depending on the indium flux.

The determined transitions over indium flux and substrate temperature for a
gallium supply of Ga/N =0.8 are shown in Figure 6.4. A window for indium
bilayer stabilized growth of InGaN with concentration up to x;, =0.3 is
available over a wide temperature range. Note, that the indium contents
given in this figure are only a guide to the eye as the dependence of x;, on
the indium supply was not studied at various temperatures. The iso-contents
lines were estimated based on the incorporation at low temperatures and
on the maximum indium content under highly In-rich conditions (see Sec-
tion 6.3).

All structures grown under indium bilayer stabilized conditions (in combi-
nation with the procedure described in Section 6.2) showed a good overall
quality. Atomic force micrographs as shown in Figure 6.5 indicated a spiral
growth mode. Atomically flat terraces are observed, and the morphology is

N 20
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35| Amonolayer-bilayer
L Ostoichiometry
30 F
Ga/N=08 1
[ stoichiometric In-flux: In/N=0.2
25 F
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< droplets 2
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Figure 6.4: Diagram of the indium coverage depending on substrate temperature
and indium flux as determined by RHEED for Ga/N =0.8. The indium
flux is given normalized to the InN stoichiometry (left) and to the InGaN
stoichiometry (right). Indium bilayer stabilized growth is possible above
570 °C. Note that the indium supply in this range is highly In-rich
compared to the InGaN stoichiometry. The indium content was estimated
based on the low temperature incorporation and on the incorporation
under high In supply.



6.1 GROWTH CONDITIONS AND STRUCTURAL QUALITY

Figure 6.5

Atomic force micrograph of sample
G1061 grown under indium bilayer
stabilized conditions with excess
Ga. The spiral growth mode with
atomically flat terraces is observed.

comparable to that GaN and AlGaN layers.

For the growth of GaN in GaN/InGaN/GaN heterostructures, the optimized
GaN growth conditions were applied. Therefore, the growth temperature
was lowered during InGaN growth and increased to 700 °C for the growth
of the GaN cap layer. The impact of the whole growth procedure on the
InGaN layer was investigated by transmission electron micrographs and
energy dispersive X-ray. The results are shown in Figure 6.6. No additional
dislocations formed at InGaN interfaces, and no segregation was found. The
analysis of an InGaN/AlGaN structure showed no interdiffusion of indium.
This could have resulted from the increased temperature and would decrease
the sharpness of the interface. The TEM measurements, however, revealed

Figure 6.6: a) and b) Transmission electron micrographs of an GaN/InGaN/Al-
GaN/GaN sample (ID: G1086). Sharp interfaces with no additional
dislocations are observed. Inhomogeneities are observed in the InGaN
layer, which are likely the result of fluctuation in x;,. ¢) TEM EDX of
G1086. No diffusion of indium into the AlGaN layer and no In-rich
clusters are observed.
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strong inhomogeneities within the InGaN layer. They are likely the results
of fluctuations in the indium concentration as reported in the literature [135].

6.2 SURFACE DEGRADATION AFTER INDIUM DESORPTION

For high mobilities in 2DEGs, the interface quality in heterostructures is of
immense importance. The growth under indium bilayer stabilized conditions
showed a spiral growth mode. However, another step had to be applied in
order to achieve smooth InGaN surfaces.

All samples grown in the In bilayer stabilized regime showed a degraded
surface after indium desorption. The observation of pits with a diameter of
2nm on InGaN (0001) surfaces for indium rich growth conditions has been
reported before [64]. The impact on the surface morphology observed in
this work is however much stronger. An example is shown in Figure 6.7 a)
exhibiting cracks and pits up to 3nm deep. These defects act as scattering
centers for electron transport, making the observed morphologies fatal for
the mobility in 2DEGs.

Some observations suggested that the degradation of the surface is a post
growth process. Some structures showed spiral hillocks with atomically flat
terraces on an otherwise degraded surface (see Figure 6.7 b)). On one
samples a missing link was found (see Figure 6.7 c)). This spiral hillock
showed atomically smooth terraces at the base changing to pitted terraces
further up. If the pits would form during growth, this should not be observed.
This suggests that the surface degrades after growth.

Possible processes are oxidation or rough crystallization of a metallic ad-
layer during cooldown. This was studied by treating the samples with HCL,
which removes metals, and with KOH, which etches oxides. No change in
the morphology was found. As nitrides withstand both treatments, a reaction
with nitrogen or surface segregation are a plausible explanation for the
degradation.

Figure 6.7: Atomic force micrograph of the InGaN (0001) surface showing a) a
degraded surface, b) a spiral on an otherwise degraded surface and c)
missing link - a spiral which is smooth at the base but degraded at the
top. The observations suggest a post growth degradation.



6.2 SURFACE DEGRADATION AFTER INDIUM DESORPTION

Figure 6.8: Atomic force micrographs of the InGaN (0001) surface a) after indium
desorption under UHV conditions, b) no indium desorption and c) indium
desorption under excess gallium, which resulted in the best morphology.
For b) and c) the metals were removed by HCL after growth.

This presumption was investigated by applying three different treatments
after InGaN growth: 1) indium desorption without supplying nitrogen to
the growth chamber (UHV: ppgse =5 x 10719 mbar) 2) no indium desorption
with excess In during cool down, 3) excess Ga during In desorption and
cool down. The results are shown in Figure 6.8. The morphology for UHV
desorption showed only a minor improvement compared to regular desorption.
The other two steps, however, resulted in pit free surfaces. The degradation
therefore occurs if indium desorbs directly from the surface into an ambient
nitrogen atmosphere leaving a bare InGaN surface. The best morphology
was obtained for excess Ga.

By applying excess Ga before InGaN growth, the number of threading dislo-
cations was significantly reduced. This is shown in Figure 6.9 where two
samples with and without excess Ga before InGaN growth are compared.
The black spots originate from edge dislocations penetrating the surface.

Figure 6.9: Atomic force micrographs of the InGaN (0001) surface with excess Ga a)
only after InGaN growth and b) before and after InNGaN growth. Excess
In before InGaN growth was applied in a). The number of dislocations
(black spots in a)) was reduced by excess Ga before InGaN growth.
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Figure 6.10: Atomic force micrographs of the InGaN (0001) surface of GaN/InGaN/-
GaN heterostructures with a) complete desorption before GaN cap
layer growth and b) only indium desorption with excess Ga remaining
on the surface before GaN cap layer growth. A lower defect density is
achieved for no metal desorption before cap layer growth.

This observation cannot be explained by surface segregation. In this process,
incorporated In atoms leave an InGaN layer at high temperatures due to
the weak In-N bond. However, the dislocation reduction was observed when
excess Ga was applied before InGaN growth, when no InGaN has grown
yet. Surface segregation during the beginning of InGaN growth can also be
excluded. Because the excess Ga reduced the dislocation generation and the
surface degradation, it is reasonable to assume that both processes have the
same origin. The sample shown in Figure 6.9 a) was, however, with excess In
before InGaN growth. Excess In also reduced the surface degradation after
growth, and should thus also suppress the dislocation generation if surface
segregation has a negative effect on InGaN growth. Both processes were
only observed if thin In adlayers were in direct contact with the ambient
nitrogen, and it is therefore assumed that their origin is the reaction of
indium with nitrogen.

The impact of excess Ga on the growth of GaN caplayers was also studied.
Figure 6.10 a) shows the surface of a GaN/InGaN/GaN heterostructure. For
this sample, all metals desorped before GaN caplayer growth. Figure 6.10

desorption from the de-
graded InGaN (0001) surface.
A V3xV/3R30° is clearly ob-

served.

Figure 6.11 ' ' | '
RHEED-[110] after indium - . ; ‘



6.2 SURFACE DEGRADATION AFTER INDIUM DESORPTION

b) shows the surface of a similar structure, where only indium desorped after
InGaN growth, leaving excess Ga on the surface. Atomically flat terraces are
observed for both samples. However, the desorption of all metals results in
many defects. The optimum growth of InGaN heterostructures was therefore
carried out under indium bilayer stabilized conditions with excess Ga during
growth interruptions before and after InGaN growth.

