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Abstract

MOVPE GROWTH AND CHARACTERIZATION

OF GROUP-III NITRIDES USING

IN SITU SPECTROSCOPIC ELLIPSOMETRY

von
Torsten Schmidtling

Das Ziel dieser Arbeit ist die Untersuchung der Wachstumsmechanismen der Grup-
pe III-Nitride GaN und InN in der metallorganischen Gasphasenepitaxie (MOVPE) mit-
tels spektroskopischer Ellipsometrie (SE) in situ. Dabei ermöglicht SE einen direkten
Zugang zu den Materialparametern wie Bandlückenenergie, Bandlückenverbreiterung,
Schichtdicken- oder Rauhigkeitsentwicklung bereits während des Wachstumsprozes-
ses. Das Verfolgen der Änderungen dieser Materialparameter in direkter Abhängigkeit
der gewählten Wachstumsparameter erlaubt ein tieferes Verständnis der zugrunde lie-
genden Wachstumsmechanismen und eine gezielte Steuerung des Wachstumsprozes-
ses.

Beim Wachstum von GaN auf Saphir mit einer Gitterfehlanpassung von 16 % hängt
die Qualität der epitaktischen Schicht stark von der Präparation des Substrates und
der Nukleationsschicht ab. Hier zeigt SE, daß der Nitridierungsprozeß des Saphirs
unter Ammoniak bereits bei 800 ◦C beginnt und sich nach etwa 10 min bei 1060 ◦C
eine kristalline, 4 nm dünne Schicht AlN gebildet hat. Das Nukleationsschichtwachs-
tum selbst kann sehr sensitiv auf die kristalline Zusammensetzung in Abhängigkeit
der Wachstumsrate und des V/III Verhältnisses gesteuert werden. Bei der thermischen
Nachbehandlung der Nukleationsschicht zum Erreichen der Wachstumstemperatur für
die Epitaxieschicht (annealing) wird mit SE eine Phasenumwandlung von kubischem
zu hexagonalem GaN beobachtet. Diese ist allerdings mit Erreichen der Schichtwachs-
tumstemperatur abgeschlossen. Eine Langzeitbehandlung verschlechtert die Qualität,
die Nukleationsschicht desorbiert. Auch ermöglicht SE die Einflüsse von Umgebungs-
parametern wie z. B. der Reaktorbelegung zu quantifizieren und die dadurch veränderte
Wachstumsrate der Nukleationsschicht zu korrigieren. GaN Epitaxieschichten, die auf
so optimierten Nukleationsschichten gewachsen werden, zeigen niedrige Röntgen-
Halbwertsbreiten, ausgeprägte Photolumineszenz gebundener und freier Excitonen so-
wie atomar glatte Oberflächen. Sie sind von hoher Qualität.

Die Untersuchungen des Wachstumsprozesses von InN auf Saphir mittels spek-
troskopischer Ellipsometrie offenbart deutliche, prinzipielle Schwierigkeiten der InN-
Epitaxie. Durch die niedrige Bindungsenergie von InN und die hohe Bindungsenergie
des Precursors Ammoniak ensteht ein nur sehr kleines Wachstumsfenster im Bereich
von 500 ◦C unter extrem hohem V/III Verhältnis. Außerdem führt die sehr hohe Gitter-
fehlanpassung von fast 30 % bereits während der Epitaxie zu spannungsinduzierten De-
fekten. Diese Defektbildung und die damit verbundene kritische Schichtdicke werden
in Folge des Übergangs vom 2-dimensionalen Schichtwachstum zu 3-dimensionalem
Inselwachstum bereits in situ durch eine drastische Änderung der Wachstumsrate be-
obachtet. Schließlich zeigt die effektive dielektrische Funktion von epitaktisch gewach-
senem InN eine Absorptionskante bei 1,05 eV sowie drei intensive Strukturen, die
höheren Interbandübergängen im Bereich von 4,85 eV, 5,40 eV sowie 6,17 eV zuge-
schrieben werden. Diese Werte entsprechen in guter Näherung theoretischen Berech-
nungen der Energien der Übergänge an Symmetriepunkten der Brillouinzone des InN.





Contents

1 Epitaxial growth techniques for group III-Nitrides 5
1.1 MOVPE growth of GaN . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.2 MOVPE growth of InN . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.3 (PA)MBE growth of GaN . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2 Spectroscopic ellipsometry 19
2.1 In situ ellipsometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.2 Ex situ DUV ellipsometry . . . . . . . . . . . . . . . . . . . . . . . . 24

3 The dielectric function 25
3.1 Theoretical description . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2 Calculation of optical properties . . . . . . . . . . . . . . . . . . . . . 28

3.2.1 Optical layer models . . . . . . . . . . . . . . . . . . . . . . . 28
3.2.2 Dispersion relations . . . . . . . . . . . . . . . . . . . . . . . 30

3.3 Examples for influences of sample properties on the dielectric function 33

4 Epitaxial growth of GaN on sapphire (0001) 37
4.1 Nitridation of the sapphire substrate . . . . . . . . . . . . . . . . . . . 40
4.2 Growth of GaN nucleation layer . . . . . . . . . . . . . . . . . . . . . 42

4.2.1 Influence of the V/III ratio . . . . . . . . . . . . . . . . . . . . 44
4.2.2 Influence of the reactor setup . . . . . . . . . . . . . . . . . . . 49

4.3 Annealing of the nucleation layer . . . . . . . . . . . . . . . . . . . . . 54
4.4 Growth of GaN epitaxial layer using ammonia . . . . . . . . . . . . . . 59
4.5 Growth of GaN epitaxial layer using tertiarybutylhydrazine . . . . . . . 61

5 Characterization of GaN surfaces in MOVPE and (PA)MBE 65
5.1 Preparation of different GaN-surface stoichiometries in MOVPE . . . . 71
5.2 Preparation of different GaN-surface stoichiometries in (PA)MBE . . . 76
5.3 The GaN dielectric function in (PA)MBE . . . . . . . . . . . . . . . . 78

5.3.1 Preparation of gallium rich surfaces . . . . . . . . . . . . . . . 79

i



ii CONTENTS

5.3.2 Preparation of nitrogen rich surfaces . . . . . . . . . . . . . . . 83
5.4 Comparison of the GaN growth surfaces in MOVPE and (PA)MBE . . . 85

6 Growth of InN on (0001) sapphire 87
6.1 In situ growth observations for InN/sapphire . . . . . . . . . . . . . . . 87
6.2 Ex-situ characterization of InN/sapphire . . . . . . . . . . . . . . . . . 93

7 Dielectric function of InN 99
7.1 Determination of the InN bandgap . . . . . . . . . . . . . . . . . . . . 101
7.2 Oxidation effects in InN . . . . . . . . . . . . . . . . . . . . . . . . . 104
7.3 Band critical point analysis of InN . . . . . . . . . . . . . . . . . . . . 107



Introduction

This work deals with the epitaxial growth and growth characterization of the binary
group-III nitrides gallium-nitride (GaN) and indium-nitride (InN) using Spectroscopic
Ellipsometry (SE) for growth monitoring. As epitaxial growth is usually performed in
metal-organic vapor phase epitaxy (MOVPE) on highly lattice mismatched substrates,
a detailed analysis of the growth mechanisms and the growth process requires in situ
optical techniques. SE is the method of choice here which allows determination of
epitaxial layer properties during growth from the sub-nm to micrometer scale. To com-
pletely understand the results attained in MOVPE, SE is used for comparison to other
growth techniques. Additional experiments are performed in plasma-assisted molecular
beam epitaxy (PA)MBE in a vacuum environment to access to the structural properties
of the sample surfaces during growth via electron based characterization methods.

The outstanding performances of nitrides such as AlN, GaN and InN has been of
major interest to researchers all over the world. They cover a vast spectral range in their
band gap energy from 6.2 eV (200 nm) down to approx. 0.7 eV (1770 nm) through al-
loying making them promising candidates for all kind of optical applications while the
”classical” III-V materials as well as the II-VI compounds are limited in their spectral
range as shown in Figure 1. For example the use of blue laser diodes in data storage led
to an increase in DVD capacity up to 50 GB as demonstrated by Sony corporation this
year [1]. Additionally their strong ionicity resulting in high binding energy together
with high saturation drift velocities and breakdown voltages enables high power, high
frequency operation under extreme conditions up to 300 ◦C [2, 3]. For more detailed
information on III-nitride properties and their applications several comprehensive re-
view articles and textbooks exist [4–10] which also show the steady improvement in
material and device quality.

But many questions still have to be solved in the field of III-nitrides growth and
their fundamental properties. This concerns the growth mechanisms in heteroepitaxy
on highly mismatched substrates such as for the well established material, GaN, grown
on sapphire and control of the growth process as well as the determination of the funda-
mental properties of the ”new” material InN. For the latter the energetic position of the
band edge is still a subject of discussion. The change from formerly assumed values
of 1.8-2.1 eV [11] to the nowadays more accepted 0.6 to 0.8 eV [12, 13] is mostly due
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Figure 1: Survey of the most commonly used semiconductors and their fundamental band gap
energy vs. lattice constant. While the II-VI compounds cover a spectral range with its centre
in the UV, the ”classical” III-V´s are more dedicated to the vis-IR range. The group III-nitrides
have the capability to do both with InN in the center of interest obviously having a fundamental
band gap energy in the IR. Commonly used substrates for nitride heteroepitaxy like SiC and
sapphire are included, too. For details of the sapphire lattice and band gap parameters and the
epitaxial relationship see chapter 1.

to drastic improvements in epitaxial growth techniques setting oxygen incorporated
during growth as the most likely candidate for the large discrepancies [14, 15]. But
the layer grown are still highly defective and the situation is reminescent of the early
nineties when GaN growth was improving every day.

Additionally the search for non-harmful materials with variable band gap energies
for e. g. solar cell applications [16] drives the research in this field. But epitaxial growth
problems like the existing miscibility gap in nitride alloying have to be solved to achieve
this aim. These unsolved questions and their related problems are the motivation for the
work to be done: understanding and thereby improving the nitride growth in MOVPE
through gaining detailed insight into the processes on a microscopic to atomic scale and
determining the exact material properties, as in the case of InN. Therefore the use of an
optical instrument like spectroscopic ellipsometry is one way to observe and investigate
the growth in a gaseous environment like MOVPE where electron based methods, such
as RHEED or LEED used in MBE, fail. It has been already shown from Nakamura
in the early 90’s that the use of in-situ techniques for device growth leads to drastic
improvements [17, 18] resulting in a world leading position in GaN and InGaN based
LED’s and LD’s growth.
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This work is divided in three parts:
The first part gives a short overview on the specialities of group-III nitride growth.
Spectroscopic Ellipsometry (SE) as a technique for measuring thin film properties and
its application to the growth setup will be described and the evaluation of the measured
effective dielectric function will be highlighted with some examples.
In the second part detailed investigations during GaN growth are performed with in-
situ SE to analyze the GaN growth procedure. Furthermore SE is used to determine
surface conditions in MOVPE via a direct comparison with (PA)MBE growth allowing
a detailed insight into surface stoichiometry in MOVPE.
The last part is dedicated to the ”novel” material, InN, where again ellipsometry reveals
its capability to improve epitaxial growth while simultaneously determining fundamen-
tal material properties with high precision.
Finally the fundamental results which can be drawn from in situ ellipsometry are
summed up.





Chapter 1

Epitaxial growth techniques for group
III-Nitrides

Metal Organic Vapor Phase Epitaxy (MOVPE) is the method of choice for high quality
mass production of group III-nitrides. This is caused by several reasons: just like MBE
MOVPE is capable of growing layer with atomically flat surfaces, sharp interfaces and
thicknesses in the range of monolayers. The main advantage beyond MOVPE is the
possibility of nearly unlimited up-scaling of the growth environment. While in MBE
the molecular beam diameter sets the limits for the maximum wafer size this can be
easily expanded in MOVPE. The precursor flux transported through the gas phase can
be enhanced while the reactor chamber is enlarged only under consideration of ther-
modynamic calculations ensuring the suitable temperature profile and decomposition
ratio of the precursor. MOVPE growth setups for 95 × 2′′ wafer size are commercially
available [19]. Further advantages are the higher growth rate in MOVPE in the range of
1 to 5µm/hour and the easy wafer loading into the reactor compared to the ultra-high
vacuum environment in MBE. All this can improve yield in MOVPE easily by an order
of magnitude.

Since up to now no homoepitaxial substrates for GaN growth are available for rea-
sonable prices and in useful sizes heteroepitaxy has to be performed on alternative
substrates with a high lattice mismatch. That is why the growth method requires a
special procedure depending on the substrate used as it is described in more detail in
chapter 4. The resulting layer still suffer from a high dislocation density in the range of
108/cm2 (or even more in the case of silicon substrates). The dislocation density can-
not be reduced below 107/cm2 even with great epitaxial expenses like low temperature
multi-buffer approaches [10, 20] or much below 106/cm2 using epitaxial lateral over-
growth (ELOG, LEO) [21] or PENDEO-epitaxy [22, 23] (which is a similar approach
as ELOG but starting from the side walls of a micro structure on the substrate). For
comparison: dislocation densities on GaAs or silicon homoepitaxy are as low as 102 to
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104/cm2 or almost zero (F. A. Ponce in [4], p.123). Despite these handicaps the nitrides
convince with high optical output, low resistivity and high electron mobility which is
mainly due to their high ionicity and small excitonic radii which allow radiative recom-
bination even in the presence of high defect density.

For successful growth of III-nitrides several alternative substrates are available.
These are mainly the cheap but non-conductive sapphire (Al2O3), conductive silicon-
carbide (SiC-6H) or since a few years Si (111) which can be either isolating or p- or
n-doped. The main problem besides the lattice mismatch when using silicon as sub-
strate is to prevent the meltback-etching during nitride epitaxy. This can be done by
inserting an appropriate inter layer like e. g. AlN or grained Al2O3 which both can be
achieved by either nitriding or oxidizing a thin AlAs epilayer deposited on the sili-
con substrate. A recent review to overcome the problems in GaN epitaxy on silicon
is given in [24]. The most perfect substrate regarding lattice mismatch could be the
lithium-gallate (LiGaO2). Unfortunately its thermal stability is limited, favoring GaN
epitaxy with alternative nitrogen precursors at reduced growth temperatures. Unfor-
tunately lower growth temperatures still produce epilayers of lower crystalline quality
[25]. In case of InN growth the search for alternative substrates revealed GaP(111)B as
a possible alternative but still a nucleation layer has to be grown prior to the epilayer
because of the 8 % lattice mismatch [26]. In Table 1.1 an overview is given for the com-
mon substrates together with their respective structural data and their lattice mismatch
compared to GaN. At the end of this table AlN and InN structural data are shown for
completeness. In this work growth of GaN and InN will be performed solely on hexag-
onal (0001) sapphire since this is still the standard substrate for device production.

Material Lattice const. Lattice const. Mismatch Therm. exp. Enthalpy
a (Å) c (Å) (%) (10−6/K) (∆ H)

GaN 3.189 5.185 – 5.59 -1.08

Al2O3 4.758 12.991 -33.0 7.5 –
SiC - 6H 3.08 15.12 +3.5 4.2 –
Si (111) 3.804 3.804 -17.0 2.59 –
LiGa02 A=5.4, B=6.4 5.007 +0.1 A=11.0, B=1.7 –

AlN 3.111 4.180 +2.5 4.2 -3.13
InN 3.54 5.704 -11.0 3.4 -0.21

Table 1.1: Comparison of the substrates typically used for III-nitride growth and their respec-
tive lattice mismatch to GaN after [24]. Thermal expansion is averaged for a and c. Additionally
the Gibbs free energy of formation for the nitrides AlN, GaN and InN is given after [27].

Furthermore the Gibbs free energy of formation ∆H for the nitrides is given show-
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ing thermal stability decreasing from AlN over GaN to InN. This is one explanation
for the problems in successfully growing InN epilayer. Comparing the lattice constants
of GaN and sapphire the relative difference appears to be 33%. The actual lattice
mismatch from only 16.1 % is due to the fact that the epitaxial orientation between
substrate and epilayer favors a 30 ◦ rotation in the plane perpendicular to the c-axis
direction leading to a drastic decrease in mismatch. The epitaxial relationship then is:

[0001]GaN ‖ [0001]sapphire and [0110]GaN ‖ [1210]sapphire

as depicted in Figure 1.1. Of course the same relationship occurs for growth of AlN
and InN on sapphire leading to reduced mismatch, too. This is shown in table 1.2 were
the respective mismatch is shown for AlN, GaN and InN with and without rotation in
the plane perpendicular to the c-axis.

Material [0110]III−N ‖ [1210]sapph. [1120]III−N ‖ [1120]sapph.

AlN +13.3 -34.6
GaN +16.1 -33.0
InN +29.2 -25.4

Table 1.2: Lattice mismatch in % for AlN, GaN and InN growth on sapphire with and without
rotation in the plane perpendicular to the c-axis (after [28]).

However, this mismatch which occurs for GaN/sapphire with the unit cells ordered
[0110]III−N ‖ [1210]sapph. is still too high for epitaxial growth. A possible explanation
can be the formation of a so-called ”coincidence lattice” where only every 8th plane
of the film fits to every 9th plane of the substrate. Then the remaining mismatch is
below 3%. For InN/sapphire growth this in-plane rotation leads to a slightly increased
lattice mismatch. Additionally growth can be performed on other planes of the sapphire

Figure 1.1: Epitaxial orientation between
Sapphire substrate and GaN epilayer. A ro-
tation of 30 ◦ of the unit cells in the c-plane
leads to significant reduction in lattice mis-
match for GaN and AlN.

substrate as shown in Figure 1.2. This can be used either for tuning the piezoelectric
fields in thin AlGaN/GaN lattices for transistor structures or for improved cleavage of
the nitride structures in laser device production.
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Figure 1.2: Epitaxial growth planes on
sapphire substrate. Usually growth is per-
formed on c-plane (top) but other planes
(like e. g. R-plane) allow for easy and im-
proved cleavage of laser facets.

1.1 MOVPE growth of GaN
For MOVPE growth of group III nitrides ammonia (NH3) is used as a standard nitrogen
precursor and trimethylgallium (TMGa) as a gallium precursor for GaN. This combina-
tion has produced high quality GaN layers [29] and at least the use of NH3 is considered
a standard [5]. Park et al. [30] showed that TMGa can be considered fully decomposed
at 575◦C in ammonia ambient with a V/III ratio of 3. 300. The same authors showed
that an increase of the ammonia flow promotes the pyrolysis of TMGa. Under non equi-
librium conditions (as in MOVPE), ammonia is decomposed only up to 4% at 950◦C
[31]. At this temperatures ammonia gets cracked catalytically at the GaN surface [32]:

NH3 ⇀↽
1

2
N2 +

3

2
H2 (1.1)

Another effect under these conditions is the surface stabilization of GaN. Under typical
MOVPE growth conditions the N2 equilibrium pressure is of the order of hundreds
of bars [33]. This should result in the decomposition of GaN into liquid gallium and
molecular nitrogen:

GaN ⇀↽ Galiq +
1

2
N2 (1.2)
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Combining equations 1.1 and 1.2 yields:

NH3 +Galiq
⇀↽ GaN +

3

2
H2 (1.3)

From this, one can see that ammonia prevents the decomposition of the surface through
enforcing the reaction of liquid Ga to GaN. All this explains why ammonia is the
preferred nitrogen precursor for growth of GaN. Growth with alternative precursors
(non symmetric) Dimethylhydrazine (UDMHy) [34] or Tertiarybutylhydrazine (TBHy)
[25, 35–37] has been reported, too. However, the quality of GaN layers grown with
these precursors is far from the quality obtained by ammonia. The advantage of much
lower decomposition temperatures around 400 ◦C is compensated by high carbon incor-
poration into the layer in the case of UDMHy. Furthermore reduced surface mobility of
the adatoms at low growth temperatures would lead to an increase of the structural de-
fect density. A short characterization of such GaN layer grown with UDMHy is given
in chapter 4.5. These alternative precursors are more favorable and already successfully
used in growth of diluted ternary or quaternary nitrides like GaAsN [38] or InGaAsN
[39] for long wavelength emitting devices. Here NH3 does not lead to significant nitro-
gen incorporation between 500 and 600 ◦C growth temperature.

1.2 MOVPE growth of InN
Since growth of high quality InN epilayers is a new and interesting field for many re-
searcher here a short introduction shall be given in recent approaches and developments.
In the 80’s growth and characterization mainly took place using rf-sputtering processes
of pure indium in either nitrogen or nitrogen/argon gas atmosphere [11, 14]. Glass sub-
strates were used on which polycrystalline thin films were deposited. The properties of
these films like the band edge of 1.89 eV (now the term ‘band edge´ is more useful in
this context since only absorption measurements were performed) and the lattice con-
stants a0=3.5480 and c0=5.760 Å were clouded by very high carrier concentrations in
the 1020cm−3 range and the fact that these films consisted of needle-like polycrystalline
but oriented crystals of several-nm in diameter [11]. The composition analysis revealed
a high oxygen concentration of 11 % [14] but the origin and its influence on the layer
properties remained unclear. Later an even larger oxygen content of up to 30% was
revealed by XPS [15] and it could be shown that also the size of InN nanorods strongly
effects the optical properties of such films resulting in a wide variation of the InN band
edge position [40].

Then successfully MOVPE of InN has been reported since the late 90´s from sev-
eral groups using either ammonia [41, 42] or rf-cracked nitrogen [43, 44]. But the layer
grown on sapphire were very thin and they suffered from poor crystallline quality as
indicated by Raman line width [42]. The only lattice properties reported so far from
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XRD measurements were in agreement with the results from the sputtered material and
absorption measurements from Chen et al. showed a band edge of around 1.9 eV [42].
With improvement in MBE growth by migration enhanced epitaxy (MEE) in the be-
ginning of 2000 [45] together with metal-organic MBE (MOMBE) growth [46, 47] a
drastic improvement in InN layer quality was achieved. This made a much more pre-
cise determination of the material properties possible leading to contradictory results
mostly for the band edge energy: unexpectedly the InN band edge appeared far below
1 eV [47–49] and the so called ”band edge discussion” was started and it is still go-
ing on. Behind these results the interest in InN epitaxy grew drastically and several
groups succeeded in growing MOVPE InN with improved quality namely Yamamoto
et al. [50], Keller et al. [51], and Briot et al. [52] all of them using trimethylindium
(TMIn) and ammonia (NH3) as precursors. The remaining dissimilarities in the optical
properties reported so far are expected to result from the high residual carrier concentra-
tion either related to crystal defects or impurities like for example oxygen. The latter is
supported by the fact that InN grown with rf-excited nitrogen plasma exhibits broad or-
ange luminescence around 2 eV [53]. This luminescence could be attributed to oxygen
vacancies in the In2O3 sublattice formed through oxygen incorporation in the InN.

At the same time the choice of the optimum growth process, the ideal substrate and
the respective growth parameters in MOVPE are still under discussion. Several groups
reported tremendous progress by use of reactive nitrogen through plasma excitation of
N2 [43, 53, 54] while others used NH3 at very high V/III ratios up to 105[50, 55]. This
seems to be necessary due to the high ammonia stability at the low InN growth temper-
atures at around 500◦C. But even with relatively low V/III ratios of several thousands
high quality layer could be obtained as shown by the group of Briot et al. in the more
recent past [56]. The whole situation reminds one of the late 80´s / early 90´s when
drastic improvements in GaN layer quality and new results for understanding growth
mechanisms were published nearly every week.

For growth of InN similar argumentation for surface stabilization like for GaN can
be done using trimethylindium (TMIn) as the group III precursor. The relatively low
binding energy of InN (see also table 1.1) leads to distinct lower decomposition tem-
perature of bulk InN and thus the epitaxial requirements for MOVPE growth are even
more extreme. The best way to achieve high quality epitaxial layer will be highlighted
in more detail in chapter 6.

1.3 (PA)MBE growth of GaN
Understanding the spectroscopic ellipsometry (SE) results during epilayer growth in
MOVPE requires a comparison to the well known and established GaN plasma assisted
MBE ((PA)MBE) growth process since SE does not give a detailed insight into the real,
atomic structure and composition of the surface. Surface analysis methods have to be
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carried out additionally which require an UHV environment. The most surface sci-
ence results on GaN are achieved with (PA)MBE grown GaN [57–62] which allows for
a direct surface symmetry and composition determination using electron based meth-
ods like LEED, RHEED, STM and AES. Thus the experimental (PA)MBE setup will
be briefly described with respect to the specific growth details and the ellipsometry
setup used for in situ growth monitoring. In situ ellipsometry is used here to com-
pare the surfaces produced by (PA)MBE to those under MOVPE conditions. Also the
widely accepted results of the (PA)MBE experiments from literature are highlighted.
This is fundamental for comparison of the MOVPE and (PA)MBE results described
in chapter 5 and therefore we start with a short overview into the known GaN surface
properties.

