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1. Introduction

Research and technological advancements in electronic materials have modified, in the
last 50 years, our views, our attitudes and our way of living. Tools and gadgets like
personal computers, mobile phones and LEDs are just examples of vast numbers of
electronic devices that have contributed to the so called electronic revolution. In this
context, the nitride based LEDs and laser diodes are vivid examples: the blue light
was the result of a technological breakthrough in 1994 and caused a revolution in
optoelectronics.

Epitaxial film technology was well established for several material systems, red
and green LEDs were already available since the mid-seventies. Considerable efforts
were then put into producing a marketable (with high efficiency and long lifetime)
blue/violet emitting diode. Most of the efforts were dedicated in the direction of the
II/VI compounds. Surprisingly for most, the first (and only, up to now) efficient blue
light emitting diode was based on InGaN thin film technology. The breakthrough had
an impact on every day life: wide screen multicolor displays, blue and (with phos-
phors) white LED for illumination (especially in the automotive sector), even green
LEDs and new LED-based traffic lights invaded all cities very soon. Recently, SONY
has commercialized an LED-based television and the blue ray compact disc technol-
ogy, with a strong increase in the information that can be stored. The foreseeable
improvements in power, in the emitting surface of the diodes and in the color of the
emitted light (still too artificial) will lead to the substitution of the standard tungsten
lamp for illumination: our houses will be soon illuminated by LEDs, that are brighter
and more energy saving.

At the time of the discovery, basic research on nitride semiconductors was not as
advanced as for the other standard III/V (i.e. arsenides, phosphides). After the first
commercial InGaN-based blue LED, scientific research on nitrides has dramatically
increased, with a strong scientific interest arising from the technological breakthrough.

The bandgap of GaN lies in the ultraviolet. In order to produce green and blue
LEDs one needs to incorporate Indium in an alloy with GaN. By increasing Indium
in the InGaN alloy, one has to face several problems which generally leads to the
detriment of the grown layer and to a drop of the device performance. By completely
replacing Gallium with Indium, one ends up in a binary material which is very diffi-
cult to grow: InN. For almost 10 years since the GaN breakthrough, its cousin InN
received very little attention and very little was known about it mostly because of the
difficulty in producing single crystalline, uniform material. At that point, the most
often reported value for the fundamental bandgap of InN was 1.9 eV [1], measured
in 1986. Quite late in the history of semiconductors, in 2002 it was suggested that
the bandgap of InN is actually less than half (0.8 eV in [2], more recently 0.67 eV in
[3]) than what was commonly accepted! A growing scientific community has gathered
in the last 3 years to study this virtually new, and therefore exciting material also
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because of the possibilities InN gives in terms of technological applications. Beside
optoelectronics and multi-junction solar cells in InGaN alloys [4, 5], binary InN is
very promising also for high energy, high power electronic devices [3, 6]. Scientific
knowledge and the understanding of the material properties is being accumulated at
this moment, before any InN based device is operative and this is obviously expected
to be a strong catalyst for technological breakthrough.

How could it happen that a basic semiconductor property was so much overes-
timated for more than 20 years and is even now a matter of discussion? The main
reason lies in the materials that were available for investigation. As mentioned, only
very recently (last 5 years) single crystalline InN thin films exist, grown with either
Molecular Beam Epitaxy (MBE) or Metal-Organic Vapour Phase Epitaxy (MOVPE),
while free standing crystals are not yet available.

Understanding of the growth process of a new material is not only necessary in
order to study the material properties but it is also important in order to produce
a working electronic device. The technique already in use for all the GaN based
technology is MOVPE. The state of the art of the InN layers grown by MOVPE, at
the start of this work, was characterized by several issues. The layers were still very
thin (about 100 nm) and, when grown thicker, deep holes with lateral size of some
micrometers were forming. Basic properties like thermal and chemical stability as
well as the growth dynamics were still unknown.

In this exciting frame, this work has the aim to study the fundamental steps and
issues related to the growth of InN in MOVPE. To accomplish this, predominantly
in-situ optical control with spectroscopic ellipsometry (SE) is used, which provides a
valuable tool in order to understand the dynamics of the growth process.

The experimental methods and the state of the art for InN are discussed in the first
two chapters. The first chapter will report on the characterization method (spectro-
scopic ellipsometry) and briefly with the growth method (MOVPE), while Chapter
2 deals with InN properties, providing the necessary background on the material.
The results are outlined in Chapter 4-8. Chapter 4 outlines issues related to the
morphology of MOVPE InN layers. Chapter 5 deals with thermal stability of InN.
It provides the basic knowledge which is necessary in order to develop a successful
growth strategy for InN. Chapter 6 deals with the first step of epitaxy of InN on
sapphire: the nitridation of the sapphire substrate. Nitridation of sapphire is studied
in-situ with ellipsometry, leading to the best nitridation procedure for epitaxy of InN
layers. Chapter 7 deals with the development of an optimal strategy for growth of
layers with improved properties. Chapter 8 deals with the optical properties of InN
between 1.6 and 6.4 eV, developing a model for the dielectric function based on analy-
sis of the properties of MOVPE grown InN layers. Details of the development of the
model are given in the Appendix. Chapter 9 summarizes the results of this work.



2. In-situ Spectroscopic Ellipsometry in

MOVPE

This chapter deals with the experimental methods used in this work: spectroscopic
ellipsometry (SE) will be the focus, with a view also on the MOVPE technique and on
the implementation of ellipsometry during epitaxy. Investigations on the dynamics of
epitaxy are the key to understand and to improve growth. In-situ studies of epitaxial
growth are the most appropriate way to study growth dynamics. For this purpose,
SE is a very powerful optical technique which can be used during MOVPE of nitides.

The main aim of this chapter is to introduce tools which are necessary for in-situ
optical investigation during growth of a compound semiconductor. For this reason,
a brief theoretical introduction in optics and ellipsometry is necessary and the basic
tools of optical modelling [7] will be also treated here. The problem of measuring
optical properties on a unknown material with the intent of improving its growth will
be also discussed. The experimental set-up will be then shortly described and the tools
necessary for investigating a material during growth will be presented. The last section
outlines the criteria for the interpretation of in-situ ellipsometric measurements on
InN/sapphire layers.

2.1 Brief theoretical background

2.1.1 Basic principle of ellipsometry

Maxwell’s four equations express how electric charges produce electric fields (Gauss’
law), the experimental absence of magnetic monopoles, how currents and changing
electric fields produce magnetic fields (Ampere’s law), and how changing magnetic
fields produce electric fields (Faraday’s law of induction). These mathematical rela-
tions connect the quantities E (electric field), D (dielectric displacement), J (current
density), B (magnetic induction) and H (magnetic field) . The solution of the Maxwell
equations for a plane wave propagating along the z-axis provides for the electric field
E:

E = exExei(k � r+ωt) + eyEyei(k � r+ωt+∆) (2.1)

where ex and ey are unity vectors parallel to the x-axis and to the y-axis, respec-
tively, Ex and Ey are field amplitudes, k and r are the wave vector and the position
vector, ω is the angular frequency, t is time. The angle ∆ is the phase difference of
the y-component (second term) with respect to the x-component.

Light is said to be polarized if the values Ex, Ey and ∆ are univocally defined
(and not statistically evenly distributed). The state of polarization of the light can
be then defined by two angles, ∆ and Ψ, where the latter is so defined:
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tan Ψ =
Ex

Ey

(2.2)

The angle tanΨ measures the proportion of the amplitudes of the electric field
components Ex and Ey. In this system of coordinates polarization of light is linear
when Ex or Ey are zero, or when the phase shift ∆ is zero. Circular polarization
occurs for values of tanΨ=1 and ∆=n �

π
2 (n=1,3,5...), for other values the polarization

is elliptical.
When discussing ellipsometry, the plane of incidence is taken as reference and the

axes x and y becomes p, parallel to the plane of incidence and s (from the German
senkrecht) perpendicular.

The principle of ellipsometry is illustrated in Fig. 2.1. By reflecting a beam of light
of known polarization (usually linear polarization) off a sample, and measuring the
polarization change upon reflection (usually elliptical after reflection) SE measures
the changes in polarization through the ellipsometric parameters tanΨ and cos∆.

After reflection from the sample, the parameter tanΨ measures the proportion of
the amplitudes of the electric field components Ep and Es, which are related to the
amplitude ratio of the reflection coefficients rx and ry. The parameter cos∆ is the
phase shift between the two components induced by the reflection coefficients rx and
ry. Ellipsometry is a specular optical technique (the angle of incidence equals the
angle of reflection). The ellipsometric parameters are related to the optical properties
of the material investigated through the complex reflectance ratio [9] ρ:

ρ =
rp

rs

= tan Ψ � exp(i∆) (2.3)

s a m p l e

r p
r s

Figure 2.1: Principle of ellipsometry. Linear polarized light changes upon reflection
into, generally, elliptical polarized light. The change in polarization is
defined by the reflection coefficients rp and rs. The latter are defined
by the angle of incidence and by the optical properties of the sample.
Figure taken from reference [8].
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Given ρ and φ0 (the angle of incidence), the effective (or pseudo) dielectric function
〈ε〉 is defined by ignoring the surface structure (reconstruction morphology, contami-
nation, etc.) and can then be derived via the Fresnel equations:

〈ε〉 = sin2 φ0[1 + (
1 − ρ

1 + ρ
)2 tan 2φ0] (2.4)

This analytical process is also sometimes called ”two phase model” since it takes
into account only one interface (between phase I vacuum and phase II sample, ne-
glecting any effect originating from the surface of the sample (reconstruction, conta-
mination, roughness). Equation 2.4 is derived analytically and describes the optical
properties of the sample, but it should not be confused with the dielectric function ε,
which is defined for a material. The macroscopic origin of the dielectric function is
given in the next subsection.

2.1.2 Dielectric function

The dielectric function is defined by the interaction of electromagnetic fields with
matter by using the material equations [10]. For the materials investigated in this
work the magnetic effects can be neglected. When an electric field E (like an electro-
magnetic wave) is applied to a dielectric, it causes a polarization P . The result is a
dielectric displacement D:

D = ε0E + P (2.5)

P is a function of E and can be expressed as its polynomial expansion using a
set of dielectric susceptibilities χn as expansion terms. By neglecting all terms higher
than the first order (linear optic approximation), one can write equation 2.5 as:

D = ε0E + ε0χE (2.6)

and by defining:

ε = 1 + χ (2.7)

we can finally write the expression for D as:

D = ε0εE (2.8)

In the simple case of materials which are isotropic in the bulk (i.e. cubic materials)
ε is a complex function of energy: ε=ε1+iε2 with ε1 being the real part and ε2 the
imaginary part. ε is also in simple relation with the complex diffraction index ñ,
being:

ε = ñ2 = n − iκ (2.9)

ε1 = n2 − κ2 (2.10)

ε2 = 2nκ (2.11)
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where n is the refraction coefficient and κ is the extinction coefficient.

In the more general case of non-isotropic materials, the dielectric function ε defined
in equations 2.7 and 2.8 is a 3×3 tensor. In the case of wurtzitic materials (like the
α-nitrides) the dielectric tensor becomes:

ε̃ =





εxx 0 0
0 εyy 0
0 0 εzz



 =





εe 0 0
0 εo 0
0 0 εo



 (2.12)

where εe is the extraordinary component of the dielectric tensor and εo is the
ordinary component. In the case of this work, all measurements are carried out on
the (0001) plane (c-plane) of InN and the projection of the extraordinary component
on this surface is zero. The p-component of the incident electromagnetic wave in the
ellipsometry sketch of Fig. 2.1 and at its respective reflection coefficient, rp can be de-
composed into two components. The one component is parallel to the surface plane,
the other is perpendicular. The latter is in principle coupling with the extraordinary
component of the dielectric tensor. In practice, the contribution of its interaction is
negligible with respect to the contribution of the component parallel to the surface
plane [9]. This means that only the ordinary component of the wurtzite InN can be
measured.

2.1.3 A classical dispersion model: Lorentz

One of the most simple approaches to simulate the response of matter to an electro-
magnetic wave is to consider a single electron moving in the potential of a single ion.
This leads to the Lorentz model, or harmonic oscillator model, which is used later in
this work to simulate certain electronic transitions in InN. It is relevant anyway to
mention that the situation in a crystal is more complicated.

The potential in a crystal is the periodic potential of the ions. Typically the
one-electron approximation is still used and in a potential defined by Bloch waves
the energy dispersion is calculated versus the k-vector in the Brillouin zone of the
crystal structure. There are different possible approaches for calculating the band
structure of a crystalline material, from semiempirical to ab-initio theories. The
resulting band dispersion can be used to calculate the electronic transitions. Again
several approaches are possible. The Joint Density of State model calculates for
example the dielectric function as a sum of contributions from allowed interband
transitions at specific points in the Brillouin zone, also called critical points of the
Brillouin zone. The reader interested in further details is referred to [10].

The advantage of the Lorentz model is that it is very simple. Furthermore, the
harmonic approximation serves in certain situations to efficiently fit electronic transi-
tions occurring in semiconductors. Excitons, for example, have a Lorentz behaviour
[10] and some band to band transitions are also fit best by Lorentz oscillators [11].

In the Lorentz model, we consider the electron in the parabolic potential of a single
ion. The electron is interacting with an external electric field given by equation 2.1.
It is also called Lorentz model and describes a damped, driven harmonic oscillator
whose differential equation reads
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mẍ + mΓẋ + mω2
0x = eE(ω) (2.13)

for one dimension, where x is here the position of the electron, m is the (effective)
mass of the electron, Γ is the damping factor, ω0 is the resonance frequency and E is
the applied electric field. From equations 2.8 and 2.13 the dielectric function can be
calculated and reads

ε(ω) = 1 +
ω2

p

ω2
0 − ω2 − iΓω

. (2.14)

In the case of many electronic states, a linear combination of harmonic oscillator
can be used, which leads to:

ε(ω) = 1 + ω2
p

∑

fj

1

ω2
j − ω2 − iΓjω

(2.15)

where
∑

fj = 1 (2.16)

In Fig. 2.2 different resonance frequencies ω0 and different damping factors Γ
produce different curves for the dielectric function. In particular, increasing damping
factors result in increasing broadening. In a real system the damping might have

Figure 2.2: The dielectric function of an harmonic (Lorentz) oscillator is calculated
for different resonance energies (3 eV, 4 eV and 5 eV) and for different
damping factors Γ (0.4, 0.2 and 0.1, respectively). Decreasing damping
leads to sharper peaks.
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different origins, as for example increased temperature or presence of defects in the
material.

2.1.4 Kramers-Kronig relations

By pure mathematical arguments (Cauchy-Riemann differential equations), it is pos-
sible to demonstrate that imaginary and real part of the dielectric function are depen-
dent on each other, via the so called Kramers-Kronig relations (see for example [12]).
In other terms, it is possible to calculate either the real or the imaginary part of a
complex function when at least one of the two is known. ε1 or ε2 must be known for
all photon energies. Due to the symmetry of the dielectric function one is allowed to
perform the integration on the positive energies only. Consequently, the calculus can
be completely successful only if one of the two parts is known over the whole energy
range. A model for the dielectric function is called Kramers-Kronig consistent if it
fulfills this relation.

2.2 Analysis of real samples

2.2.1 Multilayered samples

Heteroepitaxial growth creates, from the point of view of optics, a multilayered sam-
ple: the growing layer, the substrate and finally vacuum represents a 3-layered sample
structure. Fig. 2.3 shows on the left the 2-layer model from which the effective di-
electric function was calculated (equation 2.4), on the right the 3-layer model which
can be applied in the case of heteroepitaxial growth. The bottom layer is always
assumed to be semi-infinite, which means that, below, no other interface or surface
contributes to the signal. This is realized in the case of an absorbing material which
is thick enough to absorb all the light before it reaches the next surface/interface.
As the figure shows, in the 3-layer model the electromagnetic wave goes through two
interfaces and is reflected at the second interface. This can give rise to interferences
with the light reflected at the vacuum/sample interface.

When the sample under investigation is composed of a larger number of layers
the analytical solution becomes more complicated. The problem can be approached
for example by decomposing the calculation in iterations of several 3-layer models.
In Fig. 2.4 the calculation for a 6-layer model is schematically decomposed into 4
iterations. In the first iteration a 3-layer model calculates the effective dielectric
function of the 2 bottom layers. The result is used in the second iteration as bottom
layer in the new 3-layer model, where the 4th layer from the bottom is now also used.
The iteration continues until in the last calculation vacuum is to be used as top layer.
The result is equivalent to the analytical solution of a multilayer model.

2.2.2 Inhomogeneous layers: effective medium approximation

The value of the dielectric function for layers (or media) where two or more materi-
als are mixed can be derived again by solving the microscopic electric field and the
microscopic displacement field per unit volume. The effective medium approximation
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Figure 2.3: Schematic representation of a 2-layer model (left) and of a 3-layer model
(right). The interfaces are assumed to be perfect (abrupt). Thus, in the
3-layer model the light reflected by interface A/B is coherent with the
light reflected by interface air/A and they can give rise to Fabry-Perot
interferences.
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(EMA) is the averaging over the total volume in order to obtain the dielectric prop-
erties of the effective medium. The condition for using these theories is that the size
of the regions of single material are large enough (on the microscopic scale) to possess
their own dielectric properties but are still smaller than the wavelength of the light.

It can be easily shown that the screening charge in the boundaries between the
regions plays a fundamental role in the constitution of the dielectric properties of the
effective medium, which in turn is not just simply depending on the microstructure [7].
Any inhomogeneous medium can then only be accurately described by the specific
distribution of inhomogeneous regions. A more practical, standard representation
for an inhomogeneous layer constituted by two materials ”a”and ”b”is given by the
following [7, 13]:

ε − εh

ε + 2εh

= fa

εa − εh

εa + 2εh

+ fb

εb − εh

εb + 2εh

. (2.17)

εh is a ”host”dielectric function which can take the values of εa or εb if the layer
consists of ”b” inclusions in ”a” or viceversa: this leads to the Maxwell-Garnet
approximation. Alternatively, εh assumes the value of ε in the case of a Bruggemann
approximation (the term on the left becomes zero).

The Maxwell-Garnett model assumes spherical inclusions of material ”b” in the
host ”a” (or viceversa) and can be further refined for example by assuming elliptical
geometry of the inclusions. The Bruggemann model is simpler (treats the two ma-
terials equally, without specifying the host) but it is well suited for example for the
approximation of rough surfaces. In this case, material ”a” is simply vacuum while
material ”b” is the bulk material.

2.3 Ellipsometric measurements on unknown mate-

rials

The dielectric properties of a material are expressed in terms of a dielectric function
ε, but ellipsometry can measure only an effective dielectric function 〈ε〉. It means
that the ellipsometric measurement of a sample is not a mere measurement of the
dielectric properties of a material, even if the sample is nominally made of a single
material. For in-situ measurements, where the sample is grown in high purity gas
environment, we can assume a negligible contamination. The dielectric properties of
the surface will still be different from the bulk dielectric properties because of: (i)
surface termination and reconstruction, (ii) surface morphology. In case of heteroepi-
taxial samples (the focus of this work, since the InN samples have been grown on
sapphire or on GaN/sapphire templates) the measurement can be influenced by (iii)
the dielectric properties of different layered materials in the sample, (iv) the thickness
of each of the different layers present in the layer stack and by (v) the conformation
(roughness) of each interface. This list of characteristics of the investigated sample
can be defined as the geometric properties, or simply geometry of the sample.

Knowledge about the growth process and other characterization techniques can
provide information on sample geometry (i.e. known growth rate can indicate the
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thickness of the layers, AFM measurements can give an indication on surface rough-
ness, etc.). This allows to set a starting model of the layer stack as close as possible to
reality. Eventually, unknown parameters of the sample geometry can be determined.
A requirement for the model calculation of the effective dielectric function 〈ε〉 is the
knowledge of the material dielectric function ε, i.e. of the dielectric properties of each
material present in the layer stack.

It is important to stress again that the dielectric function is a material property.
As mentioned previously, ellipsometry measures directly the effective (or pseudo-)
dielectric function. Practically, this will never coincide with the material dielectric
function ε even if measured on a sample constituted by (at least namely) a single
material because the surface will always have dielectric properties different from the
bulk.

Since the dielectric properties of a material depend also on the concentration of
intrinsic defects, a dielectric function cannot be univocally defined for a material if this
is not a perfect single crystal. The material grown and investigated in this work is InN,
which is not yet available in excellent crystal quality. Furthermore, InN fundamental
properties, its bandgap and therefore its dielectric function are still uncertain.

In conclusion, at the beginning of this work the dielectric properties of the material
InN could not be easily extrapolated by the effective dielectric function measured by
ellipsometry. This because of the (a) not well defined geometry of the sample and (b)
not well defined quality of the InN layers. On the other hand, the rich information
presented by the effective dielectric function could be used from the start to study InN
while growing, giving an unbeaten insight into the dynamics of the growth process and
leading to its optimization. Only at the end of this work, after a critical improvement
of the quality and a large set of measurements we were able to evaluate εInN , which
is therefore presented in the last chapter.

2.4 MOVPE and ellipsometry set-up

Metal-organic vapor phase epitaxy (MOVPE) is a low-pressure up to atmospheric-
pressure growth technique which makes use of organic-metallic precursors and is suc-
cessful for the growth of high quality semiconductor crystals. It is the technique of
choice for several industrial applications and, despite of the difficulties in epitaxy of
nitride crystals, is also the method used for the production of GaN based electronic
devices [4].

The general principle of MOVPE is shown in Fig. 2.5 while the sketch of the
reactor is shown in Fig. 2.6. The MOVPE reactor used in this work is a standard
horizontal reactor produced in year 1983 by EPIQUIP. With MOVPE (also often
called MOCVD, metal-organic chemical vapor deposition) it is possible to grow high
quality single crystals since 1968 [14]. Commercial systems for the growth of nitride
based LED’s and Laser diodes are still based on the same principle, but they have
evolved significantly. They are based on vertical or horizontal gas flow with planetary
susceptors (i.e. the samples are rotated along axes parallel to the gas flow). For
more information on commercial systems the reader is invited to check the following
internet sites [15–17], while for a deeper reading on MOVPE to the following books
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Figure 2.5: Principle of MOVPE. Sources in the gas phase enter the reactor heated
to high temperature (typically from 500 � C up to 1200 � C for nitride ma-
terials). Typical sources are metal-organic precursors for group-III el-
ements, like tri-methyl-Indium and hydride precursors for the group-V
elements, like ammonia. During the heating of the sources while they
approach the reactor, several gas phase reactions may already occur, for
example formation of radicals. Transport of material through the gas
phase leads to contact of the molecules/radicals with the surface of the
substrate. Adsorption may occur, which might lead to catalytic decom-
position of the gas source and to growth. Ideally, carbon present in the
metal-organic precursors desorbs and leaves the reactor.

[9, 18].