During the optimization process presented in the previous paragraphs it
was found, that a v/3xv/3R30° RHEED reconstruction coincided with the
surface degradation. This reconstruction, which is shown in Figure 6.11,
always appeared after indium desorption if no excess Ga was applied. No
reconstruction was observed after metal desorption, if first indium desorpted
and then gallium. This compares well with the observation of the reconstruc-
tion reported in the literature [64]. The reconstruction forms under nitrogen
atmosphere on GaN (0001) or InGaN (0001) surfaces covered with 1/3 ML
of indium. It is not observed after indium desorption if In is deposited onto a
gallium adlayer. This supports the presumption that the degradation arises
from a reaction of a thin indium layer with the ambient nitrogen. The authors
also analyzed the growth depending on Ga and In supply. Above a certain
indium flux they obtained smooth surfaces. During growth with this flux,
they observed a v/3xv/3R30° reconstruction by RHEED. The reconstruction
was therefore linked to the growth of smooth layers. In this work the re-
construction rather indicated the degradation of a surface that was smooth
beforehand.

The requirement of excess Ga during the entire growth process complicates

supply

RHEED intensity (arb. units)

50 60 61 62 63 64 65 66
growth time (min)

Figure 6.12: RHEED intensity during InGaN growth with excess Ga before and
after InGaN growth. The supply, the growing material and the surface
coverage are schematically indicated. The effective growth time is much
shorter than the In+Ga+N supply. InGaN grows only after all excess
Ga incorporated, which is observed by a minimum in the RHEED
intensity.
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the control of the InGaN thickness. InGaN grows only if there is no Ga on
the surface, because Ga is preferably incorporated over In. The beginning of
InGaN growth can however be monitored by RHEED. The RHEED intensity
is reduced by the presence of liquid metallic layers. The intensity drop
is material dependent since the scattering cross section of Ga is higher
compared to In. The RHEED intensity is therefore different for surfaces
cover with Ga or In or both.

A typical RHEED intensity signal during growth is shown in Figure 6.12.
At the beginning, the surface is covered with gallium. If the In,Ga and N
shutters are opened, the intensity drops. During this time In accumulates
and excess Ga incorporates because Ga/N < 1. At some point, no Ga is left
on the surface and InGaN starts growing under a thick In wetting layer.
This is indicated by another decrease in the RHEED intensity.

63 INDIUM INCORPORATION DETERMINED BY RHEED

The indium content in InGaN layers grown under indium bilayer conditions
depends on the indium flux, on 1-Ga/N and the substrate temperature Ts. At
a given T, there exists a maximal incorporable amount of indium x;7¢* for
growth under highly indium-rich conditions. In this work a novel method was
developed to estimate x;7?* by a RHEED analysis. The idea of this method
is that x;79* corresponds to one gallium flux Gapax with X7 =1-Gapax/N
as illustrated in Figure 6.13.

This flux is determined by a study of the incorporation rate of indium over Ga-

flux for a high indium supply. For GaN growth, the growth rate decreases

a)

Figure 6.13

[llustration of how Gapax and thus
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To. a) Growth rate over Ga-flux: For
Ga-fluxes smaller than GaN stoichiom-
etry, the In content increases and
growth rate is constant for decreasing
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growth rate decreases for decreasing
Ga-flux. b) Resulting indium incorpo-
ration rate over Ga-flux. c¢) T observed .
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6.3 INDIUM INCORPORATION DETERMINED BY RHEED
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Figure 6.14: Incorporation analysis for varying Ga-flux by a) RHEED intensity
and b) RHEED strain. Indium supplied between Os and 50s. Ga+ N
supplied >50s. The Ga-flux resulting in the shortest 7 is Gapax.

below the stoichiometry at Ga/N=1. If no indium incorporates at high
temperatures this is true even if indium is supplied to the growing surface
(gray line in Figure 6.13 a)). At temperatures where indium incorporates, the
growth rate does not decrease right below Ga/N =1 as the missing Ga is
replaced by In (blue line in Figure 6.13 a)). Here, the indium content increases
with decreasing Ga-flux. If the maximum indium content incorporates, a further
decrease of the Ga-flux results in a reduced growth rate. The incorporation
rate of indium depends on the growth rate and the indium content (Figure 6.13
b)). At a constant growth rate is increases with the indium content. For a
fixed content, it reduces with the growth rate. Therefore, the incorporation
rate is maximal for growth with Gapax and a high indium supply.
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Figure 6.15: Maximum indium content determined by RHEED intensity and RHEED

strain over substrate temperature. Growth under indium bilayer stabi-
lized conditions is limited to an x;,—mex = 0.3. No indium is incorpo-

rated above 650 °C.
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The incorporation rate can be deduced from a RHEED analysis by applying
a series of steps. An example of the RHEED intensity and the strain during
this process is given in Figure 6.14. Both are sensitive to the metal coverage
(see Section 2.1.4), however, only the intensity is addressed in the following.
For a fixed substrate temperature, a certain amount of indium was deposited
on a GaN surface. This results in a decrease of the RHEED intensity by
the accumulated indium. After the indium supply is closed, and gallium and
nitrogen are supplied with a Ga-flux below the GaN stoichiometry. Because
Ga/N<1, the excess indium incorporates at a certain rate. A particular
amount of time t after the growth was started, no more indium is left on
the surface, and the RHEED intensity increases. The incorporation rate of
indium is therefore inversely proportional to 7 as illustrated in Figure 6.13
C).

In order to determine x;7?%, the described steps have been applied for varying
Ga-fluxes. The Ga-flux that results in the shortest time 7 is Ganyax. The

maximal incorporable amount of indium was then determined by x;7%* =1-

Gapax/N.

The results of this anlysis for different temperatures are shown in Figure 6.15.
A strong temperature dependence of x;7? is observed. Within the In bilayer
stabilized growth regime, InGaN layers with In contents up to xjp—max =0.3

can be produced. No indium incorporation is possible above 650 °C.

6.4 HETEROSTRUCTURE DESIGN

Two dimensional hole gases (2DHG) form in uncapped GaN/InGaN struc-
tures (see Section 3.1). The hole mobility in InGaN is however much lower
than the electron mobility [90]. Two dimensional electron gases (2DEG) thus

(0001]

Ee

energy

energy

sapphir sapphir

Figure 6.16: Schematic of InGaN and InGaN/AlGaN based heterostructures. The
polarization charges o and the band profiles are indicated. In both
structures a 2DEG and a 2DHG form within InGaN. Additional po-
larization charges introduced by an AlGaN layer allow only electron
confinement for thin InGaN barriers.
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Figure 6.17: a) Profile of CBM and VBM with a Ing2GaggN layer with varying
thickness, without doping. b) sheet carrier density over Ing1GaggN
thickness for a structure with a 15 nm and a structure with a 50 nm GaN
cap layer. nsyy and nsg increases comparably with InGaN thickness.
For thicker capping layers, however, more electrons than hole can be
obtained.

promise better results for low temperature magneto transport measurements.
Under certain conditions, 2DEGs form in addition to 2DHGs in GaN/In-
GaN/GaN heterostructures. The coexistence of p- and n-conductive channels
is however not desired as it results in ambiguous transport results (see
Section 3.3). This section therefore studies the impact of the heterostructure
design on the sheet carrier densities of 2DEGs and 2DHGs.

Two types of InGaN based heterostructures were grown during this work as
depicted in Figure 6.16. First GaN/InGaN/GaN and then GaN/InGaN/Al-
GaN/GaN structures will be discussed. For both types of structures, the
electron channel lies within the InGaN layer.

In Figure 6.17 a), the profile of the conduction band minimum (CBM) and
the valence band maximum (VBM) in a GaN/InGaN/GaN structures with
different InGaN thicknesses is shown. No doping is considered for better
illustration. The direction of the polarization field in InGaN results in an
upward tilt of the bands with respect to the surface. For thicker layers, the
voltage difference between the two interfaces of the InGaN layer increases.
Above a critical thickness, VBM becomes larger than Ef and a 2DHG forms
with a sheet hole density ngy. The critical thickness depends on the strength
of the polarization field and thus on the In content.

The accumulated holes represent a charge which induces an additional field
between the lower GaN/InGaN interface and the surface. The direction of
this field is opposite to the polarization field. It reduces the effective field
within InGaN and results in a downward tilt of the bands in the GaN cap
layer. The strength of this field depends on ngpy, and for large ngyy, the CBM
drops below Ef at the upper InGaN/GaN interface. Electrons accumulate
and form a 2DEG with a sheet electron density nsg. The formation of the
2DEG requires sufficiently high ngy. Therefore, a 2DEG forms at thicker
InGaN barriers compared to the 2DHG. In addition, ngr < ngy for all InGaN
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Figure 6.18: a) Profile of CBM and VBM for a 4 nm IngGaggN barrier with varying
GaN cap layer thickness. An undoped structure is given for comparison.
b) Sheet carrier density over GaN cap layer thickness for a 20 nm
Ing2GaggN barrier. The electron density increases with cap layer
thickness, with the hole density remaining almost unaffected.

layer thicknesses. This is shown for the thin cap layer in Figure 6.17 b),
where now doping is taken into account.