Polarity of GaN-(PA)MBE surfaces

In contrast to for example GaAs the wurtzite structured materials like GaN or AlN have
no mirror symmetry with respect to the (0001) plane. There exists no symmetry opera-
tion that can relate the [0001] and [0001] direction of GaN. In the usual convention the
(0001) surface is called Ga-face, terminated with gallium atoms and the (0001) surface
is called N-face, terminated with nitrogen atoms [60, 63] as shown in figure 1.3. This
phenomenon is also called ”polarity”, i. e. Ga-polar or N-polar. One should keep in
mind that this definition of polarity is related to the bulk properties and of course the
N-face side of GaN can be Ga-terminated, as we will see. This and the fact that polar
surfaces heavily influence the properties of nitride based devices like for example field
effect transistors [64] makes the polarity determination indispensable for interpretation
of surface properties. In former times there was much confusion about nitride polarity
and their respective surfaces and contradictory results for GaN polarity measurements
could be found [63]. For understanding the results of the comparative (PA)MBE exper-
iments and their exact interpretation as described later in chapter 5 a short excursion
into the world of polar nitride surfaces is necessary. This will demonstrate the related
problems and give insight into the usual surface properties of epitaxial MOVPE grown
GaN especially on sapphire. When in 1988 Sasaki et al. [65] examined MOVPE grown
GaN on 6H-SiC using XPS they found the C-face grown GaN to be oxidized easily and
thus it must be Ga-face. This was the first study supposed to determine GaN polarity. In
1993 Khan et al. [66] used AES studying GaN/AlN/sapphire and deduced from the de-
tected N/Ga-ratio that these surfaces had to be N-face. Of course these procedures are
useful and necessary for surface chemistry determination as we will see later but those
attempts were not able to give insight into the lattice termination. Later more reliable
consistent results were obtained by Seelmann-Eggebert et al. [67] using X-Ray photo-
electron diffraction (assisted by a chemical etching using KOH) and Ponce et al. [68]
using HRTEM, respectively. They gave insight into the relative atom positions finding
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Figure 1.3: The wurtzite crystal structure of GaN leading to highly polar surfaces called gal-
lium face and nitrogen face for the [0001] and [0001] direction, respectively. The sizes of the
atoms illustrate their ionic radii. In diagrams using the covalent radii the gallium’s are bigger
than the nitrogen’s (after [63]).

smooth, Ga-face MOVPE GaN on sapphire and Al-face AlN on Si-face SiC which both
were contradictory to the previous publications of Sasaki and Khan [65, 66]. More de-
tailed CBED electron diffraction studies in 1996 from Ponce et al. [69] on MOVPE
GaN/sapphire with low temperature GaN nucleation layer showed that smooth surfaces
tend to be Ga-face while direct growth on sapphire forms hexagonal pyramids with
flat tops containing many inversion domains being mostly N-face. Finally the polarity
of MOVPE GaN/sapphire strongly depends on the nucleation layer used and how it is
treated prior to growth [70, 71] and the way the substrate was prepared (nitridation or
not [72]). But using the standard GaN low temperature nucleation layer with a short
annealing time under nitrogen rich conditions only Ga-face reconstructions should oc-
cur [70, 71]. Thus smooth, high quality MOVPE grown GaN on sapphire is determined
to be Ga-face [63, 69]. This discussion finally ended up in a huge number of publi-
cations from Smith and coworkers concerning the different reconstructions formed on
the two faces of GaN under various V/III ratios in (PA)MBE. Standard electron based
diffraction methods like LEED and RHEED together with STM allowed a precise char-
acterization of the surface symmetry of the [0001] side [57–60] and the [0001] side
[59–61] as well together with the atomic termination responsible therefore. Resuming
their results the following can be stated for the [0001]-side of MOVPE grown GaN on
sapphire (which is solely investigated here) under (PA)MBE conditions according to
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[62]: In (PA)MBE growth takes place under gallium rich conditions to achieve smooth

Figure 1.4: LEED pattern for gallium rich GaN(0001) MOVPE templates under (PA)MBE
conditions. During cooling additional spots as a ring around the (0,1) spot appear. Their ring
radius is approx. 1/6 of the (0,1) spot distance (left). While cooling to room temperature the
distance decreases to 1/12 (right). These structures are induced by the fluid-like Ga-bilayer
formed on top of the (0001)GaN surface (after [59]).

surfaces through 2-dimensional growth while a decrease of the gallium flux (equivalent
to an increase in N/Ga-ratio) leads to unwanted immediate roughening of the surface.
Switching off the nitrogen and gallium sources during growth with instantaneous cool-
ing of the sample from growth temperatures of typically 800-900 ◦C to room tempera-
ture the surface can be frozen in a gallium rich state. In this case the respective LEED
pattern reveals a ”1x1”-like symmetry with additional spots around the (0,1) spot (left
image in figure 1.4) having a radius of 1/6 of the (0,1) spot distance. They are due to the
formation of a gallium-bilayer on the Ga-side of GaN which is contracted relatively to
the GaN unit cell by 6/7 because of the gallium lattice constant being slightly smaller
but close to that of the GaN lattice constant (2.75 nm instead of 3.19 nm). Finally at
room temperature the pattern changes again showing a decrease of the ring diameter to
1/12 (right image in figure 1.4). Thus the structures are called ”1+1/6”and ”1+1/12”,
respectively. These LEED pattern will be discussed later in more detail in the PAMBE
section of chapter 5.

As Smith et al. [60] have shown, all stable GaN surface reconstructions on both
sides ([0001] and [0001], also called A and B) depend more or less on the amount
of gallium on the surface leading to all the different reconstruction patterns observed.
Stable nitrogen rich reconstructions could not be found. If N-rich reconstructions oc-
curred in vacuum they were destroyed with rising temperature, at least at 800 ◦C [73].
Theoretical considerations also show the tendency of GaN to develop Ga-rich surfaces
even under N-rich conditions [74]. This can be explained by the difference between the
binding energy of Ga-bulk (≈3 eV) and the N2 molecule (equaling ”N-bulk”) (≈5 eV)
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which is quite high compared to other III-V materials (e.g GaAs with a binding energy
of As-bulk of ≈2.9 eV). Therefore the system prefers Ga to N adatoms to the surface.
The small lattice constant of GaN being close to that of Ga-bulk gives rise to metallic
Ga-Ga bonds at the surface which also makes a Ga-adlayer more favorable [75].

Only a slightly different number of gallium adatoms are responsible for the different
reconstructions within a long range order. Therefore the classical electron counting
rule will not explain surface stability like in most cases of the conventional III-V´s.
Moreover the surface adatoms are in a metallic like state. Thus one should not neglect
the presence of residual gases like for example hydrogen atoms being included in the
formation of different reconstructions, too [76]. This behavior has been previously
reported to explain the differences in surface reconstructions occurring for cubic GaP
grown in MBE and MOVPE [77].

1.4 Experimental setup

In the following the two different epitaxial growth setups which were used for the exper-
iments in this work are briefly introduced. For the MOVPE setup several upgrades were
carried out for growth of III-nitrides. The (PA)MBE setup just needed to be equipped
with the ellipsometer and the plasma source.

MOVPE setup

In Figure 1.5 the principal setup of the used low pressure (LP) Epigress MOVPE sys-
tem is shown. The standard horizontal reactor was equipped with three optical windows
for in-situ monitoring [78]. The one mounted vertical is used either for reflectometry
measurements or in case of ellipsometric investigations an alignment laser detects the
sample position to measure and eventually correct the angle of incidence of the el-
lipsometer. The side windows are mounted under an angle of 65 ◦ which is close to
the brewster angle of GaN (which is indeed 69 ◦). This angle was chosen as an ac-
ceptable compromise to allow growth and ellipsometry investigations also for other
materials (like GaAs or ZnSe) which formerly have been grown in this equipment and
whose brewster angles are lower. For growth of group III-nitrides with ammonia sev-
eral changes in the epitaxial setup were made. These changes result from the EPIQUIP
machine formerly designed for III-phosphide and III-arsenide growth. The changes
mainly include installation of a hydride-gas monitor and the respective safety switches
as well as a special designed wet-scrubber with a high capacity for neutralization of the
ammonia which has not dissociated during the growth process. This scrubber has to
be capable to neutralize several liters of ammonia per minute and its overall capacity
should be enough for at least one bottle (N10 equiv. 13.000 l) of ammonia. Therefore
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Figure 1.5: Scheme of the upgraded low pressure Epigress VP-50-RP MOVPE machine. The
group III supply is given through trimethylgallium and -indium while reactive nitrogen is of-
fered as gaseous ammonia. Many of the additionally mounted sources were used for former
II-VI compound growth now serving as potential dopant sources. Additional ammonia purifi-
cation for reduction of oxygen and moisture is achieved through a catalytic metal filter unit.
The additional mounted liquid scrubber filled with diluted H2SO4 solution is used during III-
nitrides growth instead of the conventional solid scrubber to reduce the amount of remaining
non dissociated ammonia in the waste gas.

a container with 60 l sulfuric acid in a concentration of 30 % is used which is con-
tinuously pumped downstream in a high column while the used reactant gases flow
upstream. To achieve high quality nitride epilayer one has to avoid the incorporation
of oxygen resulting from moisture in the ammonia precursor. Even if the precursor is
of highest purity available (6.0 equivalent to 99.9999 %) the use of 1 sl/min ammonia
as standard epitaxy flow includes a high amount of residual foreign substances out of
the ammonia. To overcome this problem a special ammonia purification unit consisting
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of a catalytic metal filter has to be mounted in the gas lines. A significant reduction
of oxygen incorporation in the epilayer is achieved this way. The rf-power supply for
inductive heating of the graphite susceptor was equipped with 186 new, high quality,
high voltage Darlington npn-transistors to ensure long-term operation under maximum
power output for high temperature nitride growth.

(PA)MBE setup
While in typical MBE systems the group-III and group-V sources are solid and ther-
mally evaporated from effusion cells (or so called ”Knudsen cells”) the growth of ni-
trides requires a modified setup due to the lack of solid nitrogen precursors. Nitrogen is
provided either by ammonia which thermally decomposes on the growing surface thus
providing reactive nitrogen (reactive MBE, RMBE) or by RF- or plasma-activated ni-
trogen radicals (plasma assisted, PAMBE). The latter is more common for UHV growth
of nitrides and we use the (PA)MBE method for our comparative experiments, too.
The nitrogen gas passes through the plasma gun with a flux of 1-10 sccm activated by
an excitation frequency of 13.67 MHz with a power of 200 W. The gaseous nitrogen
radicals then enter the vessel from the same position where the Knudsen cells formerly
have been mounted targeting directly on the sample surface. To achieve the highest flux
of nitrogen radicals possible while keeping a low base pressure of around 5×10−5mbar
during growth an additional turbo molecular pump is mounted close to the plasma gun.
This also ensures rapid pressure decrease after growth for quick transfer of the sample
from the preparation vessel to the analysis vessel. The analysis vessel is equipped with
a low energy electron diffraction (LEED) unit and Auger electron spectroscopy (AES)
for surface reconstruction and stoichiometry analysis.
The ellipsometer is mounted directly to the ellipsometer window flanges which include
an angle of only 51 ◦. This is far below the brewster angle of GaN (see also previous
section) but the general vessel geometry did not allow for a higher angle. Thus the el-
lipsometer is additionally equipped with a light chopper on the lamp side and a lock-in
amplifier for improved noise reduction. The overall measurement time for one spec-
trum increases to approx. 10 min achieving similar SNR as in MOVPE measurements.
The whole setup including the vessel, the ellipsometer and the UHV analysis unit is
shown in figure 1.6.
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Figure 1.6: Cross section schematics of the (PA)MBE preparation vessel with the ellipsome-
ter attached. Gallium is evaporated from a Knudsen cell and a plasma gun produces reactive
nitrogen plasma. Optional a QMS or a beam flux controller and RHEED can be mounted to
the preparation vessel. The CF35 transfer port on the left side allows for sample transfer to the
analysis chamber equipped with AES and LEED.
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Chapter 2

Spectroscopic ellipsometry

In this work mainly in situ processes are studied which occur during heteroepitaxy of
hexagonal GaN and InN on sapphire in MOVPE in order to provide a basis for an effi-
cient optimization of nitride epitaxy. Spectroscopic ellipsometry (SE) is the method of
choice for in situ monitoring since the gas phase environment in MOVPE prohibits the
use of electron based methods. RAS (or RDS) which is commonly used to study cubic
materials during epitaxial growth including surface reconstructions and stoichiometry
[79, 80] does not fulfill the requirements of the hexagonal nitrides. Here the measured
anisotropy signal solely results from in-plane strain in the epitaxial layer and a tilt of
the c-axis with respect to the surface normal. No surface related information can be
deduced therefrom as proven by Rossow et al. [81]. Approaches monitoring the GaN
growth process with more simple methods like in situ reflectometry [18, 82] or surface
photoadsorption [83, 84] always suffer from the missing knowledge of complementary
layer properties. This can be either the composition and thus exact dielectric properties
in case of reflectometry or the layer structure (thickness, roughness) for SPA.

Spectroscopic ellipsometry measures the change of the state of polarization of the
light after being reflected from a sample. Therefrom the imaginary part of the dielec-
tric function (DF) ε(ω) = ε1(ω) + iε2(ω) can be extracted using an appropriate optical
model (cf. chapter 3). Thus SE has clear advantages compared to conventional re-
flectance spectroscopy measurements which are in the need of Kramers-Kronig trans-
form techniques and extrapolation beyond the measured spectral range to achieve ε1
and ε2 [85]. The measuring principle of ellipsometry is shown in Figure 2.1. When
monochromatic, linearly polarized light is reflected from the sample under non-normal
incidence (φ 6= 0) the reflected electric field vector divided in components perpendicu-
lar (Ers) and parallel (Erp) to the plane of incidence can be written as:

Ers = rs · Eis =| rs | eiδs · Eis , Erp = rp ·Eip =| rp | eiδp · Eip (2.1)

with rs and rp being the complex reflection coefficients given through the FRESNEL
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Figure 2.1: Scheme of the principles of ellipsometry. Linear polarized light is used for in-
vestigating the samples. The change of polarization through interaction with surface and bulk
leads to a phase shift ∆ and an elliptizity ψ which are analyzed via the intensity changes at the
detector depending on the state of polarization.

equations

rs =
n cos φ− n0 cosφrefr

n cosφ+ n0 cos φrefr

, rp =
n cosφ− n0 cosφrefr

n cosφ+ n0 cosφrefr

. (2.2)

Here n and n0 are the complex indices of refraction of sample and ambient, respectively
related to the dielectric function ε as n =

√
ε. With the ambient chosen to air or vacuum

one usually defines n0 = 1. Via Snell’s law the angle of refraction φrefr is given as

sinφrefr = n0/n sinφ. (2.3)

As shown in Figure 2.1 the incident light is linearly polarized with Eis and Eip being
in phase and their ratio determined by the angle of polarization χ

| Eis |
| Eip |

= tanχ (2.4)

while the reflected light in general is elliptically polarized. The ellipticity results from
the phase difference ∆ between Ers and Erp equal to the phase difference in rs and rp.
The ratio of | Ers | / | Erp | changes with respect to | Eis | / | Eip | and the ratio of
Ers and Erp according to:

| Ers |
| Erp |

=
| rs |
| rp |

| Eis |
| Eip |

=
| rs |
| rp | tanχ (2.5)
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Evaluating the polarization state of the light and defining the complex reflectance ratio
ρ := rp/rs it can be measured as:

ρ :=
rp

rs

=
| rp | eiδp

| rs | eiδs
=

| Erp |
| Ers |

| Eis |
| Eip |e

iδp−δs =
| Erp |
| Ers |

tanχeiδp−δs =: tanψei∆(2.6)

Here the angles ψ and ∆ defined in eq. 2.6 are called the ”ellipsometric angles”. Now
the calculation of ε proceeds as (after [86]):

ε = sin2 φ(1 + tan2 φ(
1 − ρ

1 + ρ
)2) (2.7)

In practice the state of polarization is detected with a rotating polarizer/analyzer probing
for the ellipticity ξ = arctan a/b (the ratio of the main axes) and the azimuth ψ. Then
the modulated intensity at the detector behind the analyzer can be written as:

I(α(t)) = I0+C2 cos 2α(t)+S2 sin 2α(t) = I0(1+c2 cos 2α(t)+s2 sin 2α(t))(2.8)

By means of Fourier analysis the normalized coefficients c2 = C2/I0 and s2 = S2/I0
can be evaluated from the measured intensity signal. Since SE measure relative inten-
sities it is less sensitive to intensity fluctuations than for example reflectance measure-
ments.

But one has to keep in mind the prerequisite of a simple two-layer model with only
one reflection at the interface between ambient and the half-infinite substrate. For real,
layered structures as investigated here more sophisticated models accounting for the
reflections at each interface have to be considered (see chapter 3). Then the dielectric
functions of each layer can be calculated separately instead of the effective dielectric
function or pseudo-dielectric function 〈ε〉 of the whole layer stack. In this way SE
allows for non-destructive probing the material properties providing more information
about the fundamental properties such as the electronic structure as well as structural
sample properties like surface roughness or layer thickness.

The measured values can be presented in different ways: either in terms of the
ellipsometric angles ψ and ∆ or in terms of tanψ and cos ∆ (see eq. 2.6). Finally
the presentation in terms of 〈ε1〉 and 〈ε2〉 or n and k can be used which are directly
related to the material properties. All these presentations have in common that typical
structures within the spectrum result from electronic transitions in the material and
always appear at the same energetic positions. Thus a discussion of the characteristic
features can be made in any of these representations.

Already in 1889 Paul Drude measured the optical properties of metals with a very
simple but precise ellipsometry setup [87]. Since this time many technical improve-
ments have been realized leading to several different types of ellipsometers [79, 80, 86].
With invention of the personal computer in the 80´s data aquisition and accuracy im-
proved while the whole measurement was performed automatically in a few minutes.
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Mostly rotating-analyzer-type ellipsometers are used nowadays where the polarization
of the reflected light is analyzed by a rotating polarizer (thus called analyzer). It is also
possible to use a fixed analyzer and a rotating polarizer which only makes differences
in the calculation routine determining the dielectric function .

2.1 In situ ellipsometry
For monitoring the growth process the ellipsometer has to be attached to the MOVPE
growth setup. The necessary requirements for such an in situ ellipsometer will be de-
scribed in more detail in [88]. Here only the most important characteristics of the in
situ ellipsometry setup are briefly summarized.

For in situ applications the ellipsometry setup has to be designed in a compact style
to fit to the growth equipment as sketched in Figure 2.2. The compact setup is achieved
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Figure 2.2: Setup of the ellipsometer used as in situ ellipsometer at the EPIQUIP VP50RP
reactor. The incoming light is focused via mirrors onto the sample. Small slits of 5 × 2mm2

in each side of the liner tube allow for unhindered projection and reflection. Strain-free quartz
windows avoid polarization effects. Colour and gray filter wheels on the detector side are used
for spectral and intensity corrections.

through folding the beams and projecting them via mirrors onto the sample and the
monochromators, respectively. To achieve a precise adjustment both arms of the el-
lipsometer have to made adjustable in x, y and z direction as well as in the angle of
incidence φ and the tilt axis normal to the sample surface. So necessary beam correc-
tions can be made easily during epitaxy and only the change in φ has to be monitored.
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This is done via an alignment optic consisting of laser, beam splitter, mirror and a
mm scale. This alignment optic allows for φ-corrections in the range of 2/100 ◦ when
sample movements occur through thermal expansion of reactor and/or susceptor during
heating.

For investigation of group III-nitrides the extension of the measurement range into
the UV region is necessary since the E0 band gap from GaN already lies in the UV
region (3.42 eV or 362 nm at room temperature). The wide spectral range was possible
by using mirror optics instead of lenses which suffer from chromatic aberration and ad-
ditionally using polarization elements made of MgF2 instead of synthetic quartz. This
material starts absorption at around 10 eV which allows for maximum light intensity
until absorption onset from either ammonia (5.9 eV) or air (6.5 eV). Even if the E1

transition located at 6.9 eV lies above the absorption edge of air this allows for compar-
ison of sample qualities by comparison of the characteristic signal increase towards the
E1 transition (cf. Figure 3.6).

The effect of pre-polarization from the lamp is strongly reduced by focusing the
center of the lamp arc onto a very small (400 µm diameter) aperture. This also leads
to a more stable beam intensity. To avoid 2nd order effects a set of three color filters
is integrated behind the analyzer cutting the light at the desired wavelength. For in-
tensity adjustment (the maximum light intensity of the xenon arc lamp lies at 2.65 eV
or 467 nm) a filter wheel with four gray filters avoids signal overload at the detector
and reduces intensity up to 10−5. The double monochromator setup reduces stray light
originating from background radiation of the susceptor at high epitaxy temperatures
above 850 ◦C.

For a typical spectrum consisting of 100 points (1.5 to 6.5 eV in 0.05 eV step width)
approximately 90 s are needed. This is limited by the maximum frequency of the rotat-
ing analyzer which is 8 Hz and the need of accumulations during the measurement for
noise reduction. Thus access to fast processes on a time scale of a few seconds is only
possible with single wavelength transient measurements. The time resolution then is in
the range of a few tenth of a second depending on the SNR limit chosen.

With this setup spectral information from fast processes can only be gained by mea-
suring several transients with high time resolution at different energies. The spectral
information can then be reconstructed by combining the transient values obtained at
different energies for identical processes to the respective multi point spectra. One
necessary prerequisite for this approach is the same starting point for each transient,
i. e. the surface has to recover completely in between the different transient cycles.
This procedure will be used to investigate the GaN surface termination during growth
in chapter 5.
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2.2 Ex situ DUV ellipsometry
For extended characterization of GaN with its higher interband transitions situated be-
low 200 nm an ellipsometry setup with an extended spectral range is necessary. There-
for the in situ ellipsometer can be used ex situ, too covering a spectral up to 9 eV or
140 nm thus being called deep UV (DUV) ellipsometer. Several minor changes to the
previous setup have to be made to access this spectral range as shown in Figure 2.3. A
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Figure 2.3: Setup of the ellipsometer used as ex situ ellipsometer for material characterization
up to 9 eV. A deuterium lamp is used as light source, the single monochromator is specially
designed for this wavelength region. A silicon photo diode without window covers the whole
spectral range of the lamp. Constant pure nitrogen purge of the whole setup has to be ensured
to avoid contamination of the optical surfaces through cracked carbon compounds.

deuterium lamp is used as light source with an emission range from 3 eV to 10 eV. A
self-designed single UV enhanced monochromator was adapted instead of the Jobin-
Yvon HC10-UV double monochromator since no high background radiation has to be
suppressed (radiated from the graphite susceptor in the in situ setup at 1050 ◦C growth
temperature). For light detection a standard silicon photo diode without glass window
is used. To avoid light absorption mostly dominated by moisture the whole setup is
purged for several hours with dry nitrogen before each measurement. This enhances the
accessible maximum energy from 6.5 eV up to 9 eV (or 140 nm). During measurements
a constant purge of the critical components (deuterium lamp and monochromator) with
pure, dry nitrogen has to be ensured. Otherwise the DUV radiation leads to irreversible
contamination of the sensitive optical surfaces with cracked carbon compounds result-
ing in a drastic loss of intensity. A detailed description of the ellipsometer setup and
its development including beam path calculations and monochromator development is
given in [88]. With this setup the ex situ ellipsometry characterization of several thick
epilayer were performed as shown in chapter 3.3 in Figure 3.6.



Chapter 3

The dielectric function

In this chapter a brief introduction into the theory between the dielectric function and
the electronic structure of ”ideal” crystals is given. Additionally the influences of
physical layer properties on the optical response of the material under investigation
is discussed. This is of great importance since all ellipsometry measurements are per-
formed on so called non-ideal materials. They always consist of a stack of different
layers (stratified media) containing substrate, epilayer, interface(s) and overlayer(s) like
roughness and/or oxide. Therefore the approaches which are used later to subtract these
influences will be highlighted. They pave the way to achieve the materials dielectric
function out of the measured pseudo-dielectric function and thereby determining the
electronic properties of the ideal crystal. This includes also the Tanguy model function
which is used later in chapters 4 and 7 for evaluating the energetic band edge position
of the GaN NL and InN thin films. Finally a brief introduction into the optical mod-
els used for description of each single layer is given together with some examples on
influences on the dielectric properties with respect to the GaN dielectric function .