The in-situ ellipsometer was developed by equipping the horizontal MOVPE re-
actor with three low strain windows for optical investigations. It is a scanning-type
ellipsometer consisting of rotating polarizer, sample, analyzer (RPSA). It covers the
spectral range of 1.6-6.5 eV (775-190 nm), using a 75 W xenon arc lamp. MgF2 Ro-
chon prisms are used as polarizers since they are sufficiently transparent up to 9 eV,
making in principle possible, with an adequate light source, the extension of the mea-
surement range up to 9 eV in a nitrogen purged atmosphere. A double monochromator
efficiently reduces stray light effects. While scanning the spectrum, neutral density
filters and color filters are used to keep the intensity below the overload limits of the
detector (UV-enhanced Si diode) and to suppress higher orders of the monochromator
gratings, respectively.

This set-up is very accurate for measurements on InN and GaN because of the
choice of the angle of incidence (∼65

�

), which is close to the pseudo-Brewster angle
for these materials. Consequently, the complex reflectance ratio is maximized and the
signal-to-noise ratio minimized.
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Figure 2.6: Sketch of the Epiquip MOVPE reactor used in this work for epitaxial
growth of InN. Some of the parameters to control are: the flow of the car-
rier gas (typically nitrogen or hydrogen) through the bottles containing
the metal-organic precursors (commonly named bublers), the pressure in
the bubblers to control the saturation, the temperature of the bubblers,
the pressure in the reactor, the total flow of the carrier gas, the flow of
the hydride gas precursor, the total pressure in the reactor. Precursors
are driven by two valves: the first valve allows the precursors to get into
the mixing chamber, the second valve chooses between the vent (which
leads directly to the pump bypassing the reactor) and the reactor. A cop-
per coil run by high power radio-frequency current is heating a graphite
susceptor up to 1075 � C. The sample lies on the graphite susceptor where
it is investigated during growth by in-situ SE (see Fig. 2.7). After the
reactor and the pump a scrubber is necessary to eliminate the residual
reactive, toxic and poisonous species which are residuals of the growth
reaction or the portion of the sources that did not react.
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Figure 2.7: Schematic of the spectroscopic ellipsometer implemented in the MOVPE
horizontal reactor. A cross section of the reactor shows the 3 low-strain
windows: two for the ellipsometer, the third for the alignment laser.

To monitor the changes in the angle of incidence and in the zero value of the
analyzer due to changes in pressure and in temperature, an alignment laser is used at
the window perpendicular to the sample.

2.5 Ellipsometry used in-situ

There are countless reports on in-situ studies of surface adsorption from the early
times of ellipsometry, but in-situ growth studies have become possible only with the
advent of fast computing electronics. The first studies of growth monitoring were
on the growth of AlGaAs heterostructures on GaAs in 1978 [19, 20]. Closed-loop
growth control was reported shortly after for the growth of parabolic quantum wells
[21]. Nitride materials have also been studied. For example Ψ-∆ trajectories were
measured during heteroepitaxial growth of AlGaN quantum wells [22]. The effects of
a nitrogen plasma on the surface of sapphire [23] and of SiC were also studied [24].

Ellipsometry can reveal during growth the thickness of layered structures, the di-
electric properties of the materials in the stack, the composition of alloys and finally
the properties of the surface. The following two subsections deal with important points
for in-situ ellipsometry: the sensitivity of ellipsometry to morphology and chemistry
of the surface and the material dielectric function at high temperature.

2.5.1 Surface sensitivity

The most important information on the growing sample during epitaxy is the state
of the topmost monoatomic layers. These can be defined as surface of the sample
(though it is always debated how many of the topmost monoatomic layers are the
surface). The surface is in fact changing during growth and morphology, chemistry
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and different reconstructions play an important role in the growth process. They can
for example strongly influence the quality of the growing layer. During MBE, in a
UHV environment, it is possible to use electron-based investigation techniques which
are surface specific, in the sense that the signal they measure can only originate from
characteristics of the surface. In MOVPE, where standard pressures are in the range
of millibars, the mean free path of electrons is too short for any application. At these
pressures one can still use optical techniques, like SE.

SE is in general not surface specific, and the sensitivity of ellipsometric spectra on
the surface is strongly affected by the penetration depth of the light. The penetration
depth is a measure of how deep an electromagnetic wave can penetrate into a material.
It is a characteristic of the material and of the wavelength and is quantitatively
defined as the inverse of the absorption coefficient, where the latter is defined by
the Lamber-Beer law. In the regions of high absorption of the growing material the
penetration depth of the light can be as small as some nanometers. For example, at
the higher interband transitions of some crystalline semiconductors one finds ∼4 nm
for Si, ∼5 nm for GaAs, ∼6 nm for InP [7]. In this energy range, submonolayer surface
modifications have a strong influence on the measured ellipsometric angles, making
ellipsometry extremely sensitive to the surface monolayer. This high sensitivity is not
reached in standard reflectance measurements.

Indium Nitride and in general the nitride semiconductors in their most stable
modification all crystallize in the hexagonal structure. Thus, normal incidence optical
techniques that require an isotropic bulk (reflectance anisotropy spectroscopy, for
example) cannot be used. Thus, ellipsometry has become the optical technique of
choice for their in-situ growth investigation.

The dielectric function is sensitive to the topmost surface layers when the pen-
etration depth of light is low, i.e. at the higher electronic interband transitions, as
mentioned previously. It was found experimentally that the amplitude of 〈ε2〉 at
these energies is inversely proportional to the roughness or to the thickness of an
oxide overlayer. By using the words of D. Aspnes: the bigger, the better [7]. Thus,
the amplitude of 〈ε2〉 at energies close to the higher interband transitions is a monitor
for the quality of the surface: any increase in amplitude is toward a smoother surface
while any decrease is towards a rougher surface. This interpretation might not always
be true in the case of epitaxy of InN, as will be shown in the last chapter of this work,
which deals with a model for the dielectric function of InN.

Ellipsometry has shown to be very sensitive to thin overlayers and to be able to
recognize different surface reconstructions in the case of, for example, GaN [25]. In
this work Ga-polar GaN surfaces were investigated in MOVPE and in UHV conditions.
In the latter, Low Energy Electron Diffraction (LEED) was used to identify two GaN
surface reconstruction, the Ga-rich 1×1 and the nitrogen rich

√
3×2

√
3R30

�

. 〈ε〉
measured in UHV was then compared with 〈ε2〉 measured in MOVPE and the two
surface reconstructions were identified in the gas ambient of MOVPE, where LEED
or other typical methods of surface science cannot be applied.

The measurement of the parameter set tanΨ, cos∆ provides a surface sensitive
tool, since tanΨ is mostly sensitive to changes in surface chemistry while cos∆ is
mostly sensitive to surface roughness and generally to the thickness of a very thin
overlayer. In the case of cos∆ a thin overlayer will induce a phase shift between
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the two components of the electromagnetic wave, as well as if the overlayer is just a
rough surface. In the case of tanΨ the changes of surface chemistry will change the
dipoles on the surface. This in turn influences both the magnitudes of rp and of rs.
tanΨ is then responding to this change because of its definition (see equation 2.2).
In turn, the phase shift will only be weakly affected by the change of chemistry in
the surface. The bulk contribution originating from the component of the dielectric
tensor perpendicular to the surface can usually be neglected (see [9], pages 238, 239).

2.5.2 High temperature dielectric function

Layers in MOVPE are grown at high temperature, ranging from a minimum of 300
�

C
up to 1100

�

C. The dielectric function of a semiconductor changes with temperature.
Electronic transitions at critical points of the band structure experience a damping
with increasing temperature and in most cases a red shift [26] with the exception
of some Lead-VI compounds which show an unusual blue shift [27]. According to
Varshni [28] the energy shift of the critical points follows a semi-empirical law:

Ecp(T ) = E0 −
αT 2

T + β
. (2.18)

The parameter E0 of equation 2.18 is the transition energy at T=0 K, α and β
are empirical constants and T is the absolute temperature in Kelvin. The constant
α is related to the electron-phonon interaction and β is closely related to the Debye
temperature. Other empirical formulations have been given, for example, by Allen and
Cardona [29] but ab-initio theory approaches to explain the changes in the dielectric
function at high temperature have not been developed yet.

At sufficiently high temperature one can normally neglect the parameter β, so
that equation 2.18 becomes:

Ecp(T ) = E′

0 − αT. (2.19)

The parameter E0 of equation 2.18 cannot be evaluated (therefore it appears with
a prime in equation 2.19).

Experimental results on the dependence of the dielectric function on temperature
for several semiconductors is reported in [30]. For InN there are only reports on
the bandgap at low temperature [31] (bandgap at room temperature was ∼0.7 eV).
Chapter 8 deals also with studies of the critical points between room temperature
and 500

�

C for InN.

2.6 Ellipsometry on InN/sapphire samples

It is relevant now to discuss briefly the effective optical properties of InN layers grown
on sapphire and the criteria of interpretation of the in-situ ellipsometric spectra pre-
sented in this work. Prior to this, we shortly discuss the optical properties of sapphire.

Sapphire is the substrate used for epitaxial growth in this work. It is a transparent
material in the energy range of the in-situ ellipsometer. The substrate can be still
considered semi-infinite since the backside of the wafer is non-polished. In fact, the
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light reaching the rough back-side of the sapphire substrate is then scattered and
absorbed by the black susceptor where the sample is placed. The signal to noise ratio is
rather low for measurements on sapphire, especially if it is compared to measurements
on absorbing layers. The high noise level originates on the one hand from the low
intensity of the total reflected light. On the other hand, it is difficult to measure a
semi-transparent material growing on another transparent material. More precisely,
transparent materials have a cos∆=±1 (a phase shift of 0

�

or 180
�

), which means a
very low change in the intensity modulated by the rotating polarizer in the utilized
ellipsometry set-up1.

When growing InN onto the surface of the sapphire substrate, the signal to noise
ratio improves strongly. In Fig. 2.8, top, we show a typical effective dielectric function
(imaginary part) of a 100 thick InN layer grown on sapphire. The main contributions
to 〈ε2〉 at higher energies (above ∼4 eV) originate from the InN interband electronic
transitions. These are the three peaks appearing above 4 eV. With few exceptions, all
the MOVPE InN layers grown at the TU-Berlin show higher interband transitions E1,
E2 and E3 at 4.9 eV, 5.3 eV and 6.1 eV at room temperature, in good agreement with

1A possible solution would be the implementation of a quarter wave retarder plate, which will shift
the phase by 90

�

allowing a much more accurate measurement. The retarder is anyway wavelength-
dependent. Furthermore, the addition of a new optical component is complicated in a compact
in-situ set-up, where space-compromises are pushed to the limits. Anyway, the present ellipsometry
configuration has supplied valuable measurements on sapphire samples as well.

Figure 2.8: In the spectrum on the top, example of a typical ellipsometric measure-
ment of the effective dielectric function (imaginary part) of a ∼100 nm
thick InN layer. Below ∼4,eV interference structures are dominant.
Above ∼4 eV the electronic interband transition of InN are only influ-
enced by characteristics of InN bulk and surface. This holds, since the
penetration depth of the light (spectrum at the bottom) in InN is high
below 4 eV and low above 4 eV (lower than 20 nm).
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other ex-situ results [32, 33] and with ab-initio calculations [34]. Their amplitudes
serve as a monitor for the crystalline and surface quality of the epitaxial layer (as
discussed in section 2.5). This holds for the layers discussed in this work (all thicker
than ∼100 nm), since the penetration depth of the light at the interband transition
energy is below ∼20 nm, as shown in Fig. 2.8, bottom.

The penetration depth of light for InN shown in Fig. 2.8, bottom2 at energies
below the interband transitions is high enough to allow interferences for InN layers
for thicknesses below ∼400 nm. Thus, between 1.6 eV and around 4 eV these InN
layers will show interferences in optical spectra. From the period of the interferences
we can calculate the layer thickness (i.e. the growth rate), while the amplitude of the
interferences depends on the homogeneity of the InN layers. In Fig. 2.8, below 4 eV
there is a large interference structure with a peak in the infrared. It indicates an InN
layer thickness of ∼100 nm.

2Penetration depth was at first, with rough approximation, guessed by the effective dielectric
function. This shown in Fig. 2.8 is an anticipation of the results of Chapter 8.
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Using the words of Prof. Bechstedt, University of Jena: ”... it is extraordinary that,
at the beginning of the third millenium, the bandgap of InN is still un-known!”. He
pronounced this sentence at the international workshop of nitrides held in Aachen in
2002. In the same session, Prof. Davydov from the Joffe Institute in St. Petersburg
showed his results on the optical characterization (photoluminescence, transmission
and reflection measurements) of recently grown, high quality InN epitaxial layers.
These results were pointing to a very narrow bandgap, of a value around 0.8 eV.
Professor Bechstedt himself presented ab-initio calculation of the band-structure in
excellent agreement with Davydov experiments. The former accepted value ranged
from 1.9 to 2.2 eV, more than a factor of two larger than the new proposed one.
The interest toward InN increased dramatically, led by the curiosity of basic research
scientists but also because of promising predictions of the properties of this material:
solar cells, high frequency, high power devices and optoelectronic devices based on
InN are predicted to have top performances.

This chapter deals with the material InN. It will review the basic properties of
this material, with a critical eye on the bandgap story since the discussion on InN has
evolved very rapidly in the last 4 years and it is safe to adopt a careful approach. The
second section presents a review of literature results on growth of InN. Finally, one
of the first growth procedure used in this work for MOVPE InN is given. It can be
cosidered the starting point for this work.

3.1 Properties

InN is the group III / group V (III/V) binary compound semiconductor with the
largest anion/cation size ratio (not considering Thallium compounds, which are not
largely studied)1. As a consequence of this large difference in size, the polarizabilities
of the two atoms are also very different. Polarizability is the relative tendency of the
electron cloud of an atom to be distorted from its normal shape by the presence of
a nearby ion or dipole, or, in general, by an external electric field. In other terms,
it is the softness of the valence electron orbitals. Large atoms tend to have high
polarizability, small atoms low polarizability. As a rule of thumb, atoms prefer to
bind other atoms with similar polarizability. In this view, Indium and Nitrogen will
have a low affinity because of the large size ratio.

Nitrogen has a Pauling electronegativity of: 3.04, while Indium has a Pauling
electronegativity of: 1.78 [37]. For a completely covalent bond the difference in elec-
tronegativity δEN is 0, which is the case of homo-atomic bindings. The indicative

1Atomic Indium diameter: 0.4 nm; atomic Nitrogen diameter: 0.15 nm ([35] and references
therein). Elsewhere, atomic Indium diameter: 0.324 nm, atomic Nitrogen diameter: 0.148 nm [36]
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Eb(eV) ∆H(eV)

AlN -11.669 -3.13
GaN -9.058 -1.08
InN -7.970 -0.21

Table 3.1: Binding energies [38] and formation Enthalpies [39] for III/nitrides
wurtzite.

threshold between covalent and ionic binding is δEN=1.7, larger values of δEN indi-
cate ionic bonds. The difference δEN=1.26 refer to the first ionization, and indicates
that the binding between Nitrogen and Indium is relatively covalent. The ionic compo-
nent in the bond is anyway among the strongest when compared with other compound
semiconductors, therefore, the co-existence in the same lattice of such large cations
and such small anions will lead to repulsion between the cations.

The former considerations hint already that the formation of an InN crystal should
not be extremely favorable. Table 3.1 shows calculated values for nitride semiconduc-
tors, Eb is the binding energy taken from [38] and ∆H is the Enthalpy of formation
taken from [39]. The binding energy of InN is the lowest among the nitride com-
pounds and its formation energy is extremely small. Thus, it can be predicted that
InN is extremely difficult to grow.

3.1.1 Structural properties

InN is wurtzitic in its most stable thermodynamic phase, its space group is P63mc.
This phase is also called α-InN. Wurtzite is formed by two interpenetrating hexagonal
close packed lattices (hcp), where each lattice is formed by one of the two elements.
The close packed layers can stack over the starting position A by filling two different
positions named B and C. The hcp structure has an ABABAB sequence of alternating
close packed layers (where face centered cubic, also close packed has a sequence of
ABCABCA). The coordination number is 12 with 6 nearest atoms in the plane of
a layer, 3 nearest atoms in the layer above and 3 nearest atoms in the layer below.
The geometry of the binding between the two elements is tetrahedric, which means
that each atom has 4 nearest neighbors of the other atom-type. Wurtzite structure is
compared to zincblende in Fig. 3.1, where it is shown that it has a lower symmetry
with respect to zincblende (based on face centered cubic). The independent lattice
parameters for wurtzite are two, named a and c. The lattice parameter c lies parallel
to the direction of the stacking of the closed packed planes and parallel to the crystal-
lographic direction identified by the Miller’s indexes (0001). This is then equivalent
to the (111) direction in cubic symmetry. The lattice parameter a lies perpendicular
to the (0001) direction and is defined along 6 equivalent directions at 60

�

angle one
from each other, one of them being (12̄10). The notation for hexagonal structures is
clearly redundant (only two of the first three indexes, defined on the [0001] plane are
independent) but it has nevertheless become of common use. Often the redundant
third Miller index is omitted and direction (101̄2) is indicated as (10.2).

An sp3 hybridization of both Indium and Nitrogen atoms leads to a tetrahedral
bonding. One of the tetrahedric bonds is parallel with the c-axis, and the lattice pa-
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Figure 3.1: Crystal structure of wurtzite (left) and of zincblende (right) shown along
the equivalent (0001) and (111) crystallographic directions. The closed
packed planes are in evidence for both structures to show the stacking of
the planes A, B and C. Plane C does not exist in the wurtzite structure.
The principal crystal directions for wurtzite, a and c, are also shown.
The figure is taken from reference [40].

rameter u is defined as: u=(c/a)2=0.375. The atomic distance between Nitrogen and
Indium and therefore the parameter u is in principle defined by the crystal symmetry.
For wurtzite one obtains u=3/8=0.375. In practice, internal fields originating from
the crystal polarity and from the anisotropy may deform the tetrahedron, resulting
in a different lattice parameter u. This is the case for InN, with u=0.379 [41].

Face centered cubic (fcc) is the second most stable modification [42]. Phase tran-
sition hcp to rocksalt occurs at a pressure of 12.1 GPa with a volume reduction of
17.6 percent [43].

Huza and Han [44] did grow the first InN powders and measured X-ray diffraction
(XRD), identifying the wurtzitic structure and measuring the lattice constants. More
recent measurements of the lattice constants on single crystalline wurtzitic InN layers
gave: a=0.35365 nm; c=0.57039 nm [2]. These values differ from the values published
previously (see, for example [1, 44, 45]) which were, on the other hand, measured on
powder or polycrystalline InN.

Reports on cubic InN are very few and the material is rich in stacking faults defects
and inclusions of hexagonal volumes. Surprisingly, cubic InN was found to grow on
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r-plane (011̄2) sapphire [46] with lattice constant a=0.4986 nm.

3.1.2 Optical properties and fundamental bandgap

Most often cited values of the fundamental bandgap of InN were first reported in
1986 [1]. Absorption measurements on materials grown by magnetron sputtering did
show an absorption edge lying at around 1.89 eV for layers with excellent electronic
properties. Anyway, the authors were not able to reproduce the result and did not
observe near band-edge photoluminescence in this sample. A photoluminescence peak
was observed only 18 years later, after demonstration of the first epitaxial, single crys-
talline films grown by plasma-assisted molecular beam epitaxy (PA-MBE). Anyway,
the luminescence peak was measured at much lower energy and it was corresponding
to a much lower absorption edge for these InN layers with improved quality [2]. As
shown in figure Fig. 3.2 both absorption and photoluminescence spectra agreed with
a fundamental bandgap lying below 0.9 eV and soon these results were confirmed by
other laboratories [47, 48]. Similar measurements on Indium rich InxGa1−xN alloys
were in agreement with the narrow bandgap. The new bowing parameters of the
fundamental bandgap for this alloy [49, 50] were also much smaller and more realistic
than the bowing parameter which were assumed with the large (∼2 eV) InN bandgap.
The reasons for larger bandgaps measured earlier were also discussed. According to
[50], the large formation of oxide on the surface of sputtered InN samples led to a
mixture of InN and In2O3. The latter has the fundamental bandgap at ∼3.5 eV and
absorption measurements on this mixture would lead to values which are interme-
diate, explaining the scattering of the values reported on not epitaxial (sputtered)
material before 2002.

Figure 3.2: Photoluminescence spectra on two different InN epitaxial layers
(CU1489 and W521). In the inset, photoluminescence (1) from one of the
two layers (CU1489) is shown again in comparison with absorption spec-
tra (2) and with photoluminescence excitation (3). The figure is taken
from Davydov et al. [2], where for the first time a narrow bandgap was
proposed for InN.
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Soft X-ray absorption and emission experiments can indicate the energy position
of the valence band and of the conduction band with respect to the vacuum level.
InN layers were investigated by this technique and the energy difference was used to
indicate the fundamental energy gap at ∼0.7±0.1 eV [3]. Though the error appears
to be somewhat larger and the authors fail to give an indication for the Fermi level,
this result clearly hints at a narrow bandgap for InN.

It is well accepted that for compound anion-cation semiconductors the fundamen-
tal bandgap increases as the anion (or cation) atomic number decreases. This is some-
time called the bandgap-common-cation-rule, or -anion-rule. If the narrow bandgap
is accepted, for III/V semiconductors InN is the only exception. In this case, in fact,
InN bandgap of ∼0.7 eV would be much smaller than InP bandgap, lying at 1.46 eV.
The exception is not unique among semiconductor compounds since it occurs also for
ZnO and ZnSe (E0=3.4 eV for ZnO and E0=3.8 eV for ZnSe, respectively). By using
an LDA-based semiempirical method, authors of reference [51] have shown that in
both cases, for InN and for ZnO, the larger difference in electronegativity (i.e. the
higher ionic component of the bond) with respect to other semiconductor compounds
leads to reduction of the expected value for the fundamental bandgap.

Ab-initio Density Functional Theory (DFT) was for a long time unable to calcu-
late correctly the bandstructure of InN. In the Local Density Approximation (LDA)
a typical problem was a negative bandgap, which was obtained in different works (see
for example [38]). According to [42] the main reason lies in the role of the repulsion
between the Indium 4d electrons and the Nitrogen 1p electrons, which arises when the
Indium 4d electrons are considered as valence electrons. By freezing the Indium 4d
electrons into the core the calculated bandgap value reads 0.8 eV. A similar approach
was used to explain the narrow bandgap of ZnO as well [52]. The band structure
calculated for InN by ab-initio from reference [42] is shown in Fig. 3.3 and the corre-
sponding dielectric function calculated in the independent-particle approximation is
shown in Fig. 3.4. A measurement of the effective dielectric function by spectroscopic
ellipsometry (from reference [33]) is shown in Fig. 3.5.