The situation changes for thicker GaN cap layers because of screening of
the surface potential. As shown in Figure 6.18 a) the screening results in
a downward band bending below the surface. For thicker GaN cap layers,
CBM drops below Ef and a 2DEG forms with no 2DHG existing. Therefore,
2DEGs may form at InGaN thicknesses lower than the critical thickness
for 2DHG formation. This is shown in Figure 6.17 b) for the thicker cap
layer. With increasing cap layer thickness, nsg increases while ngyy remains
constant as shown in Figure 6.18 b). Thick cap layers are thus needed
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Figure 6.19: Electron concentration over indium content and InGaN thickness with
50nm GaN cap layer. Four areas are indicated: 2DEG depletion,
nse >nsy =0, ngg > nsy and nge < ngy. Structures with only 2DEGs
are limited to a very narrow range at low indium content.
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Figure 6.20: Electron concentration over indium content and InGaN thickness with
20nm AlgGapgN and 2nm GaN cap layer. Three areas are indicated:
nse > nsy =0, nsg > nspy and nsg < ngy. Structures with only 2DEGs
are achieved for various InGaN thicknesses.

for nsg > ngy, and structures with 50 nm cap layers are considered in the
following. However, the number of holes increases stronger with the InGaN
thickness than nsg, and nsg < ngy is obtained for thick InGaN barriers with
higher indium content even for thick cap layers.

A contour plot of ngg depending on InGaN thickness and In content for a
50 nm capped GaN/InGaN/GaN structure is shown in Figure 6.19. For thin
layers with low indium content neither a 2DEG nor a 2DHG forms. At thicker
barriers with high In content, mainly p-conductivity is expected. A range of
structures with nsg > ngyy can be found. Structures with nsg > ngpy =0 are,
however, limited to low In concentrations.

By introducing an AlGaN layer as shown in Figure 6.16, the range of
structures with nsg > ngy =0 can be extended as shown in Figure 6.20. The
strained AlGaN layer induces an additional positive polarization charge at
the InGaN/AlGaN interface while the negative charge at the GaN/InGaN
interface remains unchanged (see Figure 6.16). As a result, ns increases
stronger by introducing the AlGaN layer compared to ngy, but the critical
thickness for 2DHG formation remains unchanged. Therefore, structures with
only two dimensional electron accumulation are obtained at thinner InGaN
barriers. The growth of GaN/InGaN/AlGaN/GaN structures with thin InGaN
layers therefore reduces the contribution of a p-conductive channel.

65 MAGNETOTRANSPORT RESULTS

The effects of growth optimization on the structural morphology are reflected
by the transport properties of grown samples. Figure 6.271 gives an overview
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of the mobility of herterostructures with In contents between x;, =0.10 and
xip = 0.25 measured in the van der Pauw geometry at 10 K. No 2DEG could
be detected in structures grown at substrate temperatures below 7 =550 °C.
Here, the mobility in GaN/InGaN/GaN structures could not be distinguished
from bulk GaN.

Growth at higher substrate temperatures under In bilayer stabilized condi-
tions resulted in an increase of the mobility up to y=100cm?V~"'s~1 The
use of excess Ga as described in Section 6.2 further increases the mobil-
ity to almost g =300cm?V~"'s~!. The highest mobilities were obtained for
structures with additional AlGaN layer. However, neither a variation of the
sheet carrier density nor an additional AlGaN layer showed a reproducible
impact on .

Hall bar measurements showed higher mobilities compared to measurement
in the vdP geometry as shown in the inset in Figure 6.21. This is expected,
because the probed area is smaller and inhomogeneities have a smaller
impact on the results. This method also revealed deviations of the electronic
properties for different positions on the samples. Differences of a factor of two
in ns and p have been measured for different Hall bars on the same sample.
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Figure 6.21: Mobility over ns for various GaN/InGaN(/AlGaN)/GaN structures
measured in the vdP at 10K and in the Hallbar geometry at 4 K. It
illustrates the impact of different growth optimizations steps: growth
at low temperatures (LT) without the indium bilayer, indium bilayer
stabilized growth with and without excess Ga and structures with
additional AlGaN layers. The highest mobilities were achieved for
structure with additional AlGaN layers grown under indium bilayer
conditions with excess Ga before and after InGaN growth.
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Figure 6.22: Mobility over indium flux measured in the vdP geometry at 10K for
10 nm Ing15GaggsN /15 nm Alg2GaggN /2 nm GaN structures. The In-
flux is given normalized to InN stoichiomtry. No clear dependence of
y is observed for different indium supplies.

These inhomogeneities are likely the result of the applied growth conditions.
At indium bilayer conditions, small fluctuations in substrate temperature or
metal flux generate significant changes in the In concentration. This also
explains the poor reproducibility of transport properties in grown samples.
A low reproducibility was observed even though great care was taken to
maintain comparable growth conditions between different samples. Series of
structures were grown subsequently without other samples grown in between.
The stoichiometric conditions were checked before longer growth series, and
the incorporation rate was controlled by XRD measurements frequently.

Apart from bilayer growth and excess Ga, no reproducible impact of other
changes of growth conditions on the low-temperature mobility was observed.
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Figure 6.23: Mobility and ns over temperature for two G1166:
10 nmIng15GaggsN /15 nm Alg2GaggN /2 nm GaN and G1086:

251n0.17Gagg3N /25 nm Alg2GapgN / 25 nm GaN. The dependencies in-
dicate a 2DEG influence by a 2DHG, bulk GaN and electron-electron
interaction.
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Among those were a variation of the indium content, growth at different
substrate temperature within the bilayer regime and variations of amount
of excess Ga. As an example, of how the low reproducibility influenced the
measurements is shown in Figure 6.22. Here, the mobility was measured for
samples with identical structure grown with varying In flux. It is apparent
that the data is not meaningful.

Temperature dependent transport measurements for various heterostructures
indicated two dimensional conductance. This is illustrated by p(7) and
ns(T) for two selected GaN/InGaN/AlGaN/GaN samples in Figure 6.23.
For sample G1166, the mobility is almost constant for low temperatures
and drops above 100K, which is expected for a two dimensional carrier
gas. The observed ns(T) dependencies are not characteristic for 2DEGs
or 2DHGs, which would imply a constant ns at low temperatures and an
increase above 100K due to an increasing contribution from bulk electrons.
Both structures presented in Figure 6.23 show a small increase of ng(T)
for low temperatures. This is not an actual change of the carrier density,
but rather the result of electron-electron interaction [136]. This scattering
process has a temperature dependent impact on the slope of the Hall voltage,
which is used to calculate ns.

A 2DHG was present in some structures. This was concluded from the
reduction of ns above 100K, as observed for both samples shown in Fig-
ure 6.23. Transport measurements include different conductive channels in a
heterostructure depending on their conductivity o =e ng u (see Section 3.3).
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Figure 6.24: Normalized magnetoresistance of sample G1166 for various tempera-
tures. Two contributions are observed, both depending on temperature.
A peak around B=0T is the results of weak localization. The linear
decrease of R«(B) at higher fields originates from a potential of im-
penetrable discs. The mobility calculated from the slope is in good
agreement with the mobility obtained from Hall measurements.
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The sheet carrier density calculated from the Hall voltage is thus a measure
of the mean ng, i.e. in the case of a 2DEG and a 2DHG ns=nsg -nsy. The
increase of ns(7) observed above 150K in sample G1086, is the result of
an increased conduction from the bulk GaN. Note that 2DHG and bulk
contributions to ns have a strong impact on p. Therefore, only the mobility
at low temperatures is a reliable measure of the mobility in a 2DEG in
grown heterostructures.

In order to identify the dominating scattering mechanisms and to con-
firm the existence of a 2DEG at low temperatures, the magnetoresistance
of selected samples was studied in detail. As an example, the normal-
ized longitudinal resistance Ry (B)/Rxx(B=0T) for sample G1166 is given
in Figure 6.24. It should be noted that the data was symmetrized by
Rx(£B) = 0.5[Rx(B) + Rux(—B)]. This has to be applied for magnetic field
depended four-probe measurements, which are always influenced by asym-
metries [137, 138, 100]. Two strong temperature dependent features are
observed: a peak around zero field and a linear dependence of Ry,(B) on B
for B>3T.