3.1 Theoretical description
The dielectric function ε(ω) is a macroscopic function which describes the linear re-
sponse of matter to excitation by an electro magnetic wave with the field vector −→

E .
The electric field of displacement −→D depends on the external electric field and is given
by:

−→
D(ω) = ε0ε(ω)

−→
E (3.1)

In general ε(ω) is a tensor of rank 2 with complex components. In the case of ideal cubic
materials it can be reduced to one independent component and thus written as a scalar
ε(ω). Unfortunately the uniaxial hexagonal III-nitrides enforce us to pay attention for
the directions parallel and perpendicular to the hexagonal c-axis. Thus ε(ω) has two
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independent components ε⊥(ω) and ε‖(ω). To understand the microscopic origin of the
dielectric function we will briefly discuss the imaginary part ε2(ω). Making several
assumptions (like the one-electron approximation, after [89]) ε2(ω) can be treated as
the sum of absorptions due to transitions from valence to conduction band states at
various points in the Brillouin zone. ε2 can thus be expressed by:

ε2(ω) =
1

8Π2ε0

ε2

m2ω2

∑

c,v

∫

B.Z.
d3kPcv(

−→
k )δ(Ec(

−→
k ) − Ev(

−→
k ) − h̄ω) (3.2)

were Pcv(
−→
k ) is the electric dipole transition matrix element

Pcv(
−→
k ) =|< φv(

−→
k ) | e · −→p | φc(

−→
k ) >|2 . (3.3)

Here the valence and conduction band energies Ev,c(
−→
k ) as well as the electron wave

functions φv,c(
−→
k ) have to be taken from band-structure calculations. A transforma-

tion of the integration in reciprocal space (the Brillouin zone) into an integration over
constant energy surface gives:

ε2(ω) =
1

8Π2ε0

ε2

m2ω2

∑

c,v

∫

h̄ω=Ec−Ev

d3kPcv(
−→
k )

dSh̄ω

∇−→
k

(Ec(
−→
k ) − Ec(

−→
k ))

(3.4)

Now we can interpret the result as follows. Considering Pcv(
−→
k ) as

−→
k -independent

and thus shifted in front of the integral large contributions of the integral are expected
when the gradient of the energy difference is small or almost zero. This is the case
when the bands are nearly parallel. The integral is then called the joint density of states
and the energetic positions were the bands are parallel are called band critical points
(or van-Howe-singularities of the joint density of states after [90]). This is helpful
for the analysis of the dielectric function derived from a band-structure when plotting
band differences to find points of the Brillouin zone where energy differences match
to structures in ε2. For GaN this is shown in Figure 3.1 together with the hexagonal
GaN Brillouin zone. Here the transitions are labeled arbitrary (except for E0, after
[91–93]) in contrast to cubic materials where the transitions are labelled according to
M. Cardona [94]. Usually E0, E1 and E2 denote transitions at the Γ point, points along
the [111] direction and the X point, respectively. Labels such as E0´ and E1´ are used
for transitions to higher conduction bands. Since no direct assignment for the hexagonal
structures has been done yet we just count the transitions according to their increase in
energy difference.

For the calculation of the electronic band-structure several approaches exist. In
former times the pseudo-potential method required optical measurements to fit some
parameters [95]. Nowadays ab initio methods are established were no experimental
input except the crystal structure is required for prediction of one-electron energies and
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wave functions. Here the method of choice is the density functional theory (DFT) uti-
lizing the local density approximation (LDA) for exchange and correlation. With this
procedure the fundamental band gap E0 is typically underestimated. Through a con-
stant shift of all conduction bands (”scissors operator”) with respect to experimental
E0 data a good agreement of the derived dielectric function in energetic positions to
experimental values can be obtained. To overcome this problem of the underestimated
gaps quasiparticle calculations have been performed. But even with these more expen-
sive calculations the amplitude of the dielectric function do not match very well to the
experimental data. This is mostly due to the strong electron-hole interaction in the III-
nitrides which are not included and which also manifest in the observation of excitons
in the dielectric function already at room temperature (this will be discussed in detail
in the end of chapter 4). Only when these corrections are taken into consideration a
reasonable agreement can be achieved between experiment and theory as shown in Fig-
ure 3.1 (right image) for the case of wurtzite GaN. The higher interband features E1 to

Figure 3.1: Left: calculated GaN band structure after [91, 92]. The bottom labels denote
the points of high symmetry in the GaN Brillouin zone as partially depicted in the follow-
ing Figure3.2. Labels on top denote the connecting lines between the symmetry points.
Arrows indicate the assigned transition energies. Right: the measured GaN dielectric func-
tion agrees well with the calculation showing the arbitrary assignment of the transitions E1

to E3 (after [93]).

E3 originating from transitions along M , L and K-direction in the Brillouin zone are
shown here in comparison between measurement (solid line) and theory (dashed line,
after [93]). When including the electron-hole interaction the decrease of the transition
intensities with higher transition energy are described similar to what is observed in the
experiment. The points of high symmetry which are labeled in the band structure calcu-
lation Figure 3.1 (left image) are shown in the hexagonal Brillouin zone in Figure 3.2.
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Also the connecting lines between these symmetry points are depicted there.
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Figure 3.2: GaN Brillouin zone with
points of high symmetry. The con-
nection lines between these corre-
spond to the labeling in Figure 3.1.

3.2 Calculation of optical properties

As mentioned in the beginning the dielectric function measured is always an effective
dielectric function depending on several layer influences. In this section the principles
for calculation (better called ”simulation”) of the optical properties of the material sys-
tems investigated here will be briefly discussed. Therefore the optical layer models
used for calculation and the dispersion relations used for the description of the different
layers will be explained.

3.2.1 Optical layer models

For the virtual simulation of the measured optical parameters such as 〈ε〉 the complex
reflectances have to be calculated. Two or three layer models can be solved analytically
and in the case of multi-layer structures more complex models have to be solved.

Two phase model

For description of an isotropic and homogeneous substrate-like bulk material a two
phase model is sufficient (Fig. 3.3). The reflectance, absorption, and transmittance
are totally defined by the angle of incidence ϕ of the probing light and the material’s
dielectric function ε = ε1 + iε2. Using the complex Fresnel equations (see eq. 2.2 or
[86, 96]), the reflectances and transmittances parallel and perpendicular to the plane of
incidence rp, tp, rs and ts can be calculated.
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Figure 3.3: Left: two phase model consisting solely of ambient (vacuum, air) and substrate.
Right: Three phase model including an additional layer between substrate and ambient.

Three phase model

In reality most of the structures under investigation include an overlayer with thickness
d between the substrate and ambient. As long as the penetration depth of the light is
larger than d the optical constants of all three media contribute to the optical response
of the system leading to multiple beam interferences of the reflected light (Fig. 3.3).
The reflectance can be calculated using the Airy-formula [79, 86] with j indicating the
number of layers:

r =
r01 + Z1r12
1 + Z1r01r12

with Zj = e
[2Πi

2dj

λ/n⊥

j

]

and n⊥
j =

√

εj − εa sin2 ϕ (3.5)

Defining an effective dielectric function 〈ε〉 the three-phase model can be reduced to a
two-phase model with an integral description of layer and substrate.

Calculating multilayer structures - the Matrix formalism

Multilayer structures consisting of n layer can be described analytically in a mathe-
matical approach using matrix methods [86]. Here the influence of each layer on the
transmittance and reflectance (including the change in polarization) is represented by a
matrix. The product of all matrices describes the propagation of the light through the
whole layer stack.

Calculating multilayer structures - the Iterative model
Instead of the matrix method a step-by-step reduction of a three phase system to a
two phase system is performed in the iterative model. Iteratively the n-layer stack is
reduced to a (n-1)-layer stack as shown in Figure 3.4 (from left to right). Finally it can
be reduced to a three phase system whose optical response can be calculated then. The



30 3. THE DIELECTRIC FUNCTION

results of this procedure are equivalent to the matrix method [97] and often used from
computer calculation programs.

s u b s t r a t e
s u b s t r a t e

s u b s t r a t el a y e r  3

l a y e r  2

l a y e r  1 l a y e r  1 ´
l a y e r  2 ´

l a y e r  1 "

a m b i e n ta m b i e n t a m b i e n t

Figure 3.4: In the iterative model each four layers are reduced to three layers until only three
remain (from left to right). This system can be solved then analytically.

3.2.2 Dispersion relations

Data arrays
To describe the dielectric function of semiconductor materials data arrays (tables) from
clean, overlayer free substrates measured in vacuum or air are published like in for ex-
ample [98, 99]. Meanwhile most of the standard and well investigated semiconductor
materials are listed in this way. Even if these results are very precise (of course de-
pending on the substrate preparation procedure) they often cannot be approximated by
a single formula within the spectral range available. Therefore a computational effi-
cient approach is to use the measured data tables interpolating between the measured
data points. With this simple approach every dielectric material can be described as
long as it is available as ”thick”, overlayer free substrate material.

Cauchy layer
A more flexible type of layer allows to use custom defined dispersion relations to de-
scribe each layer. An expression for the dielectric functions ε1 and ε2 or the complex
refractive index n and k as a function of the wavelength (or photon energy) and other
parameters is required. In the absence of the band gap or higher interband transitions
this can be the Cauchy equation describing either absorbing or transparent materials in
the measurement range near to a polynomial according to eqs. 3.6 and 3.7.

n(λ) = n0 + C0
n1

λ2
+ C1

n2

λ4
(3.6)

k(λ) = k0 + C0
k1

λ2
+ C1

k2

λ4
(3.7)
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With C0 = 102 and C1 = 107

Here the coefficients C0 and C1 are used to avoid large numbers of n1, k1, n2 and
k2 and their values shown here agree with most publications on Cauchy layers. An
example is the sapphire substrate dielectric function in the measurement range from
1.6 to 6.5 eV. The sapphire band edge is expected to be around 8.7 eV [100] and thus
the polynomial fit describes 〈ε〉 very well.

Lorentz Oscillator
When including the absorption edge or higher interband transitions in the energy range
of the dispersion model one has to take into account at least one harmonic oscillator.
In this basic dispersion model it can be imagined as an electron with the effective mass
m oscillating in a parabolic potential. According to the Lorentz-model a dielectric
function can be described by a linear combination of a set of harmonic oscillators. This
allows for a very flexible way of simulating an unknown dielectric function but with a
large amount of free parameters and thus many uncertainties. This is due to the fact that
each harmonic oscillator has three parameters: its resonance frequency ω0, its strength
f , and the damping parameter Γ. Then the dielectric function can be described as:

ε1 = 1 +
Ne2

ε0m

ω2
0 − ω2

(ω2
0 − ω2)2 + Γ2ω2

(3.8)

ε2 =
Ne2

ε0m

Γω

(ω2
0 − ω2)2 + Γ2ω2

(3.9)

with N indicating the density of the atoms in the material. Finally in complex notation
using the Drude-equation a set of j harmonic oscillators is given as:

ε2(ω) = 1 +
Ne2

ε0m

∑

j

fj

1

(ω2
j − ω2)2 − iΓjω

(3.10)

Tanguy model function
In all the previous descriptions no excitonic effects are considered even though their
influence on the optical properties of semiconductors has been known for decades.
Such an influence is particularly important in the vicinity of the band edge. Thus a
more specific description of real semiconductor materials is given through the Tanguy
model function. This is an approximation which provides an analytical expression of
the dielectric function of weakly bound Wannier excitons. Herein the contributions of
all bound and unbound states were taken into account, while simultaneously including
a Lorentzian broadening of the energy levels of width Γ. This broadening allows for
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numerical determination of the crystal quality of the investigated layer as an increase
in Γ is directly related to a reduction in carrier lifetime caused by defects or perturbed
crystalline structure. The respective equations are discussed in more detail in [101,
102]. Therefore the dependence of optical constants with temperature or any external
perturbation can be analyzed more detailed. However one has to keep in mind that this
model only works in direct vicinity of the band edge as shown in Figure 3.5.

Figure 3.5: Influence of excitonic effects
on the real and imaginary part of the di-
electric function in the vicinity of the band
edge. Without excitonic effects the dashed
line shows a broad absorption edge which
gets much more pronounced including ex-
citonic effects (solid line). The band edge
is chosen to be 1.42 eV, R=0.004 and the
broadening is very small with Γ = 0.006 (af-
ter [101]).

Effective medium approximation (EMA)
Finally, for the case that the material under investigation forms a boundary with its
neighbor the materials can penetrate each other. This leads to a mixture of both materi-
als on a microscopic scale which can be extended over several nm in thickness. In the
case that one of the media is vacuum (or air) this is the classical definition of an over-
layer roughness. An interface roughness can be treated accordingly as a mixture of the
two adjacent materials. Due to the fact that the light cannot resolve the precise structure
of the layer only an effective dielectric function 〈ε〉 will be sensed, an effective medium
approximation has to be used. However, this approximation is in the need of several
assumptions: the micro structural dimensions have to be large enough to avoid quan-
tum size effects. Otherwise the dielectric function will be changed significantly leading
to wrong results in layer properties. Then the micro structure has to be small enough
compared to the wavelength of the probing light (< λ) to avoid resonant scattering.

Different effective media approximations are described in literature [80, 103]. The
most useful for overlayer roughness description and also used in this work is according
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to Bruggemann [104]. Through defining inclusions of a guest material εa in a host
material εb the effective dielectric function 〈ε〉 can be calculated with the fraction f of
the guest material as a free parameter:

f
εa − 〈ε〉
εa + 2〈ε〉 + (1 − f)

εb − 〈ε〉
εb + 2〈ε〉 = 0 (3.11)

The validity of this approximation is limited to f ≈ 0.5 meaning the fractions of both
materials have to be comparable [80]. This assumption yields satisfactory results when
analyzing the roughness development during GaN nucleation layer growth (see chap-
ter 4) except for a linear scaling factor. In case of roughness formation through parasitic
nucleation as it can be observed during growth of InN (this will be discussed in more
detail in chapter 7) this assumption is problematic.

Nevertheless effective medium theory and its calculation results should be always
treated with care because: the proper effective medium model for a given sample de-
pends on its specific micro structure and therefore varies for each sample. The parame-
ters determined are not necessarily quantitative for the above reasons and thus the inter
layer dielectric response may be different to that from the real bulk.

3.3 Examples for influences of sample properties on the
dielectric function

For interpretation of the in situ measurements of the effective dielectric function a de-
tailed understanding of the different influences on the dielectric function is required.
This allows a quick response of the grower already during growth through a phe-
nomenological interpretation of the observed differences somehow ”guide to the eye”.
Thus the main two different influences which occur during and after growth: tempera-
ture and overlayer effects, are briefly discussed here.

Overlayer effects
The so-called two-phase model previously described to calculate the dielectric function
only gives correct values for semi-infinite, isotropic samples were just one reflection at
the interface between the sample and the ambient has to be considered. In reality the
samples measured are of a more complex, layered structure consisting of a film on a
substrate covered with roughness or oxide over layers. The obtained effective dielec-
tric function (pseudo-dielectric function) is no longer a material property but rather a
sample property averaging over the dielectric responses of the layered system. Never-
theless it is a useful quantity to compare different sample characteristics like surface
roughness (see Figure 3.6 below). Here two different GaN samples are measured ex
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situ with the DUV ellipsometer setup several days after growth according to the pro-
cedure in chapter 4. As a reference GaN dielectric function we took the data set from

Figure 3.6: Influence of roughness and oxide overlayer on the effective dielectric function
of two samples (1.2µm GaN grown on sapphire) in the range from 3 to 9 eV. They reveal an
oxide overlayer thickness of 1.7 nm and a roughness of 0.3 and 0.45 nm, respectively. The solid
line shows the GaN DF corresponding to the literature data taken from [91] together with the
GaN-oxide dielectric function (inset).

[91] (solid line). Obviously the sample properties differ a lot from the reference and
they can be interpreted as follows: a numerical calculation leads to the assumption of
an oxide overlayer of 1.7 nm and roughness overlayer thickness of 0.3 and 0.45 nm,
respectively. The thicker the roughness overlayer the more the magnitude of the higher
interband transitions is reduced. This is due to an increased damping caused by defects
as described in [105], p. 111. The oxide overlayer formation took place during transfer
in air and can also result from contamination with moisture. The DUV spectral range
was chosen here for improved visibility of overlayer influences on the magnitude of
the higher transitions. For improved visibility the Fabry-Pérot interferences below the
GaN band edge are removed. More DUV investigations on III-nitrides with this special
setup will be found in [88].
Whenever a pseudo dielectric function is used rather than a dielectric function of a
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specific material it is indicated by angular brackets: 〈ε〉 .

Temperature effects
Also changes of the temperature show significant changes within the line shape and en-
ergetic position of the structures appearing in the dielectric function. In Figure 3.7 this
energetic shift accompanied by a dampening of the magnitude of the higher transitions
in the effective dielectric function is shown for GaN at room temperature vs. 1030 ◦C.
Therefore the GaN DF was measured in situ at room-temperature (black lines) and at

Figure 3.7: Comparison of the temperature influence onto the GaN DF at RT and 1030 ◦C.
Arrows indicate the bulk critical points (BCP) and their shift with temperature. Black lines
show ex situ measurements at room temperature while gray lines are measured in situ at growth
temperature. The expansion of the high temperature dielectric function into the DUV region is
achieved through a parametric dielectric function model according to [79, 106] shown in dotted
lines.

1030 ◦C up to 6 eV (gray lines) and additionally ex situ up to 9 eV (black lines), also
at room temperature. Using a temperature parametrisation model based on the ob-
served temperature shift of the E0 gap position and the E1 transition (which can be
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both clearly observed at temperatures around 1000 ◦C in the measurement range of the
in situ ellipsometer) the shift of the higher interband transitions is calculated (dotted
lines). Here the expansion of the high temperature dielectric function into the DUV
region is achieved through a dielectric function model according to [79, 106] using a
set of harmonic oscillators for the sharp transition features and a cubic spline interpo-
lation for the relatively broad background. This model of course only describes the
behavior of the dielectric function with temperature and does not include the entire
physical interpretation except the reduced coulomb interaction with temperature. It
allows for convenient determination of the optical properties of GaN at temperatures
between room and growth temperature.

For InN such a model calculation still suffers from the knowledge of the exact
dielectric properties of the material. Thus a comparable model can not be applied
without high uncertainties and the respective growth rate calculations as presented in
chapter 6 are based on the in situ measured high temperature dielectric function of InN.



Chapter 4

Epitaxial growth of GaN on sapphire
(0001)

Since GaN substrates of sufficient quality and size are not yet available for reasonable
prices, growth is still performed mostly on basal plane sapphire [29, 107]. Due to the
large lattice mismatch and difference in thermal expansion coefficients as shown in
Table 1.1 heteroepitaxy of GaN directly on sapphire leads to a poor film quality with
broad FWHM of X-ray rocking curves and strong defect induced deep level yellow
luminescence. Thus a quite sophisticated nucleation procedure prior to the epilayer
growth was established allowing growth of well oriented thick high quality GaN layers
[4, 29, 108]. The structural relation between substrate and epitaxial layer is already
discussed in chapter 1. Although this nucleation process used is mature and was opti-
mized in more than a decade it comprises several steps as sketched in Figure 4.1 which
have to be controlled and understood.

• nitridation of the sapphire substrate

• low temperature deposition of a nucleation layer 1

• a subsequent annealing step of this layer

• high temperature growth of the epitaxial layer

Therefore many parameters have to be adjusted to finally achieve a high quality epitax-
ial GaN layer. Most investigations on the properties and mechanisms at the nucleation
layer growth have been made in the last decade. The aim was to understand the growth
mechanisms in high mismatch epitaxy which could not be reached satisfactorily. It

1formerly the NL was called buffer layer [29], later this term was used for the typical 1-3µm thick
GaN layer grown prior to the active region of all kinds of devices to achieve maximum reduction in
defect density.

37
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Figure 4.1: Scheme of the classical four-step growth procedure for GaN heteroepitaxy on sap-
phire. The nitridation (1) of the substrate at high temperature under hydrogen and ammonia
flow is followed by low temperature nucleation layer growth (2) with a high gallium supersat-
uration. Ramping to growth temperature of the epilayer (annealing, 3) is done under reduced
ammonia pressure to stabilize the nucleation layer and avoid etching while high temperature
epilayer growth (4) is performed again at high ammonia flow.

turned out quickly that the nucleation layer (NL) was of poor crystal quality consisting
predominantly of cubic GaN [109] with a high number of stacking faults [110–112].
A critical temperature for the formation of different crystalline phases during growth
[113, 114] was reported, too. However the processes after nucleation layer growth are
still subject of intense investigations [110, 115]. Most of these studies concentrated on
the influence of nitridation, the nucleation layer growth itself and the subsequent an-
nealing step on the quality of the epilayer grown afterwards [29, 116–118]. Therefore
for example the nitridation time [117–119], NL growth temperature [113, 114], NL
thickness [29, 120] and the annealing time and temperature [121–123] were varied in a
wide range. In these investigations the resulting epilayer quality was checked with ex
situ methods mostly using X-ray diffraction or photoluminescence as indicators. Al-



39

ready slight deviations from the optimum procedure resulted in worsening of structural
and optical properties. Even when clear dependencies were found the physical mech-
anisms leading to the different results in epilayer quality often remained unclear. In
situ characterizations have been used so far e. g. to investigate the formation process of
the thin AlN layer through nitridation by use of electron diffraction methods in MBE
[72, 124–126]. For MOVPE it was found that many of the processes and the optimum
parameters of this empirical procedure depend on the specific growth setup and, more-
over, on the actual condition of the reactor used [127]. Here in turn the nitride coating
inside the reactor is supposed to reduced ammonia surface cracking which has to be
compensated with an increase in NL growth temperature. Meanwhile several attempts
on investigating the process of nucleation layer annealing utilizing in situ techniques
like reflectance measurements have been performed also in MOVPE [115, 128–130]
gaining insight into roughening and coalescence processes [128–130] and their respec-
tive activation and decomposition energies [115, 129, 130]. Therefore, these steps are
investigated here in more detail using in situ spectroscopic ellipsometry as the method
of choice. The aim is to track all changes in layer properties in situ during epitaxial
growth in dependence of the growth parameters used.

In the following the nitridation process of the substrate is discussed, followed by
a more detailed examination of the nucleation layer growth and annealing procedure.
Finally growth of the actual epitaxial layer with respect to ellipsometry and ex situ
characterization on optimized nucleation layers will be discussed.

Sample preparation

All samples were prepared in the horizontal EPIQUIP reactor described in chapter 1
on basal plane (00.1) Al2O3 substrates, using trimethylgallium (TMGa) and ammonia
(NH3) precursors. The substrates were first cleaned in organic solvents (acetone and
isopropanol) to remove possible adhesives from the cutting process, then etched in a
hot H2SO4:H3PO4 3:1 solution and finally rinsed for 2 min in deionized water. Prior
to epitaxy they were thermally cleaned at temperatures of 1050◦C for 10 min under
hydrogen flow. The standard flux of 1 sl/min ammonia used for nucleation and epilayer
growth corresponds to approx. 45 mmol/min. To prevent gallium droplet formation
during NL growth always enough ammonia has to be supplied. Therefore TMGa was
varied for variation of the V/III ratio at constant, high ammonia flow if nothing else
is mentioned. This is a consequence of the low decomposition rate of ammonia at
these temperatures. Either hydrogen or nitrogen were used as carrier gases at 100 mbar
reactor pressure.
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4.1 Nitridation of the sapphire substrate

A nitridation process of the sapphire substrate was recently reported by several groups
to improve the optical and electronic properties of GaN layers grown in MOVPE [117–
119] as well as in MBE [125], gas source MBE [72] and remote plasma enhanced
MOCVD [131]. The nitridation is performed to substitute oxygen by nitrogen in a
few top most mono layers of the sapphire substrate, thus forming an AlNxO1−x layer
[132]. In order to obtain such a nitridation, we followed the procedure suggested
in [4]. The nitridation process was then performed under an NH3 flux of 1 sl/min
(equiv. 45mmol/min) using hydrogen as a carrier gas. Ellipsometric spectra were taken
before and after the process while the changes were monitored at a transient energy
of 5.5 eV during temperature increase. Ellipsometry spectra of the sapphire substrate,
measured before (dash-dotted line, solid line, T = 550 ◦C), during (dotted line, T =
1060 ◦C) and after (dashed line, again T = 550 ◦C) the nitridation process, are shown
in Figure 4.2. The first spectrum (0 in Figure 4.2) was taken on a ”clean” sapphire

Figure 4.2: Nitridation of the Al2O3 substrate: (a) effective dielectric function spectra mea-
sured after high-temperature cleaning (1, solid line), during nitridation at 1060 ◦C (2, dotted
line) and after (3, dashed line) the nitridation treatment again at 550 ◦C together with calculated
absorption of a 4 nm AlN layer (calc. , gray line). The spectra before nitridation (0, dash-dotted)
is already different from transparent sapphire (ε2 ' 0) due to absorption from e. g. moisture. (b)
Temperature ramp as applied during the nitridation procedure. (c) The transient taken at 5.5 eV
illustrates the evolution with time of the whole process until formation of an AlN overlayer.
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substrate after chemical cleaning at 550 ◦C under hydrogen gas carrier. The 〈ε2〉 signal
of the initial surface is nearly flat in this spectral range (the band edge of crystalline
γ-sapphire is reported to be 8.7 eV [100]). However, a weak structure is observable
and the effective dielectric function of the sapphire is slightly different from zero as it
should be for the transparent material. This is mainly due to adsorption of moisture and
other contaminants during transfer into the reactor. After 10 min of high temperature
cleaning at 1060 ◦C and cooling to 550 ◦C a small feature around 5.5 eV appears where
the sapphire dielectric function should be without any features (1, solid line). Heating
again to 1060 ◦C now with additional flux of 1 sl of ammonia a clear structure appears
at around 5 eV (2, dotted line) which remains after cooling down to 550 ◦C but is shifted
to a higher energy of 5.5 eV (3, dashed line). Due to the nitridation process at high tem-
perature a characteristic absorbance signature is observed now which should be related
to the nitridation process, some absorbing material formed on top of the substrate. In
order to identify the origin of this modification of the sapphire surface the measured
spectra are compared to calculated ones assuming AlN layer of different thickness on
top of the substrate (calc. , gray line).

Good agreement was found when a 4 nm thick AlN layer was assumed, as can be
seen from the modeled spectrum in Figure 4.2(a, calc.). The energy shift between mea-
sured and modeled spectrum is due to the use of a room temperature AlN dielectric
function being the only one available for modeling so far. Now the very small structure
appearing at 5.5 eV in the ”clean” sapphire signal (1, solid line) before nitridation can
be easily explained: during the high temperature substrate cleaning procedure dissoci-
ated hydrogen has partially dissolved remaining GaN from former epitaxies inside the
reactor/liner tube forming reactive ammonia again. This small amount of ammonia has
then led to formation of a very thin nitridation layer on the substrate. This may be the
reason why many researchers claim nitridation of the substrate as useless since it does
not improve their epitaxial layer quality: during high temperature cleaning they have
already nitrided the sapphire substrate.