Despite wide agreement for a bandgap narrower than 1 eV, there are publications
which report again larger values also for epitaxial InN layers. In reference [53], after
spacially-resolved cathodoluminescence, the luminescence peak at 0.8 eV was corre-
lated with InN regions rich in metallic Indium. Absorption spectra measured at 0.35 K
were interpreted via classical Mie scattering theory to account for Indium clusters and
the result indicated an absorption edge of 1.4 eV. According to [54, 55] after transmis-
sion and absorption measurements the bandgap was at ∼1.2 eV. In the same letters
the authors suggested that the photoluminescence peak measured on other InN lay-
ers might rather originate from recombination where an energy level originating from
defects is involved, similar to what is generally called yellow photoluminescence from
GaN layers with low crystal quality. Further work supports their findings [56]. Mea-
surements performed with valence electron energy loss spectroscopy (VEELS) from
other authors indicate an even larger bandgap, lying at ∼1.7 eV [57].

The anisotropy of the dielectric function of InN was measured by spectroscopic
ellipsometry over a large energy range from 0.7 eV up to 10 eV in reference [33] and
from 3 eV up to 30 eV in reference [58] on InN layers grown on a-plane sapphire.
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Figure 3.3: Wurtzite InN bandstructure calculated via Kohn-Sham equation (solid
lines) and via quasiparticle approximation (dashed lines). The figure is
taken from reference [42].

Figure 3.4: Calculated dielectric function of wurtzite InN. Both the ordinary
(dashed lines) and the extraordinary (full lines) component of the di-
electric tensor are shown in real (left) and imaginary part (right). The
figure is taken from reference [42].
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Figure 3.5: Measured dielectric function of wurtzite InN, from samples grown on
sapphire a-plane. The ordinary (full lines) and the extraordinary (dashed
lines) component of the dielectric tensor as well as the real (left) and
imaginary (right) parts are shown. The figure is taken from reference
[33].

3.1.3 Electronic properties

InN has been predicted to have remarkable electronic properties. In particular, its
peak drift velocity and breakthrough fields are the highest among all the semicon-
ductors [6], while mobility of the electron carriers is the highest among the nitride
compounds. Their result is shown in Fig. 3.6, where drift velocity of nitride semi-
conductors is plotted versus electric field. These calculation were performed with an
InN bandgap value of circa 2 eV, but the general trend of Fig. 3.6 was confirmed by
more recent experimental results and new Monte Carlo calculations on InN based on
the narrower bandgap of 0.7 eV [59], where transient Raman spectroscopy and Monte
Carlo calculations using the narrower bandgap value for InN agree for electron veloc-
ities with a cutoff at around 2×108cm/s. Considering also its high mobility of 4000
cm2/Vs [60] (the highest among the III/nitride semiconductors, see table 3.2), InN is
the best candidate for the fabrication of ultrafast electronic devices.

Material Electron mobility (cm2/Vs)

AlN 300 [61]
GaN 1000 [61]
InN 4000 [60]; 4400 [61]

Table 3.2: Electron mobilities calculated for III/nitride wurtzite at room temper-
ature.
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Figure 3.6: Monte Carlo calculations of the electrical properties of nitride semicon-
ductors in comparison with GaAs. InN displays the highest peak drift
velocity. Taken from reference [6].

Although the theoretical predictions are very promising, epitaxial InN layers are
up to now always n-type with a very high background electron concentration. The
growth of p-type material, which is necessary for any relevant device application is not
feasible as long as the background n-doping is not reduced below 1017 electrons/cm3.
There is still much discussion on the origin of the background donor concentration
in InN. Oxygen atoms at the nitrogen positions are a possible candidate, since they
would act as donors and they are possibly present as impurities during the growth
process. The common belief that nitrogen vacancies are the main origin of the high
number of donors (similarly to GaN [4]) was challenged by recent experiments finding
instead predominantly Indium vacancies [63]. These were detected by low-energy
positron annihilation and were dominant with respect to nitrogen vacancies in the
investigated MBE grown InN layers. The Indium vacancies were also found to be
correlated with carrier concentration and electron mobility.

The main contribution to the residual n-doping in InN epitaxial material, anyway,
does not seem to originate from defects, but from a strong accumulation of electrons
on the surface. Hall measurements on a series of InN layers with different thickness
did show a strong correlation of both mobility and concentration of residual donors
with layer thickness [64]. The thicker the layer under investigation, the lower was the
number of electrons and the higher was the mobility of the carriers. Valence band XPS
indicated that the Fermi level of the surface lies ∼1.4 eV above the maximum of the
valence band, corresponding to ∼0.7 eV into the conduction band at the surface [65].
This indicates already downward band-bending and electron accumulation. Further
proofs of the accumulation layer is given in [62] where the authors have measured
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High Resolution Electron Energy Loss Spectroscopy (HREELS) on InN layers after
cleaning of the surface with atomic hydrogen. Ab-initio calculations indicates that
since the conduction band minimum in InN is extremely low in energy, the branch
point energy Eb (also known as the charge neutrality level and the Fermi stabilization
energy, which is the crossover point from donor type to acceptor type surface states)
is located at the Γ-point. This calculation predicts correctly the location of the Fermi
level at the surface as calculated from the electron plasma at the conduction band
probed by HREELS measurements [66], giving experimental evidence and theoretical
explanation of the electron accumulation layer at the InN surface, as shown in Fig. 3.7.
The measured density of electrons on the surface is higher than for any other III/V
semiconductor: ∼2.5×1013 cm−2 and giving rise to an electric field of 4.6×108 Vm−1

at the surface and band bending of ∼0.74 eV, according to reference [62].
A strong indication that oxygen contamination at the surface is responsible for

enhancing the electron concentration at the surface is given in [67]. The authors report
on resistance measurements and simultaneous sputtering with Ar+ ions under grazing
incidence that, shown by Auger measurements, removes oxygen contamination. The
InN surface shows a largely increased resistivity after cleaning from oxygen atoms.
The resistivity recovers when oxygen is again absorbed.

The effects of this strong electron accumulation layer onto the properties of InN
are not fully understood yet. It is possible that the accumulation layer is responsible
for the strong resistance to radiation of InN and of Indium rich nitride alloys reported
in reference [5]. The effects of the accumulation layer on epitaxy of InN have not been
investigated yet and neither will be in this PhD thesis, but it is worthwhile to take

Figure 3.7: Calculation of the carrier concentration profile close to the surface
(straight solid line) compared with the profile obtained from HREELS
measurements. Taken from reference [62].
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note of this InN property also for future growth investigations.

3.2 Growth of Indium Nitride

InN is not found in nature. It was synthesized initially as a powder [44, 68]. InN
materials investigated in the 1980’s and 1990’s were mostly polycrystalline films grown
by magnetron sputtering [1]. Today it can be hetero-epitaxially grown as thin film
on various substrates and templates. Although most results are on sapphire and
GaN/sapphire templates (see section 3.2.2) there are also works on GaP [69, 70],
GaAs [71, 72], Si [73], SiC in MBE [74] or MOVPE [75]. Table 3.3 summarizes the
lattice mismatch of InN to various substrates. The epitaxial techniques successfully
used so far are Molecular Beam Epitaxy (MBE) and Metal-Organic Vapour Phase
Epitaxy (MOVPE). Free-standing, thick (hundreds of µm) InN single crystals have
not been grown yet.

Substrate Mismatch with InN

Sapphire (0001) [76] -25.4
Sapphire (0001)* [76] 29.3

GaN (0001) [77] 10
GaAs (0001) [77] 11.5
Silicon (111) [77] 8
GaP (111) [77] 8

Table 3.3: Lattice mismatch of InN to various substrates. The second value of
sapphire (*) refers to the lattice mismatch when the unit cell of InN is
30 � rotated in-plane with respect to the sapphire unit cell (see Fig. 3.9).

3.2.1 Main reference for InN: GaN epitaxy

GaN displays several similarities to InN, among them the growth on extremely mis-
matched substrates. Therefore, GaN growth is a point of reference for the InN growth
experiments.

In spite of the large mismatch (16%), the GaN growth procedure developed on
sapphire substrates in the early nineties allowed the production of the first nitride
based blue LEDs [4]. Due also to their low price (even with the competition of GaN
substrates for homoepitaxy) sapphire substrates are still largely used nowadays [78].
We will present here only the MOVPE process, since this is the growth technique
used in this work.

The GaN 4-steps growth procedure on sapphire [4, 79, 80] is summarized in
Fig. 3.8. The first step is the nitridation of sapphire. This is performed normally
at high temperatures (above 1000

�

C) and using ammonia as nitridating specie. A
possible alternative is simple annealing of the substrate at similarly high temperature
in a reducing atmosphere (generally hydrogen). In the case of GaN, both nitridation
and annealing leads (after careful optimization of the MOVPE parameters) to suc-
cessful growth of excellent GaN layers. As will be shown later (Chapter 4) in the
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Figure 3.8: Growth procedure of GaN on sapphire in 4 steps: 1) sapphire ni-
tridation, 2) growth of a defective (low temperature) nucleation layer,
3) recrystallization of the nucleation layer through annealing at high tem-
perature, 4) growth of the epitaxial layer. Taken from [81].

case of InN, sapphire nitridation is the only preparation leading to single crystalline
epitaxial layers.

The second step is the growth of a nucleation layer, at low temperatures (normally
550

�

C for GaN). Such a layer has the role of concentrating defects that will neces-
sarily form in a highly mismatched system. The epitaxial layer will then, in optimal
conditions, contain a much smaller amount of defects (generally below 1010 cm−2)
and allow fabrication of high performance device structures. The absence of such
a defective nucleation layer leads normally to a more homogeneous distribution of
dislocations, vacancies and other defects along the whole depth of the epitaxial GaN
layer, up to the surface, which is not optimal. In fact, the best crystalline properties
should be found at the surface of the GaN template.

The nucleation layer presents poor morphologies and a large amount of cubic
and amorphous inclusions. This would in general lead to poor morphologies into the
epitaxial layer and to stacking faults. The third step is therefore annealing of the
nucleation layer at high temperatures (above 1000

�

C) under ammonia stabilization
(GaN decomposes above 950

�

C). Annealing leads to a phase transition from cubic to
hexagonal and to a smoothing of the surface [82], resulting in state-of-the-art GaN
epitaxial layers grown through the fourth step, the epitaxial growth.

The high growth temperature in the last step is necessary for good crystal quality
(resulting from high mobility of the atomic species on the surface) and for an adequate
activation of the ammonia molecules. The V/III ratio, i.e. the mole ratio between
NH3 (ammonia, the V-precursor supplying nitrogen atoms for the growth) and TMGa
(Trimethyl-Gallium the III-precursor supplying Gallium atoms), is typically 2000 [79,
83]. This is considered to be already rather high in comparison with other more
studied III-V compounds (for example, GaAs can be grown with V/III ratio down to
5 [84]).
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The process developed for epitaxy of GaN presents some concepts that can be
very instructive for the development of a successful growth process for InN. On the
other hand, the new material presents new challenges and, at the end of this work,
it will be shown that these concepts must be applied in a different way to grow high
quality InN layers.

3.2.2 Epitaxy of InN on sapphire substrates

Despite a large lattice mismatch of 28% on sapphire [76], most of the results concern-
ing MOVPE of InN published in the last two years were obtained on sapphire as a
substrate, either nitridated before InN growth [85, 86] or with a GaN or AlN nucle-
ation/buffer layer ([87–89] in MOVPE, [90, 91] in MBE). The reasons for this choice
lies mainly in the well developed GaN technology that uses sapphire as substrate.
Also, a step-procedure similar to the one developed for GaN epitaxy on sapphire can
be adopted for InN growth. Therefore, in this work InN epitaxy was developed on
sapphire substrates .

The symmetry of sapphire is trigonal (space group: R3̄c), lower than wurtzitic
hexagonal symmetry (space group: P63mc). As a consequence, there are two possible
ways nitride crystals can grow epitaxially on (0001) sapphire surfaces. The first
possibility is obvious: the nitride crystals grow with their unit cell oriented in the same
way as the sapphire unit cell. The second possibility is outlined in Fig. 3.9: a rotation
of the nitride unit cell of 30

�

on the c-plane, corresponding to the crystallographic
relation: (101̄0)nitride ‖ (112̄0)sapphire. The lattice mismatch in the two possible
orientations is different and is listed for growth of nitrides on sapphire in table 3.4.

Figure 3.9: On the left, a 3-dimensional view of the orientation of the wurtitic GaN
structure on the sapphire substrate. There is a 30 � in-plane rotation.
The 2-dimensional projection is shown on the right. Figure taken from
[92].

Because of the smaller mismatch, when AlN or GaN are epitaxially grown on
(0001) sapphire surfaces, their unit cell is rotated 30

�

with respect to the unit cell of
sapphire. The same orientation is found in thin AlN layers obtained by nitridation of
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(101̄0)nitride ‖ (101̄0)sapphire (101̄0)nitride ‖ (112̄0)sapphire

Mismatch to InN -25.4% 29.3%
Mismatch to GaN -33.0% 16.0%
Mismatch to AlN -34.6% 13.3%

Table 3.4: Lattice mismatch of nitride materials to sapphire in the two possible
orientations. Taken from [76].

the (0001) sapphire surface [93].

InN is a different case. Since (101̄0)InN ‖ (101̄0)sapphire has a lattice mismatch
comparable to (101̄0)InN ‖ (112̄0)sapphire, InN layers grown on c-plane sapphire con-
tain nuclei with unit cells oriented with both the possible directions [76]. In fact, InN
grown on (0001) sapphire without nitridation is polycrystalline [94, 95].

On the other hand, InN grown on nitrided sapphire (0001) surfaces grows single
crystalline, because it grows epitaxial with respect to AlN resulting in (101̄0)InN ‖
(112̄0)sapphire). Thus, sapphire nitridation is necessary prior to growth of InN.

3.2.3 MOVPE of InN

InN epitaxy represent an even tougher challenge than GaN epitaxy. Beside the prob-
lems that are implicit in the lack of a matched substrate, InN has an even higher
nitrogen equilibrium pressure than GaN [96]. This leads to low thermal decompo-
sition temperatures, as low as 550

�

C [97]. In addition, ammonia requires very high
temperatures in order to react. In fact, even if from a thermodynamic point of view
ammonia (the Nitrogen precursor) should decompose2 already at room temperature,
due to a high activation energy it is very stable even at much higher temperatures.
In the case of homoepitaxy of GaN, the growth rate is kinetically limited up to tem-
peratures as high as 800

�

C, as shown in Fig. 3.10 [98]. Below that temperature the
growth rate is kinetically limited because of incomplete ammonia decomposition. Al-
ternative precursors for Nitrogen are hydrazine and its various derivatives, but, to
the best knowledge of the author, there are no successful reports of InN growth with
any derivative of hydrazine. TMIn is chosen as Indium precursor. A very important
parameter for the growth is the V/III ratio (in this case the molar ratio between
NH3 and TMIn). The first reports of successful InN growth insisted on a very high
V/III (starting from 105 and as high as 106) to suppress In droplets. An important

2The term decomposition is widely used in this context by several other authors, but it should
be actually carefully considered. Ammonia decomposition in the gas phase leads to the formation
of hydrogen and nitrogen molecules. This process does not supply nitrogen atoms for the growth
of nitride materials because molecular nitrogen is extremely stable; on the contrary, ammonia is
activated, in the sense that it first reacts to radical � NH2. Radicals can form either in the gas
phase after reacting with other radicals (for example originating from the less stable metal-organic
V-compound precursors) or after a catalytic process on the surface. Afterward, with a similar
mechanism, the � NH2 radical looses the remaining hydrogen atoms and when on the surface it has a
chance to reach the right lattice position and to contribute to the growth. As an alternative, ammonia
molecules could also find the Nitrogen lattice position and loose the hydrogen atoms afterwards. The
process is in fact, not simple and not exactly a decomposition.



32 3. Indium Nitride: state of the art

Figure 3.10: Growth rate of GaN at different temperatures by using 0.135 mol/min
ammonia and 17 µmol TEGa at 100 mbar reactor pressure. The growth
rate is kinetically limited up to ∼800 � C. Since TEGa is completely de-
composed below the investigated temperature range by beta-elimination,
ammonia decomposition is limiting the growth rate. Datapoints taken
from [98].

Figure 3.11: Pyrolisis of TMIn as observed from UV-spectroscopy at 200 nm. Data
taken from reference [99].

contribution came from Maleyre et al. where the lowest V/III ratio of 5×103 was
demonstrated for successful growth of InN [85] (see Fig. 3.13 on page 35).
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The temperature window for MOVPE of InN is very narrow and it is a critical
parameter. Almost every study on MOVPE of InN demonstrates a strong dependence
of the growth rate and of the material properties on the growth temperature. Unfor-
tunately, any comparison of the growth temperatures in different MOVPE reactors is
difficult, due to the unique characteristics of every single MOVPE reactor and espe-
cially to the method of measuring temperatures [100, 101]. It is anyway very useful
to examine closely the existing results.

InN electrical properties (Hall measurements) are best at the highest successful
growth temperature of 600

�

C as reported by Keller et al. [102]. A strong dependence
between the InN surface morphology and the growth temperature was reported by
Yamamoto et al. [103]. They show that the highest growth temperature of 650

�

C leads
to larger grains and smoother morphology. Growth from 520

�

C to 590
�

C in a system
with increased velocity of the reactant gas is reported by Yang and co-authors [104].
They demonstrate a morphology dependence similar to the one given by Yamamoto
et al. [103], resulting also in best crystallographic properties, as shown by the full
width at half maximum (FWHM) of X-ray rocking curves of the (0002) reflection,
for temperatures around 550

�

C. Photoluminescence (PL) and Hall mobility/carrier
concentration are best at the highest growth temperature of ∼600

�

C as reported from
Sugita et al. [105]. Yamamoto et al. examined this topic again in 2004, studying
samples grown between 450

�

C and 620
�

C. Again, best electrical and optical properties
are found for layers grown at high temperature, respectively 600

�

C and 620
�

C [106].
Maleyre et al. do not report about temperature studies, their growth temperature
is 550

�

C [55, 85]. Finally, in the range 540
�

C to 580
�

C Jain et al. [89] indicated
560

�

C as the best growth temperature after characterisation by X-ray diffraction
along the (0002) direction. At the highest investigated temperatures growth is often
not observed at all due to InN desorption. Most often the results summarised above
indicate the highest investigated/allowed temperatures (or close to) as best for InN.

The unwanted peeling off (also called delamination) of parts of the InN layer
from sapphire substrates is a well known subject. Though it is apparently related
to epitaxial growth in general, it is only reported in literature for MOVPE growth
[88, 89, 107, 108]. Residual strain in thin InN layers grown on thin AlN/sapphire
nucleation layers was characterised by Jain et al. [108] who reported that the InN
layers are subject to tensile strain during growth. Since the lattice mismatch with both
sapphire and AlN is actually positive (+28.6% and +11.5%, respectively) compressive
strain was expected. The authors concluded that such tensile strain must be due to
the coalescence of the crystallites but they could not conclude on the actual layer
peeling off mechanism. Layer peeling off was occurring at 0.2 GPa tensile stress, since
AlN does not delaminate at a stress of 1GPa adhesion of InN on sapphire can be
considered very poor. In their cases the layer peeling off occurred typically at a
thickness around 200 nm. Almost every publication found in the literature suggests
a GaN [88] or an AlN [89] nucleation or buffer layer to prevent the peeling off effect.
On the other hand Maleyre et al. are able to grow thick layers (up to 1 µm) directly
on nitridated sapphire without InN peeling off [85]. They also reported later that
such InN layers possess better electronic properties than layers grown on any other
nucleation layer (in MOVPE systems), as determined by Hall measurements [55].

Normally InN is grown at low pressures, ranging from 100 mbar to 200 mbar.
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Figure 3.12:Hall measurements on InN layers grown at different temperature. High-
est carrier mobility and lowest carrier concentration is achieved for layers
grown at 600 � C These results are well correlated with photoluminescence
measurements which can be found also in reference [106].

Figure 3.13:Reflectivity measurements during InN growth on sapphire with different
V/III ratios. The period of the oscillations becomes smaller by decreas-
ing the V/III ratio and the amplitude of the oscillations decreases with
the increasing thickness of the growing InN layer. The lowest V/III ra-
tio (5000) leads anyway to a quick drop in reflectance, which is probably
due to roughening of the surface. Taken from [85].
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Recently, Yamamoto et al. reported improvements for growth at atmospheric pressure
[109].

3.2.4 MBE of InN

Molecular Beam Epitaxy (MBE) is a crystal growth technique which operate at pres-
sures compatible with Ultra High Vacuum (UHV) systems. The most important dif-
ference between MBE and MOVPE for growth of InN is the nitrogen source. While
MOVPE uses ammonia, MBE typically uses a nitrogen plasma (plasma assisted, PA-
MBE). The supply of Nitrogen atoms from a plasma does not depend on the substrate
temperature, which can be kept below 550

�

C, when InN is desorbing. For this reason
PA-MBE turns out to be an efficient method for the growth of InN layers, with much
progress in the last 6 years [90, 110]. Presently the best InN epitaxial layers (i.e.
highest mobility, better morphologies, best crystallinity) are grown with this tech-
nique. There is also a claim of successful p-doping for MBE grown InN layers [111]
by Magnesium acceptors (though the problem of the high electron accumulation at
the surface has not been solved yet).

3.3 The initial growth procedure

When InN activity started at the TU-Berlin, there were only few literature reports on
epitaxy of InN. The first challenge was the growth of an epitaxial, single crystalline
layer which could be used as a starting point. The use of spectroscopic ellipsometry led
to fast determination of a set of parameters which led to InN layers with good optical
properties. These, together with crystalline properties were in very good agreement
with other recent investigations on InN. The author achieved these first results in
collaboration with Dr. T. Schmidtling and further discussion can be found in [81, 95].
The growth parameters used typically in these first epitaxies are summarized in table
3.5.

PARAMETER NUCLEATION EPITAXY

Temperature (
�

C) 400 500
Pressure (mbar) 100 100

TMIn (mmol/min) 7 � 10−4 1.4 � 10−3

ammonia (mmol/min) 41 41
V/III ratio 60000 30000

growth rate (nm/Hr) 30 60
typical thickness (nm) 15 100

Table 3.5: Details of the MOVPE parameters used for the InN layers investigated
in this chapter. After growth of the nucleation layer, the temperature
was increased to 500 � C where the main layer growth took place. This
procedure was adopted for the first growth runs.

Where not otherwise specified, the investigations reported in this and the next
chapters refer to growth experiments using the procedure outlined in table 3.5.
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The reason for the small thickness of these layers (circa 100 nm) lies on strong
deterioration of the InN surface when the layers were grown thicker than ∼120 nm.
Also, the crystal quality was not yet optimal (FWHM of the X-Ray diffraction rocking
curve on the (0002) reflection was typically ∼1

�

) and the surface was often covered
by small droplets of metallic Indium and by small crystallites. Additionally, due to
the high V/III ratio (used to decrease the chance of forming metallic Indium droplets
on the surface of the growing layer) the growth rate for these layers was very low.
Anyway, before the optimization of the growth parameters and the development of
a more advanced growth procedure, fundamental issues like the formation of large
defects (holes) and the thermal stability had to be clarified. These topics are discussed
in the following chapters.



4. Morphology issues

Morphology of InN layers is a severe issue. InN layers appear very often with large
holes, crystallites and Indium droplets. Because of the importance of this problem,
the discussion of the results starts with a chapter dedicated to it.