The peak arises from weak localization (see Section 3.4.2). Its shape depends
on le/l; and [e, and the elastic mean free path [, and the inelastic mean free
l; can be calculated by fitting the data around B=0T. For sample G1166,
le =31 nm and [; =94 nm at 4 K were obtained. The temperature dependence
of the inelastic relaxation time is characteristic for the inelastic scattering
process and dimension of conductance [111]. For inelastic scattering induced
by electron-electron interaction, a % o< TP dependence is expected, with
p =2 for 3D and p =1 for 2D carrier systems. For two dimensional transport
in a disordered system, a % o Tln% dependence should be observed.

The inelastic relaxation time could not be calculated from [; =+/D t;, be-
cause the diffusion constant D was not known. Therefore, the temperature
dependence of D1;(T) was studied. For sample G1166, D7;(T)~' o< T and
Dt;T~" o TIn(T~") are compared in Figure 6.25. The latter describes the
results best, which confirms two dimensional conductance. The disorder, for
which this dependence is expected, is explained by the conductance within
the InGaN barrier which is subject to alloy disorder and fluctuations of the
indium content.

The linear contribution to the magnetoresistance results from scattering at a
potential described by randomly distributed impenetrable discs with radius
a and a mean separation distance of [, (see Section 3.4.3). This description
actually predicts three different R,x(B) trends, with transitions depending
on a/l,. The resistance should be proportional to B? for B < 0.05a/l, u~,
while at B > 2a/lyp~" a B7'/? dependence is expected. At intermedi-
ate magnetic fields, the magnetoresistance should be linear with a slope,
inversely proportional to the mobility. Even though, only a linear Ry«(B)
dependence is observed, it is reasonable to assume that the model applies
at low temperatures as the mobility obtained from the slope compares well
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Figure 6.25: Comparison of different dependencies of inelastic scattering on tem-
perature. T2 indicates 3D and T' indicates 2D transport dominated
by electron-electron scattering. The results are best described by a
dependence of Dt; on Tln(T~") which is expected for 2D transport in
a discorded medium dominated by electron-electron scattering.

to the value obtained by Hall measurements (ysiope =575 cm?V=1s71 to
Uhati =563 cm?V=1s~1 for G1166 at 4 K). It is therefore presumed, that the
B~12 dependence was not observed because the transition occurs at B>9T
and the B? dependence is overlaid by the weak localization peak at B<3T.
This allows to estimate the radius a of the discs, if the mean free path [,
obtained from the WL analysis is taken as [,. A possible radii range for
scatters of 7.5nm < a <100 nm was found. It has to be noted, that ppqy and
Usiope Were only comparable at 4K, and the model does no apply at higher
temperatures.

The dominating elastic scattering mechanism could not be identified directly
from magnetoresistance measurements. However, results from transport mea-
surements were compared to results obtained AFM and TEM and their
impact on the band profile. Atomic force micrographs showed atomically flat
terraces with a width of about 100 nm. Transmission electron micrograph
showed no additional dislocations incorporated during MBE growth. The
mean separation between dislocations is therefore 500 nm, corresponding
the nominal dislocation density of the substrate of 4x 108 cm™2. Both length
scales are higher than the mean free path of [ =31 nm, and interface rough-
ness or dislocations are therefore not the source of the dominant elastic
scattering process. The electron mobility at low temperatures should thus be
limited by fluctuations in the In content, which have been observed by TEM.
The impact of the possible scattering sources on the conduction band min-
imum (CBM) profile along the InGaN/GaN interface is illustrated in Fig-
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Figure 6.26: Illustration of the impact of atomic steps, a dislocation and indium
fluctuations on CBM of a 2DEG in a GaN/InGaN/AlGaN/GaN het-
erostructure. The profile of indium fluctuations was estimated from the
intensity of a transmission electron micrograph. The red line shows the
impact of a dislocation and of atomic steps only. The comparison with
the mean free path obtained from transport measurements suggest that
indium fluctuations mainly influence the transport in InGaN based
heterostructures at low temperatures.

ure 6.26. Atomic steps from surface roughness and dislocations were modeled
by 2D Schrodinger-Poisson calculations as was described in Section 5.3.
The profile of indium fluctuations was obtained from the intensity of TEM
micrographs. The amplitude of the fluctuations of Ax;, =0.04 for a total
indium content of x;, =0.12 was taken from literature [65]. It is observed
that the height of the potential change is comparable for steps and fluctu-
ations. However, it is evident that the variations in CBM induced by the
indium fluctuations dominate the potential landscape due to their profile. A
comparison with the mean free path shows suggests that indium fluctuations
are likely to be the source of the dominant elastic scattering that limits the
electron mobility in 2DEGs at low temperatures.
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SUMMARY OF OPTIMIZED GROWTH CONDITIONS

At this point, the optimization steps and growth conditions that produced
the best results are summarized.

Substrates were cleaned by acetone and 2-propanol in an ultrasonic bath
with low power. They were then heated at 200 °C for 10 min and at 600 °C for
10 min under vacuum. Before growth, the surface was treated with activated
nitrogen for 15min at 700 °C. No additional dislocations formed at the
substrate/MBE interface if this treatment was applied.

The nitrogen plasma conditions were 300 W at 0.5sccm for all structures.
The resulting growth rate at stoichiometry was 3 nm/min. The ratio between
molecular to atomic nitrogen was 1.5. These conditions guaranteed stable
plasma operation at relatively low powers to prevent damage from activated
nitrogen.

For GaN growth, T¢ =700 °C was chosen, because it is below the expected
decomposition temperature of 720 °C and results in the highest Ga diffusion
length. For AlGaN growth, T was not changed compared to GaN growth,
to reduce the growth interruption time.

The best results for GaN growth in terms of Ga-flux were achieved at the
bilayer/droplet transition. This point was identified by studies of the RHEED
intensity during Ga desorption. The flux was not changed for AlGaN growth.
Smooth surfaces and sharp interfaces were obtained for these conditions.
During GaN growth, the excess Ga was desorped every 7.5 min until only the
Ga bilayer was left on the surface. The modulated growth reduced droplet
formation, increased the reproducibility and the homogeneity and allowed
for better control of the growth parameters.

InGaN was grown between T¢ =590°C and T; =650 °C. This allowed for
sufficient indium desorption to prevent droplet formation and enable growth
under indium bilayer stabilized conditions, which gave the best results. In
the applied temperature range, x;, highly depends on 1-Ga/N, Ts and the
indium flux. This resulted in a poor reproducibility and homogeneity of the
indium content. The dependence of x;, on T limits the indium content in
InGaN layers grown under indium bilayer stabilized conditions to x;, =0.3.
A degradation of the surface was found for indium desorption, which coin-
cides with the observation of a v/3xv/3R30° reconstruction. The effect was
counteracted by covering the surface with a protective Ga adlayer throughout
growth. This resulted in smooth morphologies similar to GaN and AlGaN.
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SUMMARY, APPRECIATION AND OUTLOOK

In this work, the MBE growth of GaN (0001) based 2DEG heterostructures
with InGaN and AlGaN quantum wells was optimized with respect to the low
temperature electron mobility. For InGaN based heterostructures mobilities
as high as 1 =560cm?V~'s~" at 4K were obtained which is the highest
reported value for MBE grown material today. The mobilities were, however,
to low to investigate, e.g. the effective mass or spin transport effects. State of
the art results were achieved for GaN/AlGaN structures with a reproducible
mobility around p=20000cm?V~"s~" at 2K. For each material system, the
optimization process was studied in detail using in-situ RHEED. A number
of key aspects that significantly affect the electron transport were identified.
The dominating scattering processes in InGaN and AlGaN based two dimen-
sional electron gases were determined by magnetoresistance measurements
together with structural characterization.

Three optimization steps significantly improved the GaN (0001) quality: nitri-
dation of the substrate, modulated growth with desorption steps and a Ga/N
ratio at the bilayer-droplet transition. No additional dislocation formed at the
substrate/MBE interface after treatment with activated nitrogen at growth
temperature. Modulated growth monitored by in-situ RHEED improved the
growth in three aspects. First, the reqular desorption compensated the for-
mation of droplets from accumulating Ga under Ga-rich conditions. Secondly,
the homogeneity increased because the droplet formation on colder parts
of the sample decreased. Thirdly, the reproducibility and overall sample
quality increased because the desorption, which is characteristic for different
metal-rich growth conditions, was monitored during growth. This allowed to
compensate deviations in material fluxes and substrate temperature during
growth and over longer growth series. The electron mobility of GaN/AlGaN
structures showed a strong dependence on the Ga/N ratio with a maximum
mobility at the bilayer-droplet transition. The growth of thin AlGaN layers
with low Al content was carried out under Ga bilayer stabilized growth
conditions. The substrate temperature and the Ga-flux were not changed
compared to GaN growth to reduce the growth interruption time.