From the ellipsometry transient monitored at 5.5 eV and the temperature ramping
as shown in Figure 4.2(b) and (c) several conclusions can be drawn: during the first
100 seconds, between 550 ◦C and 830 ◦C, an apparent decrease in UV absorbance indi-
cates the desorption of some adsorbate layer. Obviously the high temperature cleaning
prior to nitridation did not prevent the surface from being covered with adsorbates, pos-
sibly from former epitaxies. Thereafter, the absorbance increases again indicating the
start of the nitridation process at about 830 ◦C. After some exponentially developing
exchange process, the nitridation can be considered as completed after 800 s, i.e. af-
ter about 600 s of a thermal treatment at 1060 ◦C under NH3 purge where Hashimoto
et al. [132] expected still an exponential increase in thickness for more than one hour
of nitridation. But the final thickness of 4 nm achieved after nitridation is compara-
ble to their results gained with ex situ XPS on differently prepared, long time nitrided
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substrates. As the calculated ellipsometry spectra indicates a coverage of the substrate
surface with several mono layers of AlN the nitridation with ammonia obviously leads
to the formation of a real AlN layer instead of the previously assumed amorphous layer
of Al-N-O [132]. This is in congruence with the results of sapphire nitridation with
ammonia in MBE where TEM investigations revealed an abrupt sapphire/AlN inter-
face with no evidence of formation of Al-N-O compounds [126].
Now, after preparation of the substrate, growth of the nucleation layer can be started.

4.2 Growth of GaN nucleation layer
Despite the fact that thermally activated ammonia dissociation has been reported to start
at about 900 ◦C [31] growth of a nucleation layer at temperatures far below is possible.
Apparently the group III precursors used, their decomposition products (TMGa(CH3)n)
or the initially formed GaN crystals act as a catalyst for ammonia dissociation. This
is supported by the fact that metals such as W or Pt are reported to act as catalysts for
ammonia decomposition under non-equilibrium conditions [31]. Since no reports on
the optical properties of such LT-grown GaN nucleation layers are available so far, in
a first effort the use of ellipsometry for determining the optical properties during the
growth process has been studied .

NL characterization
For two different NLs grown at 550 ◦C with strongly different V/III ratios of 4,000 and
10,000 the respective effective dielectric functions have been measured in situ directly
after growth in the reactor. From these layers the absorption-related imaginary part of
the dielectric function ε2 has been determined through a simple ”scanning epsilon fit
procedure” as shown in Figure 4.3. Disregarding overlayer effects and the exact layer
thickness the NL dielectric function was determined in a trial-and-error way. Therefore
the thickness was solely assumed to be in the range of some tens of nm and roughness
effects were neglected. As a starting point a dielectric function similar to that of hexag-
onal GaN (compare chapter 3.3) was used and while varying this DF numerically a best
fit result for the measured pseudo-dielectric function of the two NL could be obtained.
Even if this procedure does not reflect the physical properties of the layers precisely it
is possible to search either for similarities or big differences in their optical properties.
In fact these two layers exhibit strong differences in their characteristic absorbance fea-
tures. At high V/III ratios (10,000) the nucleation layer shows a well pronounced E0

gap signature with an onset at around 3 eV. For the nucleation layer grown with a dis-
tinctively lower V/III ratio (4,000) only a weak shoulder in the exponential absorbance
tail of the respective 〈ε2〉 spectrum can be seen at the E0 gap position (Figure 4.3,
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Figure 4.3: Imaginary part of the dielectric function for two NL layers grown with different
V/III ratios evaluated through a simple ”scanning epsilon” routine. At a high V/III ratio of
10,000 (dashed line) the layer shows a distinct E0 gap structure around 3.2 eV while at lower
ratio of 4,000 (solid, black line) this energy gap only appears as a weak shoulder (hatched area)
in a more exponential like absorbance tail (referred to as ”fit”, gray line) and seems to be shifted
in energy, too.

hatched area). For comparison an exponential absorbance spectrum is additionally de-
picted (Figure 4.3, ”fit”). The energy shift of the band edge E0 towards lower energy is
attributed to the measurement directly after growth at slightly elevated temperatures.

Obviously the electronic and crystalline differences of thin GaN NL grown at low
temperature with different growth parameters can be easily distinguished by ellipsom-
etry. Since those differences observed are typical for layers with either a different,
perturbed crystalline structure or an increased defect density a more detailed analysis
shall give insight in the dependencies of the NL structure from the growth parame-
ters. Therefore a systematic variation of the growth parameters will be performed and
now the exact properties of the nucleation layer like overlayer roughness, thickness,
etc. will be taken into account. Also the exact position of the band edge will play an
important role for characterization of their properties and has to be determined pre-
cisely. But before this can be done the optimum NL thickness must be determined and
cross-checked.
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Optimization of NL thickness
As mentioned in the beginning one important criterion for an optimized epilayer growth
which has to be controlled is the absolute thickness of the nucleation layer [4, 29, 108].
Thus at first this parameter had to be fixed for further investigations. Furthermore a first
characterization of the GaN epilayer grown in our apparatus has to be given to ensure
that the results gained in each growth step are close to what is state of the art. Therefore
the nucleation layer thickness was varied simply by change of the growth time, holding
the V/III ratio constant. Thereafter a 1µm-epilayer was grown on each nucleation
layer, again with a constant V/III ratio. The dependence of the epilayer quality from
NL thickness was characterized via ω − 2Θ XRD-scans of the symmetric GaN(0002)
reflection 2 as shown in Figure 4.4. Obviously a nucleation layer growth time around

Figure 4.4: FWHM of XRD-Ω-scans
(rocking curve) of the symmetric
GaN(0002) reflex of 1µm GaN epi-
layers grown on nucleation layers of
different thickness. Variation in thick-
ness was achieved through variation
of NL growth time. The correspond-
ing thickness values depicted on the
top axis (gray) are derived from ellip-
sometric measurements. The spline is
a guide to the eye.

180 s (according to 45 nm as derived from the ellipsometric spectra and SEM images)
leads to an epilayer with the narrowest FWHM of the (0002) reflection of around 400 ”
indicating a layer low in defects. Since the epilayer thickness is only 1µm this FWHM
value is acceptable for GaN grown in high mismatch epitaxy (compare [122]). Best
values achieved are around 100 ” for a layer thickness of more than 2µm and less for
laterally overgrown (LEO/ELOG) material.

4.2.1 Influence of the V/III ratio
With this experience a first systematic study on the nucleation layer properties grown
under various conditions could be started. This is of importance since for example Kim

2A thorough investigation of all defect types, especially threading dislocations, would require addi-
tional XRD scans along asymmetric planes. For our purpose the symmetric scan along (0002) direction
is sufficient.
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Figure 4.5: Real and imaginary part of the effective dielectric function of six as-grown GaN
nucleation layers recorded after deposition under ammonia stabilization at 550 ◦C. The V/III
ratio was changed from 1,000 to 10,000 by varying the gallium partial pressure while growth
time was reciprocally adjusted to achieve layers of similar thickness. Therefore the interference
related structures of all effective dielectric functions show apparent similarities.

et al. reported that a decreased V/III ratio achieved by an increase of the gallium flow
leads to an increased growth rate. The increased NL growth rate reduces the disloca-
tion density in the subsequently grown GaN epilayer and thus improves significantly
the epilayer quality [133]. However, the authors have not given an explicit explanation
for this behavior. Figure 4.5 shows the effective dielectric function 〈ε〉 of a set of six
as grown GaN nucleation layers deposited at 550 ◦C under various V/III ratios in the
reactor. The V/III ratio was varied by changing the gallium partial pressure, while the
ammonia partial pressure was kept constant at 25 mbar (according to 45 mmol/min) to
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provide sufficiently active nitrogen to the surface and hence suppress gallium droplet
formation. All layers were grown at 550 ◦C. Because growth is limited through the
gallium partial pressure the growth time was adjusted reciprocally to the gallium par-
tial pressure with the aim to obtain nucleation layers with a comparable thickness. SE
transients measured during growth allowed for growth control and similar transient line
shapes guaranteed similar layer thickness. This can be seen in Figure 4.8. All 〈ε〉 spec-
tra of the thin stabilized nucleation layers recorded after deposition are dominated by
a broad interference contribution due to light penetration. The energetic positions of
minima and maxima of the spectra are affected by both, thickness and optical density
of the layers. Since they all appear similar their thickness is expected to be similar.

For a precise evaluation of the in situ measured ellipsometry data an optical model
consisting of a multi layer stack was used consisting of a semi infinite sapphire sub-
strate, a GaN layer, rough GaN and a vacuum approximating the gas ambient. The inset
in Figure 4.6, top shows the respective layer stack assumed for complete description.
The rough GaN on top accounts for the morphology of the nucleation layer. The pseudo
dielectric function was then calculated for the entire stack in terms of an analytical
model function described by the Tanguy approximation which provides an analytical
expression of the dielectric function of weakly bound Wannier excitons. The contribu-
tions of all bound and unbound states were taken into account including a lorentzian
broadening Γ of the energy levels (see also [101, 102] and chapter 3). This broadening
allows for numerical determination of the crystal quality of the investigated layer. An
increase in Γ is directly related to a reduction of the carrier lifetime caused by defects
or a perturbed crystalline structure.

The parameters were adjusted to fit the calculated effective dielectric function to the
measured data in the following two step procedure:
in the first step the band edge position E0 and the respective broadening Γ are calculated
while restricting the measured data to an energy range of 2 to 4 eV since the Tanguy
approximation is only valid close to the band edge. Second, using the so determined
values for E0 and Γ the data range was extended to 6 eV to include the thickness related
interference structures for exact determination of the NL thicknesses. The roughness on
top was described by a Bruggemann effective medium approximation (EMA, see also
chapter 3.2.2) assuming a 50 % mixture of GaN and voids [86] using the same optical
constants as for the GaN NL below. In Figure 4.6 (top) the results are shown exemplar-
ily for two nucleation layers. There the calculated pseudo dielectric function is given
by the dotted curves, demonstrating the excellent description of the optical properties
through the applied model with the measured ones (solid line). The corresponding bulk
dielectric functions of four different NLs are also shown in Figure 4.6 (bottom). The
band edges of all nucleation layers appear to be below but close to 3 eV (at 550 ◦C) and
the adsorption edge is significantly broadened compared to what is usually observed
for direct III-nitride semiconductors (compare e. g. [134]). Significant differences can
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Figure 4.6: The top graph shows the measured effective dielectric function 〈ε2〉 of two as-
grown GaN nucleation layer from Figure 4.5 (solid line) vs. the calculated effective dielectric
function according to the model described in the text (dots). The results agree quite well.
The inset shows the assumed sample structure for the model. Bottom: the corresponding bulk
dielectric functions ε2 determined from the 〈ε2〉 functions for four NL are shown.

be already distinguished from the line shapes giving rise to the assumption that the
band edge is apparently most pronounced at high V/III ratios, i. e. for layers deposited
with a low growth rate [120, 135]. Therein a tendency towards more cubic material is
observed for thin NL and with increasing thickness hexagonal islands tend to form on
top. As already mentioned the applied model allows to obtain values for the band edge
position E0 and the broadening Γ. From these results several conclusions can be drawn
which are illustrated in Figure 4.7. Obviously the broadening parameter Γ decreases
with decreasing growth rate (increase in V/III ratio) showing an increase of crystalline
quality. This can be easily understood since lower growth rates allow for more surface
ordering and thus a decrease in defect density. At the same time the NL band edge
increases for lower growth rates showing a higher amount of hexagonal proportions in
the NL. This is similar to the findings of Wu et al. [110, 112] where both phases, cubic
and hexagonal are observed in TEM and the occurrence of the cubic phase in the NL is
accompanied by a high density of stacking faults. The number of these stacking faults
is reduced during subsequent annealing of the NL when additional hexagonal phases
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Figure 4.7: Energetic posi-
tion of band edge E0 and band
edge broadening Γ (measured
at 550 ◦C) for different NL
grown with different V/III ra-
tios. With decreasing growth
rate (increase of V/III ratio)
the NL band edge rises show-
ing an increase in hexagonal
structures while the band edge
broadening is reduced.

are formed. It can therefore be concluded that changing the growth rate strongly affects
the relation between the cubic and the hexagonal fraction in the NL. With an increase
in growth rate the NL dielectric function shows a higher amount of cubic material in
the layer.

The possibility of an increase of randomly oriented hexagonal crystals can be ruled
out since this only leads to an increase of the broadening. No influence on the band edge
should be observed then except for confinement effects. In case that the crystals formed
during NL growth are small enough resulting in an increase in band gap energy similar
shifts in energy should be observed. But Cheng et al. [113] found that the cubic phases
always occur in grain boundary areas leading to a direct relation between the observed
cubic proportion and the number of stacking faults together with grain sizes of more
than 30 nm. This size is above what one would expect for confinement energy shifts.
Additionally the existence of cubic phases can be derived from the absolute value of the
E0 position (see Figure 4.17) where a value much closer to that of cubic GaN than of
hexagonal GaN is observed. This is also in congruence with the high cubic proportions
found in NL from Wu et al. [111] and Munkholm et al. [109]. Since very low nucleation
layer growth rates strongly influence (worsen) the quality of the subsequent hexagonal
GaN epilayers [133] this must be related to the different crystalline phases occurring in
the NL for the different growth rates. This will be explained later in more detail in the
following section 4.3 with its consequences to the improvement in epilayer quality.
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4.2.2 Influence of the reactor setup
Spectroscopic ellipsometry also allows to determine the growth rates of the NLs in situ
during deposition by evaluating transients measured at a fixed photon energy. In Fig-
ure 4.8 growth transients recorded at a photon energy of 5 eV are shown. They are
displayed as values of cos∆ and tanψ (see chapter 2) which allows improved visibil-
ity of the growth start. The value of 5 eV for the transient energy is a compromise
between high optical absorption of the thin layer while at the same time measuring
with nearly temperature independent 〈ε1〉 and 〈ε2〉 values located on a plateau of the
optical dispersion below the steep incline to the next high energy transition E1 (see
chapter 3.3 for more details). The high absorption reduces the influence of growth
oscillations in the transients but since the layer is very thin (some tens of nm) still
enough light penetrates through it to observe thickness related interferences. A set of

Figure 4.8: Growth transients of tanψ and cos∆ taken at 5 eV for four different nucleation
layers. Variation of the V/III ratio (from 2,000 to 6,000) by a change in TMGa flow shows the
expected change in growth rate while the general shape of the transients is similar. Addition-
ally for the V/III ratio of 2,000 a different growth behaviour is found when the growth system
(susceptor and reactor) is thermally etched under hydrogen prior to growth (denoted as ”clean
susceptor” , dotted line). Solid lines for V/III ratio of 2,000 show the respective calculation of
the transients and their agreement with the measurement (dotted/dashed).

as measured growth transients taken at 5 eV together with the respective calculated ones
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(dotted/dashed curves) is shown in Figure 4.8. Since the aim was to grow NLs of com-
parable thickness through adjusting growth time reciprocal to the variation in gallium
partial pressure all transients are similar in shape but stretched on the time scale. For
the two NLs grown with a V/III ratio of 2,000 the line shapes differ significantly. While
all layers grown in a GaN coated susceptor/liner tube setup show only one interference
maximum (in tanψ) which appears after appprox. 30 nm layer thickness the one grown
in a clean setup shows a second minimum (circles in Figure 4.8). In this case prior to
nucleation layer growth the reactor and susceptor were thermally etched under hydro-
gen flow at 1040 ◦C for 15 minutes. Obviously the NL growth behavior is significantly
different when a clean susceptor is used leading to significantly thicker NLs. To inves-
tigate these differences and their origin a detailed evaluation of the growth transients is
necessary.

To achieve this, the time dependent evolution and formation of the multi layer stack
described before in Figure 4.6 had to be evolved assuming a growth model similar to
what has been observed by Degave and co-workers [120]: the growth is initialized by
formation of a roughness (without any GaN related physical properties) which can be
interpreted as a seed. Through growth and coalescence of these seeds a closed GaN
nucleation layer is formed with some roughness on top. When growth proceeds the
closed layer increases in thickness while the roughness remains nearly unchanged. This
is sketched in Figure 4.9.
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Figure 4.9: Growth model as-
sumed for evaluating SE tran-
sients during NL growth. Af-
ter formation of an initial
roughness (a) the seeds start to
coalesce (b) and a dense NL
rich in defects forms (c). The
model stack for final NL spec-
tra calculation is shown in c’.

A proper description of the growth starting point requires the assumption of a nonlinear
growth rate of the initial roughness formation on sapphire. This is similar to what has
been observed for GaN growth in MBE. There, initial growth was reported to consist
of two regimes, a highly nonlinear and a subsequent linear mode [124]. Therefore we
used two EMA layer (see chapter 3) of the same optical properties with slightly dif-
ferent growth rates (separated by the dashed lines in Figure 4.11). The result of this
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transient calculation is given in Figure 4.8 where the solid lines show the calculations
together with the respective measured transients demonstrating the agreement between
model and measurement. Thus the evolution in layer thickness can be estimated and
NL growth rates can be determined easily. In Figure 4.10 the dependence of the growth
rate on the gallium partial pressure at constant ammonia flow is given. For a sus-
ceptor coated with GaN from previous growth runs the growth rate is constant during
deposition and scales approximately linear with the Ga partial pressure (black curve,
Figure 4.10). Using a ”clean” susceptor (obtained after a 15 min. bakeout at 1040 ◦C
under hydrogen) a completely different growth behaviour is found: in the beginning the
growth rate is increased nearly by a factor of two and decreases during the 3 min. depo-
sition time approaching the same value obtained by using a GaN coated susceptor (grey
curve, Figure 4.10). As these differences of the deposition conditions are already ob-

Figure 4.10: Growth rate of nucle-
ation layers at 550 ◦C deposition tem-
perature and constant ammonia flow
depending on the Ga partial pressure
for GaN coated susceptor (black rect-
angles) and hydrogen etched susceptor
(gray circles). The drastic change of
the growth rate during deposition is in-
dicated with arrows. The data were de-
termined from transients of cos∆ and
tanψ shown in Figure 4.8.

served at the initial stages of growth they lead to significantly different layer thickness
for the same deposition time. For identical gallium fluxes we obtain total thicknesses
of 62 nm and 48 nm after 3 min. deposition time using a ”clean” and a ”GaN coated”
susceptor, respectively. The detailed evolution of the nucleation layer thickness is given
in Figure 4.11. To simulate the decrease of the growth rate for the ”clean” susceptor
we gradually approximated the temporal evolution with three different values (dotted
lines in Figure 4.11, left image). We find a strongly nonlinear growth behavior similar
to that already reported for MBE growth [124]. In both cases the onset of deposition
is initially described by a rough layer only and the nuclei coalescence for formation of
a dense layer is significantly delayed. In case of the clean susceptor it is 13 s instead
of 9 s for the GaN coated one. In both cases the growth rate of the rough layer slows
down immediately after the onset of coalescence leading to an almost constant thick-
ness of the rough part of the NL during deposition with solely the dense layer growing.
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Figure 4.11: Evolution of the nucleation layer thickness for deposition on sapphire at
550 ◦C and V/III ratio of 2,000 using a coated (left) and a clean susceptor (right). The
solid lines give the total layer thickness. The dashed line separates the parts of the rough
layer with the different growth rates necessarily assumed to describe the nonlinear growth
behavior at the onset of deposition. The change in growth rates in case of a clean susceptor
(right) is indicated with the dotted lines to visualize the different slopes.

This growth behavior can be interpreted as a 3D→ 2D growth mode transition when
coalescence takes place. From the significantly different delay times (9 s vs. 13 s) for
the coalescence onset it can be concluded that the nuclei density varies with the reactor
and/or susceptor history.

In case of the clean susceptor the density may be either lower or the nuclei size
is larger, something which can not be deduced from the ellipsometry transients only.
But taking into account that during the previous nitridation experiments a quite thin
AlN layer was already found on the sapphire after high temperature cleaning of the
substrate in hydrogen carrier gas (see beginning of this chapter, Figure 4.2) we are able
to understand the differences in coalescence delay: the substrate thermally cleaned
in the GaN coated reactor has a very thin AlN overlayer which acts strain reducing
with the consequence of smaller nuclei forming on the substrate surface but higher
in density. The ”pure” sapphire substrate instead increases strain in the GaN nuclei
leading to larger grains of lower density. With larger nuclei coalescence is significantly
delayed since their mutual distance is expected to be larger. Assuming the thin AlN
over layer to be the so called ”wetting layer” this can be interpreted as a Stranski-
Krastanow growth mode while growth on the ”really clean” sapphire proceeds in the
Vollmer-Weber mode.

Subsequently, the total growth rate observed is much higher for the clean than for
the GaN coated susceptor only aiming to a faster growth of the dense layer, see Fig-
ure 4.10. Obviously an already existing GaN coating acts as a trap for the dissociated
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precursors and leads to significant depletion in the gas phase. This depletion is not
observed in the early stages of growth in the clean system. Thus the dependence of the
growth rate on the condition of the reactor has to be taken into account to achieve a well
defined nucleation for the epitaxy of GaN on sapphire. Because the roughness devel-
ops nearly independently from the reactor conditions except for the coalescence delay
at growth start it is clearly not the pure morphology influencing the subsequent epi-
layer growth and the quality of the epilayer as often cited in literature [122, 128]. Thus
reproducible growth of high-quality, NL thickness sensitive GaN epilayers requires a
growth setup which has to have comparable conditions for each growth run.

To confirm the roughness of the nucleation layer obtained in situ and thus confirm-
ing the assumed optical model we also measured the surface morphology post growth
using atomic force microscopy. The dependence of the roughness determined by AFM
on the Ga partial pressure and the associated growth rate is compared to the ellipsom-
etry data in Figure 4.12 and Figure 4.13. The tendency of increasing roughness with

Figure 4.12: Comparison of NL roughness determined in situ using spectroscopic ellipsometry
(upper graph) and post growth using atomic force microscopy (lower graph).

lower Ga partial pressure and hence decreased growth rate is observed in both, in situ
and ex situ measurements, and was also reported in previous AFM studies [133, 135].
One explanation is the preferred growth of larger structures when less gallium species
are offered and their mobility increases [133]. The differences in the absolute val-
ues and the slope of in situ and ex situ data originate from different definitions of the
determined roughness. AFM determines a root-mean-square (rms) roughness which
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Figure 4.13: 1µm2 AFM images of the corresponding layers to Figure 4.12 for V/III ratio of
1,000 (left) and 10,000 (right) clearly showing the increase of island size with lower growth
rates. The height scale is given in nm

depends on the size of the scan region and gives a weighted average. The minimum
size of the measured structures and hence the rms roughnesses are also affected by size
and geometry of the AFM tip. Ellipsometry yields a roughness based on the effective
medium approximation which assumes idealized void inclusions in the layer and also
gives the total thickness of this EMA layer. For 50 % voids inclusion in the host mate-
rial this equals a factor of two. A more detailed description of EMA theory is given in
chapter 3.2.2.

4.3 Annealing of the nucleation layer
Annealing of the nucleation layer is a crucial step in the GaN growth procedure. The
necessary surface stabilization for in situ measurements was achieved through reduc-
tion of ammonia flow to 22 mmol/min which is half the value for NL growth while
purging with nitrogen carrier gas. The whole annealing process was monitored mea-
suring spectra in intervals of 90 s which is the limit of the apparatus for fast spectral
measurements. The temperature ramping was chosen in the range of 1 ◦C/s for realistic
epitaxy conditions. The layer morphology was additionally studied post growth using
scanning electron microscopy (SEM) and atomic force microscopy (AFM). Using the
four layer model given in the previous section to describe the in situ recorded pseudo
dielectric function we find that a significant smoothing of the nucleation layer starts
at temperatures of 800 ◦C (Figure 4.14). The smoothing proceeds through a decrease
of the thickness of the rough layer while the thickness of the dense layer increases,
maintaining a nearly constant total thickness. Hence GaN does not desorb during the
temperature increase from 550 to about 1040 ◦C in N2 and reduced ammonia pres-
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Figure 4.14: Gradual change of the dense and rough fraction in the nucleation layer during
annealing as determined from the dielectric function model. The upper graph shows the tem-
perature ramping. Layer desorption increases after structural transformation has taken place
(rectangle region) with a final rate of 1.4 nm/s.

sure but is obviously redistributed. At 1040 ◦C after the nucleation layer is completely
smoothed a slow desorption of it is observed with a rate of 1.4 nm/min. Under these
conditions, the nucleation layer is completely desorbed after approximately 30 min.
The effect of the annealing procedure monitored through the evolution of the layer
thickness (Figure 4.14) can be also seen in the SEM image of the surface morphology
shown in Figure 4.15. Here cross section images of two representative samples are
shown taken under an angle of 85 ◦. The cross sectional view was achieved by simple
cleavage of the substrate. Electrical conductivity of the NL was obtained by sputtering
of a chromium layer of ≈2 nm in thickness. From the SEM images the thickness of
the as grown NL can be estimated to approximately 50 nm in good agreement with the
thickness as determined by ellipsometry. The annealed layer is much smoother with
an apparently higher extent of island coalescence while its thickness seems not to be
affected. The rms roughness, measured by AFM, is ≈3 nm for the as grown and 0.6 nm
for the annealed sample.