4.1 Layer peeling off

Highly mismatched systems can produce unwanted lifting of parts of the epitaxial layer
due to a discontinuous substrate/layer interface resulting finally in the formation of
cracks. These cracks increase in size and lead to formation of large holes in the InN
layers. The consequent deterioration of the epitaxial layer is severe. This phenomenon
is often called layer peeling off, or layer delamination. As reported in chapter 3 the
tensile strain accumulated by coalescence of the initial nuclei seems to be the origin of
the layer peeling off [108]. Since often the mismatch between substrate and epitaxial
layer is not only in the lattice constant but also in the thermal expansion coefficient
(the case of InN/sapphire), from ex-situ analysis it is difficult to determine when
peeling off occurs, if during growth or during cooling down to room temperature.
Therefore, this paragraph presents an in-situ analysis of InN peeling off together with
ex-situ characterization for completeness.

In Fig. 4.1 transients of the reflected light intensity and of the imaginary part of
the pseudodielectric function 〈ε2〉 at 5 eV, recorded during growth at 500

�

C, are given.
The intensity of the reflected light (Fig. 4.1, top) is the measured value of the Stokes
parameter usually labelled S0 [112], that measures the sum of the intensity of the
light having all possible polarization. In this sense, it is clear that S0 is proportional
to reflectivity measured at a non-normal angle of incidence.

The intensity of the reflected light in Fig. 4.1 shows initially a dependence from
the layer thickness due to features originating from Fabry−Perot interference and
remains subsequently almost constant up to about 200 minutes growth duration. 〈ε2〉
shows essentially the same behaviour. In particular, V/III ratio was varied between
9×105 and 3×105, temperature of nucleation and of growth from 450

�

C and 530
�

C.
At t1 , corresponding to a layer thickness of about 150 nm, a sudden decrease occurs.
The reflectivity drops and does not recover while 〈ε2〉 shows a sudden drop and then
recovers roughly to the original value. Both indicate a deterioration of the layer.

This behavior is surprising if one expects the normal evolution of the transient
under standard epitaxial growth conditions. At the energy of the transient one would
expect only slow increase or decrease of the intensity of the reflected light and of 〈ε2〉,
which means respectively an improvement or a deterioration of the surface and of the
crystalline properties. The behavior of the transients in Fig. 4.1 is clear indication of
some drastic event for the quality of the growing InN layer.

Scanning Electron Microscope (SEM) images taken from a sample grown up to t1
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Figure 4.1: Transients of the intensity of the reflected light (top) and of the effective
dielectric function 〈ε2〉 (bottom) recorded in-situ at fixed energy (5 eV)
and 500 � C growth temperature. Time t1 (InN layer thickness ∼120 nm)
and t2 (InN thickness ∼150 nm) refer to surface morphologies shown in
Fig. 4.2.
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Figure 4.2: SEM images showing InN surfaces at different thicknesses: ∼120 nm at
growth time t1 and ∼150 nm at t2. t1 and t2 refer to the growth time
and to the thicknesses indicated in the transient in Fig. 4.1. At t1 (top)
the surface partially bulges, some evidence of peeling off is present. At
a later time t2 (bottom) the layer is disrupted by holes. Crystallites of
different size and shape are marked by white circles.
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show that the surface partially bulges (Fig. 4.2 top). This feature is not observed in
thinner layers (i.e. at shorter growth times) and indicates an onset of peeling off of
parts of the layer. Hence, holes originating from the peeled off material are found in
thicker layers with a longer growth time, t2 as an example (Fig. 4.2, bottom). Thus,
the decrease of the reflected light intensity (Fig. 4.1, top) is a result of roughening on
the micrometer scale due to the occurrence of holes in the layer, while the recovery of
〈ε2〉 (Fig. 4.1, bottom) after t1 is due to the growth of a new InN layer on the bare
sapphire substrate in the holes. The recovery is almost complete and by this, 〈ε2〉
shows also to be unaffected by roughness on the micrometer scale.

The critical thickness for the onset of the peeling off depends on the growth pa-
rameters like temperature and growth rate and may occur already at 100 nm. It
should be noted that the peeling off was always observed for InN samples thicker than
150 nm (grown longer than t1 referring to Fig. 4.1), and ellipsometry was crucial in
determining the critical thickness. The adhesive strength of the low temperature InN
nucleation layer layer is apparently too low to counteract the strain in the layer accu-
mulated up to 150 nm. It can be also concluded that the peeling off of the InN layer
occurs already during growth, due to the lattice mismatch between InN and sapphire
and not during cooling down, due to the thermal expansion difference between layer
and substrate.

Given these facts, there has been a strong focus on the suppression of the layer
peeling off for the InN/sapphire system. A positive result was achieved by using Ni-
trogen as carrier gas instead of Hydrogen during nitridation of the sapphire nitridation
with ammonia. Scanning Electron Microscopy (SEM) and optical microscopy inves-
tigations show that when Nitrogen is used as carrier gas the concentration of holes of
large dimensions (>3µm2) decreases by more than a factor of 20 (to less than 1 per
1.5×103 µm2). Holes of smaller dimensions (<1.5µm2) are still present, indicating
that the correct surface preparation of the sapphire substrate remains a critical issue
for achieving improved InN crystal quality. Fig. 4.3 shows typical SEM morphologies
for two InN layers ∼350 nm thick as grown on sapphire after nitridation performed
with hydrogen (top) and nitrogen (bottom). Proper substrate surface preparation
and the nucleation determines in fact the degree of adhesion of the epitaxial layer
onto the substrate.

Also the effects of different initial growth conditions (nucleation) were studied:
ammonia and TMIn have been introduced into the reactor at the same time, or one
of the two with a certain time delay. The layer peeling off resulted to be independent
from the different initial nucleations after optical microscopy investigations. The use
of different nucleation temperatures (namely 375

�

C, 400
�

C, 500
�

C and 530
�

C) also
did not influence the layer peeling off. Nucleation above 540

�

C leads in our case to
very rough morphologies and In droplet formation on the surface. Finally, there was
no dependence of the layer peeling off from the studied nucleation conditions. The
nucleation results are discussed in more detail in Chapter 7.

In summary, it can be concluded that several attempts to vary growth condition,
i.e. buffer layer, carrier gas composition, initial nucleation and nucleation temperature
did not result in the complete suppression of peeling-off of InN.

InN layers with thickness above 300 nm were grown without layer peeling off on a
GaN buffer 300 nm thick. In this case, a more continuous InN/GaN interface may be
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Figure 4.3: (15×15)µm2 SEM images showing surfaces of InN layers grown with
different nitridation of the sapphire substrates. For the InN surface
pictured on top, nitridation was performed using hydrogen as carrier
gas: the surface is characterized by large holes in large numbers, together
with several smaller crystallites (white). For the InN surface pictured
below, nitrogen was used as carrier gas during nitridation of sapphire:
the number and size of the macroscopic defects is strongly reduced.
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responsible for suppression of peeling off of the InN layer (at least up to 300 nm). This
is shown in a typical cross-section SEM image of this layer in Fig. 4.4. The InN/GaN
interface seems to be continuous and there is no hint of layer peeling off. The growth
of InN on GaN is anyway not free of challenges, and the GaN surface grown prior to
the InN growth is often not as well defined as the sapphire nitridated surface. The
reader can find more details on the growth of InN on GaN templates in Chapter 7.

The ammonia flux was also varied to determine its effects on layer peeling off when
growing on sapphire. Due to the low growth rates achieved with the high V/III ratios,
a generally high flux of precursors (both ammonia and TMIn) is used to ensure higher
supersaturations, thus higher growth rates. The ammonia flux was reduced (and, as
a consequence, the V/III ratio was also reduced) by a factor of three (from 3 L/min
down to 1 L/min). All the other parameters were, in this case, constant through the
whole growth (i.e. no nucleation layer). This procedure (fixed parameters through all
the growth) normally leads to layer peeling off at ∼120 nm when 3 L/min ammonia
are used. With 1 L/min ammonia two different InN layer were grown with a thickness
of 300 nm and 350 nm, respectively. They reveal high growth rates (∼220 nm/hour: 2
times larger than when 3 L/min ammonia are used) and virtually no layer peeling off,
as determined by optical microscopy and by AFM: as shown in Fig. 4.5 the surface
is free of the large defects due to layer peeling off. High ammonia fluxes were in fact
found to lead to lower growth rates [113] and, as will be shown in the next paragraph,
InN is unstable under ammonia stabilization at high temperatures. This leads to the
conclusion that ammonia in high concentration etches the InN layer, leading in the
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Figure 4.4: 250 nm thick InN grown on top of a 300 nm thick GaN template. The
InN/GaN interface appears to be continuous, the surface of InN do not
show layer peeling off.
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early stage of growth to a non-continuous substrate/InN interface and to layer peeling
off at coalescence.

On the other hand, the measured effective dielectric function of these layers shows
significant differences with respect to samples grown with high ammonia flux. This
section has focused on the layer peeling off and will be concluded here, by stressing
the importance of keeping low the total flow of ammonia during nucleation of InN
on sapphire. The properties of these layers, grown with a low ammonia flux, will be
discussed in more detail later, in Chapter 7.

Figure 4.5: AFM image of an InN/sapphire layer grown at 520 � C using a low flux of
ammonia: 1 L/min (V/III ratio was 10×105). The (10×10)µm2 image
on the left shows no peeling off. rms roughness on (1×1)µm2 images is
∼3 nm. Morphology is dominated by large terraces. The round shaped
spots are probably metallic Indium droplets.
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4.2 Parasitic nucleation and droplets formation

The surface morphology displayed in Fig. 4.2 (bottom) shows flat hexagonal crystal-
lites with a large diameter in the µm range and irregular smaller crystallites. The
large holes originating from layer peeling off (described above) could become seeds
for parasitic nucleation resulting in three-dimensional growth of the flat hexagons, as
indicated by the hexagonal crystallite marked in Fig. 4.2 (bottom). In fact a large
number of the hexagonal crystallites can be found in samples grown beyond the onset
of the layer peeling off (t1), with a density of 107 cm−2, while for samples grown just
below the peeling off edge (like the sample showed in Fig. 4.2, top) they occur with
a lower area density, below 104 cm−2, and are completely absent in thinner samples.
The irregular crystallites are about 10 times smaller in size than the hexagonal ones
and have a broad size distribution. SEM images of samples with various thicknesses
show that some arise already at initial stages of the growth, others later due to para-
sitic nucleation. Here temperature plays an important role to control the appearance
of such defects. A growth temperature increase of ∆T=20

�

C reduces the density of
these defects by two orders of magnitude, from 5×107 cm−2 to 5×105 cm−2.

Another typical issue of the morphology of InN layers is represented by the for-
mation of metallic Indium droplets. An example of droplets imaged by SEM is shown
on Fig. 4.6. Typically, a small V/III ratio leads to formation of droplets of metallic
Indium, followed by 3-D growth and roughening of the surface. Though this issue was
not thoroughly characterized, the droplet formation is normally not a problem above
a V/III ratio of 3×105. Different ammonia fluxes might influence this limit, as well as
other growth parameters might also do. Ellipsometry is in principle very powerful in
the recognition of thin overlayers and droplets as well, but for a correct interpretation
of the spectra measured in-situ the dielectric properties of InN must be known.

Figure 4.6: SEM image of an InN/sapphire layer grown at 500 � C using a V/III ratio
of 3×105. The round shaped spots are metallic Indium droplets.



4.3. Chapter summary 45

4.3 Chapter summary

We have discussed the most prominent morphology problems of MOVPE grown InN
layers. Layer peeling off can be strongly reduced by using nitrogen as carrier gas
during nitridation of the sapphire substrate. It can be suppressed by using a low flux
of ammonia during nucleation of InN on sapphire. Alternatively, InN grown can be
grown on GaN/sapphire without peeling off (up to 300 nm thick InN layers). Higher
growth temperature can reduce the formation of crystallites from parasitic nucleation,
while a high V/III is critical in order to suppress the formation of Indium droplets.
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5. Thermal stability and annealing

This chapter deals with the thermal stability of InN in different gas ambients (nitro-
gen, hydrogen and ammonia) of MOVPE. Knowledge of this issue is critical in order
to improve the properties of InN epitaxial layers in MOVPE. The second part of this
chapter concentrates on an annealing experiment in nitrogen ambient, which results
to be the most suitable. The aim is to evaluate the annealing as a possible growth
step in the growth procedure of InN, analogous to GaN growth.

5.1 Thermal stability in different gas ambients

Thermal stability of InN is found to be extremely low due to the high atomic Nitro-
gen equilibrium pressure [96]. Thus, to find optimal growth conditions it is extremely
important to determine under which conditions, of temperature and of gas ambient,
is possible to control the surface of the epitaxial layer. In a MOVPE reactor the most
common gas ambients are the carrier gases nitrogen and hydrogen. Beside them, am-
monia is also important for nitrides since it is the precursor of atomic Nitrogen. Thus,
this section presents studies of the thermal stability of InN upon different conditions
of temperature and gas ambient. It is also interesting to find annealing conditions
where the thin InN epitaxial layer might smoothen and re-crystallize, (similar to GaN
[82, 114]) to give rise to a surface with characteristics which are ideal for the growth
of the thicker InN epitaxial layer on top.

Thermal stability experiments were performed in the MOVPE reactor at 100 mbar
and monitored in-situ with spectroscopic ellipsometry. Since air exposed InN layers
show irreversible changes in the optical properties [115] we focus here on the annealing
of freshly grown samples. Optical spectra of these InN layers generally resembles the
one shown in Fig. 2.8, showing interferences appearing above the bandgap and below
the higher electronic interband transitions. The results are presented in terms of the
imaginary part of the effective dielectric function 〈ε2〉.

5.1.1 Nitrogen ambient

When InN is heated in nitrogen at 100mbar and temperatures up to 520
�

C, a ther-
mally induced red shift and broadening of the interband transitions is observed. This
process is completely reversible. As shown in Fig. 5.1, during annealing at 540

�

C the
interferences below 4 eV are changing. This suggests a reduction of the layer thickness
due to desorption. Exposing the layer up to 20 minutes to a maximum temperature of
540

�

C results in a slow increase of the amplitude of the interband transitions. Anneal-
ing longer than 20 minutes always leads to a subsequent decrease of the amplitude,
indicating a deterioration of the layer. Above 540

�

C the sample deterioration begins
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Figure 5.1: Spectra of 〈ε2〉 during annealing of InN/sapphire in a nitrogen ambient.
Spectrum (a) was measured at 530 � ; (b) after 1 minute at 540 � C; (c)
after 7 minutes; (d) after 13 minutes; (e) after 19 minutes. The change
in the low energy range (below 4 eV) indicates a change in thickness.
The slight increase at ∼5 eV shows decreasing roughness or improving
crystal quality.

already after much shorter exposure time (e.g. after 5 minutes at 550
�

C). The effects
of thermal annealing of InN at 540

�

C are discussed in detail in section 5.2.

5.1.2 Hydrogen ambient

Figure 5.2 shows a transient of 〈ε2〉 at a fixed photon energy of 5 eV, i.e. in the E1

and E2 energy range. The temperature was increased linearly with time as indicated
on the scale above the spectra. The evolution of the transient can be divided in three
different regions. In the first region a linear increase of the amplitude is observed. This
trend originates from the red shift of the interband transitions and is not related to
structural changes. The second region shows a clear change of the transient evolution:
at T∼340

�

C the amplitude of 〈ε2〉 starts to decrease slowly with a progressive slope
at increased temperature. Inspection of the samples after this phase shows surfaces
covered with Indium droplets. In the third region the carrier gas has been switched to
nitrogen. An apparent recovery in the amplitude is observed, despite a further increase
in the temperature. It should be noted, however, that recovery was not complete and
a partial surface damage remained. It might seem surprising that hydrogen is affecting
layer stability already at these low temperatures (below 400

�

C). But so far, there are
no reports of good quality InN layers grown by MOVPE using hydrogen as carrier
gas [77, 116]. In fact, according to thermodynamic studies, hydrogen is expected to
limit InN growth [117]. Therefore, hydrogen etches InN at temperatures lower than
the desorption temperature determined in nitrogen ambient.

In addition to the in-situ transient, in Fig. 5.3 room temperature spectra of 〈ε2〉
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Figure 5.2: Transient at 5 eV of 〈ε2〉 during annealing of an InN layer in a hydrogen
ambient. In region I the change in the optical properties is only due to
the reversible shift and broadening of the interband transitions with
increasing temperature. In region II, at a temperature of ∼340 � C, the
amplitude drops, indicating deterioration of the layer. In region III the
properties recover partially when the hydrogen ambient is exchanged
with an inert nitrogen ambient. Inspection of the surface after annealing
reveals increase of roughness and droplets

show the effect of annealing in hydrogen. The thicker line belongs to the InN layer
as grown. The dashed line belongs to 〈ε2〉 of the layer after 15 minutes at 330

�

C in
hydrogen ambient. Since the amplitude of the high interband transitions decreased
strongly we can conclude that the InN layer deteriorated. A partial recovery is possible
after annealing at 540

�

C in a nitrogen ambient showing that annealing in nitrogen
ambient is more advantageous.

5.1.3 Ammonia ambient

The effect of ammonia on InN layers was studied by supplying 5 to 75 mbar partial
pressure, in a total pressure of 100 mbar in nitrogen ambient. Layers exposed to
ammonia were never found to show improved morphology or better optical properties
with respect to untreated layers. Irreversible changes in 〈ε2〉 spectra and a decrease of
the interband transition amplitudes occurred at temperatures as low as 520

�

C at high
ammonia partial pressure (75 mbar), as shown in Fig. 5.4. Droplet formation occurred
also generally faster than in experiments without ammonia. The temperature onset
for desorption in the presence of ammonia is between 520

�

C and 550
�

C, slightly earlier
compared to nitrogen ambient. This fact is not surprising, since the growth rate was
recently found to be inversely proportional to ammonia flux [113].
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Figure 5.3: In-situ spectra at room temperature of an InN layer as grown (full line),
annealed in hydrogen up to 325 � C (dashed), re-annealed in nitrogen at
540 � C (dotted). Hydrogen reduces the amplitude of the higher interband
transitions. Even by further annealing in nitrogen, there is no complete
recovery of the initial amplitude.

Figure 5.4: In-situ spectra at 520 � C of an InN layer as grown (full line) and after
annealing in ammonia ambient for 4 minutes (dashed). Ammonia com-
position in the gas phase was 75%, 25% was nitrogen and total pressure
was 100mbar. The amplitude of the signal in 〈ε2〉 decreases over the
whole energy range, indicating deterioration of the InN layer.

Figure 5.5 summarizes the thermal stability of InN. Hydrogen etches the InN layer
already at 350

�

C whereas in nitrogen ambient, which is completely inert, InN is stable
up to ∼520

�

C. Ammonia, generally used to stabilize for example GaN well above its
desorption temperature [81] in the case of InN appears to be ineffective in improving
the InN thermal stability.



5.2. Annealing in nitrogen 51

d e
c o

m p
o s

i n g

s t a
b l e

N H 3

N 2

H 2

3 0 0 4 5 03 5 0 T e m p e r a t u r e  ( ° C )5 2 0 5 4 0 5 6 0

Figure 5.5: Summarizing sketch of the thermal stability of InN in different ambients.
In white areas InN is stable, in dark areas InN decomposes. In hydro-
gen InN decomposes above 340 � C, in nitrogen above 540 � C, in ammonia
above 520 � C.

5.2 Annealing in nitrogen

Analogous to GaN epitaxy, high temperature annealing of a thin InN nucleation layer
can lead to smoothing of the nucleation layer, as well as recrystallization of amorphous
and cubic material. It can be a critical preparation for the epitaxial growth of high
quality material on top of the annealed nucleation layer. After studies of the thermal
stability of InN it is clear that the most suitable ambient for a high temperature
annealing of the layers is nitrogen, since hydrogen and ammonia (which contains
Hydrogen atoms as well) lead to earlier decomposition of the InN layers. Therefore,
this section is dedicated to the effects on InN layers of annealing in nitrogen ambient.

The in-situ ellipsometric spectra measured during annealing of InN at 540
�

C were
shown in Fig. 5.1. The amplitude at the high interband transitions do not change
noticeably, while the interference structures slowly changes. This indicates reduction
of the InN layer thickness, i.e. InN desorption. The amplitude at the high inter-
band transition remains constant, which means no increasing of roughness during
desorption. Thus, the desorption occurs layer by layer.

The spectra after 20 minutes annealing and cooling to room temperature are
shown in Fig. 5.6. The energy range of the room temperature spectra is extended by
ex-situ measurements performed with a commercial ellipsometer (SENTECH GmbH)
operating in the near infrared, from 0.8 to 1.5 eV. There is good agreement between
in-situ and ex-situ measurements.

The spectrum of the annealed sample is compared in Fig. 5.6 with its reference,
labelled as grown. Both, annealed and as grown samples were grown in the same ex-
periment, but only one of the two was annealed. The other one was used as reference.
Observation of the spectra in the low energy range confirms a reduced thickness dur-
ing annealing and a somewhat reduced amplitude of the interference structure. The
latter probably originates from larger sample inhomogeneities generating a loss of
phase coherency. On the other hand, above 4 eV, the interband transition amplitude
increased considerably after annealing. The in-situ data did not show such improve-
ment during the annealing at 540

�

C (at least until the last spectra measured after 19
minutes, see Fig. 5.1), mainly due to the damping of the critical points at high tem-
perature. The improvement may originate from either the reduction of bulk defect
density, or a reduction of surface roughness.

It is important to note that during annealing the InN layer undergoes a phenomena
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Figure 5.6: Room temperature spectra of the sample as grown (solid line) and
after annealing (dashed line), on the same position on the wafer. The
measurement was performed with two different ellipsometers. Together
with a decrease of thickness, the high interband transition have increased
amplitude after annealing.

close to the peeling-off described in the previous paragraph. In fact, SEM images of
the InN layer after annealing shows a bulging, similar to Fig. 4.2. It was previously
pointed that the lattice mismatch to the sapphire substrate is the origin of the stress
inducing bulging and peeling off of the layer during growth. On the other hand, during
annealing the changes in temperature induce additional stress, originating from the
difference in thermal expansion of InN and sapphire. This additional contribution
may already induce bulging in 100 nm thick layers, and therefore be responsible for
layer bulging during annealing.

The XRD rocking curves (ω-scans) of the (00.2) reflections in Fig. 5.7 of the an-
nealed samples display a broadening with respect to the reference (not annealed).
Due to the scan geometry of the rocking curve, crystal planes belonging to parts of
the InN layer that are ”bulging”(i.e. that are bent with respect to the sample surface
with a certain angle) are partially contributing to the X-rays reflection. Therefore,
the curve of the annealed material is broader. The scans show an offset of the peak
center between the annealed and the reference samples. This is due to a different
alignment like a slight tilt (offset) of the sample on the sample holder. Such an offset
is generally present in ω-2θ-scans (see Fig. 5.9) but not in 2θ-scans (Fig. 5.8). In 2θ-
scans the angle is then only depending on the Bragg condition and one can calculate
the lattice constant of the material under investigation. For ω-scans and ω-2θ-scans
the peak shift can be due to alignment, thus it is not relevant.