In order to achieve high electron mobilities, the heterostructures were
designed according to results of self consistent Schrodinger-Poisson cal-
culations. Maximum mobilities have been achieved around a sheet carrier
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density ng =2 x 10'> cm™2, which is in close agreement with the literature.
It was presented that such low densities can be achieved for a broad range
of AlGaN thicknesses for low Al contents.

The investigation of the low-temperature magnetoresistance provided insight
into the dominant scattering mechanisms and the potential landscape of
the two dimensional channel as visualized in Figure 7.1. Scattering times
were calculated from Shubnikov-de Haas oscillations. A comparison of the
transport relaxation time to the quantum relaxation time identified scattering
at dislocations as the dominating scattering process. The mean free path
verified that the number of dislocations is determines by the substrate.

As an application, AlGaN based pH sensors were studied. Such devices
operate at room temperature where scattering at phonons dominates the
transport. Structures for high sensitivity thus have to meet other requirements
than structures optimized for high electron mobility at low temperatures.
Therefore, heterostructures for high sensitivity were designed according to

| atomic steps from surface roughness |

|'Lndium ﬂuctuatlonsl

Figure 7.1: Visualization of the quantum well potential of a 2DEG in AlGaN and
InGaN along the GaN/AlGaN and InGaN/GaN interface for a 1x1pm
area. Dislocations limit the mobility for GaN/AlGaN quantum wells,
while indium fluctuations result in low mobilities for InGaN wells.



7.1 APPRECIATION AND OUTLOOK

the results of self consistent Schrodinger-Poisson calculations. Structures
with channels close to the surface showed high response to pH solutions and
are currently functionalized for drug screening at the university of Western
Australia in Perth.

Two optimization steps for InGaN significantly improved the mobility in
GaN/InGaN(/AlGaN)/GaN heterostructures: growth under In bilayer stabi-
lized conditions and the suppression of surface degradation through excess
Ga. Sufficient indium desorption is required for In bilayer stabilized growth
and the substrate temperature was thus increased above the decomposition
temperature of InN. In this temperature range, the In incorporation depends
on 1-Ga/N, the substrate temperature and the indium flux. The maximum
incorporable amount of indium was estimated by a novel RHEED method.
Because of the dependence on various parameters, a reproduction of the
indium content was challenging.

An investigation of the morphology of InGaN surfaces after indium desorption
revealed a post growth degradation. This coincided with the observation
of a V3xv/3R30° by RHEED. The effect was compensated by applying
excess Ga before and after InGaN growth. This resulted in atomically flat
morphologies and low dislocation densities, both being comparable to AlGaN
based heterostructures.

The contribution of holes to 2D transport was minimized according to the
results of Schrodinger-Poisson calculations. It was found that heterostruc-
tures with InGaN wells in which only a 2DEG forms, are limited to low
In content. By introducing an additional AlGaN layers, this range can be
extended. However, no reproducible improvement of the measured transport
data at low temperatures was achieved.

Despite the structural improvements, the low-temperature mobility remained
low in InGaN based heterostructures compared to AlGaN 2DEGs. Analysis
of the magnetoresistance at low temperatures showed a truly two dimen-
sional conductance with a mean free path of 30 nm. Calculations of the
band profile along the InGaN/GaN interface that took the results from TEM
measurements into account, suggested indium fluctuations as the source of
the dominating scattering processes for the applied growth conditions. This
is visualized in Figure 7.1. It is apparent that the fluctuations prevent a
further increase of the mobility by smoother interfaces or a lower dislocation
density.

7-1  APPRECIATION AND OUTLOOK

This work demonstrated how thorough optimization can increase the quality
of lll-nitrides. Several obstacles for the MBE growth of nitrides were pre-
sented, most of which were overcome. However, the limits that were reached
go beyond MBE growth optimization. In the end, bigger challenges remain
which the material system has been facing since the beginning. In the case
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of InGaN, they are fluctuations of the indium content. For AlGaN, it is the
lack of substrates with low dislocation densities.

A further improvement of the low temperature electron mobility of InGaN
based heterostructures by MBE is questionable. One approach to reduce
the fluctuations could be growth with a decreased indium diffusion. This
could be achieved by growth at lower temperatures. However, this results in
rougher surfaces. A compromise between fluctuations and roughness should
result in higher mobilities. Another approach could be an increased growth
rate which would reduce the surface diffusion of indium.

The electron mobility in AlGaN based structures at this stage of optimization
can only be increased by better substrates. The structures presented in this
work were grown on 3 pm MOVPE templates with dislocation densities of
4%108 cm™2. Thicker templates grown by MOVPE and HVPE with densities
as low as 107 cm™2 and recently available 2-inch bulk GaN wafers with
densities < 10° cm™2 promise better results.

A point of principle is, what profit an increased mobility would have. This is
different for InGaN and AlGaN. A further increase of the mobility in GaN/Al-
GaN structures grown by MBE requires better substrates, and therefore
comes with higher costs. Instead of a further MBE growth optimization of
GaN and AlGaN, future work in this field should therefore focus on new
applications. As an example, non toxic sensors were studied as part of this
work.

For device applications of heterostructures with InGaN wells, it is of lesser
interest to increase the mobility. The obvious application for high electron
mobility structures are transistors. In principle, InGaN structures promise a
higher mobility than AlGaN devices, because the effective mass of electrons
is lower in InN than in GaN or AIN. However, the 2DEG in GaN/InGaN/-
GaN forms within the InGaN layer, and is therefore subjected to alloy
scattering. The effective mobility in 2DEGs would thus be of the same order
in heterostructures with AlGaN and InGaN quantum wells, if the indium
fluctuations are fully suppressed. In addition, indium is an extremely rare
and expensive metal and will not be used for something other materials
can do just as fine. For optoelectronic devices, a suppression of the indium
fluctuations is not desirable. Areas with higher indium content are the source
of efficient radiative recombination. Therefore, there is no benefit for appli-
cations from an increased mobility by a reduction of the fluctuations.

From a research perspective, higher mobilities in InGaN 2DEGs are de-
sirable. If the mobility could be increased by only one order of magnitude
compared to the results obtained in this work, basic material properties, such
as the effective mass or spin-orbit interaction, can be accessed by electrical
measurements. This could be compared to results from other techniques in
order to improve the understanding of this material system, and motivates
future work on the MBE growth optimization of InGaN.
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LETS GET GROWING

A1 WELCOME TO THE SAMPLE WASH

If you want to grow high quality samples, and since you are one the very
very very few people | assume to read this, | bet you want do, you need a
clean substrate. The first step towards a clean substrate is a clean sample
holder. In the Veeco GEN |l MBE used in this work, the samples are mounted
onto molybdenum holders. Over time, these holder get covered with things
you deposited there, and other things you do not want there. Therefore,
the holder should be cleaned about every 6 month. In order to remove
heavy contaminations, the holder has to be ground. Afterwards, chemical
cleaning removes residuals from the grinding process. You can remove light
contaminations just chemically.

The chemical cleaning always has to be done by HCL and KOH, of course af-
ter one another. HCL removes metals, and KOH removes oxides and nitrides.
Molybdenum is hardly etched by both, and long treatments (about 30 min
and more) in non diluted HCL and high molar KOH solutions can be applied.
If possible, do this in an ultra sonic bath to support the process, but keep the
acid and base covered to prevent evaporation. After the chemical cleaning
the holder parts have to be rinsed in deionized water. Before mounting a
sample, the empty holder has to baked at 200 °C for some hours in the intro
chamber.

The cleaning process WILL change the effective temperature of the substrate.
From many growth cycles the holder was covered by thick layers of metals
and nitrides. When the layers are removed, the heat emission from the holder
changes drastically. For the same substrate, | observed temperature differ-
ences as high 50 °C in the reading temperature indicated by the temperature
controller. The substrate temperature should be changed accordingly. Do
so, by checking the desorption of a metal of your choice at a reference
temperature you checked before cleaning the holder. The same holds when
growing on a different sample holder. EVERY holder has a different heat
emission either by design or by growth history, and believe me, it is not
small.

For all the samples presented in this work, | used GaN templates from
LUMILOG with a dislocation density of 4 x 108 cm™2. These substrates
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showed good results. Before placing a big order of substrates from other
companies, the substrate quality should be checked on a test substrate. Grow
one AlGaN 2DEG on LUMILOG and one on the new substrate AS THE
NEXT SAMPLE. Do not let anybody else come between you and your work.
By the way, the same is also true for delicate growth series. Successive
growth will limit deviations of parameters you can not control or even think
of. Rate the new substrate according to the low temperature mobility. If in
the near future bulk GaN becomes affordable, BUY IT.