At a first glance all this is strongly contrary to what has been found by ex situ AFM
investigations from Lada et al. [115] and from Koleske et al. [129] were an increase
of roughness during annealing was observed in AFM. But in both cases the authors
stopped investigating the structural properties after their ideal annealing time. One year
later a more detailed investigation, again from Koleske et al. [130], concluded that after
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Figure 4.15: Surface morphology of as-grown (left) and annealed nucleation layer (right),
imaged at a cleaved edge by scanning electron microscopy. The layer is obviously smoothed
after annealing.

ripening and coalescence of nuclei on the NL surface at high temperatures decompo-
sition of these nuclei takes place. This decomposition leads to a significant smoothing
of the NL again. They also observed a material desorption with a maximum desorp-
tion rate of 0.36 nm/min under ammonia flow at 900 ◦C substrate temperature. This
rate is significantly (almost four times) lower but it can be explained with the highly
accelerated etching process through ammonia decomposition at increased temperatures
(1060 ◦C instead of 900 ◦C).

During the temperature increase the change of the thickness ratio from dense to
rough layer is already known to be accompanied by a structural change [109–111, 136]
in the NL. TEM investigations revealed increase in grain sizes and ordering forming
large hexagonal crystals in the sapphire/epilayer interface. This phenomenon can be
clearly tracked within the ellipsometry spectra by the temperature dependent shift of the
band edge energy E0 of the NL during annealing. Here the temperature increase affects
ellipsometry spectra in two ways: firstly, a thermal induced shift of the bulk critical
points to lower energies originating from the combined effect of lattice expansion and
electron-phonon interaction [89] is observed (see also chapter 3.3). Secondly, changes
of the layer itself, e. g. re-crystallization lead to changes of E0. For a detailed analysis
of the influence of layer structure they have to be separated.

In the case of high temperatures (which means clearly above room temperature) the
temperature dependence can be linearly approximated (Figure 4.16, right image). Com-
paring the absolute band edge position of the NL before and after annealing a difference
of 0.12 eV (Figure 4.16, left image) is determined which has to be attributed to the ther-
mally induced changes in the layer structure due to annealing. Taking this difference
of 0.12 eV into account we calculate a temperature dependent slope of the E0 shift of
−6.6 × 10−4 eV/K in the range from 550 to 1060 ◦C. This is in reasonable agreement
with the measured temperature shift for a hexagonal epilayer under ammonia stabi-
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Figure 4.16: Left: energetic position of the band edge E0 of the NL before (straight lines)
and after annealing (dotted lines) measured at 550 ◦C. Arrows indicate the shift of 0.12 eV
of the band edge position related to the structural changes in the layer. Right: annealing
of a hexagonal GaN layer gives a temperature induced shift of the E0 transition of −5.9 ×
10−4 eV/K (squares) with no indication of a non-linear behavior. As similar shift is observed
for the NL (circles) at high temperatures.

lization from room temperature up to 960 ◦C (Figure 4.16, right image). Here a linear
slope of −5.9×10−4 eV/K is determined with no indication of a non-linear temperature
behavior within the range of the error limits. 3 A similar linear regression for higher
temperatures up to 565 K was already reported in earlier measurements of the shift of
the E1 and E2 transition energies for GaN from Logothetidis et al. [138]. Absorption
edge measurements from Su et al. [139] performed on thick GaN in the range from
room temperature to 964 ◦C also clearly revealed a linear behavior with slopes ranging
from −3.8 to −8.1 × 10−4 eV/K. The low precision of their measurements resulted in
a wide spread of the linear factor but no indication of a nonlinear behavior was found.
Now this temperature dependent shift can be subtracted from the calculated band edge
position of the NL during annealing. The remaining changes after temperature cor-
rection should be solely attributed to structural changes inside the layer as depicted in
Figure 4.17, bottom graph. The reference temperature is chosen as 550 ◦C since this
is the start and end temperature of the annealing cycle. Obviously a strong increase
of the corrected E0 band edge position during annealing can be observed. Using the
temperature correction of −6.6 × 10−4 eV/K to determine the room temperature value
for E0 of the NL grown with the lowest V/III ratio (according to highest growth rate)

3Usually a non-linear temperature behavior of the band gap shift is observed in the temperature
regime between room temperature and 0 K [137]. Thus for the temperature range investigated here such
a linear regression is not contradictory.
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Figure 4.17: NL Band edge position E0 and band edge broadening as a function of anneal-
ing temperature corrected for linear temperature shifts with respect to 550 ◦C (linear slope of
−6.6×10−4 eV/K). The structural change begins at 800 ◦C and is almost completed at 1040 ◦C.
Changes from cubic to hexagonal phases are observed with increase in crystal quality. Due to
the temperature correction the E0 values shown here cannot be directly compared to the values
in Figure 4.16, right image.

we find E0(RT ) = 3.24 eV. This is in excellent agreement with the literature values for
cubic GaN (e. g. 3.24 eV in [134]). With decreasing growth rates of the NL this value is
slightly increased. The NL investigated here consists mainly of cubic GaN which trans-
forms into hexagonal GaN during annealing. This transformation starts at about 800 ◦C
and is completed already at 1040 ◦C. The slight increase of the band edge value at a
constant temperature of 1060 ◦C might be attributed to the material desorption which
takes place, leading to smaller crystallites resulting in a size-determined E0 shift.

Together with the mechanisms of layer smoothing as shown in Figure 4.14 the
whole process can be understood and explained in detail:
The band edge position E0 changes from a value close to that of cubic GaN to the value
of the hexagonal modification (E0 = 3.41 eV) during annealing. This is accompanied
by an increase of the dense NL thickness while the roughness layer nearly vanishes.
Desorption of material is clearly observed after the structural change has completed
while the layer is still held at 1060 ◦C for several minutes. Thus the structural change
at lower temperatures must be accompanied by material transport from e. g. inside the
layer to the surface [109, 110, 112]. Obviously this desorption starts from the less sta-
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ble cubic phase in the dense layer by transport of gallium atoms to the surface. There
the gallium atoms are incorporated into the more stable hexagonal phases on top of
the layer. The decrease of the broadening parameter Γ during the material transport
indicates the formation of an ordered hexagonal phase in the NL. At the end solely des-
orption is observed when no further rearrangement from cubic to hexagonal phases can
take place. Therefrom it can be deduced that an annealing procedure with a long-time
temperature treatment above 1000 ◦C will not improve the NL properties. This explains
why long-time annealing worsens the quality of subsequently grown epilayer.

4.4 Growth of GaN epitaxial layer using ammonia
Growth of thick GaN epilayer is performed after the complete characterization of the
different stages in nucleation layer growth and annealing to confirm the procedure.
Therefore the growth process is started directly after nucleation layer annealing by
switching the TMGa flux on while changing the carrier gas to hydrogen and instanta-
neously increasing the ammonia flow to 1 sl/min. The growth rate of the epilayer is
determined in situ by the occurrence of Fabry-Perot interferences in the ellipsometry
spectra 〈ε〉 . A typical value is 1.2µm/h. After one hour of growth the non-oxidized
layers are characterized in situ by SE and ex situ with low temperature photolumines-
cence, XRD and AFM for evaluation of the layer quality. The corresponding photolu-
minescence spectrum is shown in Figure 4.18, left image. A He-Cd laser with 325 nm
wavelength corresponding to 3.81 eV was used for excitation. At 4 K a strong donor
bound exciton emission (denoted I2) dominates the spectrum with a FWHM of 5 meV
at 3.475 eV. In the logarithmic scale (inset of Figure 4.18) additionally the lumines-
cence of free Excitons XA and XB on the high energy side can be clearly resolved.
Their corresponding FWHM is only 2.5 meV and they are shifted in energy by 7.9 meV
and 16.4 meV from the maximum of the bound exciton line. Still some defect related
yellow luminescence (YL) can be found around 2.2 eV. After cooling the sample to
room temperature an interesting feature can be observed in the corresponding ellip-
sometry spectra of the as-grown and oxide-free GaN. Figure 4.18, right side shows
the appearance of an additional absorbance peak around the band edge region (dashed
line). Therefore the band edge was calculated using a simple one-oscillator model re-
stricted to 3.4 ± 0.5 eV (dotted line). A gaussian line fit reveals that the course of the
dielectric function can be ascribed to the existence of an additional oscillator with a
FWHM of approx. 45 meV located at 3.42 eV (Figure 4.18, dashed line). Summing
up the calculated band edge and the absorbance peak oscillator the good agreement
between measurement (gray squares) and calculation is obvious (straight line). This
peak is only resolved for as-grown non oxidized layers and not correlated with layer
interferences. It is obtained for several samples of higher quality and its width remains
totally unaffected by variation of the layer thickness, in contrast to the Fabry-Perot



60 4. EPITAXIAL GROWTH OF GAN ON SAPPHIRE (0001)

Figure 4.18: Photoluminescence spectra (left) taken at 4 K of a 1.2µm thick GaN layer on
sapphire. Strong donor bound exciton emission I2 dominates the spectrum and free excitons
XA an XB are observed on the high energy side. The ellipsometry spectra (right) reveal
similar features (dashed line) but located approx. 25 meV below the band edge (dotted line)
already at room temperature. Squares are measured data points.

oscillations.
Assuming that the absorbance edge is located between 3.44 and 3.45 eV at room

temperature (dotted line) this oscillator energy is 25 meV below the band edge. In the
limited resolution and accuracy of the monochromator adjustment this is in good agree-
ment with the measured 3.475 eV for the donor bound emission line at low temperature.
This difference of 25 meV is much larger than the excitonic binding energies and there-
fore it must be related rather to a defect related transition in the nitride layer than to the
bound excitons observed in PL. This is supported by the determined FWHM of 45 meV
which is much larger than the room temperature lifetime broadening of a bound exciton
or the presence of the XA or XB exciton ground states [140]. Indeed there were several
defect-related emission lines observed below the band edge which are attributed mostly
to GaN dislocations [141] in similar energetic distance to the band edge. The origin of
this structure might be found in the relatively high defect density of GaN layer of such
thickness. With an increase in thickness and significant reduction in defect density due
to layer coalescence this structure is supposed to vanish. So additionally ellipsometry
gives the possibility to observe near-gap defects which are not covered by the Fabry-
Perot oscillations and thereby gives an estimate for the layer quality.

Finally another indicator for the layer quality is given by the AFM image in Fig-
ure 4.19. 2D step flow growth can be observed since the measured terrace height of
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0.5 nm is in the range of the lattice constant. On the 5 × 5µm2 scan area no significant
defects are observed.

Figure 4.19: 5× 5µm2 AFM image
of an ≈ 1.2µm thick GaN epilayer
grown on optimized NL. The over-
all height scale is 5 nm showing that
the steps observed are in the order of
magnitude of the lattice constant. No
significant defects are observed.

4.5 Growth of GaN epitaxial layer using tertiarybutyl-
hydrazine

The standard growth process is performed with ammonia at a V/III ratio of around
2.000 or several sl/min of ammonia. This stimulates the search for alternative precur-
sors with lower decomposition temperature so that a lower V/III ratio can be used with
a decrease in precursor consumption. Several potential compounds like hydrazine and
its derivatives, e. g. dimethyl- and tertiarybutylhydrazine, were proposed as a substi-
tute for ammonia. Pure hydrazine, which was formerly used as rocket fuel, tends to
self-decomposition with high danger of explosion. The more stable compounds with
methyl- and tertiarybutyl ligands have much lower vapor pressures of several mbar at
room temperature and furthermore they are stable compounds. The (non-symmetric)
dimethylhydrazine (UDMHy) [39, 142] as well as tertiarabutylhydrazine [142, 143]
have already proven their ability for growth of diluted GaAsN compounds with high
quality and its use in low temperature GaN growth should be possible, too. The step
wise improvement in precursor quality with lowest oxygen and moisture content in the
sub-ppm range finally enabled some experiments with UDMHy provided by Mochem
company. In the following the results of GaN growth on sapphire using highly puri-
fied UDMHy are briefly described according to the standard growth process which was
characterized before.

The development of a low-temperature nucleation layer growth with alternative pre-
cursor material is not the most necessary part since the nucleation layer growth takes



62 4. EPITAXIAL GROWTH OF GAN ON SAPPHIRE (0001)

layer precursor Tgrowth
◦C tgrowth min V/III ratio

NL ammonia 550 3 2.000
epilayer UDMHy 1040 60 60

Table 4.1: Growth parameters listed for the GaN sample grown with the alternative nitrogen
precursor UDMHy. NL annealing was performed under ammonia stabilization of 20 mmol/min
with nitrogen carrier gas.

place during a few minutes and consumes only a few liters of ammonia. So the reli-
able NL growth and annealing procedure was retained and the nitrogen precursor was
changed from ammonia to UDMHy for the one hour GaN epilayer growth only. In the
first experiments the epilayer growth temperature was reduced to 600◦C. The sample
morphology as well as the structural quality were poor and no photoluminescence sig-
nal could be detected. Since both, the sample morphology and the crystallinity strongly
depend on the adatom mobility during growth the growth temperature was then kept
as high as for epilayer growth using ammonia (1040◦C). The respective growth pa-
rameters for this sample are given in table 4.1 below: With the use of higher growth
temperatures greatly improved sample properties are observed. In the XRD measure-
ments the (0002) reflection FWHM decreased down to 1093 ” or 0.3 ◦ which is an ac-
ceptable value for a layer with an approximated thickness of 600 nm. The morphology
in AFM showed a drastic improvement from formerly randomly oriented crystals for
600◦C growth temperature towards a coalescing layer. Still several residual crystals are

Figure 4.20: Surface morphology of UDMHy grown GaN measured with AFM. The to-
pography image (left, 20x20 µm, 70 nm height scale) shows the onset of layer coalescence
at 600 nm layer thickness. The deflection image highlights the remaining roughness on the
layer induced by well-oriented crystals of hexagonal shape (right, 3x3 µm, 25 nm height
scale).
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observed mostly due to parasitic nucleation as shown in Figure 4.20. These residual
crystals are of hexagonal shape with a height distribution of 25 nm on the coalesced
areas. The improvement in structural quality was accompanied by a drastically im-
proved photoluminescence signal which could be observed now (see Figure 4.21). The

Figure 4.21: Photoluminescence
measurement of 600 nm GaN at 6 K
grown with UDMHy at 1040◦C. The
sharp donor bound emission line at
3.47 eV with only 4 meV FWHM is
accompanied by a defect induced,
broad emission band at 3.4 eV.

measurement at 6 K with an excitation energy of 325 nm from the He-Cd laser showed
a strong donor bound emission line at 3.47 eV which is still accompanied by several
defect induced emission bands at 3.4 eV and 3.28 eV. The latter one may originate from
deep defects which may be attributed to impurities like e. g. carbon. An oxygen-related
yellow emission band around 2.3 eV can also be observed (not shown in the graph).

Summary

In situ ellipsometry during GaN MOVPE on sapphire reveals several remarkable pe-
culiarities of the multi-step growth process. During substrate nitridation the threshold
temperature and the duration of the substrate nitridation process under ammonia can
be measured and precisely controlled, if necessary. The formation of a 4 nm thick
crystalline AlN layer is proven from the SE measurements. Furthermore ellipsometry
revealed that a low but distinct nitridation of the sapphire substrate already took place
through exposure only to hydrogen at high temperatures. This is due to the etching of
remaining GaN from earlier epitaxy runs inside the reactor through thermal dissoci-
ated hydrogen forming ammonia again. The detailed investigation of nucleation layer
growth showed a highly non-linear behavior in the beginning in accordance to previous
MBE results. The assumed coalescence of the seeds forming a closed layer is obvi-
ously typical for high mismatch epitaxy regardless of the growth method. This seed
formation and coalescence varies upon the reactor conditions with drastic influences
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on NL growth rate and thickness. For reproducible epitaxy conditions consideration of
this influence on the growth rate is a must.

An estimate of the crystalline quality of the NL is given by in situ ellipsometry
from which the formation of cubic and hexagonal phases in the NL could be derived.
Observing the changes in NL band edge position and defect related broadening Γ, the
changes from cubic to hexagonal fractions in the NL depending on the growth rate are
shown up according to the findings that best epilayer qualities are achieved only at high
NL growth rates. This is clearly correlated with a high cubic proportion in the layer
which plays an important role during annealing afterward. Here the phase transforma-
tion from cubic to hexagonal material is observed already during temperature ramping,
indicating a material transport inside the layer. Therefore enough cubic material has
to be provided to allow for a phase transformation towards hexagonal GaN nuclei on
the surface. These hexagonal nuclei later act as the seed for epilayer growth which in
turn depends on the nuclei density but not necessarily on NL roughness. Thick GaN
epilayers reveal high quality when grown on NL prepared according to that improved
procedure. Low temperature photoluminescence spectra are dominated by donor bound
excitonic emission lines. Corresponding ε1 and ε2 spectra of the as-grown non-oxidized
layer also show a strong absorption feature directly below the absorption edge which
can be attributed to a defect related-transition, allowing for epilayer quality control
already during growth.



Chapter 5

Characterization of GaN surfaces in
MOVPE and (PA)MBE

Whenever growth processes are studied it is found that surface conditions and surface
termination of the material under investigation have to be understood in detail to give
a precise description of the whole growth process. This can be easily understood since
the epitaxial growth is always an interplay of adhesion, diffusion, adsorption and des-
orption of reactive species involving atoms of the growing surface [144]. One example
of such a complicated process is the influence of the composition of the carrier gas
on the bulk properties of GaN and InGaN [145–147]. While the growth of GaN in
MOVPE is usually performed under hydrogen carrier gas, for high quality InGaN the
use of nitrogen is necessary. Thermodynamic calculations together with experimental
results show an increase of the indium content in InGaN leading to the assumption that
the surface adatom stoichiometry during growth drastically influences the growth itself.
This makes investigations on the growing surfaces even more interesting either to find
the driving forces or to reveal the hindering mechanisms for certain growth character-
istics.

Several attempts have been made during the last few years to clarify surface struc-
ture and surface composition of the III-nitrides during growth. One of the biggest
efforts in the case of GaN MOVPE was in the installation of a whole epitaxial growth
apparatus onto a synchrotron storage ring for in situ grazing incidence X-ray mea-
surements [148, 149]. From these experiments two different surface reconstructions,
a (1×1) and a

(√
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√
3
)

R30◦ were identified to exist on GaN during growth. The
corresponding suggested atomic structure models are depicted in Figure 5.1. With in-
creasing ammonia partial pressure a transition from the ”standard” (1×1) structure to
the

(√
3 × 2

√
3
)

R30◦ structure can be observed. In this case, 1/3 of the top atomic
layer is removed inducing a missing row structure where four filled atom rows along
the [01]surface (corresponds to [1100]) direction are followed by two empty ones (com-

65
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Figure 5.1: The two identified reconstructions for GaN in metal organic vapor phase environ-
ment (after Ref. [149]). (a) In-plane structures with a fractional Ga-occupancy on the (1×1)
reconstruction. (b) Schematics normal to the surface. While for the (1×1) reconstruction the
surface is completely covered with gallium adatoms (right) in the

(√
3 × 2

√
3
)

R30◦ recon-
struction atom rows along the [01]-surface direction are missing.

pare to the left image in figure 5.1). The (1×1) top atomic layer was identified to be a
gallium layer, which is consistent with the reduction of gallium coverage with increas-
ing ammonia pressure. But the observed changes for the missing row structure were
limited to temperatures as high as 740 ◦C. Higher temperatures hindered a clear obser-
vation of both reconstructions. Furthermore the experimental setup for GIXS during
MOVPE requires a synchrotron radiation source and is therefore rather complicated
and costly. Thus reproducibility experiments or extension of these results in terms of
studies of other nitrides like for example AlN or InN have not been done yet.

Several other groups have used optical methods suitable for in situ monitoring of the
nitride surfaces in the gas phase like (shallow-angle) reflectance [150], surface photo
absorption [83, 151, 152] or spectral reflectance [82]. Unfortunately these methods
allow only for the determination of layer thickness, roughness and, in the case of surface
photo absorption, only indirectly for the measurement of surface stoichiometry and
bonding sites. They all suffer from the lack of direct access to the atomic structure
and only changes in stoichiometry can be clearly observed. SPA measurements from
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Kobayashi et al. [83] show the tendency of GaN to form a gallium rich surface during
growth with increasing temperature. These results will be discussed later in comparison
with the ellipsometry results presented here.

Ellipsometry demonstrated the capability to observe and analyze the GaN growth
process up to 1050 ◦C while being surface sensitive down to fractions of a mono layer
(see chapter 4). This capability of surface sensitive measurements will be used to find
out whether the growing surface consists of nitrogen atoms, of gallium atoms or a
mixture of both. Therefore the ellipsometry investigations are first performed during
GaN MOVPE and then expanded to the well known, and more examined GaN surfaces
during MBE growth. Ellipsometry spectra will be used to compare the surfaces and
to transfer the structural results gained in MBE to the MOVPE growth. The existing
handicap of GaN polarity (which can be either gallium-face or nitrogen-face as already
discussed in more detail in chapter 1 in the (PA)MBE section) makes it essential first to
know the surface polarity of the layer under investigation in order to precisely interpret
the results.

Evaluating ellipsometry transients
Before a detailed analysis of the GaN MOVPE surfaces can be given, one has to find
out whether the preparation of different surface conditions in MOVPE is possible and
how it can be controlled and monitored. Furthermore the observation of changes in sur-
face chemistry in the ellipsometry measurements have to quantified before a qualitative
analysis can be given. The results of these experiments are shown in the following
paragraph 5.1.

In a first effort for preparation of different surface stoichiometries the precursor
flux is switched on and off during growth while observing the resulting differences in
the ellipsometry response as shown in Figure 5.2. Here it can be seen that the limited
temporal resolution of the ellipsometer used (see chapter 2) and some specialities of
nitride growth have to be taken into account. First a standard GaN epilayer was grown
as described in chapter 4 and then the precursor fluxes were changed while measuring
transients of the effective dielectric function at a photon energy of 3.4 eV as follows:
after switching off ammonia for 10 s a short pulse (2-3 s) of TMGa is delivered to the
surface. For 15 s the reaction is observed and then stabilizing ammonia is switched
on again. This procedure is done twice while temperature was varied between 500 ◦C,
700 ◦C and 800 ◦C using hydrogen as the carrier gas. For each temperature, changes
within the transients can be observed which are correlated to the precursor switching
procedure. For low temperatures (500 ◦C) these changes are in the range of the noise
limit and cannot be resolved. Increase of temperature increases the signal amplitude
drastically but unfortunately for 800 ◦C and higher the surface does not recover to its
original state as indicated by the horizontal lines (Figure 5.2). A possible explanation
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Figure 5.2: Ellipsometry transients of 〈ε1〉 and 〈ε2〉 taken during precursor switching at differ-
ent temperatures under hydrogen carrier gas. After switching off the stabilizing ammonia flow a
short pulse of TMGa is delivered to the surface. While at 500 ◦C the observed changes are close
to the noise limit, a drastic increase in 〈ε〉 is observed at higher temperatures. Unfortunately
irreversible changes on the surface are observed at 800 ◦C after switching on ammonia again,
as the deviation from the horizontal lines indicate.

could be either the formation of gallium droplets strongly influencing the ellipsometric
response through mie resonant scattering processes [103] or a surface roughening due to
hydrogen etching. Both processes are irreversible under the given conditions. To avoid
the problem of roughening either temperatures lower than the real growth temperature
of 1050 ◦C or nitrogen as carrier gas have to be used.

With this knowledge a stable gallium rich surface under controlled flow of TMGa
has to be produced. A simple calculation of the amount of gallium atoms offered to
the surface allows for estimation of the appropriate time scale and precursor fluxes for
the switching process. With the given flux of 22µmol/min TMGa during the standard
growth procedure and assuming total decomposition at 900 ◦C (which is reasonable
[144]) the flux of gallium atoms supplied to the surface is about 5 × 1016/s. Since one
monolayer consists of about 1.14 × 1014 atoms/cm−2 [62] this indicates that switching
gallium for less than 1/10 of a second would be long enough to cover the surface com-
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pletely with gallium atoms. Here the sample width of the standard 10x10 mm2 sapphire
substrate as approx. 1/10 of the reactor cross section and the gas flow velocity of ap-
prox. 0.8 m/s is taken into consideration. Now reducing the gallium flux to 1/10 of the
standard epitaxial flow the time scale for a surface coverage of approx. one monolayer
gallium atoms expands into the range of seconds. This is the lowest value possible
where a stable and time-constant TMGa gas flow can be assured since it is limited by
the dimension of the mass flow and pressure controllers used in the precursor line and
therefore has to be accepted. This time should be long enough to observe and analyze
the suspected differences related to a possible gallium coverage.