2θ-scans are performed with a channel cut analyzer after the sample. This leads
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Figure 5.7: XRD ω-scan of the annealed InN layer and of the reference layer. The
measured curve of the annealed layer is broadened respect to the ref-
erence. The relative shift of the peak-center is due to a measurement
offset.

to a selection of the diffraction crystal planes, excluding the parts where the bulging
occurs. In this case Fig. 5.8 shows no shift of peak position, but only a reduced overall
intensity due to reduced thickness and to the missing contribution of the parts of the
layer that are bulging.

Figure 5.8: XRD 2θ-scan of the annealed InN layer and of the reference layer. The
two measured curves show, within measurement error, the same value
for the peak center, indicating no change of the lattice constant of the
layer due to annealing. Dashed lines are Gaussian fits.
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Figure 5.9: XRD ω-2θ-scan of the annealed InN layer and of the reference layer.
The two curves are shifted to each other because of a measurement off-
set. Each measurement shows a larger peak (left) due to the (00.2) InN
reflection and a smaller peak (right), assigned to polycrystalline InN.
After annealing, the FWHM of the InN peak shows only minor changes,
as well as the amplitude ratio with the peak of polycrystalline InN .

Finally, also ω-2θ-scans were measured, shown in Fig. 5.9. By using again a chan-
nel cut analyzer after the sample (as for the 2θ-scan), for the ω-2θ-scan the broadening
of the X-ray reflection depends only on the perfection of the crystal planes parallel to
the surface and not on the parts of the layer that are out of plane (i.e. bulging). The
FWHM of the peaks is very similar for the annealed sample and for the reference. The
peak visible on the right of both the graphs is often reported in literature and it was
at first assigned to the cubic reflection of metallic Indium [53]. It has been recently
argued that it actually belongs to different orientations of InN, in other words a sign
for the content of polycrystalline material in the epitaxial layer [118]. In both cases
it is due to extended defects in the layer and it can be taken as a measure of the
crystalline quality. In the measurements shown in Fig. 5.9 the height ratio between
the InN (00.2) peak and the foreign peak is comparable for reference and annealed
sample, leading to the conclusion that no phase transition occurs at the detection
level of X-Ray diffraction.

The annealed layer and the corresponding not-annealed reference were also inves-
tigated by TEM analysis [119]. In the reference layer (Fig. 5.10, top) it is possible
to see three regions characterized by different contrast. The bottom region is the
sapphire substrate. The intermediate region, around 100 nm thick, is the InN epi-
taxial layer. The top layer is an amorphous layer, probably formed by amorphous
InN with inclusions of metallic Indium. In the annealed sample (Fig. 5.10, bottom)
the amorphous overlayer is absent, resulting in an overall thinner InN layer with a
smoother surface. Reference [119] reported also a photoluminescence study of the two
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Figure 5.10:TEM images of a cross section of the annealed InN layer (bottom) and
of the reference layer (top). The reference layer is characterized by a
defective, amorphous overlayer which is absent on the nitrogen annealed
layer.

InN samples, showing a slight increase of the intensity of the photoluminescence peak
at about 0.9 eV after annealing. The last notable point of the two TEM images is
that there is no hint of a re-crystallization due to annealing.

Hence, we conclude that the amplitude increase observed in the in-situ SE spectra
does not originate from improvements of structural bulk properties.

Finally, Fig. 5.11 shows the surface morphology before (a) and after annealing (b).
Two kinds of defects can be observed: grooves of the not yet completely closed layer
and small crystallites with sizes of tens of nanometers. The latter almost completely
disappeared on the annealed sample (Fig. 5.11 b), and the groves tend to close, ob-
viously via coalescence by material transport. The overall result is a decrease in the
surface roughness.

With the results of the ex-situ characterization and the 〈ε2〉 room temperature
spectra in Fig. 5.6 it is possible to draw conclusions on annealing of InN in nitrogen
ambient. The decrease in amplitude of the structures related to interferences below 4
eV in Fig. 5.6 can be addressed to layer bulging, also detected by SEM. Bulging causes
an effective inhomogeneity, reducing phase coherence and dampening the interference
structures. The interferences in the SE room temperature spectra show also a decrease
in thickness of the InN layer, as indicated also by the spectra measured in-situ at 540

�

C
(Fig. 5.1). This was confirmed by TEM cross section images, which have shown that a
defective overlayer was removed by annealing, actually reducing the overall thickness
of the InN layer and also by SEM images, which have shown the elimination of
metallic Indium droplets and crystallites. Above 4 eV the amplitude of the high
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Figure 5.11: SEM images of the surface of the annealed InN layer (a) and of the
reference layer (b). The reference layer is characterized by droplets and
crystallites of various size which are eliminated during annealing. Holes
are visible in both images. They result from the not yet complete coales-
cence of the initial nuclei. The depth of the holes in the annealed layer
seems to be smaller probably due to material transport which smooths
the surface.

interband transition did rise after annealing and TEM analysis showed the removal
of the defective, rough overlayer (probably formed by metallic Indium and/or by
polycrystalline/amorphous InN). As a consequence, the overall layer crystallinity also
improved because of desorption of bad quality material. Anyway, it was not possible to
detect any change in the lattice constant from 2θ-scans, neither a significant change in
the peak broadening of the ω-2θ-scans. Thus, it is not possible to conclude towards
a re-crystallization of the layer as it occurs, for example, during high-temperature
annealing of GaN (GaN recrystallization occurs at temperatures as high as 900

�

C
[82]). This is also due to the relatively good crystal quality of the as grown layers
used for annealing, which were grown at 520

�

C. Concluding, the annealing of InN can
be seen as a possible step in the direction of growth of InN, since smoothing of the
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surface of a low-temperature grown nucleation layer leads closer to ideal conditions
for growth of InN with improved quality.

5.3 Chapter summary

Thermal stability of InN was studied. The result is summarized in Fig. 5.5. Nitrogen
results as the most suited ambient for annealing of InN layers. The annealing exper-
iment at 540

�

C for 20 minutes have shown that surface morphology of InN can be
strongly improved by annealing.



58 5. Thermal stability and annealing



6. Substrate preparation: nitridation of

sapphire

Nitridation is not only essential for the growth of InN on sapphire. The quality of GaN
can be also improved using nitridation. For epitaxy of GaN layers the optimization
of sapphire nitridation with ammonia proved to be crucial, yielding best results for
short nitridation times (45 s to 60 s) at 1050

�

C [120, 121]. Progress in InN epitaxy
requires establishement of an optimal nitridation procedure as well. This is even more
critical than for GaN since it is shown experimentally that nitridation is necessary in
order to grow single crystalline InN [95].

Sapphire nitridation can be performed in different ways, for example using cold
nitrogen plasmas as sources of atomic nitrogen [23], but for standard MOVPE condi-
tions ammonia is generally used (see for example [93], [122]).

Nitridation with ammonia forms a thin AlN layer on the sapphire surface [93, 122,
123]. The epitaxial orientation of the thin AlN layer with respect to the c-plane of
sapphire corresponds to a 30

�

rotation of the nitride (0001) plane (c-plane) [93].
Literature data on the effects of nitridation on the properties of InN epitaxial

layers are not complete. A 40min nitridation in ammonia at 1000
�

C reported in
earlier work leads to the best InN electrical properties [124]. More recently, 1075

�

C
was found to be better than 1150

�

C [55]. In this last work, the InN samples were of
higher thickness and improved quality, but for a final conclusion, temperatures lower
than 1075

�

C should be investigated again.
This chapter is then divided into two parts: the first part will deal with the study

of sapphire nitridation with ammonia using in-situ SE for different durations and at
different temperatures in order to understand the chemistry and the dynamics of the
process (paragraphs 1 and 2). The results will be discussed in terms of tanΨ and
cos∆ since this representation is convenient to identify surface effects during sapphire
nitridation. The second part of this chapter will deal with electronic, morphologic
and crystallographic properties of a set of InN layers grown after different nitridation
procedures respectively by Hall, Total Integrated Scattering (TIS, an optical technique
which measures an effective surface roughness [125]) and AFM, X-Ray diffraction.
This study will help to identify the optimal nitridation procedure.

6.1 Nitridation at 1050
�

C

All experiments in this chapter were done with a reactor pressure of 100mbar. In this
section, temperature was kept at 1050

�

C, while the flows were 1 L/min ammonia and
3 L/min of Nitrogen carrier gas, resulting in an ammonia partial pressure of 25 mbar.

The nitridation of sapphire was first monitored in-situ by recording the ellipso-
metric parameters tanΨ and cos∆ at a fixed photon energy of 5.0 eV. When ammonia
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is introduced in the reactor at 1050
�

C (t=0 s in Fig. 6.1) both parameters change
instantaneously.

The value of tanΨ in Fig. 6.1 decreases steadily during the initial 45 s of nitridation
and remains constant for the rest of the experiment. The value of cos∆ decreases fol-
lowing a slow exponential decay. Effects of physisorption of ammonia on the sapphire
surface were ruled out because the measured tanΨ and cos∆ remain unchanged after
ammonia flow is stopped, demonstrating that an irreversible process (chemi-sorption)
is occurring. The spectral dependence of the ellipsometric parameters is given in
Fig. 6.2 for different stages of sapphire nitridation. In this experiment ellipsometric
spectra were recorded between ammonia exposures of different durations. The most
prominent changes occur above 4 eV. After the first 60 s of nitridation the tanΨ spec-

Figure 6.1: Ellipsometric transient at 5 eV during sapphire nitridation with ammo-
nia, tanΨ (top) and cos∆ (bottom) are shown. Both the signals change
strongly when ammonia is introduced in the reactor at 0 s. Grey lines
are a guide to the eye in the case of tanΨ, and an exponentioal decay fit
in the case of cos∆.
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tra do not change further, while cos∆ continues to decrease, in accordance with the
behavior of the transients recorded at 5 eV (Fig. 6.1). tanΨ is mostly sensitive to the
polarising angle of the topmost material and thus to the chemistry of the surface.
Thus, the initial fast change is attributed to the exchange of the oxygen atoms of the
sapphire surface (on the topmost 1-2 monolayers) with nitrogen. Subsequently, the
tanΨ signal remains constant indicating no further changes of the chemistry at the
surface.

The exponential decay of cos∆ during further nitridation may either originate
from an increase of surface roughness or from a slowly increasing thickness of the

Figure 6.2: Ellipsometric spectra after different sapphire nitridation times, tanΨ
and cos∆ are shown. tanΨ is nearly constant after the first minute,
while cos∆ decreases with increasing nitridation time.
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nitridated layer. Roughness may rise due to exposure to ammonia and need to be
addressed for a careful interpretation of in-situ data.

Therefore, surface morphology was measured by ex-situ atomic force microscopy
(AFM) on nitridated sapphire layers. Figure 6.3 shows the sapphire morphology after
5min (a) and 10 min (b) nitridation. The corresponding calculated rms roughness
is 0.13 nm and 0.18 nm. The small increase in roughness agrees well with previously
reported values [123] and is too small to influence the ellipsometric measurements.

(a) (b)

Figure 6.3: Typical AFM morphology of sapphire after 300 s (a) and 600 s (b) nitri-
dation. Holes are decorating the step edges in (a), while the steps are
not recognizable anymore in (b) and protrusions are formed instead of
holes.

There are extensive ex-situ studies of nitridation of sapphire (see [93] and refer-
ences therein) and we will shortly summarize them here. It was strongly debated in
literature whether ammonia produces an AlN layer or a defective, amorphous AlOxNy

layer on top of sapphire. Several investigations support one or the other possibility.
The reasons for these discrepancies were explained in reference [93] in terms of oxi-
dation occurring during transfer of the sapphire samples from the growth reactor to
the TEM measurement facility. A relatively unstrained AlN layer with a large den-
sity of point defects was observed in transmission electron micrographs, if nitridated
sapphire was protected by an amorphous SixNy cap during transfer of the sample
from the MOVPE to the TEM chamber. On the other hand, unprotected samples
showed an amorphous AlOxNy layer on the sapphire surface. The exposure of the
unprotected AlN/sapphire layer to air was obviously leading to the oxidation of the
very thin AlN layer and to the formation of amorphous material.

The exact mechanism of the reaction is also still unclear, but in this case it is
generally accepted to assume an exchange reaction of oxygen atoms in αAl2O3 with
nitrogen atoms from NH3 molecules. Based on this result, in the following we assume
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that ammonia produces crystalline AlN on the sapphire surface [93] to interpret the
ellipsometric data.

The well-known optical properties of unstrained, perfect AlN are used in first
appproximation to simulate the nitridated layer [126]. The dispersion of sapphire was
approximated using a Sellmeyer model [127] for transparent layers. The dispersions
were recalculated for 1050

�

C with a method described in detail in reference [30].

The calculated effective dielectric function resulted from a 3-layer-stack, which
consisted of (1) sapphire substrate, (2) AlN, and (3) vacuum. The fitting parame-
ter for the model calculation was the AlN thickness. Calculations of tanΨ, cos∆ are
shown in Fig. 6.4. The spectra show the best fits of the AlN thickness to the measured
spectra in Fig. 6.2. The comparison is very satisfying for tanΨ, while cos∆ suffers
from differences between the sapphire database and the measured cos∆ of bare sap-
phire (Fig. 6.2 (a), bottom). The latter shows in fact a small dip starting at 5.4 eV.
This feature persists also after thermal cleaning at 1050

�

C in hydrogen ambient. In

Figure 6.4: 3-layers model calculation of tanΨ and cos∆ after the best fit of the
AlN thickness to the measurements in Fig. 6.2
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contrast, cos∆ of sapphire in the reference data remains constant at 1.0 eV up to 6 eV.
This feature might originate from impurities in the substrates, or, alternatively, from
the surface termination (reconstruction), where presumably hydrogen plays a role.

The result of the fits of the AlN layer thickness to sapphire spectra at different
nitridation time is reported in Fig. 6.5, left axis. The thickness increases quickly
during the first 60 s, reaching ∼0.8 nm. The subsequent AlN growth rate is less
than 0.1 nm/min. The right axis of Fig. 6.5 shows the intensity of emission from
the Nitrogen-1s core level by X-ray photoelectron spectroscopy (XPS) from reference
[128]. The intensity data are plotted versus nitridation times in MOVPE. Their
nitridation parameters were comparable with this work, and they interpreted the
peak amplitude as a measurement of nitrogen incorporation into the layer. The
comparison in Fig. 6.5 shows good agreement between in-situ (this work) and ex-situ
results (reference [128]).

Concluding, the fast (30s) change of the tanΨ signal in Fig. 6.1 is due to modifica-
tion of the surface chemistry involving (in terms of calculated thickness) the first 1-2
monolayers. It is convenient to address this as a first step of the nitridation process:
the fast step, or surface reaction step. In fact, sapphire chemistry is not further mod-
ified afterwards. The reaction of sapphire into AlN after the surface reaction step is
the origin of the exponential decay in cos∆, since the roughness increase is negligible
with respect to the increase of the AlN layer thickness (∼0.1 nm/60 s of AlN growth
rate against ∼0.01 nm/60s of roughness increase rate). This is addressed as second
step of the process: the slow step (∼10 times smaller than the surface reaction step),
or the growth and roughening step.

Figure 6.5: Comparison between ellipsometric in-situ results (AlN thickness, left
axis, this work) and ex-situ results (nitrogen content from XPS, right
axis, ref. [128]). There is very good correlation between the two results
obtained with two different MOVPE set-ups and two different investiga-
tion techniques.
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6.2 Nitridation kinetics

The nitridation process has been studied in the previous paragraph by assuming the
formation of an AlN layer on top of sapphire due to exchange reaction of the oxygen
atoms originally belonging to the sapphire lattice with the nitrogen atoms supplied by
activated ammmonia molecules. The process is here further investigated by studying
the growth kinetics. The growth rate of the AlN layer at 1050

�

C with 25mbar ammonia
was determined in the previous section. Its dependence of the ammonia pressure and
of temperature can indicate the process limiting the reaction rate. Thus, this section
presents the results of studies of ammonia partial pressure and temperature during
sapphire nitridation with ammonia.

6.2.1 Variations of ammonia partial pressure

Sapphire samples were heated at 1050
�

C in the MOVPE reactor and then nitridated
with ammonia at different fluxes. All the other parameters were kept the same as
described in the previous paragraph. Ammonia fluxes were 1 L/min (in a total flux of
4 L/min, ammonia partial pressure was 25 mbar) in the first nitridation experiment
and at 0.1 L/min (in a total flux of 3 L/min, ammonia partial pressure was 3 mbar) in
the second experiment. In Fig. 6.6 the exponential decay fits to two cos∆ transients at
5.2 eV for the two different ammonia fluxes are basically identical. Since the change in
the cos∆ signal is dependent of the AlN growth rate (see Fig. 6.4), we can conclude
that the growth rate is the same for both nitridation experiments. The inset in
Fig. 6.6 shows also the corresponding tanΨ transients. The changes in tanΨ for the
two different fluxes are also very similar, indicating that the reaction on the surface
is independent of the ammonia supersaturation too.

In Fig. 6.7 the two cos∆ in-situ spectra measured at 1050
�

C belong to two sapphire
samples after 15 minutes of nitridation with, respectively, 1 L/min (25mbar ammonia
partial pressure) and 3 L/min of ammonia flux (in a total flux of 4 L/min, ammonia
partial pressure was 75 mbar). The cos∆ spectra of the layer nitridated with high
ammonia flux seem to be lower in the energy range above 4.5 eV. Anyway, the spectral
differences are small with respect to the experimental noise and accuracy. Again, also
the tanΨ transient shows that the chemistry of the surface changes with a similar
rate by using the two different ammonia fluxes and the surface top oxygen layers are
exchanged with nitrogen in ∼45s.

In conclusion, the reaction rate dependence of the ammonia partial pressure at
1050

�

C is negligible. This indicates that the limiting step in the AlN growth is not
the activation of ammonia molecules but rather a diffusion process involving either
Nitrogen diffusion into the sapphire bulk or, alternatively, a bottom-up diffusion of
Aluminium atoms or of Oxygen atoms. The measurement of the temperature depen-
dence of the growth rate might indicate, through the determination of an activation
energy, which process is actually limiting the growth rate. This is discussed in the
following section.
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Figure 6.6: Exponential decay fits to the cos∆ transients at a photon energy of
5.2 eV during sapphire nitridation using 1.0 L/min ammonia (dashed)
and 0.1 L/ammonia (full). The influence of different partial pressure is
negligible. tanΨ is shown in the inset. It indicates that the surface
reaction dynamics is also independent of the ammonia partial pressure.

Figure 6.7: Ellipsometric spectra at 1050 � C of cos∆ for two sapphire layers nitri-
dated with 0.1 L/min (dashed, grey) and 3L/min (solid, black) ammonia
fluxes, respectively. 30 times different partial pressure of ammonia does
not result in a significant difference in thickness of the grown AlN layer.
It can then be concluded that at 1050 � C the nitridation process is limited
by diffusion and not by activation of ammonia molecules.
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6.2.2 Variations of temperature

A set of sapphire samples were heated in the MOVPE reactor at different temper-
atures and then nitridated with ammonia. Nitridation time was 15 minutes. The
experiment was repeated at five different temperatures from 975

�

C to 1075
�

C. Tran-
sients were measured at 5 eV. In Fig. 6.8 tanΨ transient of the highest and of the
lowest temperature shows that there is no significant difference in the nitridation rate
of the surface. This demonstrates that the reaction rate of the surface is, in the inves-
tigated temperature range, independent of the nitridation temperature. On the other
hand, the inset in Fig. 6.8 shows that the change in cos∆ has a strong temperature
dependence. This is discussed more in detail in Fig. 6.9, showing the exponential
decay fit for the cos∆ signal measured during sapphire nitridation at different tem-
peratures. The dependence on the temperature is obvious: the faster the change in
cos∆, the higher is the growth rate of AlN.

The growth rates are shown in Fig. 6.10. The growth rate at 1050
�

C is known
from model calculations and the datapoints are the same as in Fig. 6.5. For the
other temperatures the datapoints have been extrapolated by the comparison of the
respective cos∆ value with the cos∆ value for nitridation at 1050

�

C in Fig. 6.9. The

Figure 6.8: Ellipsometric transients at 5 eV measured during sapphire nitridation
at 975 � C and 1075 � C. tanΨ is not significantly different, which means
that for these two temperatures the dynamics of the surface reaction
step is not dependent on the temperature and that the chemistry of the
surface changes always in ∼45 s. On the other hand, in the inset, cos∆
demonstrates a very strong difference in the growth rate of the AlN for
the two nitridation temperatures, which means that the growth rate of
AlN is influenced by temperature.
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Figure 6.9: Exponential decay fits to cos∆ transients measured during nitridation
of sapphire at different temperatures. Increasing temperature leads to
larger changes in cos∆, which in turn means faster AlN growth rates.

Figure 6.10: Extrapolation of the AlN growth rates from Fig. 6.9 by comparison
with the fit of the growth rate at 1050 � C, which was obtained by fitting
of model calculations. For all the temperatures the thickness of AlN
increases logarithmically.

full lines in Fig. 6.10 are linear fits to the extrapolated datapoints. For 975
�

C the
growth rate was too slow to allow a sufficient comparison with the thickness values



6.2. Nitridation kinetics 69

actually fitted with model calculations to the measurements at 1050
�

C, therefore the
minimum temperature shown in Fig. 6.10 is 1000

�

C. The linar fit in a logarithmic
x-axis scale implies a first order kinetic.

The kinetic constant k can be defined as the growth rate d(DAlN )
dt

:

k =
d(DAlN )

dt
=

d[α + βln(t)]

dt
=

β

t
(6.1)

where t is the time and α and β are parameters of the linear fits to the calculated
datapoints in Fig. 6.10. The calculated k values are presented in an Arrhenius plot
in Fig. 6.11. Arrhenius equation can be written as:

ln(k) = ln(A0) +

(

Ea

K

)

1

T
(6.2)

where A0 is the so called pre-exponential factor, Ea is the activation energy, K is
the gas constant and T the temperature in Kelvin. The time t at the denominator in
equation 6.1 was chosen as a constant and it is not influencing the term containing
the activation energy Ea in equation 6.2. The resulting activation energy is 0.9 eV.

A polynomial function with a quadratic term has better agreement to the data-
points. In this case the non-linear dependence suggests that kinetics is more compli-
cated than a simple first order or that, perhaps, other processes are involved. One
possible process has already been mentioned in the previous subsection: while it is
proved that the ammonia supersaturation does not play a role at 1050

�

C, it must
be proved that this is true also for lower temperatures. The lower point in Fig. 6.11

Figure 6.11: Kinetic constant k calculated from the AlN growth rates versus recip-
rocal temperature. The activation energy resulting from a linear fit (full
line) reads 0.93 eV for AlN formation from sapphire bulk.
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could in fact also be affected by a less effective activation of ammonia. As a result, it
is interesting that the activation energy for the diffusion process would be lower. In
this case, a further experiment with different ammonia fluxes at 1000

�

C should solve
the issue.