The substrates usually come epi-ready. Unfortunately, they have to be diced
before growth which results in a slight contamination. A cleaning with sol-
vents is enough to prepare them for growth. In this work, the following steps
were applied and yes, they were applied twice, but in different beakers:

1. 2min aceton with ultrasonic power 2

2. 2min aceton with ultrasonic power 2

3. 2min 2-propanol with ultrasonic power 2

4. 2min 2-propanol with ultrasonic power 2

5. blow dry with nitrogen QUICK and THOROUGH

During this process the sample must never dry by itself as this WILL result in
stains. For the same reason, the nitrogen pressure used to blow the sample
dry has to be as high as it is, so grab your sample tight. Otherwise it will join
many of my substrates in the gutter of the flowbox. Other solvent cleaning
procedures are possible. However, do not assume that a procedure works
without checking it. Control the surface by AFM and optical microscopy. Do
so after bake out, because this will represent the surface you grow on.
Now you can mount the clean substrate onto the holder, but do not take it
easily. The sample always has to be mounted in the same way. A tilt or a
shift results in a changed temperature of up to 20 °C. After mounting the
sample, heat it for 10 min at 200 °C in the load lock and for 10 min at 600 °C
in the buffer chamber. Long periods of heating produce a carbon covered
surface, so short times at higher temperatures are better.

When the sample is in the growth position, heat it up to the growth temper-
ature. After the nitrogen plasma is on, open the nitrogen shutter for 15 min.
This will remove containments from the surface.

A.2 WHERE STARS ARE BORN: THE GROWTH CHAMBER

This is where the magic happens. When working on the machine, always
remember: If you break it, many other people will loose it. As you probably
had a good instruction by one of your fellow coworkers, | only state very
few points here, you should bear in mind:



A.3 GAN THE GREAT

heat samples with a maximum ramp of 25 K/min.

heat effusion cells with a maximum ramp of 15K/min (except St
40 K/min).
do not flash GaN. If you heat it to high, it decomposes.

regenerate the cryogenic pump at least 4 times a year (better every
weekend).

never let the liquid metal effusion cells drop below or rise above their
melting point uncontrolled, as the crucible might break. For Ga this
means: heat is slightly if opening the growth chamber.

| wasted a lot of time, by starting the nitrogen plasma wrong. To spare you
this, here is the easiest way | found for my conditions:

1.
2.

CLOSE the ion pump valve.

open the molecular nitrogen supply.

. set the flux to 2.5sccm or higher, until the chamber pressure exceeds

1.5 x 1072 mbar.

. AFTERWARDS, start the high frequency generator at 300 W and

reduce the reflected power to zero.

. set the flux to 0.5sccm and wait, keeping an eye on the reflected

power.

. the pressure will decrease, because the flux was reduced. At some

point there will be an instant drop (around 8 x 10~% mbar) and the
reflected power jumps up. You are now in the high brightness mode.

reduce the reflected power to zero and check for the next 10 min if it
stays stable.

A.3 GAN THE GREAT

In the following, | describe the optimization that resulted in my best samples.

This is only a guideline, but it is a good point to start from. A sample
recipe is given in Table A.1. The substrate temperature stated in the table
is the temperature indicated by the temperature controller, it is not the real
temperature | stated during the main part of my thesis. If you are confused
see Appendix C.

After the 15 min of nitridation, a wetting layer of gallium is deposited to
start the growth under Ga-rich conditions. Then a loop of 7.5 min growth
and about 20 s desorption is started. During each loop, 25 nm of GaN grow
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)
o

Material Step Time[min] Ts[°C]

Nitridation 15 =~ 800

GaN Ga wetting layer 0.5 ~ 800

O|l0 @ @ O
OO0 @0 ez

GaN 75 ~ 800 Loop
Desorption 03 ~ 800
Desorption 2 ~ 800

Table A.1: Recipe for GaN growth.

for a nitrogen flux of 0.5sccm with a power of 300 Watts.

Chose a Ga-flux 1.4 times higher than the GaN stoichiometry (roughly
pep =2 x 1077 mbar at my time). You should choose the substrate temper-
ature according to the desorption observed by RHEED. After closing the
shutters for desorption, the RHEED intensity should rise within the next
20s. If it takes longer the substrate temperature needs to be increased. If the
desorption start right away the substrate temperature needs to be lowered.
For this method the first desorption step is usually misleading because
of the wetting layer deposited prior to growth. If nothing happens after
1 min start nitridating until the RHEED intensity increases and immediately
continue the growth. Start the adjustment of the substrate temperature with
the second desorption loop.

It is always better to have an idea about the temperature range prior to
growth. To evaluate the temperature roughly, deposit gallium on the template
for 30s. If the RHEED intensity did not drop to a constant value during this
time, the substrate temperature is way to hot. Decrease the temperature by
25°C and try again. If the RHEED intensity dropped to a constant value,
monitor the desorption. If it takes more than 1 min till the intensity changes,
the substrate is way to cold. Increase the temperature by 25°C and try
again. If the desorption starts within 1 min start the growth. During the GaN
loops the required adjustments should be in the range of only £10°C. Try
different RHEED directions or positions on the sample before making harsh
changes, as no detectable desorption can also be based on a non ideal
RHEED image.

The temperature adjustments during growth should only change the pro-
duced quality slightly, if the temperature was not to far off. For slightly non
ideal condition, the surface roughness only changes a little bit. Because the
roughness is only important at the interface towards another material, be
sure you have everything under control by then. If the substrate temperature
leads to no satisfying desorption, just keep growing and adjusting until
it does and then continue with your heterostructure. Note, the samples
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presented in the main part were grown under constant conditions. The steps
described here just represent a way to get started.

There is always the possibility, that you grew to metal rich, i.e. in the droplet
regime. You can check this right after the sample comes out of the machine.
Just wipe the tip of plastic tweezers over the grown sample. If this leaves a
trace, there are metal droplets on the surface and the substrate temperature
was to low. If you want to characterize a droplet covered sample, you can
remove the droplets with HCL if you like. This will only remove metals and
not etch nitrides.

A.4 ALGAN THE ALMIGHTY

AlGaN is easy to grow, if the layer is thin (<30 nm) and the Al content is
small (aa; < 0.25). Just open the Al shutter together with Ga and N after a
reqular GaN desorption step. For thicker layers and higher Al contents, the
Ga-flux should be reduced according to desorption just as for GaN growth.
Al is always preferably incorporated over Ga for c-plane AlGaN growth at
typical GaN growth temperatures. An easy example: There are 100 N atoms,
100 Ga atoms and 50 Al atoms. The results will be Alg5GagsN because Al
gets served first. All aluminium atoms bind with the available nitrogen and
gallium binds with the leftovers. This is why the Al content is given by the
Al/N ratio. If you know the stoichiometry of ALN, the Al content is equal to
the fraction of the stoichiometric Al-flux.

Material Step Time[min] Ts[°C] Ga Al N
Nitridation 15 ~800 O O @
GaN Ga wetting layer 0.5 ~800 ® O O
GaN 7.5 ~80 ® O @ Loop
Desorption 0.3 ~800 O O O
AlGaN  AlGaN growth 6 ~80 ® ©® ©®
GaN GaN 15 =800 @ O @
Desorption 2 ~80 O O O

Table A.2: GaN/AlGaN/GaN recipe
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LETS GET GROWING

A.5 INGAN THE TERRIBLE

InGaN is way more feisty than GaN or AlGaN. There is still a lot to do,
but this is as far as | got. One more thing before we start: InGaN with low
indium content is yellow. Because it absorbs in the blue, all sample you
have successfully incorporated indium into, will appear yellow to the naked
eye. If you compare it to GaN templates, you can see the difference in color
for InGaN layers thicker than 10 nm. This is extremely useful if you grow
at high temperature conditions, as you can check straight away if indium
was incorporated or not. You should always double check with XRD, but it
is still useful.

The hardest thing to control is the indium content, as it depends on the
substrate temperature, the In-flux and the Ga-flux. You should therefore
perform a RHEED study on a different sample before growing a series of
samples. The following describes the growth with 10% In content, as an
example.