Figure 5.3 now shows two typical transients for two different gallium switching
times of 1 and 3 s. When switching on gallium for only one second, a drastic increase

Figure 5.3: 〈ε〉 transients
for TMGa exposure with-
out ammonia under nitro-
gen carrier gas at 900 ◦C
for 1 (upper graph) and
3 s (lower graph). For 1 s
a single maximum is the
only response while in the
3 s transient more struc-
tures are resolved. For 3 s
gallium exposure the sig-
nal decreases during steady
gallium flow. No plateau
occurs for both transients.
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in 〈ε2〉 and decrease in 〈ε1〉 is still observed at the same time, even with the reduced
TMGa flow. After the gallium switching cycle without any precursor flow - except
for the nitrogen carrier gas - the signal already decays instead of showing an expected
plateau under steady conditions (Figure 5.3, bottom graph). The origin of this behavior
may be gallium desorption which is expected to begin at these temperatures (typical op-
erating temperatures for gallium Knudsen cells in MBE are between 850 and 950 ◦C).
Furthermore the amplitude of the signal maximum cannot be determined precisely due
to the limited temporal resolution of the ellipsometer of approx. 0.3 s. Therefore a sec-
ond set of transients is taken with a gallium switching time of three seconds for better
evaluation (Figure 5.3, top graph). The longer gallium flow shows a similar lineshape
but in more detail. Immediately after switching on the TMGa flux an increase in 〈ε2〉 is
observed. A first saturation after approximately 1 s can be seen and then the signal
increases further. The highest value has been reached after approx. 2 s and the signal
decays while the TMGa is still on. The decay slope changes slightly after switching
off the TMGa. The surface recovers to its original state when switching ammonia on
again.
Obviously the gallium switching process leads to two different surface states, one di-
rectly after switching on the gallium source and the second state much later, as if the
gallium atoms have to arrange on the surface. As a result of these experiments several
restrictions have to be made:
The TMGa flow has to be reduced to the lowest possible value, in our case to 1/10
(eqiv. 2.2µmol/min) of the standard growth flux.
Hydrogen as a carrier gas has to be avoided for long term transient measurements at
temperatures above 800 ◦C. Since the amount of gallium present in the gas phase deter-
mines the growth rate and thereby the growth process (as shown in chapter 4) a lack of
gallium under the presence of atomic hydrogen and reactive NH2* produced through
thermal dissociation of ammonia etches the surface [152, 153]. As a consequence mon-
itoring of the optical response from GaN surfaces using different precursors cannot be
made at but only close to epitaxial conditions.
Finally the highest temperature possible which can be chosen is 900 ◦C using nitrogen
as the carrier gas. Nitrogen reduces surface etching tremendously and at temperatures
up to 900 ◦C no risk of uncontrolled surface deterioration (roughening) exists. Finally
this temperature coincides fairly well with the epitaxy temperature of 850 ◦C used in
the MBE experiments described later and thus enables easy comparison of the results
obtained with different growth techniques.
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5.1 Preparation of different GaN-surface stoichiome-
tries in MOVPE

Using a gallium deposition time of 5 s the two different stages of gallium deposition
on the GaN surface can be clearly distinguished. To achieve a spectral response tran-
sients are recorded at different photon energies in distances of 0.2 eV. All transients are
evaluated according to the one depicted in Figure 5.4. It should be noted that for sim-
plification only values of 〈ε2〉 are discussed because the different stages of the gallium
precursor switching sequence can be more easily distinguished in 〈ε2〉 than in 〈ε1〉 .
Whenever calculations are mentioned they are of course made for both values, 〈ε2〉 and
〈ε1〉 .

The value of 〈ε2〉 in Figure 5.4 increases rapidly when the TMGa is turned on, re-
producibly displaying a small shoulder in the first second after the turn-on (left square
in figure 5.4) and then continuing to increase rapidly for another 1-2 seconds. Since
the duration necessary for a mono layer coverage with gallium was approximated to
one second the initial increase in 〈ε2〉 up to the above-mentioned shoulder is probably
due to the formation of a gallium rich surface. To determine the value of 〈ε〉 for the
first process an extended Langmuir fit function for the mathematical description of the
adsorption of gases on surfaces is used. This way the expected value of 〈ε2〉 for one
monolayer of gallium can be determined (dotted line in figure 5.4). The increase of
the signal after the ”shoulder” to a maximum value is then followed by a sudden ex-
ponential decrease while the gallium flux is still on. This behavior is attributed either
to additional gallium deposited on the surface in the form of unstable layers and then
slowly forming droplets, which could explaining the decay. Otherwise it could pos-
sibly be ascribed to the presence of hydrogen and the formation of hydrogen-induced
reconstructions [154]. The latter could also be supported by the fact, that the described
behavior occurs more distinctly but on a larger time scale when using hydrogen as the
carrier gas. Finally this decay can be approximated using a simple power law expres-
sion as shown by the dashed line in Figure 5.4, leading to a slightly higher value of
〈ε2〉 than in the beginning of the gallium switching cycle. Then a stable gallium layer
would be formed, represented by the 〈ε2〉 value the curve fit approximates. For this
transient, taken at a photon energy of 4.8 eV, an average δ〈ε2〉 can be determined re-
sulting from the two stages of gallium adsorption located between 0.8 and 1.2 units.
After the gallium flux is switched off (right circle in figure 5.4), the slope of the decay
curve changes drastically, clearly indicating some desorption process and precluding
the involvement of adsorbates like hydrogen. Finally, when ammonia is switched on
again, the surface recovers to its original state as indicated by 〈ε1〉 and 〈ε2〉 being iden-
tical to their starting values.

The spectral information from all transients in energy distances of 0.2 eV starting
at 3 eV is shown in Figure 5.5. For all transients similar differences between the be-
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Figure 5.4: 〈ε〉 tran-
sients taken during switch-
ing on TMGa for 5 s at
E=4.8 eV. Before switching
on gallium ammonia was
switched off. The transient
clearly reveals two differ-
ent stages of the gallium
rich surface. One directly
after switching on gallium
(indicated by the square),
the other at the end of the
gallium cycle (circle). The
dotted lines show exponen-
tial fits to obtain the respec-
tive 〈ε2〉 value for the sta-
ble gallium rich surface.

ginning (squares) and the end (circles) of gallium switching are found. Preparation of
the GaN surface with a short gallium flux leads to a reproducible increase of the ampli-
tude of 〈ε2〉 . The low energy range of the effective dielectric function dominated by
narrow Fabry-Perot (FP) interferences could not be considered due to several reasons.
For a precise description of the FP-range between 1.6 eV and 3 eV, an energy interval
of 0.05 eV or less would be necessary, which would need more than 50 transients. Due
to a small temperature shift possibly occurring or a change in thickness (the switching
cycles correspond in a way to atomic layer epitaxy) non negligible changes in the inter-
ference structures can be found. This makes it nearly impossible to attain reproducible
values during the time necessary and therefore we omitted this region, concentrating
only on the high energy region between the E0 and E1 transitions (compare chapter 3).

To evaluate these drastic changes in 〈ε2〉 due to gallium switching, first the for-
mation of some overlayer roughness with a smoothing afterwards will be ruled out.
Comparing the results to a GaN layer with a rough layer on top (see also chapter 3,
figure 3.6) this would lead to a significant increase in 〈ε2〉 above the E0 gap position,
accompanied by a monotonous decrease in 〈ε1〉 and 〈ε2〉 around the E1 transition. Tak-
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Figure 5.5: Spectral response of 〈ε2〉 during gallium switching gained through evaluation of
several transients taken in 0.2 eV intervals. While the curve indicated by circles shows the
〈ε2〉 values for the immediate change after the first second, the square curve stands for the value
of 〈ε2〉 after exponentially approximating a stable plateau under constant gallium flux.

ing the maximum peak values after gallium switching (square curve in Figure 5.5) as
a first approximation, the observed changes are clearly different from what is expected
for a simple roughness formation as shown in Figure 5.6 (gray curves). To achieve
similar changes in 〈ε2〉 values a huge roughness of 8 nm has to be assumed (dotted
lines in figure 5.6). But then the gallium-related signal shows no decrease in 〈ε2〉 when
approaching the E1 transition located at approximately 6.5 eV at 900 ◦C sample tem-
perature. Furthermore the observed crossing of the 〈ε1〉 signals around 4 eV for the
gallium enriched surface cannot be reproduced by a simple formation of a roughness.
Obviously the signal which has formed after the gallium switching must be correlated
with the properties of a gallium layer. For calculation of a gallium overlayer influence
on the GaN 〈ε〉 spectrum the gallium dielectric function has to be known in the energy
range of the measurements. Unfortunately, in literature the listed dielectric properties
of most metals [98] have a lower boundary of 400 nm or correspondingly 3 eV and
only few data points available give low accuracy as depicted in Figure 5.7. This data
set does not allow for reliable results for calculation of gallium influences on the GaN
surface. Thus the gallium dielectric properties were determined in the energy range
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Figure 5.6: 〈ε1〉 and 〈ε2〉 spectra obtained taking the respective values for the largest changes
after gallium switching (gray lines). The dotted lines show the expected behavior in the case
that a very thick (8 nm) roughness has formed on the GaN layer. Neither do the roughness
spectra show the occurring crossing in 〈ε1〉 , nor do the gallium switching related spectra show
the roughness typical decrease when approaching the E1 transition.

from 1.6 eV up to 6 eV (205 nm). A thin film of pure (99.999 %) gallium was prepared
between two microscopic slides and heated to 50 ◦C in the MOVPE reactor to form a
smooth, homogeneous layer. After cooling down to room temperature (gallium melts at
28.9 ◦C) the upper slide was removed under pure nitrogen atmosphere inside the glove
box of the epitaxy machine and quickly reloaded into the reactor chamber. The spectra
achieved are shown in figure 5.7, solid lines. Significantly larger amplitudes in 〈ε1〉 and
〈ε2〉 than has been reported previously were observed around 2 eV (dotted lines in fig-
ure 5.7, after [98]), while the overall line shape is similar. This is attributed to the
accurate preparation procedure, leading to smooth, non-oxidized and crystalline gal-
lium. In Figure 5.8 the results of a calculation of a thin gallium overlayer on GaN using
the self-determined gallium dielectric function is compared to the gallium switching
results. A significant improvement between calculation (dashed line) and the spectrum
under gallium flux (gray line) is found. Assuming a 0.7 nm thin gallium layer on GaN
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Figure 5.7: Effective dielectric
function of pure gallium measured
by oxide free preparation in the
MOVPE reactor between 1.6 and
6 eV (solid lines). The data pub-
lished before [98] are shown for
comparison (dotted lines). The
significantly higher amplitudes of
the gallium dielectric function mea-
sured in situ indicates that the accu-
rate preparation led to an oxide free
gallium layer.

the shift in 〈ε2〉 can be described well and simultaneously the crossing in 〈ε1〉 at 4 eV
is achieved. As a result of these experiments a clear trend can be observed: while GaN
shows no significant differences with or without ammonia stabilization (as one can see
in the beginning of each transient, e. g. in Figure 5.4), the switching of gallium leads to
changes in the effective dielectric function which can only be attributed to the presence
of a gallium overlayer on GaN.

Unfortunately SE still does not give a detailed insight into the real, atomic structure
and composition of the surface. Therefore surface analysis methods such as AES and
LEED have to be carried out. However, these techniques require an UHV environment.
In order to solve this problem GaN surfaces are prepared with (PA)MBE in an UHV
chamber connected to an UHV analysis chamber. In situ ellipsometry then is used
to compare the surfaces produced in (PA)MBE environment to those under MOVPE
conditions.



76 5. CHARACTERIZATION OF GAN SURFACES IN MOVPE AND (PA)MBE

Figure 5.8: 〈ε1〉 and 〈ε2〉 spectra obtained taking the respective values for the largest changes
after gallium switching (gray lines). Assuming a 0.7 nm gallium overlayer (approx. 2 ML gal-
lium), a better agreement than for the formation of a rough overlayer (figure 5.6) is achieved. In
the high energy range still a non negligible difference occurs. Solid line: GaN under nitrogen-
rich conditions.

5.2 Preparation of different GaN-surface stoichiome-
tries in (PA)MBE

For an exact identification of the spectral features which seem to be correlated to the
gallium surface chemistry in MOVPE, analogous experiments for GaN have been per-
formed in (PA)MBE. The use of ellipsometry as a monitor to compare the different
surfaces in MOVPE and (PA)MBE is motivated by similar experiments using RAS on
cubic materials. There RAS spectra have been successfully correlated to MBE [77]
and CBE [155] prepared surfaces to gain insight into MOVPE growth. This invites
a comparison of the GaN MOVPE results with analogous (PA)MBE experiments. In
(PA)MBE, access to electron-based characterization tools like Auger Electron Spec-
troscopy (AES) and Low Energy Electron Diffraction (LEED) is possible. This allows
clear determination of surface stoichiometry and symmetry. Since the different surface
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reconstructions and their respective surface coverages are well known for MBE (as de-
scribed before in chapter 1), this should help to identify the ellipsometry measurements
made in MOVPE. Finally, combining the results of all experiments, an interpretation of
the surface stoichiometry in GaN MOVPE growth is possible.

Experimental procedure
The samples used were similar to those from the MOVPE experiments: thick 1 to 2µm
MOVPE-grown GaN with GaN low temperature nucleation layer on [0001] sapphire
substrates. The templates were transferred into the vacuum chamber after MOVPE
growth and deoxidized prior to growth. The chamber was equipped with a standard
Knudsen cell for gallium evaporation and a nitrogen plasma gun from Oxford instru-
ments operating at 13.56 MHz at a maximum power of 250 W. Both sources were
equipped with external shutters. Typical operating nitrogen flux was 5 sccm/min at
a growth pressure of 5 × 10−5 mbar. After a brief heating to 600 ◦C under nitrogen
plasma flux the templates were considered to be fully deoxidized and thus ready for
rise to epitaxy temperature. This procedure prior to growth was the best compromise
between overlayer removal (oxide film, water and carbon contaminations) and possible
roughening of the surface at higher temperatures, since prolonged annealing (>10 min)
at temperatures above 500◦C is reported to lead to non reversible roughening [91]. Usu-
ally the GaN oxide removal is reported to be complete at higher temperatures of 800 ◦C
[156] in the presence of ammonia but without obtaining smooth surfaces. After de-
oxidation the temperature was quickly raised to 810 ◦C epitaxy temperature while the
gallium source shutter was opened at 650◦C. These temperatures agree well with the
experimental procedure described in [59, 61, 62], from which detailed characterization
of GaN surfaces in UHV is known. The whole following surface preparation procedure
is monitored with ellipsometric transients at a photon energy of 4.8 eV as shown in fig-
ure 5.9. In this transient one clearly sees that ellipsometry highlights every change in
surface chemistry, morphology and sample temperature. Heating from room tempera-
ture to 600 ◦C shows only slight changes due to the removal of surface contaminations
like moisture and carbon compounds. Having reached 600 ◦C, the plasma source is
opened with no significant influence to the transient. After a few minutes the sample
temperature is raised to 810 ◦C while the gallium source is simultaneously opened with
an initial increase of temperature at around 650 ◦C. This is accompanied by a drastic
increase in cos ∆. After a slight overshoot in temperature indicated by the overshoot in
the cos ∆ transient, ellipsometric spectra are taken to ensure that the sample surface is
not destroyed by the applied heating procedure. Then the sample temperature is slowly
raised to 850 ◦C. The gallium flux is changed next between the maximum (according to
950 ◦C gallium evaporation cell temperature) and the minimum flux where the surface
can still be stabilized and no roughening occurs. If roughening would occur this should
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Figure 5.9: Ellipsometric cos∆ transient during GaN (PA)MBE surface preparation at 850◦C
with highest and lowest gallium flux possible (upper graph). High gallium cell temperature
(equivalent to high gallium flow) reproducibly leads to high cos∆ values and vice versa. El-
lipsometric spectra (denoted S07-S17 in the upper graph) are taken in between. The applied
sample and gallium cell temperatures are shown below.

lead to a drastic increase in cos∆ at low gallium cell temperature. On the contrary,
whenever the gallium temperature is lowered, the monitored cos∆ value decreases,
clearly showing that no surface roughening occurs. When the transient indicates more
or less stable conditions of the surface, several ellipsometric spectra of the sample are
taken under either high or low gallium flow (denoted by asterisks). The relative gal-
lium flux ratio between 950 ◦C and 910 ◦C is determined to be 3:1 from the absolute
gallium vapor pressure [157, 158]. Below 900 ◦C no gallium flux onto the surface was
detectable. Finally in this run the nitrogen plasma is shut off under low gallium flux
and the sample is cooled to room temperature simultaneously.

5.3 The GaN dielectric function in (PA)MBE
Two of the spectra taken during surface preparation at high temperature are shown in
figure 5.10. All spectra measured during preparation show distinct gallium flux related
features above the band gap region (which is located around 3 eV at 850 ◦C), and they
all can be clearly divided into two groups. All spectra taken during high gallium flux
preparation (gray line) are shifted by approximately 1 unit in 〈ε2〉 with respect to those
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Figure 5.10: Pseudo-dielectric function of the gallium-rich and gallium-poor surfaces during
GaN (PA)MBE at 850 ◦C. Exemplarily two spectra are shown out of all those which can be
clearly divided into two groups. The gallium-rich spectra (gray) are shifted in 〈ε2〉 to higher
values while in 〈ε1〉 a crossing of the gallium-rich and gallium-poor ones (black) at around
4.5 eV can be observed.

taken during low gallium flux (black line). For 〈ε1〉 a similar arrangement into two
groups can be found, especially in the spectral range approaching the E1 transition.
Most interesting is the crossing of the spectra in the range of 4.4 eV which can be
observed in MOVPE under TMGa pulses, too.

5.3.1 Preparation of gallium rich surfaces
The lack of exact high-temperature dielectric data of gallium makes exact interpretation
of the in situ results very difficult. Thus two different possibilities for interpretation of
the observed ellipsometric spectra exist: either a comparative calculation between the
two different high temperature states (gallium rich vs. nitrogen rich) is performed. Then
a model function must be used which is not based on the gallium dielectric function but
somehow correlated to the expected metallic overlayer behavior. Otherwise the layer is
”frozen” preserving the different surface states while cooling the sample to room tem-
perature using the gallium dielectric function to explain possible differences. In the first
case one benefits from the prolonged stabilization of both surfaces under the respective
conditions, which is already indicated by the two spectra in Figure 5.10. It can be
reproducibly switched between both solely depending on the gallium flux. Therefore
two spectra are taken directly before and after a fast increase from low to high gal-
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lium cell temperature to ensure a negligible difference in layer thickness. Thus similar
Fabry-Perot layer thickness interferences appear in both spectra of Figure 5.11. These
interference regions can then be used for a precise calculation, too. For simulation of

Figure 5.11: 〈ε2〉 spectra of the
nitrogen- (dotted line) and gallium-
rich (gray squares) surfaces during
(PA)MBE growth. A Drude like
metallic layer of 0.4 nm thickness
with an electron density of 2 ×
1022 cm−1 is used to describe the
change towards the gallium-rich state
(solid line).

the occurring differences at the high temperature of 850 ◦C a metallic overlayer with a
Drude-like behavior [159] is used. This layer is mainly characterized by free electrons
with a density of 2 × 1022 cm−1, being typical for metals like gallium. With these as-
sumptions a thin layer of 0.4 nm added to the ”nitrogen-rich” spectrum (dotted line) is
enough to find a perfect agreement with the ”gallium-rich” spectrum (gray squares in
Figure 5.11) at high temperatures.

This enables a detailed characterization of the surfaces using AES and LEED after
cooling the sample to room temperature. To ensure that the gallium rich state is pre-
served the preparation procedure was as follows (referring to Figure 5.9): during high
gallium cell flux (e. g. S12 in fig. 5.9), the sample heating is switched off and during
the steep decrease in sample temperature the gallium evaporation cell is closed imme-
diately after the nitrogen plasma cell at a sample temperature of ≈ 800 ◦C. During this
procedure an ellipsometry transient is taken at a photon energy at 5 eV to assure that
no structural changes result from shutting off the cells. Only a temperature-dependent
exponential decrease of the 〈ε〉 values can be observed due to the energy shift of the
inter-band critical points. Heaving reached room temperature, an ellipsometry spec-
trum is measured and the sample is transferred quickly into the analysis chamber after
a base pressure better than 1 × 10−8 mbar is reached in the growth chamber. Then
LEED and AES measurements are performed as shown in Figure 5.12 at a pressure be-
low 5× 10−10 mbar. As already discussed in chapter 1 the metallic overlayer on [0001]
GaN during (PA)MBE growth should result in a characteristic super structure in the
LEED pattern. In the respective LEED images the (1 × 1) gallium bilayer structure in
form of a ”1+1/6” super structure in the (

√
3×

√
3)-R30◦ surface pattern can be found.
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Figure 5.12: Ga-overlayer LEED pattern (63 eV, RT) of as-grown GaN(0001) taken after
PAMBE preparation under high gallium flux (950 ◦C gallium cell temperature). The (1×1)
gallium bilayer structure can be seen additionally to the

√
3×

√
3-R30◦ surface pattern while

AES shows a relative nitrogen/gallium ratio of only 0.28. Under the presence of the gallium
bilayer no further contaminations are found and the surface is smooth (comp. figure 5.13)

These surfaces show a nitrogen/gallium ratio in AES of only 0.28 which indicates the
highly gallium-saturated surface termination. No evidence for carbon or oxygen con-
tamination of the surface is found. Finally, a smooth GaN surface with mono atomic
terraces is measured by ex situ AFM investigations after this preparation cycle (Fig-
ure 5.13). The only defects indicated by the black spots in the AFM image show the
center of screw dislocations, which are the main defect type in GaN heteroepitaxy on
sapphire. Optical microscopy investigations reveal several isolated gallium droplets at
the edges of the sample, indicating excess gallium.

Figure 5.13: 1µm2 AFM image of as-
grown GaN (0001) measured directly after
PAMBE preparation with high gallium cell
temperature. Smooth surfaces with atomic
steps are found (approx. 2 nm height scale
black/white). Black spots are related to the
center of screw dislocations.
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For analysis of the ellipsometry spectra measured after preparation of the gallium
rich surface the gallium dielectric function - as was determined before - can be used as
shown in Figure 5.14. Furthermore the ellipsometry results can be clearly correlated to
the structural investigations. The spectra under these gallium rich conditions at room

Figure 5.14: 〈ε1〉 and 〈ε2〉 spectra of the gallium rich surface (gray squares) vs. ”as transferred”
surface (dotted line) in MBE at room temperature. A clear shift in the 〈ε2〉 spectrum of two
units above the band edge is observed as well as the crossing of 〈ε1〉 around 4.3 eV (circle). By
adding a 0.95 nm thick gallium adlayer, these two features (shift and crossing) can be simulated
(straight line) with a reasonable agreement using the gallium pseudo-dielectric function.

temperature (gray squares) reveal a noticeable difference to the spectrum of the sam-
ple before preparation (dotted lines). The 〈ε2〉 of the gallium-rich spectrum is shifted
to higher amplitudes in the range above the band edge by two units. The 〈ε1〉 spec-
trum shows the already observed crossing in the range around 4 eV. Since these two
spectra are taken at room temperature, the difference between both has been calculated
using the self determined gallium dielectric function. A similar line shape above the
band edge position can be achieved assuming a 0.95 nm ”thick” gallium adlayer which
is shown by the solid line in Figure 5.14. Again, we cannot make a reliable state-
ment below the band edge region because the Fabry-Perot interference structures of
the sample before and after preparation are strongly different due to the different layer
thicknesses. This adlayer is twice as thick as the one observed during growth shown
in Figure 5.11. From a phenomenological point of view these different results can be
easily explained comparing the two sets of spectra: while at growth temperature the
gallium rich spectrum is shifted for approximately one unit, this shift is twice as large
for the room temperature spectra. Furthermore, the highly contracted 1 + 1/12 super
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structure in the LEED images cannot be observed like in [59], but only a 1 + 1/6 su-
per structure appears. Together with the observed gallium droplets on the edge of the
sample we assume the formation of a highly saturated gallium surface during cooling
to room temperature. This explains both, the different results in the calculations and
the different line shapes of the dielectric function during and after growth.

5.3.2 Preparation of nitrogen rich surfaces

Before the results from the gallium rich (PA)MBE surfaces are correlated with the el-
lipsometry spectra gained during MOVPE growth, the nitrogen rich surfaces must be
characterized for completeness. Therefore a similar procedure as before is chosen, ex-
cept that the nitrogen source is shut off after reducing the gallium flux to the lowest
possible value as indicated by the end of the transient in Figure 5.9. Afterwards an
ellipsometry spectrum is measured at room temperature and the sample is transferred
into the analysis chamber to perform AES and LEED. The respective results are shown
in Figure 5.15. While the nitrogen vs. gallium ratio is increased to 0.84, which is
nearly three times larger than for the gallium rich surface, the LEED image shows no
indication of a surface layer super structure, but only the (

√
3 ×

√
3)-R30◦ surface re-

construction. In the AFM image no 2-dimensional growth can be observed any longer,

Figure 5.15: Left: (
√

3 ×
√

3)-R30◦ LEED pattern (63 eV, RT) of as-grown GaN(0001)
taken after PAMBE preparation with low (910 ◦C) gallium cell temperature. The six-fold
symmetry is clearly resolved and only a

√

(3 ×
√

3)-R30◦ reconstruction can be observed.
Right: AES shows a relative nitrogen/gallium ratio of 0.84. The oxygen content detected
may be from residual oxygen of the nitrogen source, which adsorbs on the rough, N-rich
surface (compare figure 5.16).

but a large roughness of several nm is measured, which results from formation of small



84 5. CHARACTERIZATION OF GAN SURFACES IN MOVPE AND (PA)MBE

Figure 5.16: 1µm2 AFM image of as-
grown GaN(0001) measured directly after
PAMBE preparation with low Ga-cell tem-
perature. The atomic steps observed be-
fore preparation are gone, the surface has
become rough (approx. 5 nm height scale
black/white).

crystals. The strong increase of the surface roughness, leading to an increase of the
overall surface area, is a possible explanation for the residual oxygen contamination
detected. The ellipsometric spectra before and after preparation in Figure 5.17 show
only slight differences. The nitrogen-rich surface spectrum is slightly shifted upwards,
which is due to the greatly increased surface roughness as shown by AFM. When ap-
proaching the E1 transition, the 〈ε2〉 curves tend to cross, which indicates a smaller
value for ε2 typical for roughness overlayers. Thus it can be concluded that two distinct
surface terminations have been prepared in MBE together with the respective ellipsom-
etry spectra at high (850 ◦C) and low (RT) temperature.