An additional error is the etching of the AlN layer due to the exposure to am-
monia at such high temperatures. Ellipsometry might in fact only be measuring an
”effective” growth rate, that is the growth rate due to the exchange reaction minus
the etching rate. Ammonia is in fact highly reactive not only as Nitrogen precursor,
but also provides active Hydrogen that might reduce Aluminum and cause the decom-
position of the layer. However, some preliminary experiments where hydrogen was
used as gas carrier at 1050

�

C show that cos∆ signal is not different from experiments
where the carrier gas is nitrogen.

6.3 Sapphire nitridation for InN growth

Sapphire nitridation for GaN growth is well established. However, for InN growth
only few results have been reported in the literature and further investigations are
necessary. Therefore, we have grown a set of InN layers on sapphire after different
nitridation procedures and preliminar ex-situ X-ray diffraction assessed the quality
of the InN layers. Nitridation was performed with ammonia, varying conditions like
carrier gas (N2 or H2), nitridation temperature (1000

�

C and 1050
�

C) and nitridation
time (from 30 s to 900 s). Subsequently, InN layers were grown on top with a thickness
of 350 nm following always the same growth procedure (see chapter 7 for details on
the growth procedure of InN).

The broadening of the X-Ray diffraction peaks is related to defects in the crys-
tal. Therefore, Fig. 6.12 shows the full-width at half-maximum (FWHM) of the
(0002) reflection of InN layers in the ω-scans (top) and in the ω-2θ-scans (bottom).
The narrowest FWHM and therefore the optimal nitridation conditions are found in
Fig. 6.12 for nitrogen as carrier gas, nitridation times between 30 s and 60 s at 1050

�

C
and around 300 s at 1000

�

C. Also, nitridation at 1050
�

C yields better InN samples
than nitridation at 1000

�

C. In summary, the optimal sapphire nitridation procedure
for InN growth is obtained for a nitridation temperature of 1050

�

C using nitrogen as
carrier gas.
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Figure 6.12:Preliminary X-ray study of InN/sapphire with respect to the nitridation
procedure. FWHM of X-ray diffraction peaks along the (00.2) reflection
in the ω-scan (top) and the ω-2θ-scan (below) of InN films grown af-
ter different nitridation procedures. Hydrogen (circles) and nitrogen
(squares) were used as carriers during nitridation, nitrogen at two tem-
peratures: 1000 � C (hollow squares) and 1050 � C (full squares). Best InN
layers are grown with nitrogen as carrier at 1050 � C.
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Figure 6.13:Hall measurements of carrier concentration (left axis, full squares) and
electron mobility (right axis, hollow circles) for 350 nm thick InN samples
grown on sapphire after different sapphire nitridation times (x axis). The
lower carrier concentration is measured on InN films after 45 s up to 60 s
of sapphire nitridation. The highest mobility is obtained for a nitridation
time of 45 s.

To further optimize sapphire nitridation the mobilities and carrier concentration
in Hall and asymmetric XRD was measured on InN layers grown after nitridation of
sapphire at 1050

�

C for different nitridation durations.
The effects of nitridation on the electrical properties of the InN layers are shown

by Hall measurements in Fig. 6.13. The measurements showed a n-type conductivity
for all the samples. The lowest carrier concentration is obtained for short nitridation
duration between 30 s and 60 s, although this value is still very high, 5 � 1019 cm−3.
Prolonged nitridation leads to a strong increase, indicating a deterioration of the
layers. The maximum mobility is accordingly also found for short nitridation times,
the highest value (500 cm2/Vs) is obtained for 45 s.
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To correlate the electrical data to structural properties of the InN layers, XRD
ω-scans were measured for the studied samples. The symmetrical (00.2) reflection is
sensitive to zero-dimensional defects, a-type dislocations1, mixed (c+a) dislocations
and stacking faults [129]. As shown in Fig. 6.14, left axis, the narrowest FWHM of the
rocking curves is obtained for nitridation times between 30 s and 180 s. This result
suggest that the optimum electrical properties originate from optimum structural
properties of the InN layers.

On the other hand, symmetric reflections are insensitive to edge threading dislo-
cations, which in turn affect e.g. the asymmetric (10.2) reflections. These are hence
complementary to the (00.2) reflection. Fig. 6.14, right, shows that narrowest FWHM
of the (10.2) reflection are found for nitridation times exceeding 3 min. This last result
is anticorrelated with the electrical characterisation.

Figure 6.14: On the left axis is FWHM of the X-ray ω-scan (rocking curve, RC)
along the (0002) InN direction for 350 nm thick InN samples grown on
sapphire after different sapphire nitridation times. The narrowest dif-
fraction curves are obtained after less than 180 s of sapphire nitridation.
On the right axis is FWHM of the ω-scan (rocking curve, RC) along
the (10.2) reflection. The narrowest diffraction curves are obtained for
sapphire nitridation longer than 180 s.

1Dislocations are 2-dimensional (or linear) crystallographic defects which can also affect other
material properties (electric, optical, etc.). Dislocations can be described by the Burgers vector and
by the dislocation line. The dislocation line is the line where the defect and the resulting lattice
distorsion can be found. The Burgers vector is the direction and the entity of atoms displacement.
Dislocations are generally grouped into two types, edge and screw type dislocation, according to
the angle of the Burgers vector with respect to the dislocation line. Mixed, partial and multiple
dislocation can also be found. In nitrides, the dislocations are often grouped according to the
direction of the Burgers vector with respect to the crystallographic directions [129]. The Burgers
vector of c-type dislocations is parallel to the c-direction, i.e. the (0001) direction. An a-type
dislocation has the Burgers vector perpendicular to the c-direction. The Burgers vector of (c+a)
dislocation is neither parallel, nor perpendicular to the c-direction.
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The overall X-ray characterisation picture suggests that a short sapphire nitri-
dation time (below 180 s, in good agreement with Hall mobility) results in a InN
layer with generally improved (0001) mosaicity. In terms of microstructure, a-type
and mixed (c+a) dislocations decrease for a short sapphire nitridation time. On the
other hand, above 180 s of sapphire nitridation c-type dislocations decrease in num-
ber. To address the dynamic with which dislocations are generated from differently
nitridated sapphire, further investigations are required. In general, since it is still
unknown which defects are electrically active in InN, it can be concluded that the
X-ray crystallographic characterisation is not in disagreement with the electrical Hall
data.

Finally, the morphology of the as-grown InN films must be characterized. For
this purpose, we used Total Integrated Scattering (TIS) [125]. In Fig. 6.15 we show
the effective rms roughness calculated from the total intensity of the scattered light.
The smoother surfaces belong to InN films where sapphire was nitrated between 45 s
and 90 s correlating with the carrier concentration and with the symmetric (00.2)
reflection. As mentioned before, TIS rms cannot be compared with AFM rms. The
smoothest sample has 1.5 nm rms roughness as determined on 1µm2 AFM images.

Since only very little data on InN properties exist, we compare our results with
the well-studied GaN/sapphire. In the GaN system a short nitridation time of 60 s
(for nitridation conditions similar to ours) produced better layer quality, as measured
by photoluminescence, Hall and XRD [120]. These results correlated well with a
narrow FWHM of the asymmetric (10.2) X-ray reflection. The symmetric (00.2) X-

Figure 6.15: Effective roughness for 350 nm thick InN samples grown on sapphire
after different sapphire nitridation times. The rms is calculated from
TIS. The smoothest layers are grown after 45 s of sapphire nitridation.
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ray reflection, however, was anticorrelated and narrower for samples with more than
400 s sapphire nitridation. Since in GaN edge threading dislocations provide a charge
carrier recombination channel, the asymmetric (10.2) reflection was considered more
indicative for high layer quality in reference [120]. Another study on the sapphire
nitridation effect on GaN properties also measured best electronic properties for short
durations between 30 s to 60 s under similar conditions [121]. In this case, however, the
symmetric (00.2) reflection was correlating with electronic and morphological data,
while the asymmetric (10.2) reflection was not. This indicates that different defects
may dominate the electronic properties of GaN layers on sapphire. The important
common conclusion of references [120, 121] is: best electronic properties of GaN layers
are obtained for short nitration times of 30 s and 60 s.

Similar to these findings for GaN, in this study best InN electric properties are
found for ∼45 s of sapphire nitridation. After this time, a complete AlN thin layer
covers the whole sapphire surface and the surface chemistry does not change anymore.
Then the morphology degrades with increasing nitridation time (pits and holes are
formed on sapphire, see Fig. 6.3), influencing the quality of the InN film grown on
top. Excessive nitridation of the sapphire layer may also favour diffusion of oxygen
atoms from sapphire into the nitride layer [130], through channels such as the holes
and pits visible in Fig. 6.3.

The very good correlation between morphologic and electric properties might be
due to a strong electron accumulation layer in InN [64]. This seems to be an intrinsic
InN property [62], though it is clear that surface contamination is enhancing the
accumulation [67]. For the relatively thin InN layers the number of electrons on
the surface might increase with increasing roughness, influencing the total number of
electrons (surface and bulk) measured by Hall. To address this numerically further
knowledge on InN is necessary. If the correlation between roughness and carriers
is confirmed, a flat surface morphology would become even more important for InN
layers.

6.4 Chapter Summary

Sapphire nitridation with ammonia at 1050
�

C was studied by in-situ ellipsometry. A
fast surface modification step occurred within the first 45 s (fast step). This is followed
by a slow bulk transformation of sapphire into AlN and a slow surface roughening
(slow step). Ntridation has a kinetic of the first order and an activation energy of
0.9 eV.

A set of InN films were then grown with the same procedure on sapphire substrates
nitrated for different times. Electrical properties determined by Hall measurements,
crystal properties determined by symmetric X-ray diffraction and surface morphology
studied with angle resolved scattering indicate best quality of the InN films when the
nitridation process of sapphire is limited to its fast step. A close comparison with older
results on the GaN/sapphire system where the optimal nitridation time was found to
be below 60 s is very similar to the InN/sapphire system studied in this work. Also,
the characterisation along the (10.2) asymmetric X-ray diffraction shows narrower
rocking curves for a minimum nitridation time of 180 s, in contradiction with all



76 6. Substrate preparation: nitridation of sapphire

the other results. Assuming that the electronic properties are the relevant condition
for the identification of the best InN films, we conclude that only the outermost
sapphire layers need to be nitrated to achieve optimum quality of InN films. This is
achieved within 60 s of nitridation with 25 mbar ammonia partial pressure at 1050

�

C.
The contribution of SE to the optimisation of sapphire nitridation for InN growth
now becomes clear: the distinct step-change of the ellipsometric parameter tanΨ
(Fig. 6.1, top) between 5 eV and 6 eV is a valuable tool to identify the end of the
surface transformation. This ellipsometric analysis would lead to optimal nitridation
for GaN growth as well.



7. Nucleation and growth

This chapter deals with details of the MOVPE growth of InN with respect to the
nucleation (i.e. hetero-epitaxial growth) and homo-epitaxial growth. The focus will
be on the growth strategy, on the effects of different growth parameters on the growth
rate and on the crystal quality of the InN epitaxial layers.

7.1 Nucleation

The substrate preparation was the focus of the previous chapter. In this chapter it
will be discussed what happens when the precursors are injected into the reactor.
As already mentioned, the precursors used were TMIn to supply atomic Indium and
ammonia to supply atomic Nitrogen for the growth and the carrier gas was nitrogen.

When material A is grown on material B, nucleation represents the stage of hetero-
epitaxial growth, i.e. epitaxy on a foreign substrate. Due to the large lattice mismatch
between InN and sapphire (or, similarly, to the AlN layer formed during nitridation),
relaxation of the InN growing layer is expected to occur at the first monolayers.
Relaxation implies 3-dimensional growth mode, very common in heteroepitaxy.

Model calculations are used to discuss ellipsometry measurements during growth
of InN. For this, the dielectric function of InN at 5 eV was extrapolated from measure-
ments on thick InN layers (∼400 nm) with good crystalline quality and good surface
morphology.

The effects of different initial growth conditions were studied: ammonia and TMIn
have been introduced into the reactor at the same time, or one of the two with a
certain time delay. Figure 7.1 shows three different nucleation experiments monitored
by the ellipsometric parameters tanΨ and cos∆ at a photon energy of 5 eV, angle
of incidence of 65.0

�

. The other MOVPE growth parameters remained fixed to the
values discussed in paragraph 6. At the initial nucleation, TMIn was offered either
10 s after ammonia (transient A in 7.1, our standard procedure), at same time with
ammonia (transient B) or 2 s before ammonia (transient C).

Nucleation of type (A) (curve A in Fig. 7.1) is done with standard growth pa-
rameters (Table 4.1) and can be efficiently modelled using a simple 3-phase model:
vacuum, InN, sapphire. This model calculates an effective thickness of the InN layer
because of probable 3-dimensional growth mode.

The minimum in tanΨ corresponds to an effective InN thickness of 3 nm, and
coincides with the change in sign of the 2nd derivative of cos∆. It is remarkable that
the signature of the nucleation of GaN on sapphire is extremely similar to the one of
InN, shown in Fig. 7.1 [81]. This is due to the different Brewster angles of sapphire and
InN (or GaN), which lie above and below the angle of incidence (65.0

�

), respectively.
Nucleation (B) in Fig. 7.1 shows only a small divergence from (A), while (C) shows
a clearly different behavior, due to the strong presence of metallic Indium. In spite
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Figure 7.1: Ellipsometric transients (tanΨ top, cos∆ bottom) at 5 eV photon en-
ergy during InN nucleation on sapphire at 520 � C. Ammonia is always
introduced after 10 s. In transient A (black, thin), TMIn is introduced
10 s after ammonia, in transient B (black, thick) it is introduced together
with ammonia, in transient C (grey) it is introduced 2 s before ammonia.
The nucleation dynamic of the latter is clearly different from the other
two nucleation procedures.
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of the very different nucleation dynamics, the InN layers grown after the different
nucleation do not show, surprisingly, remarkable differences (after characterization
with X-ray diffraction: ω- and ω-2θ-scans). These different procedures were adopted
mainly to find a solution to the layer peeling off but, as mentioned in the previous
paragraph, none of these nucleation procedures were successful and partial peeling off
of the layer was found in all the ∼300 nm thick InN layers.

7.2 Growth rate

In a preliminary study, the growth rate of InN was calculated from spectra of the ef-
fective dielectric function during a growth experiment performed at different temper-
atures, namely, from 800

�

C down to 350
�

C [81]. The growth rates have been verified
later by further growth experiments performed at constant temperatures monitored
by ellipsometry and by simultaneous evaluation of the growth rates through measure-
ment of the InN layer thickness. Cross section SEM images of InN layers were used
for this purpose.

It should be noted that since the growth mode is in most cases 3-dimensional,
these values for growth rates can be overestimated. Only with 2-dimensional growth
is it possible to measure and calculate growth rates in a more reproducible way. This
is also the reason why the growth rate has not been studied systematically. The order
of magnitude of these growth rates is anyway very important in order to analyze the
growth process.

The results for low supersaturation (V/III=6 � 104, ammonia flow=1 L/min) given
in Fig. 7.2 are given between 375

�

C and 650
�

C (full circles). They show a typical
behavior of the growth rate from the temperature [9, 18] where three main regions
are identifiable. In the first region (grey, left), up to 400

�

C the growth rate increases
with temperature, meaning that it is limited by the decomposition of the precursors
(TMIn is fully decomposed at 400

�

C: kinetically limited regime). In the second re-
gion (center), between 400

�

C and 550
�

C, the growth rate is constant, in the typical
behavior of a transport limited regime. In the third region (grey, right), above 550

�

C,
the growth rate decreases with increasing temperature, meaning that the InN layer
decomposes (desorption limited regime). The reader should note that the transport
limited growth regime, which is most suited for MOVPE [18], lies in a narrow window
of 150

�

C and at very low temperatures for typical nitride growth. In this region, the
growth rates are still very low due to the small amount of ammonia available from
decomposition. Furthermore, the 3-dimensional growth overestimates the growth rate
in the kinetic and in the desorption limited regions, saturating to the growth rate of
the transport limited region. Thus, the transport limited region might actually seem
larger than in reality.

Figure 7.2 compares also the effects of different growth parameters on the growth
rate in the close temperature range between 500

�

C and 550
�

C. By increasing the
TMIn flux (see the following symbols in 7.2: full circles, triangles, hollow circle) the
growth rate increases. This indicates a Indium limited growth rate. By increasing the
ammonia flow, (hollow circle, squares) the growth rates decreases, which means that
ammonia is actually also having an etching effect. By increasing the supersaturation,
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Figure 7.2: Growth rate of InN evaluated by ellipsometry and by cross sections SEM
images. The 3 regimes of growth for V/III ratio of 6 � 105 (full circles) are
as follow: kinetically limited growth rate below 400 � C, transport limited
growth rate from 400 � C up to 550 � C, thermodynamically limited growth
rate above 550 � C. Different symbols refer to different growth parameters,
given in the legend.

i.e by keeping the same V/III ratio and by increasing the flow of both precursors
(triangles, squares), the growth rate increases.

Finally, the growth at 580
�

C (Fig. 7.2, star) is performed with the highest super-
saturation and the lowest V/III ratio. It also has the highest temperature, the growth
rate being in the desorption limited range. The crystal quality of the layers grown
with these growth parameters is much higher than for any other. The properties of
these layers will be discussed in detail in the next sections.

7.3 Effects of growth temperature on crystal tex-

tures

Texture analysis of the InN/sapphire layers can lead to improvements of the growth
procedure. A polar X-ray diffraction scan was obtained through a rotation by the
normal of the Bragg planes referring to the asymmetric (10.2) reflection at fixed
angles. Such a scan shows the epitaxial orientation of the nitride planes with respect
to the plane of the sapphire substrate. As previously discussed in Chapter 3 and in
Chapter 6, after nitridation an angle of 30

�

between the planes of InN and sapphire is
expected, and has been previously observed [76, 87]. Fig. 7.3 shows the (10.2) polar
scan for two samples grown on sapphire at 500

�

C (top) and at 520
�

C (bottom). The
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thickness of the samples was 120 nm and they did not show layer peeling off with
optical microscope analysis.

Sapphire is trigonal and shows three intense sharp peaks spaced 120
�

due to the
three-fold symmetry. InN shows 6 peaks due to the wurtzite six-fold symmetry,
shifted with respect to the sapphire peaks due to in-plane twist of InN with respect to
sapphire. In Fig. 7.3, top, each InN peak is split into two peaks and the angle between
sapphire peaks and the InN double peaks is of 24

�

and 26
�

. This demonstrate a texture
twist of the crystal. Slightly higher growth temperature (20

�

higher) suppresses this
phenomenon: the peak splitting is absent and the twist angle of InN to sapphire with
respect to the growth (0001) direction is 30

�

, as expected.

Figure 7.3: XRD polar scan of the asymmetric (10.2) reflection for 150 nm thick
InN layers grown on sapphire at 500 � C (top) and at 520 � C (bottom).
Twist texture is not observed for growth temperatures above 500 � C.
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7.4 Optimizing growth

In the last section and also in Chapter 4 it was often found that growth temperatures
higher than 520

�

C result in improved InN quality. It is also worth recalling the
work published in literature, summarized in Chapter 3, where most of the growth
temperature studies indicate higher temperatures, often above the desorption limit
of 550

�

C, as optimal for the growth of InN layer with best crystalline and electric
properties. The principle advantages of higher temperature are evident: activation
of the ammonia molecules will be more efficient and the diffusion of the atoms on
the surface of the growing material will increase, with a higher chance for them
to find (a) their equilibrium position (i.e. their most stable, wurtzitic structure)
and (b) to grow layer by layer, giving rise to a 2-dimensional growth mode. The
growth rate should be also higher due to improved decomposition of ammonia. Above
desorption temperature the growth takes place in the desorption limited range, as
discussed in a previous section. This limits the growth temperature, since layers
grown at temperatures much higher that the desorption temperature for the material
(below 540

�

C for InN, see Chapter 4) tends to roughen. Thus, this section deals with
the development of growth strategies that allows to grow InN at temperature above
the desorption limit and relies on in-situ spectroscopic ellipsometry to test and adjust
the growth parameters in order to control the growth conditions.

In a first approach, after growth of a ∼20 nm thick nucleation layer at 530
�

C, the
temperature was increased up to 580

�

C and then growth was started. InN was ex-
posed to an inert nitrogen ambient during ramping of the temperature. However, the
nucleation layer started to decompose even before 550

�

C because of its high reactiv-
ity, originating from its highly defective structure. This eventually resulted in early
formation of Indium droplets and a poor quality of the epitaxial layer. A further ap-
proach was to avoid the low temperature nucleation layer and to deposit the epitaxial
layer directly at high temperature after sapphire nitridation. However, samples grown
entirely at 580

�

C and at 600
�

C show a very poor quality, with formation of Indium
droplets, bad crystallinity and rough surfaces. Decreasing the V/III ratio from 30000
to 10000 did not improve the layer quality. Therefore, growth above 550

�

C requires
a nucleation layer to be deposited at lower temperatures. A possible approach is to
ramp the temperature during growth after the deposition of the nucleation layer.

The growth procedure developed in this work is outlined in Fig. 7.4. First, the
temperature is ramped up to 580

�

C with a progressively decreasing slope to avoid
roughening of the layer. A further improvement of the growth procedure is a simul-
taneous slow increase of the TMIn flux. The final V/III was 104 (ammonia flux was
kept constant at 3L/min). Between 500

�

C and 530
�

C such a low V/III ratio produced
highly defective layers covered with In droplets, while at 580

�

C delivered best qual-
ity layers at the highest growth rate of 400 nm/h. These findings agree with recent
results from Maleyre et al. [85], who also proposed V/III ratios as low as 5 � 103 to
be used for InN growth. Applying the procedure described above, growth above the
desorption temperature of InN (550

�

C, see Chapter 4) could be demonstrated.

The graphs in Fig. 7.5 and Fig. 7.6 show sequences of in-situ SE spectra of the
imaginary part of the effective dielectric function 〈ε2〉 at different times during two
examples of growth above desorption temperature. In the first example, growth was
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Figure 7.4: Adjustment of TMIn flux (left axis) and temperature (right axis) during
InN growth. After 12 minutes growth at 530 � C (∼15 nm) the tempera-
ture is slowly increased to 580 � C. TMIn flux is increased simultaneously
while ammonia flux is kept constant at 3 L/min, resulting in a V/III
ratio decreased from 3 � 104 to 104.

Figure 7.5: Imaginary part of the effective dielectric function 〈ε2〉 versus photon en-
ergy, recorded during growth at 550 � C with high V/III ratio of 40.000,
with low supersaturation. The decrease of the amplitude indicates sur-
face roughening. The curved grey arrows indicate the change of ampli-
tude in 〈ε2〉 during growth.

at 550
�

C with low supersaturation, resulting in a rough surface and to worse layer
quality. In the second example, we used the growth procedure outlined in Fig. 7.4,
resulting in improved layer quality.
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Figure 7.6: 〈ε2〉 versus photon energy during growth at 580 � C with low V/III ratio of
10.000. At 580 � C the first slightly increasing and then finally constant
amplitude above 4 eV indicates stable growth conditions: lower V/III
ratio allowed growth above the onset of decomposition. The curved grey
arrows indicate the change of amplitude in 〈ε2〉 during growth.