First, find the GaN stoichiometry. Afterwards, chose a Ga-flux which cor-
responds to 90% of the stoichiometric flux for the following InGaN growth.
Then chose an In-flux of about pgep =3 x 10~/ mbar. Do a RHEED study
of the desorption with this flux depending on the substrate temperature.
Start around 50 °C below the GaN growth temperature. Grow InGaN for
2min and monitor the desorption. Reduce the substrate temperature until
the growth is carried out under droplet conditions. At these conditions grow
InGaN for 10 min. If the sample grown appears yellow to the naked eye, the
conditions were right and the actual sample can be grown. If it is not yellow,
either the substrate temperature was to high or the Ga/N ratio was higher
than one. Try again.

During the growth of InGaN based heterostructures a protective gallium
layer has to be present on the surface at all times. To do so, open the Ga
shutter for about 1 min after the last Ga desorption step of the modulated
GaN growth. Start to cool down the substrate during this deposition to the
InGaN growth temperature obtained from the RHEED study. During the
cool down Ga must not desorp, which has to be checked with RHEED and
counteracted by the deposition of more Ga if necessary. While the sample
cools down, the Ga-flux has to be reduced to Ga/N=0.9.

If at the InGaN growth temperature, deposit In for 30s. Now you have to
get rid of the Ga adlayer, as it keeps indium from being incorporated. |
tried various approaches here. One was, to let gallium desorp under excess
indium. Another was to start growth by opening In + Ga + N. In the following
| focus on a third approach, which is the easiest, but might not be the best.
It implies that InN does not grow at the applied substrate temperature. If at
some point, the fluctuations should not be the dominant scattering process
anymore, this step should be reconsidered.

Open nitrogen in addition to indium and watch the RHEED intensity. At
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some point the intensity should go down. The Ga adlayer is now gone. If
you now open Ga, InGaN starts to grow. After InGaN growth, first close only
N. After some time close In and close Ga a little bit later. This ensures that
the protective layer is present at all times, even if In should desorp quickly.
Afterwards, the sample is heated up to GaN growth temperature. During
this time the Ga adlayer must not fully desorp. Check this by RHEED and
deposit additional Ga if necessary. If a RHEED reconstruction is observed
during the hole InGaN growth process, the sample is done for.

Material Step Time[min] Ts[°C] Ga In N
Nitridation 15 =80 O O®@
GaN Ga wetting layer 0.5 ~800 ® O O
GaN 75 ~80 ® O @ Loop
Desorption 0.3 ~800 O O O
Adlayer  Ga layer 1.0 ~80 ® O O
T down 30 =70 O OO
In layer 05 =~70 O @ O
Nitridation ~10 =70 O ® @
InGaN InGaN growth 6.0 ~70 ® ® ®
Adlayer  Ga+In layer 02 =x~70 ® ® O
Ga layer 0.5 ~700 ® O O
T up 40 ~800 O OO
GaN GaN 15 =~8o ® O®
Desorption 2 ~800 O O O

Table A.3: Recipe for GaN/InGaN/GaN growth
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B4 THE HOMEBREW SOFTWARE

The software used in our group is self written. | think it is working quite
fine, but feel free to do further modifications if you want to increase the
functionality or the stability. It is written in visual basic 6.0 and uses some
external packages for the camera, the graphs and for live fitting of profiles.
A little problem came up in the last year, when we upgraded the RHEED
computer to Windows7. VB6 does not run well under Win7 and | tried to
upgrade to .NET. This is complicated, as some packages are not compatible.
You could program in the XP-mode, but the firewire camera does not work
in this virtual system. | have to leave you with this problem, and suggest
you program on another machine, if you cannot fix it.

The software works in the following way: An image is acquired from the
camera. The image data is then passed to several classes that process the
data. Only after all desired processes are completed, the next image is taken
from the camera and the cycle starts over. The frames processed per second
is therefore mainly limited by the amount of processing done at the same
time.

If you start the software you will find a toolbar at the top of the window
which is shown in Figure B.1. Some buttons are disabled, and will only be
enabled as it makes sense, e.g. the intensity can only be saved if the data
is processed. In the following, | will just describe some options and leave it
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Figure B.1: RHEED Software Toolbar
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up to you to try the rest.

By pressing play, the images from the camera are acquired. You can change
the size of the image by choosing a Region Of Interest (ROI). There are
two buttons to take pictures. One will immediately save the picture on the
screen, the other will take a series of pictures. You can place three intensity
frames, from which the sum of the intensity can be plotted over time. You
can place one profile frame, which gives you the sum of the intensity along
the width or heigth of the frame. If you want to process the spacing between
reflexes, you can choose strain. This will allow you to place two regions in
the profile window. Within each region, the software looks for a maximum
and fits a peak to it. It then gives you the distance between the two peaks
in pixel. This allows to measure the distance between the two peaks with a
sub-pixel accuracy.

Before you can save data or images you have to open the file dialogue. Here
you can create or choose a directory. After doing so, always press change
working directory. You can change the filenames individually or change the
sample name and press change. The data you save will never be overwritten.
As soon as you press one of the save buttons, the data will be saved in the
file you specified. If you press t=0 the time will be set to zero and a new
file will be created.

On the right hand side of the main window you will find a sidebar. Here
you can switch on a noise filter, which takes the average over an amount
of frames in order to decrease the noise signal. By clicking on device, you
can access the camera options, in case you have lost the connection. The
settings button, opens a dialogue for the camera setting as provided by
the manufacturer. Here you can change important things like zoom, focus
and exposure. In the sidebar you can define the time interval for image
series and profile saving in seconds. The default is 10s. After you made
a change, remember to press update. Under graphs, you will find a slider
which changes the time scale of the intensity and strain graph. In the profile
data section you can define whether the profile is taken along the width of
the profile frame or along the height by selecting vertical of horizontal. It is
also possible to substract a background in order to decreases the noise level
in the profile data. You are also able to subtract a Gaussian profile, which is
fitted to three or more points, by selecting filter. You can define the points
in the profile window by pressing set. The last box in the sidebar is used
to specify the peak finding in the profile window, in order to process the
strain. By pressing set left max or set right max, you enable the positioning
of a region for peak search in the profile window. You can change to interval
within which the software looks for a peak. Remember not to choose the
intervals to small, as the peak positions mighty change over growth time
and leave the processed region.

So much for the software. The next section presents a short manual on how
to acquire good data.
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B.2 SMILE: HOW TO GET A GOOD IMAGE

First you have to turn on the electron gun. Do so, by switching the controller
on and increase the voltage in 1V steps and the current in 0.1 A steps every
10s until you reach 145V and 1.4 A. This is close to the upper voltage
and current limit of E-gun. These settings result in bright images. You can
choose lower values, as long as the image stays bright enough.

The controller of the E-gun has five parameters: gain, focus, x-deflection,
y-deflection and rocking angle. | cannot say which values are good for your
measurement, so try around a little bit. | can however illustrate the process
of getting a good image.

In order to adjust the beam, you first have to get the undiffracted spot onto
the screen by changing x-deflection. If it is well focused it should look like
the spot shown in Figure B.2. You can get a well focused spot by adjusting
grind and focus. Afterwards, use x- and y-deflection to move the spot onto
the sample.

Now you have to rotate the same holder, in order to find the pattern you
want to look at, which is usually one of the highly symmetric patterns. During
rotation of the sample the intensity will change. You should compensate this
by readjusting x- and y-deflection to be able to compare the brightness of
patterns that repeat every 60 °. You should look for the brightest pattern you
find. If you want to measure the strain, consider tilting the sample towards
negative angles. This implies that the molecular beams will hit the sample
under a non ideal angle, so keep the tilt small (< 3°). By tilting the sample,
the pattern moves deeper into the screen. Sounds strange, but you know
what | mean when you see it.

If you found a pattern you like, use the y-deflection to check the impact of
the sample holder prints. In some patterns you will see them moving through
the image as shadows. Try to stay away from them. If you see them, you will
probe a part of the sample which is very close to the holder and which is
thus much colder than the rest of the sample. This might produce misleading
results.

The rocking angle has to be adjusted as well. This is the inclination of the

Figure B.2

Focused and undiffracted E-beam
spot. Make sure the rings are as
sharp as possible, by tuning grid
and focus, before moving the spot
onto the sample.

137



138

RHEED 101

E-beam onto your sample. If you want to be very surface sensitive, choose
a small rocking angle. If you have trouble with artifacts from the sample
holder, try to choose a larger angle. The angle also influence the area you
probe with the beam. For smaller angles, the beam is in contact with the
sample over longer distances. So if you choose a very small angle on a small
sample, you will have large contributions from the edges of your sample.
Therefore, | usually used intermediate angles.