Figure 5.17: 〈ε1〉 and 〈ε2〉 spectra of the nitrogen-rich surface (solid lines) vs. ”as transferred”
surface (dotted) in MBE at room temperature. Only a slight shift in the 〈ε2〉 spectrum is ob-
served, which is due to the increased surface roughness as proven by AFM in Figure 5.16.
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5.4 Comparison of the GaN growth surfaces in
MOVPE and (PA)MBE

The possibility to prepare two clearly different surfaces of GaN by solely changing the
gallium beam flux, together with a complete surface characterization and interpretation
of the ellipsometry spectra, enables interpretation of the MOVPE results by comparison
with the in situ (PA)MBE ellipsometry spectra. To simplify the argument, the respective
ellipsometry results of 〈ε2〉 are presented again in Figure 5.18.

Figure 5.18: Comparison of ellipsometric 〈ε2〉 spectra during (PA)MBE and MOVPE growth.
Preparation of a gallium-rich surface in MOVPE (middle) leads to similar ellipsometry spectra
which are known to result from gallium-rich surfaces in MBE (top). The surface in MOVPE
during growth is quite similar to what is observed under ammonia stabilization only (bottom)
and thus MOVPE GaN proceeds under nitrogen-rich surface conditions.
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As one can see from the top and middle spectra preparation of a gallium-rich sur-
face in MOVPE by short pulses of the precursor TMGa in the absence of ammonia
leads to spectra similar to those which are known to result from gallium-rich surfaces
in (PA)MBE. The first signal increase due to precursor switching (square curve in
the middle image of Figure 5.18) can now be attributed to the presence of the gal-
lium double layer structure, which forms immediately after the switching cycle starts.
The final value after exponential decrease characterizes the excess gallium-rich state,
which is obviously close to gallium droplet formation. Such a behavior was observed
in (PA)MBE while cooling the sample to room temperature, accompanied by increas-
ing differences in the 〈ε2〉 amplitudes (compare Figure 5.14). Thus the excess gallium
surface layer, close to the formation of gallium droplets, explains the exponential decay
of the MOVPE transients while the gallium precursor is still switched on: the surface
layer orders and excess gallium tends to form droplets. The differences in the absolute
values in 〈ε2〉 between gallium rich and nitrogen rich surfaces in (PA)MBE lie between
those in MOVPE for the beginning and the end of the gallium switching. A first approx-
imation aimed at a gallium layer thickness of 0.7 nm for preparation of a gallium-rich
surface in MOVPE which is much more than the typical double layer of 0.46 nm found
by Smith et al. [59] in (PA)MBE growth. Thus a clear definition of the gallium-rich
surface structure for GaN MOVPE cannot be given by simply comparing the results
in MOVPE and (PA)MBE. At least possible influences of the pyrolysis products from
TMGa decomposition like (Ga(CH3)x) remain undetermined.

Finally, the most important conclusion can be drawn from the third graph in Fig-
ure 5.14 (bottom): the spectra from the ammonia-stabilized GaN surface and from a
GaN surface during MOVPE growth are nearly identical. Furthermore, no changes are
observed when switching off ammonia for surface stabilization (see for example Fig-
ure 5.4). Neither the absence of gallium nor the absence of ammonia during MOVPE
has influences on the surface termination, except for roughness formation at high tem-
peratures using hydrogen as carrier gas. This allows to conclude that GaN MOVPE
proceeds under nitrogen rich surface conditions, since only adding of gallium leads to
significant changes in the ellipsometry response.

This may appear contradictory to the results achieved through SPA measurements
by Kobayashi et al. [83] where a transition to gallium rich surfaces with increasing
growth temperature is reported for GaN MOVPE. A closer look to the transients they
measured reveals time constants for the observed transition of up to 50 s. Since this is
more than an order of magnitude slower than what has been observed with ellipsome-
try in this work, such a transition is believed to result from simple surface roughening
which cannot be clearly distinguished by SPA measurements. At least it can be con-
cluded that the nitrogen terminated surface structure during MOVPE growth is probably
similar to the simple (

√
3×

√
3)-R30◦ reconstruction in GaN (PA)MBE in the absence

of gallium terminating the surface during growth.



Chapter 6

Growth of InN on (0001) sapphire

Preface
This and the following chapter 7 will give a brief overview about the progress of
InN MOVPE growth and characterization achieved at TUB. Most of the growth ex-
periments were performed in collaboration with M. Drago and research is still on the
way with drastic improvement in material quality. Many of the results presented here
will bring up more questions which will be answered in the PhD. thesis of M. Drago
[160]. The continuous improvement in material properties like layer thickness, compo-
sition/impurities, defect density and surface roughness shows that the results presented
here are only preliminary. Their presentation will show the state-of-the-art material
quality which could be achieved in MOVPE supported by means of in situ spectro-
scopic ellipsometry. Most of the ellipsometry spectra presented here are interpreted
phenomenologically referring to the effective dielectric function 〈ε2〉 . This is due to
the lack of the ”pure” InN dielectric function and the structural imperfectness of the
layers grown. Therefore the following chapter 7 will then give an insight into the de-
pendencies of the InN dielectric properties on sample structure and sample composition
as known so far.

6.1 In situ growth observations for InN/sapphire
While searching for the optimum growth parameters in MOVPE all efforts have in
common the use of a high amount of reactive nitrogen to suppress InN decomposition.
This was achieved either with plasma excited nitrogen radicals [43, 53, 54] or ammonia
at an extremely high V/III ratio up to 105[50, 55].

With this knowledge about the necessity of low growth temperatures and high V/III
ratios for appropriate growth conditions of InN MOVPE in situ ellipsometry is used
to achieve high quality epitaxial layers. In the beginning of this chapter spectroscopic

87
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ellipsometry is used in a quantitative way to accomplish this aim. Since the absorption
is related to the imaginary part ε2 of the dielectric function most of the discussions of
the ellipsometry measurements will be made in a phenomenological manner in terms
of the measured 〈ε2〉 . Furthermore the use of in situ spectroscopic-ellipsometry will
provide a possibility to control and understand the growth peculiarities of InN on sap-
phire with a relatively small number of experiments. Thereafter the layers grown with
the in situ ellipsometry optimized growth procedure will be characterized ex situ to
give a state-of-the-art cross reference to what can be achieved for example in MBE.
A more detailed description of the optical properties will be given later in chapter 7
when the dielectric function of MOVPE grown InN is to be determined and compared
to theoretical predictions (see also chapter 3).

As can be seen from the tables 1.1 and 1.2 in chapter 1 the lattice mismatch be-
tween InN and sapphire is as large as 29.2 % taking in account the rotation of the unit
cells in the plane perpendicular to the c-axis and therefore nearly twice as large as
between GaN and sapphire. Therefore the growth procedure has to start with the classi-
cal nitridation of the substrate under hydrogen and 45 mmol ammonia flow at 1050 ◦C
for 10 min to achieve reduced mismatch through the formation of an AlN layer on the
surface. (see chapter 4.1). Subsequently the optimum temperature regime has to be
found for InN growth. A first approximation for this is already given from literature
[41, 42, 46, 50, 55, 161] were growth temperatures from 375 ◦C to 650 ◦C are re-
ported. But the different reactors used with different temperature distribution in the gas
phase requires the search for the optimum growth temperature regime in the EPIQUIP
VP50RP horizontal reactor MOVPE machine used here. Additionally an approxima-
tion is given from the Gibbs free energy ∆H (see table 1.1) which is strictly related
to the molecular bond strength. ∆H gives an impression how easily thermal dissocia-
tion of the compound proceeds. Therefore the relatively low InN growth temperatures
reported seem to be reasonable compared to the much higher free energy of the more
thermal stable compounds GaN and AlN grown at much higher temperatures. This
motivates the growth of a nucleation layer at temperatures far below 500 ◦C (at least
at 400 ◦C). Since it is known from GaN epitaxy that hydrogen carrier gas etches the
growing surface all growth experiments are performed with nitrogen carrier gas. For
finding the appropriate epilayer growth temperature the following procedure is used:
after nucleation layer growth at 400 ◦C and 200 mbar (at 41 mmol/min ammonia flow
and 0.7µmol/min TMIn flow rate corresponding to a V/III ratio of 60,000) the temper-
ature is increased to 800 ◦C keeping the precursor flows constant. Thus NL annealing
proceeds during growth. Then the temperature is reduced again while monitoring all
changes in the dielectric properties in order to find a region were the highest growth
rate can be observed. The corresponding 〈ε2〉 spectra are shown in Figure 6.1.
The nucleation layer grown at LT is described through a broad interference structure

(solid line) with a sharp minimum at 2.7 eV as already known from GaN nucleation
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Figure 6.1: Temperature dependent spectra of the InN pseudo-dielectric function 〈ε2〉 taken
during growth between 800 ◦C to 550 ◦C. From 800 down to 700 ◦C nearly no changes are
observed (light grey lines). At 650 ◦C onset of growth can be observed (dashed grey) where the
thickness oscillation starts narrowing with the highest growth rate appearing at 550 ◦C (black
spectra). The solid black curve shows the as grown NL at 400◦C as starting point.

layer investigated in chapter 4.2. It is not possible to give a detailed description as it
was done in chapter 4 for the GaN NL in the absence of the dielectric properties of
MOVPE grown InN. So the only conclusion is that growth at 400 ◦C has lead to the
deposition of a layer which shows comparable line shape to a typical GaN NL (com-
pare therefore Figure 4.5) but stretched on the energy scale. Therefore it appears to be
approximately half as thick (assuming similar refractive indices). Since for the high
temperature of the annealing procedure no growth can be observed the temperature is
reduced step wise to 550 ◦C while continuously measuring spectra every 90 s. Down
to 700 ◦C the shape of the imaginary part of the nucleation layer’s pseudo dielectric
function remains nearly unchanged. Only a small shift towards lower photon energies
is observed. This shift is small enough to suppose that no real growth takes place but
only desorption is prevented. At 650 ◦C this shift of the interference related minima
and maxima is increased. The interference structures change their shape as they start
to narrow. This is equivalent to a change in the optical properties towards a more dense
or even thicker material. This indicates that the onset of real growth can be observed
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now. Lowering the temperature to 550 ◦C this effect is much more pronounced and
both, minima and maxima of the pseudo-dielectric function, show a strongly increased
shift towards lower photon energies. Furthermore it can be concluded that the optimum
growth temperature for highest growth rates under the given precursor fluxes has to
be below 550 ◦C. This is derived from a first in situ approximation of the InN growth
rate depending on the growth temperature in Figure 6.2. For evaluation of the growth

Figure 6.2: InN growth rate
determined from in situ ellip-
sometry spectra between 375
and 700 ◦C. At 0.7µmol TMIn
flow and a V/III ratio of
60,000 the growth rate shows
a plateau between 400 and
550 ◦C with a maximum of
0.42 nm/min at 500 ◦C (dots
and spline fit as guide to the
eye). At 700 ◦C only very low
growth rates of 0.01 nm/min
are observed.

rate the use of an ”idealized” InN dielectric function for the high temperature regime
is necessary. This was obtained using the knowledge about the InN dielectric function
from Goldhahn et al. [162] which is shown in Figure 7.2. The corresponding high tem-
perature dielectric function according to the temperature correction of 6×10−4 eV/K
(deduced in chapter 4.3) was approximated then by a linear shift of 0.35 eV in the pho-
ton energy for an average temperature of 600 ◦C. A temperature induced broadening
and damping of the transitions at the band critical points in the dielectric function was
not included. Then the layer thickness was calculated for each growth temperature
regime to approximate the respective growth rates. This is of course only a hand wav-
ing method for an approximation but the results show a clear maximum in the growth
temperature region of 500 ◦C (Figure 6.2). For the given precursor flux this method
appears reasonable to optimize the growth temperature.

In fact best results are obtained for 500 ◦C growth temperature as detailed ex-situ
measurements will confirm in the following. With this knowledge in the next step a
thick, dense layer of InN has to be achieved. Using the appropriate growth temperature
of 500 ◦C for the MOVPE apparatus the annealing of the nucleation layer was reduced
only to this growth temperature. The TMIn flow was increased by a factor of two to
achieve a thick layer. Ellipsometry spectra were measured every 10 minutes to mon-
itor the development of layer growth. The result is presented in Figure 6.3 in 4 sets
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Figure 6.3: Effective dielectric function monitored during six hours growth of InN on sap-
phire at 500 ◦C. In the first hour (region I) 〈ε2〉 is dominated by interferences due to the light
penetrating the thin layer. Thereafter characteristic spectral features appear around 5 eV when
the broad interference splits into two peaks (II). At the end (III+IV ) these features remain
constant while the oscillations in the low energy range are more and more dampened.

of spectra each set showing different phases of growth. Again the discussion of the
observed changes in layer properties in situ is done in terms of the imaginary part of
the dielectric function 〈ε2〉 . Starting again with the broad interference related spectra
of the nucleation layer only an increase of the oscillation frequency is observed in the
first hour of growth while the overall shape remains unchanged (Figure 6.3 region I).
Thereafter the position of the structure around 5 eV remains unchanged and decreases
in intensity while the minimum in the low energy range still shifts towards lower en-
ergies. Additionally the maximum splits into two clearly distinguishable peaks which
cannot be explained any longer as layer interferences (region II). Finally the remaining
layer interferences shift towards lower photon energy until they are totally dampened in
the measurement range (region III+IV ). From these in situ observations already some
important conclusions can be drawn:
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• apparently MOVPE grown InN shows no absorption edge above the low energy
measurement limit of 1.6 eV (Figure 6.3, IV ),

• around 5 eV absorption related structures appear which can be related to the pre-
dicted higher interband transitions, and

• the InN growth rate is still rather low. After three hours of growth 〈ε2〉 remains
affected by interference oscillations in the low energy range caused by light pen-
etrating through the InN layer.

Similar to the procedure from the previous in situ measurement the thicknesses and
relative growth rates were calculated from the effective in situ ellipsometry spectra.
Ellipsometry yields a total layer thickness of 235 nm after six hours of growth. Accord-
ing to the increased TMIn precursor flow by a factor of two compared to the previous
growth run and thus expecting a layer thickness of 300 nm this is in reasonable agree-
ment. The apparent differences in the layer thickness result from the large number of
hole-like defects in the layer (see Figure 6.5) which reduces the effective layer thick-
ness measured by ellipsometry. Using the last 〈ε〉 spectra during growth as basis for
the InN dielectric function at 500 ◦C the relative thickness development of the layer for
every 1/2 an hour was calculated. In Figure 6.4 the evolving relative growth rate during
deposition is shown.

Figure 6.4: Relative growth
rate development during 6 h of
InN growth on sapphire. After
the layer starts roughening the
growth rate is twice as large as
at the beginning in 2D layer
growth mode. Ellipsometry
yields a total layer thickness of
235 nm after 6 hours. Spline is
guide to the eye.

The growth rate evolution is displayed in terms of a relative growth rate since the
absolute values determined by ellipsometry of course strongly depend on the position
of the InN band edge position influencing the shape and position of the thickness oscil-
lations. Thus the error for the absolute growth rate values is relatively large, especially
in the transition range where additionally layer roughening occurs. But a large varia-
tion of the growth rate by nearly a factor of two during the whole growth process is
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observed. During the first two hours the observed growth rate appears to be rather low
with 18 nm/h (eqiv. 0.30 nm/min). After two hours it increases significantly reaching
37 nm/h at the end of this long time growth run. This increase is apparently attributed to
a change in the growth mode: at the beginning growth of the thin layer proceeds in a 2D
step-flow mode as a result of the improved NL growth procedure. Strain accumulates
in the epilayer during growth due to the extremely high lattice mismatch leading to the
formation of large defects and parasitic nucleation. SEM measurements as shown in
Figure 6.5 have proven the formation of such defects. Thereafter growth proceeds in
3D-mode accompanied by an increase in the growth rate due to the increase in available
bond sites. By evaluation of the ellipsometry spectra measured during growth it can be
concluded that the critical thickness for layer deterioration under the given conditions
is already reached at 50 nm. After cooling the sample to room temperature the clean
InN dielectric function was measured as shown in chapter 7 being the basis for further
calculations.

Now a general growth recipe resulting from these experiments can be given as fol-
lows: to suppress indium memory effects the susceptor is thermally etched at 1050 ◦C
for 20 min under hydrogen flow before each epitaxy run. For epitaxial growth nitrogen
has to be used as carrier gas and a total pressure between 200 mbar (nucleation layer
growth) and 50 mbar for epilayer growth has to be set. The ammonia flow rate can be
kept constant at 41 mmol/min. The low temperatures always enforced a high ammonia
flow rate to compensate for the low dissociation ratio at these temperatures, while the
TMIn rate was varied between 0.7 (used for the low temperature nucleation layer) and
1.4µmol/min, corresponding to a highest V/III ratio up to 60,000; at V/III ratios be-
low 30,000 In droplet formation was observed during growth at these temperatures. To
achieve defect free InN layers growth of more than 50, maximum 100 nm InN should
be avoided up to now.
In the following thick InN layer grown under these conditions are analyzed ex-situ to
determine the physical properties of MOVPE InN.

6.2 Ex-situ characterization of InN/sapphire
The samples taken out of the reactor appear black and mirror-like, a clear hint towards
a band edge energy E0 below the visible range of 800 nm or approx. 1.55 eV. Optical
microscopy images reveal several small defects of the layer in the µm range. Further
investigations taking scanning electron microscopy (SEM) images (Figure 6.5) show
a reasonably smooth surface with several small, facetted pits. The morphology ob-
served indicates a coalesced layer formed by initial island growth. In addition to the
pits, small crystallites with an average size of about 0.3µm stick up from the surface
showing growth centers induced through parasitic nucleation. The dark edges in the
image indicate the beginning lift off of small plates. As a consequence of such a lift
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off, on several places on the epilayer holes were found. There islands of typically 3µm
in diameter have peeled off, responsible for the defects observed in optical microscopy
and indicating a large strain in the layer. Similar growth defects have been found in
MOVPE growth by Jain et al. already during growth despite the use of different buffer
layer approaches [163, 164]. This defect formation is attributed to the already men-
tioned higher lattice mismatch between InN and the sapphire substrate compared to
GaN/sapphire and the up to now non-optimized nucleation layer procedure.

Figure 6.5: SEM image of an
InN sample grown at 500 ◦C.
Due to the large strain parts
of the layer begin to peel off
while parasitic nucleation has
led to growth of small crystals
sticking up from the surface.

Despite these visible defects an evaluation of the structural properties by X-ray
rocking curves and Raman spectroscopy reveals a high layer quality. Figure 6.6 shows
ω-scans (rocking curves) of the InN (0002) reflection with the respective growth pa-
rameters for the four samples listed in the Table 6.1 below. The best samples, grown
with the highest TMIn flow possible at 500◦C on a nucleation layer as described be-
fore, possess a FWHM of about 0.5◦. Higher temperatures and lower indium rates lead
to a significant broadening of the peaks, whereas samples ”a” and ”c” are grown un-
der the same conditions but have different thicknesses. The consequence of increasing
thickness is a slow deterioration of the crystal quality. Samples thicker than 200 nm
all have broader and less intense layer reflections. This is also in agreement with the
in situ ellipsometry measurements were a slow increase of stray-light, the diminution
in the absolute value of the dielectric function and an increase in the ellipsometric pa-
rameter cos∆ (see chapter 3) is observed during growth. All these changes are mostly
affected by surface roughness formation which can be either attributed to parasitic nu-
cleation or the formation of holes. A comparison of the best FWHM of 0.48 ◦ of the
ω-scan to the values published from e. g. Nanishi et al. for RF-MBE grown InN thin
films shows that MOVPE material can be superior since for similar layer thickness the
FWHM is as twice as large in RF-MBE [28]. For an additional proof of the good layer
quality achieved Raman studies were performed under parallel (EI ‖ ES) and crossed
(EI ⊥ ES) polarization configuration. In Figure 6.7 a pronounced appearance of the E2
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Figure 6.6: XRD ω-scan of the (0002) reflex of four different InN samples grown at 500 and
550 ◦C, respectively. Increased thickness broadens the FWHM (b vs. a) as well as high tem-
perature growth at 550 ◦C (d). Here bulging of the layer is suspected to be the origin for the
increase in FWHM. The respective growth parameters are given in table 6.1 below.

Sample FWHM (0002) thickness Tgrowth TMIn flux
(◦) (nm) (◦C) (µmol/min)

a 0.53 200 500 1.4
b 0.69 200 500 1.05
c 0.48 50 500 1.4
d 1.09 200 550 0.7

Table 6.1: Growth parameters listed for the four InN samples characterized via XRD as shown
in Figure 6.6. The ammonia flow was kept const. at 41 mmol/min for each sample.

and A1 (LO) Phonon modes of hexagonal InN is shown indicating the growth of a well
ordered, wurtzite layer without cubic inclusions. The A1 TO mode (at 440 cm−1) is for-
bidden for k‖z [165] and does not appear. The polarized spectra (inset in (Figure 6.7)
correspond well to the selection rules of hexagonal InN verifying the structural results.
No hint for residual cubic modifications such as broad A1 LO modes are observed as
reported from [42]. Through variation of the excitation energy from 2.02 eV (614 nm)
to 2.54 eV (488 nm) the layer quality was inspected along the growth direction. It can
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Figure 6.7: Raman spectra taken for parallel polarization (EI‖ES) showing high intense A1

and E2 LO modes of hexagonal InN. The crossed polarization (inset) agrees well with the ex-
pected selection rules (after [165]). The lower excitation energy of the 614 nm laser line shows
broadened FWHM according to higher defect density with increased penetration depth.

be observed that the FWHM of the A1 and E2 modes decreases with increasing photon
excitation energy. Since the penetration depth of the light decreases with increasing
energy this indicates a significant defect reduction with increasing layer thickness. The
fact that the sapphire optical phonon is not observed at 406 cm−1 and only a small
residue can be found at around 320 cm−1 demonstrates that the light does not penetrate
through the layer and is nearly fully absorbed indicating high layer coalescence. The
absolute FWHM of the phonon modes is 10 cm−1 for the E2 mode and 20 cm−1 for the
A1 mode, respectively. This is in reasonable agreement with values of 5 cm−1 for the
E2 mode from 0.7µm thick layer grown in MBE as published from Davydov et al. [166]
showing similar layer quality for the thin MOVPE InN. Superior values as published
from Kurimoto et al. suffer from missing complementary optical characterization of the
MOCVD grown layer.
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Summary
In conclusion of the in situ ellipsometric monitored growth experiments of InN on
sapphire one can state that with a small number of experiments high quality MOVPE
grown InN could be achieved. This was mainly due to the phenomenological approach
of observing the absorption related 〈ε2〉 spectra and correlating them to the predicted
InN dielectric function after [12, 162]. The wurtzite layers with good crystalline quality
are grown at low temperature of 500 ◦C and high V/III ratios up to 60,000. They possess
a specular, shiny black surface with good morphology, a FWHM of 0.5◦ for the (0002)
rocking curve reflection and narrow Raman modes which appear in agreement with the
symmetry selection rules. Up to now higher growth temperatures result in significant
broadening of the FWHM. Layers thicker than 0.3µm showed cracks and small parts
peeled off obviously due to a large strain between layer and substrate. This requires
improvement of the nucleation layer growth procedure possibly including an optimized
substrate nitridation and an increase of the nucleation layer thickness or a change in
nucleation layer material to GaN or AlN. Additionally the observed parasitic nucleation
has to be reduced. One way could be a controlled rise of the growth temperature to
improve adatom mobility on the surface and to favor a slight etching process like it
is known from GaN epitaxy. In GaN epitaxy a significant smoothing of the layers
results from the etching effect of atomic hydrogen. As mentioned in the beginning
of this chapter growth optimization still goes on including the processes listed before.
This is part of the PhD. thesis of M. Drago which will be published soon [160]. A
comprehensive lecture of these new results is given in [167–172].
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Chapter 7

Dielectric function of InN

Up to now only little is known about the dielectric properties of InN. Few publications
[162, 173] deal with the dielectric function of InN grown with either MBE or MOVPE.
Furthermore the published results are restricted in the high energy range to 5.5 eV (see
Figure 7.2) and the existing discrepancies due to the different preparation techniques as
shown there are not fully understood, yet. Therefore this chapter will briefly summarize
and describe these results. Then a first approximation of the ellipsometry measurements
from chapter 6 is given where more features on the high energy side of the dielectric
function show up which have to be investigated. Thus an exact determination of the
dielectric function for MOVPE InN and a comparative study of the dielectric properties
of the differently grown materials seem to be of importance. Influences like surface
roughness and oxidation effects as well as the ”band edge question” are discussed here.
Finally a proposal for the DF in the range from 0.7 to 6.5 eV based on MOVPE grown
InN will be given together with an analysis of the energetic position of the band critical
points (BCP analysis).