In the first example of growth at 550
�

C, the flux of precursors was constant and
supersaturation was small (1 L/min ammonia with a high V/III ratio of 4 � 104). These
parameters lead to stable growth conditions at temperatures lower than 530

�

C. The
temperature was increased from 500

�

C to 550
�

C when the layer thickness was ∼60 nm.
(Fig. 7.5) shows ellipsometric spectra after 5, 10 and 15 min of growth at 550

�

C. The
decrease of 〈ε2〉 indicates progressive decrease of the optical density of the layer. This
is interpreted in terms of a formation of a rough layer on top. Due to the small
supersaturation the growth rate was very small and, most probably, the desorption
of the layer led to the roughening of the surface.

In the second growth example we applied the growth procedure outlined in Fig. 7.4.
Figure 7.6) shows ellipsometric spectra after 40, 50 and 55 min of growth at 580

�

C.
The interference structures below 4 eV clearly indicate an increase of layer thickness
with time, e.g. growth. The amplitude of the layer thickness-related interference
structures progressively decreases with increasing thickness, since the penetration
depth of the light becomes negligible with respect to layer thickness. Above 4 eV the
amplitude does not decrease, as expected for a smooth surface not becoming rough.
It can be concluded that the sequence of spectra measured at 580

�

C shows stable
growth conditions.

Further studies on InN layers grown with the improved growth procedure outlined
in Fig. 7.4 confirmed their excellent properties. Hall measurements show a reduction
of the free electron concentration by a factor of 10 down to the low 1019 cm−3 was
obtained. An electron mobility of 500 cm2/(Vs) is achieved for samples of 350 nm
thickness, almost twice the value of the samples grown at 530

�

C and lower tempera-
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tures and approaching the highest mobility of 800 cm2/(Vs) reported for InN layers
grown by MOVPE [85] (which was measured on layers thicker than the layers grown
in this work). This result places these samples among the best MOVPE grown InN
samples up to now.

Photoluminescence (PL) was measured on these InN samples (growth procedure
of Fig. 7.4) by using an Argon excimer laser with an excitation wavelength at 488 nm.
In Fig. 7.7 PL was measured by using a InGaAs detector on two InN/sapphire layers
of different thickness. The PL measurements were performed at 20 K. Sample (a) was
∼120 nm thick and was grown at 520

�

C, while sample (b) was ∼350 nm thick and was
grown with the procedure outlined in this section.

Sample (b) has a much higher intensity and the near-band-edge emission is also
shifted towards higher wavelength (lower energies). The actual energy peak maximum
of sample b) might also be hidden by the decrease of the sensitivity of the InGaAs
detector. Sample (a) also shows a decrease in intensity due to the detector limits
at around 1661nm. The difference in energy between the two peaks is then at least
0.86 eV-0.75 eV=0.11 eV. The number of carriers as determined by Hall experiments

Figure 7.7: Photoluminescence emission at 20K after excitation with an Argon
excimer laser at 488 nm. An InGaAs detector was used. Measurements
of two InN/sapphire samples are shown: sample (a) is ∼120 nm thick and
was grown at 520 � C, sample (b) was ∼350 nm thick and was grown with
the growth procedure outlined in section 6.4. The detector sensitivity
starts to decrease at the maximum of the peak of sample (b), therefore
the exact peak position cannot be given. It is however clear that the
two layers have a different response, peak (a) is broader and shifted at
higher energies.
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was in the case of sample (a) almost a factor of three higher. According to the in-
terpretation of the peak position given by other authors [2], the larger the number of
carriers, the larger is the filling of the conduction band. The band-to-band recombi-
nation responsible for the photoluminescence peak is then occurring at higher energies
due to the Moss-Burstein shift. This result is in line with previous published works
on optical properties of InN [2, 131] and shows, also, that layers which are thicker
and which are grown at higher temperature (sample b) display improved optical and
electronic properties.

7.5 Growth with low ammonia flow

As discussed already in Chapter 4 a low ammonia flow can be used together with a high
V/III ratio for successful preparation of InN layers thicker than 300 nm which do not
display layer peeling off. This is occurring for example for V/III ratio of 7.5 � 103 and
an ammonia flux of 1 L/min, growth temperature 520

�

C. The growth rate measured
in this case is ∼220nm/hour, two times higher than when 3 L/min ammonia flux are
used. A typical surface of these InN layers was shown in Fig. 4.5. The surface is
covered by droplets but, in turn, it displays low roughness, with AFM rms equal
to less than 3 nm when calculated on (1×1) µm2 images and, most remarkably, no
peeling off of the layer.

On the other hand, good morphology does not correlate with improved crystal
quality. XRD on these samples show a large contribution from polycrystalline InN
in the X-Ray reflection at 2θ∼33.4

�

. Also, the InN peaks are broader than for other
InN samples. The electric properties characterized by Hall show that the layer has a
very low mobility, in the range of 130 cm2/Vs but the number of carriers is surpris-
ingly low: 1.3 � 1017 cm−3, the lowest ever measured on MOVPE samples and one of
the lowest ever measured on InN layers. InN layers with similar mobilities display,
typically, carrier concentrations higher than 1020 cm−3. The reasons for this appar-
ent incongruence is not yet clear. It is possible that either the grain boundaries are
strongly decreasing the electron mobility or that an equally large number of traps due
to defects is present in these layers, which is strongly decreasing the number of the
free electrons.

These layers grown at 520
�

C with low V/III ratio do not show a PL peak when
measured with an InAs detector, which leads to the conclusion that the near-band-
edge recombination is very weak, comparable with other layers with low mobility. The
reason for the low carrier concentration is not clear up to now. A further evidence
that these InN layers grown with low ammonia flow have unusual properties is the
ellipsometric measurement. The effective dielectric function measured on these layers
is shown in Fig. 7.8 (a) in comparison with a measurement on a typical InN layer
grown at 580

�

C (b). In the low energy range, sample (a) grown at 520
�

C shows a
higher background, probably due to the effects of metallic Indium on the surface, as
shown also by the AFM images. In the high energy range the electronic interband
transitions of the two layers are also different. Measurement (b) presents a typical
lineshape for layers with good crystalline and electronic properties. The three peaks
were previously assigned to higher electronic interband transitions (see Chapter 4).
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Figure 7.8: 〈ε2〉 measured in-situ at room temperature on two InN layers. The
dotted line belongs to a layer grown at high temperature with 3 L/min
ammonia flow. The solid line belongs to a layer grown at lower temper-
ature, 520 � C, with lower ammonia flow, 1L/min. The lineshape of 〈ε2〉
for the two layers is very different, probably due to different dielectric
properties of the two layers.

For measurement (a) the first two peaks are merged together and the third peak is
unusually well defined. The significance of this difference lies in different dielectric
properties of the two materials. In other terms, the large number and/or the different
nature of the defects in the layer grown with low ammonia flow, resulting from various
characterization, lead to material properties different from the material properties of
other InN layers which are less defective. XRD analysis suggests strong presence of
cubic inclusions, which are also a possible reason for the different lineshape of layer
(a).

In summary, the layers grown with a low ammonia flow are most probably largely
defective and are not well defined InN layers. On the other hand, the smooth mor-
phology and the suppression of layer peeling-off open new possibilities for developing
the ideal nucleation layer for the growth of InN on sapphire.

7.6 Growth on GaN nucleation layers

The use of a GaN buffer layer further improves the crystalline quality and allows for
growth of thicker InN layers. 50 nm thick GaN buffer layers were grown directly on
sapphire at low temperature after nitridation. Subsequent annealing was performed
at 1050

�

C. Some samples were additionally prepared with a 300 nm thick GaN layer
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grown at 1050
�

C. By this procedure InN layers with thickness up to 300 nm have
been successfully grown on 50 nm and 350 nm thick GaN layers, showing good crystal
quality. Ellipsometry transients at 5 eV showed only constant values for the ellipso-
metric parameters up to these thicknesses. The surface morphology of a 250 nm InN
layer investigated by SEM clearly shows a close layer free from damages produced by
the peeling off (see Chapter 4). Further optimization of the growth conditions is still
necessary for a close, defect free thick layer. In this case, it is demonstrated that GaN
buffer layers allow for growth of InN layers with thicknesses beyond 150 nm (the crit-
ical thickness for peeling off of InN layers from sapphire) with complete suppression
of layer peeling off.

In Fig. 7.9 the PL measurement on an InN/sapphire layer (a) is compared with the
measurement on a InN/GaN/sapphire layer (b). Sample (a) was grown on sapphire
after 1 minute of nitridation, while sample (b) was grown on top of a GaN layer 50 nm
thick, which was grown at 550

�

C and then annealed for 5 minutes at 1050
�

C prior
to InN growth. Both InN layers were ∼120 nm thick and were grown at 520

�

C. PL
was measured by using an InAs detector. The sensitivity of InAs detectors is at least
two order of magnitudes smaller than InGaAs (used for the measurements shown
in Fig. 7.7, but, on the other hand, the fundamental bandgap of InAs is narrow
enough (0.354 eV) to allow the detector to measure in the region where the InN
bandgap is expected. The maximum peak intensity of sample (a) is 200 times smaller
than that of sample (b) (InN/GaN/sapphire). The energy of the peak center is
shifted to lower energy in the case of the InN layer grown on GaN, but there is
not corresponding measurement of the crystal properties neither of the electronic
properties showing a corresponding improvement of the quality of the layer. In this
case, the Hall measurement is not useful for determining the number of carriers on the
InN layer grown on GaN, since the measurement would be affected by the properties
of the GaN nucleation layer. On the other hand, X-ray measurements on the (0002)
reflection of InN do not clearly indicate superior crystallinity of the InN/GaN layer.

A Transmission Electron Microscopy (TEM) measurement of InN/GaN samples
is shown in Fig. 7.10. The image of the InN/GaN sample shows four regions with
different contrast. They are, from the bottom, the sapphire substrate, the GaN thin
buffer layer, the InN nucleation layer on GaN, the thick InN layer. The InN nucleation
on GaN was done at 450

�

C, and the thicker layer on top was grown at 520
�

C. The
contrast of the InN layer is very good when compared with InN layers grown directly
on sapphire (TEM images of InN/sapphire in Fig. 5.10). This may be an indication
for higher crystal quality of the InN/GaN sample. Also, the InN surface is smooth.
However, the InN/GaN interface is not continuous and it is characterized by voids.
The voids are also present when InN is grown directly on sapphire and this is probably
the reason for the peeling off (delamination) of the InN layer. This result shows that
a GaN nucleation layer is very promising for InN growth, but also that the InN/GaN
interface needs further optimization.

InN was grown also on 300 nm thick GaN templates (at this thickness the surface
of GaN reaches coalescence [98]). A cross section SEM image measured on this wafer
is shown in Fig. 4.4. The GaN/InN interface looks continuous on this layer. The
reason could lie in the improved properties of the GaN template after coalescence.
Cathodoluminescence (CL) was measured on this layer and it is shown in Fig. 7.11.
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Figure 7.9: Photoluminescence emission at 20 K of InN layers, excitation with an Ar-
gon ion laser at 488 nm measured with a InAs detector. Both layers were
∼120 nm thick. The maximum peak intensity of the InN/GaN/sapphire
sample (b) is approximately 200 times higher than for the InN/sapphire
sample (a). The peak position of sample (a) is shifted toward lower
wavelength (higher energies).

Figure 7.10:Transmission electron microscope image of a InN/GaN/sapphire sample.
The three layers are recognizable by regions with different contrast. At
the interface between InN and GaN it is possible to recognize voids of
the size of several tens of nanometers.

The interpretation of the CL peak is similar to the interpretation scheme adopted for
PL: the band-to-band recombination which indicates the fundamental bandgap apart
for a Moss-Burstein shift. The CL peak occurs at ∼0.8 eV.

Scanning Tunnelling Spectroscopy (STS) measured the value of the bandgap at
the surface by measuring I/V characteristics. A typical measurement result for both
InN/GaN sample and for InN/sapphire sample is shown in Fig. 7.12 in terms of dI/dV
versus V, and the corresponding value for the bandgap at the surface is ∼1.4 eV. The



90 7. Nucleation and growth

Figure 7.11:Cathodoluminescence emission at 80 K centered (solid line), the dashed
line shows the Gaussian curve fit which calculated the peak center
at 0.81 eV, a FWHM of 0.06 eV. The sample was a 250 nm thick
InN/GaN/sapphire sample investigated using 10 kV, 8 nA and a scan
area of 89 µm×71 µm. A 1.3 eV long band pass filter was used to block
second-order emission from the sapphire substrate. This measurement
was done on samples grown at the TU-Berlin and it is published in [132].

large difference with the PL and CL measurements is not clear, but most probably
arises from the formation of an oxide on top of the InN surface. The oxide form of
In2O3 has a bandgap of ∼3.5 eV and the STS has probably measured an average value
between bulk InN and the contaminated top surface layers.
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Figure 7.12: Typical differential conductance (dI/dV) curve measured on
InN/sapphire (100 nm thick InN) and on InN/GaN/sapphire (250 nm
thick InN) showing a surface bandgap of 1.4 eV. These data were
collected at many locations on two different layers (an 120 nm thick
InN/sapphire layer and a 250 nm thick InN grown on a GaN/sapphire
template), indicating that the tunneling onsets are not spatially local-
ized. This measurement was done on samples grown at the TU-Berlin
and it is published in [132].
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7.7 Chapter Summary

In this chapter nucleation of InN on sapphire and homoepitaxial growth were dis-
cussed. Growth on GaN buffer layers was also reported. The results show that the
InN layer quality strongly depends on temperature and that temperatures higher than
the decomposition temperature, simultaneously with high flux of TMIn, can be used
to grow InN layers with improved quality. InN can be grown on GaN without layer
peeling off and with improved crystal properties. A procedure for growing InN on
sapphire without peeling off was developed, which should result in a suitable proce-
dure for an optimal InN nucleation layer. The nucleation of InN on sapphire and GaN
must be, on the other hand, further investigated.

One of the aims of this work was the in-situ study of the dielectric function of InN
(focus of Chapter 8) and this task is more easily accomplished when measuring on
a InN/sapphire system rather than on a InN/GaN/sapphire system where the GaN
layer is not well defined and the properties of the InN layer are only partially im-
proved. As an outlook, in light of the preliminary results presented in this section the
choice to grow InN on thick, well defined GaN/sapphire templates with good surface
morphology or even on GaN wafers is very promising for improving the quality of the
InN layers. Also, the knowledge gained on the dielectric properties of InN (discussed
in the next chapter) will result in a powerful tool for an analytical discussion of the
ellipsometry spectra of InN during growth on GaN or on an improved InN/sapphire
nucleation layer.
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8. Dielectric function

This chapter deals with the development of a model for the dielectric function of InN
which can be used for in-situ monitoring. This includes also comments on the most
common surfaces which could occur during growth and the study of the temperature
dependence. The advantage of the model proposed here over the few results already
published ([32, 33]) is that the optical properties of the layers are measured before any
exposure to air, avoiding a still not well defined contamination (oxygen or carbon)
that seems to contribute strongly to the surface accumulation layer in InN [67]. Given
this, the effort of deriving the InN dielectric function ε from in-situ measurements is
of clear relevance.

8.1 Room temperature dielectric function

The dielectric function of InN at room temperature was evaluated from the following
steps: (i) among a large set of measurements, the InN spectrum of the layer with best
crystalline, morphologic and optical properties was selected; (ii) substraction of the
effect of the layer roughness; (iii) evaluation of the effect of the InN nucleation layer
(sapphire/InN interface); (iv) development of a parametric model composed of a set
of harmonic oscillators to simulate the InN dielectric function. The whole evaluation
process is reported in Appendix A, here only the result is shown in Fig. 8.1.

The approximations that were used can be summarized in the following 4 points:
1) The reference spectrum is measured on state-of-the-art InN layers, which display

a high background carrier concentration and a relatively high content of defects.
2) The subtracted roughness is still arbitrary. Measurements on smooth layers

can improve the confidence on this analysis step.
3) The electronic transition over the non-parabolic fundamental bandgap has been

simulated with an energy of 0.7 eV and with a set of oscillators to arbitrarily fit the
plateau in 〈ε2〉. Thus, with the presented model no conclusion can be drawn about
the bandgap behavior.

4) The effects of the nucleation layer were neglected: care has to be taken for the
evaluation of spectra in the low energy range (below 3.5 eV);

The harmonic oscillators used for fitting the imaginary part of Fig. 8.1 are shown in
Fig. 8.2. Their energy center position and broadening is, strictly speaking, depending
on the dielectric properties of the grown material. Thus, the harmonic oscillators can
be now used as a fitting parameter for measurements on different layers in order to
discuss, for example, the effect of point- and extended- defects, of dopants, of different
polymorphs.

Presently, the exact assignment of the critical points of the Brillouin Zone of
wurtzite InN is not yet clear [58]. Therefore, the labelling used here for the electronic
interband transitions (E1, E2, E3 etc.) follows an empirical scheme.
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Figure 8.1: Material dielectric function for InN. The analytical procedure utilized
for the extrapolation is reported in Appendix A. The range of validity
is summarized in the text.

Figure 8.2: ε2 for InN. The harmonic oscillators used to approximate the higher
electronic interband transitions are shown.
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8.2 Effects of roughness and metallic In

The surface of InN during growth can strongly vary depending on the growth condi-
tions. Typically, growth can influence changes in morphology and in the transition
between In-rich and N-rich surfaces. The most prominent features of a surface of
the as grown InN layers are the formation of droplets of metallic Indium and the
roughness.

Metal-rich surfaces can be simulated by using a multi-layer approach where the
metal is used as top layer. Metallic Indium can appear with homogeneous distribution,
made up of a few monoatomic layers (as for epitaxy of GaN by MBE [25], where the
GaN surface is covered by a bi-atomic layer). The multilayer model uses again four
layers, with a thin metallic Indium layer instead of the rough layer on top of InN.
The dielectric function of pure metallic Indium from reference [133] (spectroscopic
ellipsometry measurement) is used. The effects of different thicknesses of the Indium
metallic layer is given in Fig. 8.3, top.

Metallic In can also form droplets on the surface, leading to the formation of
small crystallites on the top of the growing surface. In this case in the 4-layer model
the third layer, above InN, is a Maxwell-Garnett-EMA, with 3% Indium as guest in
vacuum, the host. The effects of different thickness of the layer simulating Indium
droplets is plotted in Fig. 8.3, center. Compared to the formation of a metallic thin
layer (Fig. 8.3, top), the changes due to droplets are similar for 〈ε1〉 but weaker for
〈ε2〉

For changes in morphology of the InN layer a Bruggemann-EMA of 50% air and
50% InN can be used as a top layer, where increasing roughness corresponds to an
increase in thickness. The model calculations are shown in Fig. 8.3, bottom. They
were performed for a 4-layer model: vacuum/roughness/InN/sapphire. InN layer was
400 nm thick: interferences are visible in the low energy range, below 3.5 eV and rough-
ness was simulated by a Bruggemann-EMA 50% vacuum and 50% InN. The thickness
of the rough layer was the varying parameter. According to this model rougher sur-
faces lead to lower amplitudes of 〈ε2〉 at E2 and E3 and to higher amplitudes below
E1. 〈ε1〉 decreases over the whole spectral range.

With increasing roughness, 〈ε2〉 in Fig. 8.3, bottom, shows a decrease in amplitude
in the high energy range (in the region of the high interband transitions) and an
increase in amplitude in the low energy range. Spectral changes in 〈ε2〉 in Fig. 8.3, top
(metallic overlayer) are also different from the changes in Fig. 8.3, center (droplets)
in the low energy range: in the first case the increase is much stronger in the high
energy range (like a simple addition of the In plasmon characteristic feature to the
dielectric function of InN).

The comparison between the model calculations in this section leads to two main
conclusions: first, the effective dielectric function is very sensitive (at the submono-
layer level) to changes in morphology and to presence of metallic In on the surface;
second, the simulation of the three surface effects leads to characteristic features in the
〈ε2〉 spectra (while in the 〈ε1〉 the spectral changes are comparable) and can therefore
be identified.
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Figure 8.3: Model calculations of 〈ε〉 for 400 nm InN on sapphire with different sur-
faces. The grey arrows indicate changes in 〈ε〉 due to surface deteriora-
tion. The legend at the side of each graph shows the increasing thickness
of the layer of interest, top: metallic Indium, center: Indium droplets
(MG-EMA 3%In in air), bottom: roughness (B-EMA 50%air-50%InN).



8.3. High-temperature dielectric function 97

8.3 High-temperature dielectric function

A material dielectric function is useful for in-situ growth applications only if it is
known as a function of temperature. Experimental results are necessary to evaluate
the red-shift of each critical point and their respective broadening (among semicon-
ductors only few exceptions display a blue shift, namely the Lead-VI compounds).
An evaluation procedure of ε as a function of temperature is described in detail in
reference [30].

As discussed in Chapter 2 the main effects of increasing temperature on the di-
electric function can be summarized as: (i) a red-shift of the peaks of the electronic
transitions and (ii) thermal broadening of the peaks.

The effective dielectric function of InN measured at temperatures between 25
�

C
and 500

�

C is shown in Fig. 8.4. The InN layer was about 100 nm thick and grown
directly on sapphire. The energy region of interest is above 4 eV, where the peaks
identified as higher interband transitions are shifting to lower energies with increasing
temperature. The grey arrow is indicating the shift, the structure below 4 eV is due
to interferences.

For analysis of the critical points the second derivative of the dielectric function
allows for a more precise determination of the position and of the broadening of peaks

Figure 8.4: Imaginary part of the effective dielectric function measured on a 100 nm
thick InN layer grown on sapphire. Directly after growth, the layer
temperature was decreased to room temperature. After that, and prior
to air exposure, the layer was heated to 100 � C and then in 100 � C steps
up to 500 � C, measuring an ellipsometry spectrum at every step.
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Figure 8.5: Smoothed second derivative of the imaginary part of the effective di-
electric function for measurements at 25 � C and at 500 � C. The derivation
allows for a better separation and a clear identification of the interband
transitions.

[11, 134]. The second derivative of the smoothed 〈ε2〉 curves is shown in Fig. 8.5 for
25

�

C and 500
�

C. This mathematical operation allows for a more precise identification
of the peak positions (the minima in Fig. 8.5). It can be seen that the interference
features in the low energy range are not giving rise to structures in the second deriv-
ative.

The second derivative is shown together with the fit of harmonic oscillators in
Fig. 8.6 at different temperatures for the relevant energy range. The shift in energy
and the broadening is indicated by grey arrows in the figure.