Once you have a bright, symmetric pattern without artifacts of the holder,
you can place the frames. The software allows you to place three intensity
frames, and to get the most out of a measurement you should place all
three. An example of how | used to place the intensity frames is shown in
Figure B.3. | always placed two frames on the specular spot and one on
a diffraction or reconstruction spot. The key to good intensity data is to
know that you want to measure a change in the intensity. Therefore, do not
place a frame on an area which is already at maximum intensity, as you
probably see no reaction if the intensity increases or is decreased slightly.
A frame that covers an area which has almost no signal compared to another
area on the same reflex is not a good choice either, because it will show no
change if the intensity is lowered. It is always good to try different frames
and change them during a test run in order to see which selection results in
the biggest intensity change. Do not vary the frames during measurement
series like desorption studies, as you will not be able to compare the data
at, e.g. the beginning and the end of your measurement.

In Figure B.3 a profile frame is shown as well. This is used to measure the
distance between two reflexes. The upper part of the pattern is always a
good choice. Here, the background signal from the specular spot is low, and
the fitting procedure gives more reliable results.

This was just a guideline for you to get a good RHEED image. Always try
to vary some of the parameters and see what works best for you.

profile frame

intensity frame

Figure B.3: Example of intensity and profile frames. Profile frame on to of your
pattern, this minimizes the influence of the background. Intensity frames
only partially on the specular spot, as it is to bright to monitor changes.
Just make sure you have some signal left if the pattern gets very dark.



HOT OR NOT: ABSOLUTE SUBSTRATE
TEMPERATURE

The substrate temperature is a very important parameter in MBE growth.
Differences of only a few degrees can change the growth conditions drasti-
cally. While the temperature can be controlled precisely, the absolute value
of temperature is hard to access. This parameter becomes important when
growing on different substrates and sample holders, and when comparing re-
sults to the literature or doing quantitative analysis. Usually the temperature
in MBE is measured by pyrometers. This is not possible for our templates,
which consist of GaN grown on sapphire. Both material are transparent for
the wavelength range detected by the pyrometer and the temperature of the
substrate cannot be probed by this technique. Even if a substrate suitable
for pyrometric measurements is used, the temperature of the GaN surface
will be different from the obtained value. This chapter therefore addresses
the absolute temperature measurement of a GaN surface.

In the Veeco GEN Il system used in this work the reading temperature
gives the temperature of a resistance heater which is not in direct contact
with the sample. The efficiency of the heat transmitted from the heater to
the sample depends on various parameters, such as the size of the sample
and the emission from the sample holder. The latter is very sensitive to the
holder geometry, the coverage with material from previous growth cycles
and even to small changes in the way a substrate is mounted.

The deviations of reading and absolute surface temperature are as high
as 200 °C. In this chapter | present two methods to obtain the absolute
temperature of the substrate. The first is based on RHEED and a pyrometric
reference measurement and was used in this work. The temperature values
obtained by this method compare well with temperatures reported in the
literature for, e.g. GaN decomposition or optimum growth conditions for
GaN. It is however not suited for in-situ temperature control. The second
method is based on optical band edge absorption [139, 140]. The setup for
this technique is still under construction.
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C1 OLD SCHOOL: RHEED

RHEED enables to get the absolute temperature right on the surface of
a sample together with a reference measurement. The reference sample is
measured with a pyrometer and is calibrated according to the melting point
of aluminium deposited on the surface. In this work a template with 400 nm
molybdenum deposited on the backside was used. A study of the desorption
of gallium and indium is then used to assign the calibration to other samples.

With RHEED one can monitor the amount of metal on the surface and the
state which it is in. For the calibration we will use the solid-liquid transition
of aluminium at 660 °C. The first step of the calibration is to observe the
melting of deposited Al. Grow some GaN first, in order to have a surface
comparable to one you are usually working with. In principle, seeing Al melt
is easy. However, in order to precisely measured it by RHEED, a series of
steps has proven useful:

1. choose your RHEED spot to be in the middle of the sample (brightest
when on 1x1 cm?).

2. deposit Al at a low temperature (Ts =300 °C) for about 1 min with
T4 =1025°C till you clearly observe Al reflexes as shown in Fig-
ure C.1.

3. heat up, while checking the substrate temperature and watch the Al
reflexes with RHEED.

4. stop when you are sure that all Al reflexes are gone and cool down
again till you are sure that you can see Al reflexes again. Go some
10 °C further down.

5. place 2 intensity frames on the Al reflexes and one on GaN as a
reference and the profile frame at the very top of the Al pattern to
monitor the strain.

aluminium

Figure C.1

RHEED pattern of a thin solid alu-
minium layer ontop of GaN (0001).
The intensity of the aluminium re-
flexes decreases during aluminium
melting.
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Figure C.2: RHEED strain signal over time during substrate heating with 5 K/min.
The point when the trend does not follow the linear trend, which is
observed because of the increasing temperature, gives the melting point
of aluminium.

6. now heat up the substrate with a ramp no higher than 10 K/min, safe
intensity and strain and write down the starting temperature at t =0.

7. your intensity and strain will change over time according to the
temperature ramp chosen.

8. at some point you will observe a change in the slope of the intensity
and the strain, but keep going just a little longer.

9. the recorded data should look like Figure C.2. You can now determine
the time when the melting started and can derive the melting point
using the starting temperature together with the temperature ramp.

This will also work with lowering the temperature, but the result will differ
by around 20 °C. The reason is the lower temperature at the edges of the
sample. With RHEED you can only precisely measure the first change of the
signal. When heating up, the metal in the center of the sample will melt first,
as this is the hottest area. When cooling down, however, crystallization on
the edges will be monitored, as they are colder and will start to crystallize
first.

The value of the Al melting is then used to calibrate the pyrometer. Set
the substrate temperature to the value where you observed to melting of
aluminium. Then change the emissivity value of the pyrometer until you
obtain 660 °C. The pyrometer is now calibrated to the melting point of Al
on the GaN surface.

We are not done yet. In order to use the calibration on other samples,
some reference points are needed. You can obtain some, by monitoring the
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Figure C.3: Reading substrate temperature for a standard GaN template and a
GaN template with a 400 nm molybdenum backcoating over calibrated
pyrometric temperature. Strong deviations between the absolute tem-
perature measured by the pyrometer and the reading temperature are
observed. The temperature range for desorption of indium and gallium
is indicated.

desorption time of Ga and In at various calibrated temperatures. Choose
a certain flux and write down the desorption time and the corresponding
calibrated pyrometer temperature. By repeating this desorption studies on
other sample holders and on substrate without back coating, the temperature
calibration can be assigned to other sample holders or substrates.

The temperature calibration used in this work is shown in Figure C.3. It gives
the reading temperature of a standard GaN template and a molybdenum
back coated template over the calibrated pyrometric temperature. You notice,
that the reading temperature is far higher than the absolute temperature. If
you have not done this calibration for your sample holder or substrate, bare
this in mind during discussions and while reading literature. The figure also
indicates the temperature range for the desorption time measurements.

C.2 NEW SCHOOL: BAND EDGE ABSORPTION

Band edge absorption is a more precise way of measuring the absolute
temperature and can also be applied in-situ. The basic setup of this technique
in MBE is shown in Figure C.4. Light shines onto the sample and the diffuse
reflected light is analyzed by a spectrometer.

The spectrum of the reflected light will show an absorption edge as depicted
in Figure C.5 a). Light with energies above the band gap will be absorbed,
while light with lower energies will be reflected. The band gap can thus be
determined by this spectrum. As the band gap energy depends on temperature,
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Figure C4

Setup for band edge ab-
sorption measurement.
Light is focused onto
the sample through a
viewport. The diffuse re-
flected light gets de-
tected via a viewport
which is not affected by
directly reflected light.
The signal is then ana-
lyzed by a spectrometer.

as shown in Figure C.5 b) for wurtzite GaN, so does the spectrum of the
reflected light. This temperature dependence can either be taken from the

literature or it may be calibrated.

This setup is still under construction in our MBE system. The spectrometer
and the optics to collect diffuse reflected light are already installed. Example
measurement with an UV lamp for lithography showed, that for our templates
a wavelength between 380nm and 450 nm has to analyzed. However, a
lithography lamp is not designed for long exposures. At this stage, we are
still looking for an affordable lamp with the desired wavelength range which
is bright enough to produce good signals in the spectrometer.

b) 35

a)

band gap (eV)

diffuse reflected light intensity

absorption edge

32

wurtzite GaN

wavelength 0

200 400 600
temperature (K)

Figure C5: a) illustrated data for an absorption edge measurement: intensity of
the diffuse reflected over wavelength. b) band gap of wurtzite GaN over

temperature [141].
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