Some results published on the InN dielectric function
As already mentioned in chapter 3 theoretical calculations of the band-structure are
quite helpful to understand and interpret the experimental results derived from optical
measurements. With the upcoming band edge discussion for InN a first theoretical cal-
culation of Bechstedt et al. [12] was published in 2003 where a small band gap was
predicted as shown in Figure 7.1, left image. Furthermore these calculations expected
InN to have intense interband transitions at photon energies around 5 eV. Since up to
now different experimental results are published for InN being far from showing con-
gruent electronic properties (cf. Figure 7.2) which should be investigated in more detail.
With the low energy correction of the InN band edge position another band dispersion
calculation from Fritsch et al. was then published were these transition energies are

99
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Figure 7.1: Left: theoretical prediction of the imaginary part of the DF for wurtzite InN
(after Bechstedt et al. [12]). While the E0 position is expected to be around 1 eV several
intense absorption maxima are calculated in the energy range below 10 eV for the light
polarized parallel (solid line) as well as perpendicular (dashed line) to the c-axis. A corre-
sponding band structure calculation (after [174]) shows several possible transition energies
between higher bands.

correlated with the respective valence and conduction band transitions [174]. The cal-
culated band structure is also shown in Figure 7.1, right image. Additionally several
publications appeared allowing for comparison of the dielectric properties between dif-
ferently prepared InN films. Some of these results are summarized in Figure 7.2:

The publication of Goldhahn et al. [162] compared the dielectric function of MBE
grown InN from the group of W. J. Schaff from Cornell University with sputtered ma-
terial from the group of T. L. Tansley from Macquarie University (left graph in Fig-
ure 7.2). Obviously the specific growth techniques strongly influenced the material
properties. Apart from the difference of the band edge position the sputtered material
shows no features in the high energy range of the dielectric function.
The properties of MOVPE grown material from the group of Guo et al. (right image in
Figure 7.2, taken from [173]) indicate a band edge of around 2 eV in accordance with
absorption measurements [175] and also point towards the existence of high energy
structures around 5 eV. Furthermore for the first time an apparent similarity between
the ab-initio calculations from Bechstedt et al. [12] and the measurements on the MBE
grown material could be observed.
All these contradictory results show the need for improve in material quality and a
detailed analysis of the InN dielectric function from MOVPE grown material.
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Figure 7.2: Left: Comparison of the imaginary part of the dielectric function of MBE
grown (solid line) and sputtered InN (dashed line) after [162]. Right: Imaginary part of
the dielectric function of MOVPE grown InN (together with differently modeled dielectric
function , solid and broken lines) showing a band edge position around 2 eV and intense
structures in the high energy range (after [173]). While MBE and MOVPE grown InN show
apparent similarities to the theoretical prediction (cf. Figure 7.1) the dielectric function of
sputtered InN is totally different.

7.1 Determination of the InN bandgap
To evaluate the InN dielectric function in the range of the expected band edge we used
an infrared (IR) ellipsometry ex situ setup which was provided in cooperation by SEN-
TECH instruments GmbH, Berlin. The IR measurement range from 0.5 eV up to 3.5 eV
gave a wide overlap in the pseudo-dielectric function to the in situ determined values
to guarantee matching of both measurements and to ensure that the sample properties
did not alter too much during transfer to SENTECH company. The transfer was or-
ganized in a nitrogen filled preserving jar and the sample was measured directly after
taking out of the jar. So possible oxidation influences on the band edge position were
reduced to a minimum. In Figure 7.3 the composed IR (dotted lines) to UV (solid lines)
measurements of the pseudo-dielectric function are shown together with the calculated
dielectric function (gray lines) in the band edge region. The two measurements match
quite well in the region between 1.6 and 3.5 eV concluding that the sample transfer
procedure was chosen right. Examining the as-measured effective DF at a first glance
one can divide the DF in two regimes for a first interpretation of the measurement:
In region one, which is above 2 eV and corresponds more or less to the VIS-UV range
of the in situ ellipsometer, the effective DF is dominated by the three intense interband
transitions located between 4.5 eV and 6.5 eV. In region two below 2 eV the effective
DF is dominated by a huge interference oscillation. This is mostly due to the low layer
thickness which is approximated from SEM images (see also Figure 6.5) to be 150 nm
for this sample. Thus the light partially penetrates the whole layer, gets reflected at



102 7. DIELECTRIC FUNCTION OF INN

Figure 7.3: InN pseudo-dielectric function from IR (dashed lines) to UV (solid lines) with
evaluation of the dielectric function near the band edge region (gray lines). The near band gap
region region was calculated according to the Tanguy model determining an E0 of 1.05 eV and
a relatively high broadening Γ of 180 meV.

the substrate interface and leaves the layer even for photon energies where absorption
would be expected. This behavior is partially increased through the holes formed in
the layer already during growth. Therefrom and from the SEM image we can conclude
that a simple four layer stack (substrate, layer, roughness, vacuum as it was proposed
in chapter 3) will not sufficiently allow to evaluate the exact dielectric properties and
several simplifications have to be made. This concerns the distribution and size of the
parasitic crystals on top which are not comparable to the classical expression of a sur-
face roughness. The same holds true for a separation of the large holes in terms of an
EMA model which is not possible due to the size of the holes, being in the range of
several µm and even larger than the ellipsometry wavelength. Even an assumption of
a linear mixture of InN and voids (vacuum) would not lead to totally reliable results
because the InN/voids ratio can not be determined properly from the SEM images and
also the size of the defects varies in a wide range. Consequently the calculated total
layer thickness determined from ellipsometry will always be to small, namely being
95 nm for the 150 nm SEM determined thickness value. The 1 nm rms roughness value
on top of the layer determined with ellipsometry appears to be much to small com-
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pared to the approximately 20 nm (5×5µm2 scan region) value determined by AFM.
Obviously the large crystals do not contribute to the optical surface roughness so much.
This is supported by AFM measurements in smaller areas between the parasites were
significantly lower roughness values are measured.

For evaluation of the band edge position a first approximation can be given guide-
to-the-eye: in the 〈ε2〉 spectrum a sharp edge in the interference related structures can
be observed around 1 eV. In the first step for exact evaluation of the band edge position
the energy range was restricted to the region were the band edge was expected, namely
below 2 eV. Therefore we used the same Tanguy model function/approximation which
already proofed its suitability in chapter 4 for determination of the band edge position
of the defective GaN NL. The resulting dielectric function (gray lines) shows up with a
band edge energy position at 1.05 eV and a broadening parameter Γ of 180 meV which
reflects the highly perturbed crystal structure of the InN layer. As already indicated
by the fact that the interference oscillation is totally dampened at 2 eV the band edge
value E0 of this MOVPE grown InN layer is far below the formerly accepted 1.86 eV
from [11] but very close to the theoretically predicted value of around 1 eV from Bech-
stedt et al. [12]. Even if this is not in accordance with the recently published values of
0.76 eV by Davydov et al. [49, 176] these differences can be explained very easy:
First of all the photoluminescence measurements published show very broad structures
where no excitonic recombination lines can be resolved. This indicates a high defect
density which is accompanied by a high carrier concentration in the mid 1020 range re-
sulting in a very strong Burstein-Moss shift. Therefore the published result of 0.76 eV
from Davydov et al. is already Burstein-Moss shift corrected and higher values are
measured for layers with high carrier concentration.
A second possibility is a recombination mechanism which is bound to a defect center
like a deep donor induced either by oxygen impurities as known from the early stages
of GaN growth [141] or by excess nitrogen due to the imperfect growth mechanism of
InN performed at very high V/III ratios (see chapter 6 and 1 and [177]). Both explana-
tions allow for a shift of the observed emission wavelength in a wide range which can
not be easily taken in account when evaluating the ellipsometry spectra.
Additionally some of the samples from which photoluminescence measurements report
a band edge far below 1 eV show absorption edges shifted to higher energies [178]. For
a better and more accurate description of these parameters as well as the absolute po-
sition and ”intensity” of the higher interband positions the layer quality has to improve
because all these deficiencies can not be considered in a simple optical model. Since
only a few samples were grown and no systematic growth dependency studies were
performed in the frame of this thesis (this will be done in the PhD. thesis of M. Drago
[160]) the results presented here can not claim for completeness. Meanwhile spatially
resolved cathodoluminescence spectroscopy studies on similarly grown MOVPE InN
by M. Phillips et al. [172] revealed a much lower band edge position of around 0.8 eV
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for these films.
Unfortunately more peculiarities of InN have to be taken in account like a relatively

quick oxidation of the layer which also influences the dielectric properties. This is
discussed in the next paragraph.

7.2 Oxidation effects in InN

Up to now nearly all ellipsometric measurements have been performed in situ in the
MOVPE reactor avoiding contamination with air and moisture. The first ex situ in-
vestigation has been the IR measurement in the InN band edge region in the previous
paragraph. The remaining question is: does a freshly grown InN layer react with air and
if so how can this reaction be determined via ellipsometry? Therefore we measured the

Figure 7.4: InN 〈ε2〉 in the VIS-UV range directly after growth (solid line) and after 1 min
exposure to air (dashed lines). A huge decrease of intensity in the range of the higher interband
transitions and an increase in intensity in the region below shows the influence of an adlayer.

effective DF of freshly grown InN after cooling to room temperature inside the reactor.
Then the reactor was opened for 1 min and the sample was exposed to air. Again the
DF was measured as shown in Figure 7.4, dashed line.

We observe a typical adlayer formation (see also chapter 3) which is characterized
by a dampening of the higher transition intensity (around 5 eV) and an increase in the
energy range below. The difference in the interference related increase in 〈ε2〉 close
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to the E0 position may be also due to slight variations in layer thickness when mea-
suring at different spots of the sample. For determination of the adlayer thickness the
knowledge of the material formed on top of the InN epilayer is necessary. The most fa-
vorable solution is the formation of some InXOY compound like it is also known from
for example GaAs adlayer formation [179]. Since the oxidation of InN at 450◦C is al-
ready reported to form In2O3 which can be detected in XRD diffraction patterns [180]
the formation of a similar composition out of the MOVPE grown InN is expected, too.
Since no optical data for determination of the dielectric properties for an adlayer cal-
culation are available for In2O3 a single crystalline layer had to be prepared. This was
then measured with our ellipsometry setup. Therefore a thin (100 nm) InN epilayer on
sapphire was heated step wise to temperatures as high as 450◦C in dry air atmosphere.
After every 10 min it was cooled down to room temperature performing ellipsometric
measurements. The whole process of oxidation could be clearly resolved in every heat-
ing cycle finally being completed after 2 hours as shown in Figure 7.5. Here the higher

Figure 7.5: 〈ε2〉 spectra during oxidation of a 100 nm thin InN epilayer. Oxidation was per-
formed at 450◦C in dry air while ellipsometry measurements were performed in between every
10 min at room temperature. Each graph shown here corresponds to 1/2 h oxidation time. The
lowest (solid) line shows the calculated In2O3 dielectric function .

interband transitions of InN vanish accompanied by a shift of the intense interference
oscillations to higher energies. This is a clear hint towards a shift of the InN band edge
position with increasing oxygen content. Finally a step like absorbance edge appears
close to 4 eV pointing at the oxide band edge position. A calculation of the oxygen
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layer properties using a 4-layer model of sapphire, In2O3 plus a 50% In2O3/air mixture
for describing a roughness overlayer and air leads to a slightly increased overall layer
thickness of 120 nm. The oxide layer was assumed to be a relaxed lorentzian type which
consists of a set of two oscillators. By varying the respective oscillator parameters they
can be adjusted in their energetic position and their oscillator strength which allows for
easy calculation of the band edge position and the refractive indices below and above
this band edge position. As a result we find the oxide band edge to be 3.9 eV which is in
congruence to the findings from Zollner [179] who determined the influence of native
oxides on the pseudo-dielectric function of III-phosphide, -arsenide and -antimonide
semiconductors. There the mixed oxide phases on the surface are clearly observed for
the less stable compounds (InAs, InSb) pointing towards a decrease in band edge posi-
tion with lower binding energy (for InSb the oxide overlayer band edge was determined
to approximately 4.5 eV). For the temporal description of this oxidation process a linear
mixture of the InN effective dielectric function and the oxide dielectric function had to
be assumed. Thus the oxidation process does not proceed layer-by-layer but obviously
along some defects in the whole InN epilayer. The so gained indium-oxide dielectric
function (solid line in Figure 7.5) now allows for calculation of oxide overlayer effects
on the Indium nitride pseudo-dielectric function. Also an influence on the band edge
position through alloying can be presumed now.

The oxidation process itself is proven by XRD measurements, showing a decrease
in the rocking curve intensity of the InN (00.6) reflection by nearly two orders of mag-
nitude and a strong increase in the oxygen signal in EDX measurements for the fully
oxidized sample as shown in Figure 7.6. Here a small oxygen and carbon contamination
can be detected after transfer into the SEM for the pure InN sample (gray lines) together
with a relatively high nitrogen signal (one should keep in mind that the nitrogen ”Streu-
querschnitt” is rather small compared to the other detected elements). After oxidation
(solid black line) the oxygen as well the carbon and indium signals are increased and
the nitrogen peak is vanished. The sample can be described as fully oxidized.
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Figure 7.6: EDX spectra of the ”pure” InN (gray line) showing a distinct nitrogen peak between
the carbon and oxygen contaminations due to the transfer in air. After oxidation this peak is
vanished and the other ones are increased. The sample is totally oxidized.

7.3 Band critical point analysis of InN

As can be seen already in Figure 7.3 the pseudo-dielectric function of InN exhibits
several intense maxima in the high energy range. They point towards higher interband
transitions at high symmetry points in the Brillouin zone (see also chapter 3). Their en-
ergetic position can be determined either guide to the eye (of course with low accuracy)
or by calculating the 2nd derivative of ε1 and ε2 . The latter is the more precise and
correct way but both methods require the dielectric function of a smooth, ideal layer.
Therefore the already known overlayer effects like e. g. roughness for calculating the
dielectric function of smooth, ideal InN have to be considered. This was done according
to the NL roughness determination in chapter 4 where a simple but useful connection
between the EMA roughness and the physical surface roughness determined by AFM
was established. For this purpose a 3 nm thin roughness EMA overlayer was assumed
which was simply subtracted from the as measured pseudo dielectric function as can
be seen in the left graph in Figure 7.7. This value is of course only an approxima-
tion based on the fact that the InN layer grown are quite smooth between the center of
parasitic nucleation where large crystals appear. When calculating the 2nd derivative
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Figure 7.7: Left: dielectric function of MOVPE grown InN after correction of a 3 nm
rough overlayer (dotted line) according to the results from chapter 4. Right: 2nd derivative
of the corrected dielectric function clearly showing three higher interband transitions and
allowing determination of their exact energetic position.

d2ε/dE2 of the corrected InN dielectric function no hint is given for additional transi-
tions. To the following transitions T0 - T3 the energetic positions can be assigned by
a simple lorentzian fit procedure of the 2nd derivative: 1.08 eV (according to the band
edge position of 1.05 eV) for T0, 4.85 eV for T1, 5.40 eV for T2 and finally 6.17 eV for
T3.

In comparison to the previously published InN dielectric function from Gold-
hahn et al. [162] (as shown in Figure 7.2) the existence of a third interband transition
above 6 eV is proven now in accordance with the theoretical calculations from Bechst-
edt et al. [12] (cf. chapter 3). There three interband transition are expected in the energy
range between 4 eV and 6 eV. A closer look to the data from Guo et al. (also Figure 7.2)
also revealed a small shoulder around 6 eV for the MOVPE grown InN. Comparing
these results with the latest theoretical band dispersion calculations of Fritsch et al. (cf.
Figure 7.1 in chapter 3 ) [174] these higher interband transitions may be related accord-
ing to their energetic positions as follows: T1 may originate from transitions at the U
and M point of the Brillouin zone while T2 originates from L and U transitions and T3

possibly from M , Γ or H transitions. All these experimental values agree quite well
with the theoretical ones within a deviation of 0.1 eV or less.

Summary
Having determined the band edge position of thin MOVPE grown InN to 1.05 eV (at
room temperature) the previous work will of course not clarify the band edge question.
The difference of around 0.3 eV to the nowadays often cited 0.75 eV observed from
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photoluminescence measurements at low and room temperature [49, 176, 178] may
be related to the high amount of structural defects in the layer. Furthermore many
researchers report on a similar discrepancy between photoluminescence and absorption
measurements which is somewhere in the order of 0.2 eV [178] for identical samples.
More experiments with improved material (higher thickness, reduced defect density)
are necessary to determine the electronic properties of ”pure” InN. Also the oxidation
process which took place in the whole layer indicates a relatively high structural defect
density of the samples presented here. Since MOVPE grown InN also exhibits a strong
absorption feature around 1.2 eV [181] the origin of the band edge question will not
be detected in the next month and give rise to further discussions. One major point of
interest will be the influence of impurities like for example oxygen or excess nitrogen
[177] on the structural and electronic properties. With the precise determination of
the energetic position of the higher interband transitions the congruence between the
theoretical predictions and experiment is proven emphasizing once more the necessity
of theory paving the way towards new discoveries.
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Summary

In situ spectroscopic ellipsometry (SE) during nitride MOVPE on sapphire allows to
monitor the whole growth process and reveals several remarkable characteristics. Dur-
ing sapphire nitridation with ammonia the threshold temperature and the duration of the
process have been determined resulting in a 4 nm thick, crystalline AlN layer. Further-
more ellipsometry demonstrated the influences of the growth setup on the individual
process conditions: high temperature ”cleaning” of sapphire under hydrogen atmo-
sphere resulted already in a slight nitridation layer through dissociated GaN from inside
the reactor forming ammonia. These variations upon the reactor conditions influenced
the seed formation and nucleation layer coalescence on sapphire with consequences
for the nucleation layer growth rate and thickness. For reproducible epitaxial condi-
tions and optimum layer quality consideration of this influence on the growth rate is
absolutely necessary and SE allows to monitor the layer growth for this purpose.

During growth of thin GaN nucleation layer (NL) an estimate of the crystalline
quality is given by ellipsometry. The existence of cubic and hexagonal phases in the
NL were determined with their ratio strongly depending on the growth conditions such
as the V/III ratio and the growth rate. Highest cubic fractions were observed at high
NL growth rates. This is of importance since best epilayer qualities are achieved only
at high NL growth rates which is clearly correlated with a high cubic proportion in the
NL. In the subsequent NL annealing procedure of the NL the transformation from the
cubic phase into a hexagonal phase could be tracked in situ showing that the procedure
is already accomplished between 800 ◦C and 950 ◦C. There is no need of a further long
term high temperature processing since nucleation layer degradation at high tempera-
tures is observed when the phase transformation has completed.

Thick GaN epilayers showed a high crystalline quality when grown on optimized
NL. Low temperature photoluminescence spectra were dominated by narrow donor
bound and free XA and XB excitonic emission lines. The corresponding pseudo-
dielectric function of the as-grown non-oxidized GaN epilayer revealed a strong ab-
sorption feature directly below the absorption edge which can be attributed to a defect
related-transition, allowing for epilayer quality control already during growth.

A comparison of differently prepared GaN surfaces in MOVPE and (PA)MBE via
the comparison of the ellipsometry spectra during preparation allowed for an indirect
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determination of surface stoichiometry during GaN MOVPE. The ellipsometry spectra
in MOVPE under growth and ammonia-stabilized conditions were similar to those pre-
pared in (PA)MBE under gallium-poor conditions. MOVPE spectra measured under
short trimethylgallium pulses in the absence of ammonia were similar to the (PA)MBE
results which are well known to be gallium-rich and which could be ascribed to the
formation of a 0.9 nm thin gallium adlayer. The most important conclusion from these
experiments is that GaN MOVPE must proceed under nitrogen-rich conditions with a
surface structure similar to the (

√
3 ×

√
3)-R30◦ which is known from (PA)MBE.

By means of in situ SE the growth process of InN on sapphire could be optimized,
too. With a small number of experiments high quality MOVPE grown InN could be
achieved which revealed a band edge feature in the dielectric function around 1.05 eV.
The discrepancy to the nowadays more accepted value of 0.7 eV to 0.8 eV could be
attributed to the remaining defects inside the InN layers. Analyzing the growth process
of InN MOVPE on sapphire with in situ SE it was found that only a narrow growth
temperature window around 500 ◦C allowed high growth rates. A significant layer de-
terioration during InN growth through strain accumulation caused by the high lattice
mismatch could be detected. This was achieved through growth rate calculations show-
ing a drastic increase at the transition from 2-D layer to 3-D island growth.

Finally the dielectric function of MOVPE InN was calculated from such layers
showing an absorption edge of 1.05 eV and three higher interband transitions at 4.85 eV
for T1, 5.40 eV for T2 and 6.17 eV for T3. The absolute positions of these transition en-
ergies appeared to vary with the layer quality so that the error for their determination
should be in the range of ±0.1 eV. Nevertheless they can be attributed to transitions at
the U and M points, the L and U and possibly from M , Γ or H points of the Bril-
louin zone according to recent theoretical calculations. The line shape of the dielectric
function of MOVPE InN is in agreement with what was calculated in ab-initio theory.

One result from the InN growth experiments is the necessity of improved InN epi-
layers to determine the InN physical properties with high accuracy. Another one is the
necessity of theory to achieve progress in crystal growth when publishing new predic-
tions.

Of course this work is not a complete study of the III-nitrides epitaxial growth and
many unsolved questions will remain. This includes the growth of thick epilayers of
cubic materials such as (β−)InN and (β−)GaN where no reliable material studies are
available up to now. Then a detailed investigation of AlN growth cannot be performed
in the way as is done for GaN since the band gap position of AlN of 6.2 eV permits the
observation of the electronic transitions during growth due to light absorption in the gas
phase. Also the investigation in InN growth is only preliminary because research is still
going on and the results presented here are part of work done together with M. Drago.
In his thesis much more detailed growth investigations of InN MOVPE will be given.
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[9] S. Strite and H. Morkoç, GaN, AlN, and InN: a review, J. Vac. Sci. Technol. B
10(4), 1237–1266 (1992).

[10] I. Akasaki, Progress in crystal growth of nitride semiconductors, J. Cryst.
Growth 221, 231–239 (2000).

[11] T. L. Tansley and C. P. Foley, Optical band gap of indium nitride, J. Appl. Phys.
9, 3241 (1986).

113



114 BIBLIOGRAPHY

[12] F. Bechstedt, J. Furthmüller, M. Ferhat, L. K. Teles, L. M. R. Scolfaro, J. R.
Leite, V. Y. Davydov, O. Ambacher, and R. Goldhahn, Energy gap and optical
properties of InxGa1−xN, phys. stat. sol. (a) 195(3), 628633 (2003).

[13] T. Matsuoka, H. Okamato, and M. Nakao, Growth of wurtzite InN in MOVPE
and its optical characteristics, phys. stat. sol. (c) 0(7), 2806–2809 (2003).

[14] K. L. Westra, R. P. W. Lawson, and M. J. Brett, The effects of oxygen contami-
nation on the properties of reactively sputtered indium nitride films, J. Vac. Sci.
Technol. A 6(3), 1730 (1988).

[15] S. Kumar, L. Mo, Motlan, and T. L. Tansley, Elemental composition of reactively
sputtered InN thin films, Jpn. J. Appl. Phys. 35, 2261–2265 (1996).

[16] T. Yamaguchi, C. Morioka, K. Mizuo, M. Hori, T. Araki, and Y. Nanishi, Growth
of InN and InGaN on Si substrate for solar cell applications, IEEE Proc. Int.
Symp. Comp. Semicond. , 214–219 (2003).

[17] S. Nakamura, Analysis of real-time monitoring using interference effects, Jpn.
J. Appl. Phys. 30(7), 1348–1353 (1991).

[18] S. Nakamura, In situ Analysis of real-time monitoring using interference effects,
Jpn. J. Appl. Phys. 30(8), 1620–1627 (1991).

[19] AIXTRON company, ”Aixtron 3000”, http://www.aixtron.de/.

[20] M. Benamara, Z. Liliental-Weber, J. H. Mazur, W. Snider, and J. Washburn, The
role of the multi buffer layer technique on the strain of GaN, Mat. Res. Soc.
Symp. Proc. 595, W5.8.1–6 (1999).

[21] P. Kung, D. Walker, M. Hamilton, J. Diaz, and M. Razeghi, Lateral epitaxial
overgrowth of GaN films on sapphire and silicon substrates, Appl. Phys. Lett.
74, 570 (1999).

[22] R. F. Davis, T. Gehrke, K. J. Linthicum, P. Rajagopal, A. M. Roskowski, T. Zhel-
eva, E. A. Preble, C. A. Zorman, M. Mehregany, U. Schwarz, J. Schuck, and
R. Grober, Review of pendeo-epitaxial growth and characterization of thin films
of GaN and AlGaN alloys on 6H-SiC(0001) and Si(111) substrates, MRS Inter-
net J. Nitride Semicond. Res. 6(14) (2001).

[23] A. Strittmatter, S. Rodt, L. Reißmann, D. Bimberg, H. Schröder, E. Obermeier,
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