The energy position of the critical points is extrapolated for all the measured
temperatures and plotted in Fig. 8.7 together with the broadening. With these results,
the dielectric function of InN in the temperature range 300 K to 800 K could be
calculated and it is shown in Fig. 8.8.
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Figure 8.6: Second derivative of the imaginary part of the effective dielectric func-
tion for measurements at 25 � C to 500 � C (dots). The measurements are
the squares, the oscillator fits are the full lines. Arrows and bars are
guide to the eye for the shift of the peaks and the broadening of E2,
respectively.
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Figure 8.7: Shift of the energy position and broadening of E1, E2 and E3 resulting
from the fit of the oscillators to 〈ε2〉” for temperatures from 25 � C to
500 � C. The Varshni fit leads to the following values for the α paramter:
α(E1)=4.5×10−4 eV/K ; α(E2)=4×10−4 eV/K ; α(E3)=3.6×10−4 eV/K.
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Figure 8.8: InN dielectric function calculated in the temperature range 300 K to
800 K in 100 K steps.

A Varshni fit of the temperature behavior (see Chapter 2, reference [28]) leads
to the fit of parameter α of equation 2.19 which reads: ∼4 � 10−4 eV/K for the 3
electronic transitions. The constant α is related to the electron-phonon interaction.
The complete set of values for each of the three critical points is given in Fig. 8.7.

8.4 Examples

With a known InN material dielectric function and its dependence of temperature it is
possible to fit to in-situ measurements. For this purpose in Fig. 8.10 the real part 〈ε1〉
and the imaginary part 〈ε2〉 of 〈ε〉 for the measurement (squares) and for the fit of a
model calculation (full lines) are compared for different growth times, from 45 minutes
to 70 minutes. The 6-layer model shown in figure Fig. 8.9 was used, where the surface
of InN was modelled by considering roughness and metallic Indium as droplets and
as a thin overlayer. The number of parameters is high (each of the six layers carries
at least one fitting parameter, the thickness) but this only reflects the complicated
growth of InN. The results of the fit should be judged by the comparison between
measurement and calculation in Fig. 8.10. Below 3 eV the inhomogeneities of the InN
layer lead to differences and difficulties to fit the overall thickness of the InN layer.
On the other hand, above 3 eV the position and the shape of the electronic interband
transitions is reproduced very well by the model calculation. The results of the fit are
plotted in Fig. 8.11. The calculated growth rate is the same as determined by other
methods. By growing thicker layers, the roughness of the InN surface increases. The
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thickness of the Indium metallic layer on the InN surface is plotted on the right of
Fig. 8.11. It is given as the total amount of metallic Indium, since the droplets do
not play a significant role in the fitting. Fig. 8.11 (c) shows that Indium appears to
initially increase and then to decrease again after ∼55 minutes of growth. At this time,
the maximum of Indium on the surface might be related to a critical moment of the
growth of InN. This preliminary analysis sets the initial question of this work: ”how
to improve InN growth?”at a new level, paving the way for further improvements of
MOVPE grown InN layers.

I n N
s a p p h i r e

B - E M A :  5 0 % I n N  i n  v a c u u m

M G - E M A :  3 % I n d i u m  i n  v a c u u m
I n d i u m

v a c u u m

s a p p h i r e

I n N

I n d i u m

r o u g h n e s s

S k e t c h  o f  t h e  g r o w i n g  l a y e r O p t i c a l  m o d e l

Figure 8.9: Schematic representation of the surface of InN during growth (left) and
the corresponding optical model which was adopted for the model cal-
culations in Fig. 8.10 (right).

Figure 8.10:In-situ measurement spectra (symbols) of the effective dielectric function
during growth at different growth times, as indicated in between the two
graphs. The fits of the model calculations from the model in Fig. 8.9 are
shown as full line.



8.5. Chapter summary 103

Figure 8.11:Results of the fit to the measurement spectra of Fig. 8.10 for the different
growth times. Shown on the left is the thickness of the InN layer, in
the middle the surface roughness (the Bruggemann-EMA InN-air), on
the right metallic Indium (essentially the thickness of the thin metallic
overlayer).

8.5 Chapter summary

A model for the dielectric function of InN was suggested and the most important
effects on the surface of InN layer during growth were simulated qualitatively and
quantitatively. With this model for the InN dielectric function is possible to fit the
optical properties of the InN layers measured during growth. As an outlook, the
possibility to understand the growth of InN and to improve the quality of the MOVPE
grown crystal can be dramatically improved by the use of the material dielectric
function.
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9. Summary

InN was grown on sapphire and on GaN/sapphire layers by MOVPE. Growth was
analyzed by in-situ spectroscopic ellipsometry but also by several ex-situ techniques
for different aspects.

The peeling off of InN/sapphire layers was characterized. When the InN layer
coalesces, it form bulges and then, at ∼150 nm thickness it partially breaks off (or
peels off), leaving large holes the size of some µm. This phenomenon can be partially
suppressed by using nitrogen as carrier gas during sapphire nitridation or by growing
on a GaN template. A promising solution is the growth of an InN nucleation layer on
sapphire at low temperature with low ammonia flow. This procedure leads to layers
which are up to 300 nm thick and do not have peeling off. Even if crystal quality is
lower, they can be still used as templates for InN growth at higher temperature.

Epitaxial InN desorbs in nitrogen above 520
�

C, above 500
�

C in ammonia, above
340

�

C in hydrogen. Annealing in nitrogen ambient at 540
�

C leads to smoothing of
the InN surface.

Nitridation of sapphire with ammonia forms AlN due to exchange reaction of
Oxygen with Nitrogen. It has kinetics of the first order and an activation energy of
0.9 eV. The ellipsometric parameter tanΨ can monitor the surface reaction, which lasts
always for 45 s at temperatures between 950

�

C and 1075
�

C, using different ammonia
partial pressures. Nitridation longer than 45 s leads to growth of the AlN layer and
to surface roughening. At 1050

�

C nitridation temperature, the InN layers with best
electric properties are also grown after 45 s nitridation of sapphire.

We developed a novel procedure for InN epitaxy. Nucleation was done at low
temperature (520

�

C). Temperature was then increased during growth up to 580
�

C
(above its thermal desorption limit), simultaneously with the increasing of TMIn
flux. We achieved higher growth rate and layers with improved crystalline and optical
properties.

Finally we have evaluated the optical properties of InN and their dependence on
the temperature. The model developed for the dielectric function of InN can now be
used to determine analytically the state of the bulk and of the surface of InN during
epitaxy.

This work answers basic questions of epitaxy of InN. It develops a growth proce-
dure for layers with improved properties and it suggests, as outlined, several possible
improvements. The optical properties of InN can be used for an analytical evalua-
tion of in-situ experiments during InN epitaxy. The quality of the InN layers was
strongly improved, giving a positive indication towards the possibility of a better
understanding of InN and towards its use in electronic devices.
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A. Extrapolation of the InN dielectric

function

The steps to evaluate the dielectric function of InN at room temperature are as follows:
(i) among a sufficiently large set of measurements, selection of the best data to be used
for further analysis; (ii) subtraction of the effect of the layer roughness; (iii) comment
on the effect of the InN nucleation layer (sapphire/InN interface); (iv) development
of a model of the InN dielectric function and fit it to the experimental data. Each of
these steps is extremely delicate and has introduced uncertainties in the development
of the model. Several iterations were done in order to improve the evaluation process.

A.1 Evaluation of the measured spectra

The aim of this section is to select a suitable measurement of the effective dielectric
function of InN to be used as a base for the interpretation of the in-situ spectra
measured during growth. The selected spectra will be called ”reference spectra”.

A large amount of in-situ measurements is available. Only room temperature (RT)
effective dielectric functions will be considered. Measurements at room temperature
are in fact more accurate since they are less influenced by thermal effects on the
ellipsometric set-up or by position changes of the sample.

Since InN is virtually a new material it is also important to compare measurements
with literature results and to analyze criteria to identify the layers with dielectric
properties as close as possible to single crystal hexagonal InN.

References for comparisons are experimental results published by Kasic [32], Gold-
hahn [33] and Cobet [58], together with ab-initio calculations from Bechstedt [42]. At
this point, it is worth reminding the reader again that the relevance of this work is
the unique possibility of discussing InN optical properties directly after epitaxy and
prior to any contamination of the surface which, in turn, might have affected the
measurements of other authors.

The morphology of the InN samples grown in this work have been assessed through
AFM, SEM and optical microscopy, the structural characterization with X-Ray dif-
fraction and the electronic properties with Hall. The optical properties have been
studied also by PL and Raman spectroscopy. In summary, these results show that
the vast majority of samples display properties comparable to the ones measured
by other groups and summarized in Chapter 3. The ex-situ characterization has re-
stricted our focus on a set of samples grown with an improved growth procedure at
580

�

C with different nitridation of the sapphire substrate. These samples are the
thickest grown up to now in our laboratory (between 300 nm and 400 nm) and dis-
play the best quality. The dielectric function of other layers with different thickness,
different surface morphology and also with different dielectric properties (i.e. defects
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influenced the dielectric function) will also be shown for comparison.

The main discussion will start with the imaginary part of the measured effective
dielectric function which is proportional to absorption. The real part will be discussed
in a second stage. In Fig. A.1 (a) are shown the imaginary part of the dielectric
function of several InN layers grown at 580

�

C with different nitridation of the sapphire
substrates. To simplify the discussion, the main features in the spectra can be divided
in two regions, the first above 3.5 eV and the second below.

The fundamental bandgap is still discussed, but the results of this work fit best
when a narrow bandgap is assumed. Therefore a bandgap for InN at around ∼0.7 eV
is assumed, as suggested by other authors [2, 42, 135]. Between 1.6 eV and around
3.5 eV the penetration depth of the light is still comparable with the InN layer thick-
ness. Therefore we find features related to interferences between the InN/air and
the sapphire/InN interfaces. This is reasonable, because the penetration depth of
the light for other semiconductors is generally in the range of some 100 nm between
the fundamental bandgap and the higher interband electronic transitions [7]. All the
layers display a maximum at around 2 eV in Fig. A.1 (a), meaning that these lay-
ers have very similar thickness. Their thickness was measured by cross section SEM
and via measuring the sample mass (weight) before and after growth and evaluating
the amount of InN present on the sapphire substrate. The layers resulted in having
different thicknesses, between 300 nm and 350 nm, in spite of the fact that the inter-
ferences measured by ellipsometry (Fig. A.1 (a) ) shows that the layers should have
more or less similar thicknesses. This misfit with the ellipsometric result might be
due to the non-homogeneity of the layers. Ellipsometry measures on a sample surface
of circa 2 mm2. The thickness of the InN sample may vary strongly in this area, as
discussed in Chapter 4. The ellipsometric measurement would then result from an
average over the different thickness sampled. It is therefore safe to assume that the
average thickness sampled by ellipsometry is reasonably similar for all the samples in
Fig. A.1 (a).

The differences among the spectra in this energy range lies in the different ampli-
tudes of epsilon imaginary. There are at least two possible reasons for this difference:
increasing roughness of the layer surface leads to higher amplitude and increasing
amount of metallic In on the samples surface leading also to higher amplitude (these
tendencies are shown in Chapter 8). In both cases, a lower amplitude is preferable
in this energy range. With this requirement, the energy spectra with a solid line in
Fig. A.1 (a) is the best candidate for the database. It is also noticeable that these
spectra show a somewhat lower thickness, being the maximum of the interference
structure shifted at slightly higher energies.

Above 3.5 eV the dominant structures are three distinguishable peaks. By com-
parison with literature they are assigned to electronic interband transitions. They are,
up to now, not yet assigned to specific critical points of the Brillouin zone. The most
suitable spectra is in principle the one with the highest amplitude at the higher elec-
tronic interband transitions. Lower amplitudes will result from increasing amounts of
defects that will in turn lead to damping and to broadening of the spectral features.
The higher amplitude might also derive from the presence of metallic In on the InN
surface. This is very likely the case if the amplitude is high also in the low energy
range (below 3.5 eV). The spectra displaying the higher amplitude above 3.5 eV is the
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Figure A.1: Measured 〈ε2〉 spectra on different InN epitaxial layers. In (a) and
(b) is shown the serial of samples with best structural properties (after
X-Ray characterization) and electronic properties (after Hall measure-
ments). In (a) all samples have similar thickness (∼350 nm), the sample
which correspond to the best description of the material dielectric func-
tion of InN, according to the criteria described by the grey arrows, is
represented with a solid line (sample ”A”). In (b), sample ”A”is com-
pared with InN layers with slightly different thickness. The dotted line
represents sample ”B”, thinner than sample ”A”but even more fitting
to the requisites (a). In the remaining, sample ”A”is compared with a
different sets of InN/sapphire layers. In (c) is shown a set with similarly
good properties. In (d) is a thin (100 nm) InN/sapphire layer and two
InN/GaN/sapphire layers (InN 100 nm thick, GaN 50 nm thick) showing
marked interferences. In (e) similarly thick InN/sapphire layers show
less marked interferences and are not describing InN dielectric function
as well as sample ”A”. In (f) is a set of InN/sapphire layers of similar
thickness to sample ”A”but with improved morphology. Their crystal
and electric properties are lower than for sample ”A”, their dielectric
properties appear also to be different.
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dashed line spectra. Since the amplitude of this spectra in the low energy range is
among the lowest displayed, one can exclude a predominant presence of In on to the
surface of this InN layer.

In summary, solid arguments indicate the solid-line spectra among the others
shown in Fig. A.1 (a) as reference spectra that for simplicity from now on will be called
sample ”A”. In Fig. A.1 (b) sample ”A” is compared with other spectra from other InN
layers. In this case the layers have different thickness, resulting in different interference
structures in the low energy range. The difference in thickness is noticeable from
the ellipsometric measurement and confirmed by thickness data achieved with other
techniques. The shift of the maximum of the interference structure towards low
energy indicates the increasing thickness of the layers. From previous criteria (highest
amplitude at the higher interband transition and lowest amplitude in the low energy
range), the spectra of the thinner layer (dotted line) is also, according to the chosen
criteria, the spectra of the best quality layer. From now on, the dotted line is named
sample ”B”. Both sample ”A” and sample ”B” will be still considered in the following.

The solid line spectra of sample ”A” is reported again in Fig. A.1 (c,d,e,f) every
time compared with a different set of layers. In Fig. A.2 the spectra already shown in
Fig. A.1 (b), with both sample ”A” and sample ”B”, is shown again, this time shown
together with 〈ε1〉 and with a guide to the eye for the electronic interband transitions.

A.2 Estimation of roughness

The selection of the reference spectra ”B”allows one to start this section about the
influence of roughness with the most suitable among the available measured sam-
ples. Sample ”B”is characterized by a certain roughness, as well as interface effects.
These effects can be, partially, evaluated and subtracted from the measurement with
a suitable model.

To evaluate the roughness of the sample we have used AFM. The measured rms
roughness must be carefully used in an appropriate ellipsometric model. The usual
model for the roughness in ellipsometry is a Bruggemann effective medium approx-
imation (BEMA). The rough layer is treated as a layer at the surface composed for
50% of a host (the material) and for 50% of a guest (air). The thickness of this
Bruggemann roughness can be compared to the rms roughness measured by AFM
taking in account a factor of two [81]. By AFM measurements, rms roughness was
between 2 nm and 3nm. The solid line in Fig. A.3 is the result of the subtraction
of 3 nm of roughness, simulated by a Bruggemann-EMA 50% air, 50% InN, from the
spectra of sample ”A”

A.3 Effects of the InN/sapphire interface

The nucleation layer and, in general, the InN/sapphire interface represents an uncer-
tainty in the model under development, because the interface will possess different
dielectric properties with respect to the outer layers because of strain, possible cubic
inclusions and voids. Because of these intrinsic difficulties, the discussion of the nucle-
ation layer should be postponed. In terms of penetration depth of the light, it is safe
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Figure A.2: 〈ε1〉 and 〈ε2〉 measured on 3 different InN layers. The dotted line refers
to sample ”B”, while the solid line refers to sample ”A” (previously
defined in Fig. A.1). The dashed line belongs to a layer with lower
quality, from the interferences below 3 eV results also to be the thicker
of the three. 〈ε1〉 of sample ”B” displays an unusual lineshape below
3 eV.
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to consider that the nucleation layer has no influence on the optical measurements
above 3.5 eV for the considered InN layers (all thicker than 300 nm). The consequence
is that the model developed here is reliable only above ∼3 eV.

A.4 Extrapolation

A.4.1 Approach I: line shaping of ε2

In a first approach, a test dielectric function is obtained by flattening the low energy
part (from 1.6 eV to 3.5 eV). The test dielectric function is then used in a 3-phase
model, air/InN/sapphire using for the InN layer its real thickness (evaluated with
SEM cross section images) in order to be compared with the actual spectra of sample
”B”. The dashed-line in Fig. A.3 defines the line shape obtained by ”flattening” the
line shape of sample ”B”, dotted-line (after removal of 3nm roughness).

Though this is an arbitrary approach, it allowed to obtain a first reference for the
imaginary part of the dielectric function. The first simulations performed with this
test dielectric function allowed to identify the effects of roughness and metallic Indium
with more precision. Roughness causes a damping, as expected, where metallic Indium
causes an increase in amplitude over all the investigated energy range. Therefore, the
criteria for the choice of the reference spectra were adopted according to these findings.

Figure A.3: 〈ε2〉 of InN/sapphire sample ”B” as measured (dotted), after the sub-
traction of 3 nm roughness (solid) and after modification of the lineshape
at low energy (dashed) to eliminate the effects (interferences) originating
from the low thickness of the layer grown on sapphire.
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A.4.2 Approach II: harmonic oscillators for ε2

In a more analytical approach, the imaginary part of the dielectric function is fit-
ted by three harmonic oscillators for each high electronic interband transition. The
fundamental bandgap is simply simulated, in this energy range, by a flat plateau of
amplitude 2. This is assumed because of the non-parabolicity of the conduction bands
(see chapter 2). The 3-dimensional oscillator (originating from the 3-dimensional elec-
tronic transition) is then producing the flat plateau shown also from other authors
[32, 33, 42]. The model of harmonic oscillators generates a real part which is diverging
in the low energy range due to the lack of a model for the 3-dimensional electronic
transition (the fundamental bandgap) out of (below) the measurement range. This is
shown in Fig. A.4: ε1 is presented, the dotted line is the Kramers-Kronig calculation
of ε2 where only the interband transitions over 4 eV were considered. The expected
line shape is represented by the dashed line (see also [32, 33, 42]). The latter is ob-
tained by a fourth oscillator centered at 0.8 eV, only for the real part of the dielectric
function after some rearrangement. The validity of the ε1 result is confirmed by the
Kramers-Kronig consistency with ε2.

The weak point of this approach is the low energy range of ε1, that was arbitrarily
drawn to fit to the experimental results and only approximately cross-checked with
Kramer-Kronig consistency. In view of these considerations, we are going to propose
a third approach for extrapolating the ε of InN.

Figure A.4: 〈ε1〉 of InN/sapphire sample ”B” as measured (solid), as result of a
Kramers-Kronig transformation of 〈ε2〉 (Fig. A.3, dotted) and after mod-
ification of the lineshape at low energy (dashed) to correct for the pres-
ence of the bandgap (out of the energy measurement range).
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A.4.3 Approach III: Effects of the fundamental bandgap

In a third approach, the ε of InN is simulated only with harmonic oscillators and with a
suitable oscillator for the bandgap. The influence of the bandgap on this measurement
range, as seen, is the presence of its peak-tail in ε1 of InN. This means that, in terms
of lineshape, in the energy range 1.6 eV-6.5 eV the effects of the fundamental bandgap
below 1 eV cannot be neglected.

In technical terms, an oscillator below 1 eV is needed to take in account the effects
of the bandgap in the measured region. Based on what it seems the most appropriate
value for the InN fundamental bandgap, [33, 34, 42, 135] we assume a bandgap of
0.8 eV.

The following step is to find the appropriate model for the electronic transition
at the fundamental bandgap. The characteristic plateau in ε2 originating from the
electronic transition to a strong non parabolic band at the Γ point of the Brillouin zone
has been already shown. The main problem is to develop a model for an electronic
transition to a non-parabolic conduction band.

As shown in Fig. A.5, a 3-dimensional critical point with parabolic bandgap tran-

Figure A.5: Simulation of the dielectric function at the fundamental bandgap. Dot-
ted and solid (thin) lines correspond to different broadenings of a 3-
dimensional oscillator which assume a parabolic bandgap. They cannot
properly fit the lineshape of a non-parabolic bandgap [34, 42], which is
simulated with a set of harmonic oscillators (thick solid line).
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sitions [10] is steadily increasing (dashed and thin solid line), while the non-parabolic
bandgap forms a plateau in ε2 (thick solid line) [42]. Also, the marked peak in ε1

is hardly reproduced by the electronic transition to the parabolic conduction band.
Therefore, such a model gives a poor approximation of the InN dielectric function,
even at energies above 1.6 eV (in the case of a fundamental bandgap of 0.8 eV), which
is of interest in this work.

Since the aim of this work is beyond the bandgap issue, the plateau in ε2 will be
simulated by a set of harmonic oscillators. The resulting bandgap transition is shown
in Fig. A.5. The ε1 spectra calculated with the KK-relations shows the peak at the
bandgap position. Such an approach has the following advantages over the previous
ones: (i) it will be KK consistent, (ii) it will allow a simultaneous fit to ε2 and also
to ε1 and (iii) it will allow for the red-shift of its energy position when the dielectric
function will have to be calculated at high temperature. At this point the lineshape
of 〈ε1〉 for samples ”A” and ”B” should be revisited. In Fig. A.2, sample ”B” (dashed
line) does not show in 〈ε1〉 the expected increase below 2.3 eV (which should lead to a
peak at ∼0.7eV). The reason for this might lie in the interferences. This means that
sample ”B” is not typical and also difficult to reproduce: thus, the reference sample
used for approach III is sample ”A”.

After the bandgap has been simulated in this fashion, the dielectric function of
sample A can be fitted with the addition of the three oscillators of the high interband
electronic transitions already used in approach II with the only difference being a
simultaneous fit to ε1 and to ε2. In this case, an additional oscillator at high energy
and the value of ε∞ were also fitting parameters, to account for the limited energy
range of the measurement.

The resulting model is shown in Fig. A.6, in comparison with InN dielectric func-
tions already published.

A.5 Summary

The InN dielectric function was evaluated from in-situ ellipsometric measurements on
InN MOVPE layers prior to any contamination to air. The validity of the model is
limited by the approximations of the extrapolation process. A list of these approxi-
mation is reproduced in the first section of Chapter 8. What could not be evaluated
is the effect of vacancies, oxygen, carbon and other impurities, dislocations, inversion
domains, etc. Such defects are present in the layers due to a growth process still in
development and are affecting the dielectric properties of InN in a way that it is not
possible to foresee yet. In general, it can be concluded that improvement of the layer
quality, morphology and thickness is necessary for further refining of the model for
the dielectric function of pure InN.
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Figure A.6: The dielectric function of InN proposed in this work (solid line) is shown
and compared with results from [32] (dotted line) and from [33]. The
spectra are all very similar in lineshape, but differ in amplitude because
different roughness were assumed for the surface of the InN layers. Lit-
erature results have to care also for the presence of oxygen, since all the
spectra ar measured ex-situ.
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