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1 Introduction

Aluminium is a material with a wide potential for industrial applications. It offers
a unique combination of light weight and high strength. It has a low mass density of
2.7 g/cm?® and it has about one-third the weight of iron, steel or copper. Lightweight
aluminium is easy to handle. The combination of its strength with flexibility offers the
possibility to be formed in different shapes and it is an attractive material for application
in fields such as aerospace, automotive technology as well as high speed rail and sea travel.
When used in the transportation field it can yield significant benefits in a reduction of
fuel. Aluminium is suitable for cryogenic purposes. Its strength actually increases at very
low temperatures and therefore it is a material of preference in the space technology. The
corrosion resistance of aluminium is high due to the presence of a thin, protective film of
aluminium oxide on the surface. Advantage of aluminium is that it does not rust like iron
or steel. Its low cost as well as its capability to be recycled over and over without losing
any of its characteristics, should be also pointed out.

However, in spite of its attractive bulk properties, even in alloyed form, aluminium
exhibits poor mechanical surface properties, i.e. low hardness and high wear. Surface
modification is a standard technology in modern industry used to combine different bulk
and surface properties within one component. Improvement of tribological properties of
metals and their alloys can be achieved by processes as nitriding, oxiding, carburizing,
boriding, etc. It has been shown that the surface properties of aluminium can be improved
by formation of a nitride surface layer, because aluminium nitride exhibits high hardness
and wear resistance as well as significantly enhanced corrosion resistance and high thermal
and chemical stability [1, 2]. Nitriding has an advantage for application of aluminium
in marine environments or other salinated humid atmospheres, where aluminium oxide
dissolves by reaction with chloride and does not passivate. However, at present nitriding
of aluminium does not find any large scale industrial application, due to problems in
the formation of nitride layers with good quality. Requirements are a stoichiometric
composition, a sufficient thickness and a smooth surface. For tribological application
a good adhesion between the nitride layer and the aluminium substrate is required to
prevent delamination. Moreover, for the nitriding process moderate temperatures are
needed, since aluminium has a relatively low melting point of about 660 °C.

At present, aluminium nitride layers are produced mainly by deposition. The early
attempts to nitride aluminium with gas and liquid failed due to the existence of a native
oxide, which acts as a barrier against nitriding. A common feature of the deposition
methods is that they require a high substrate temperature. Aluminium nitride layers
grown by deposition often have a poor adhesion to the substrate. Moreover, although
the coating layer is many times harder than the covered metal, it can easily break when
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a force is applied due to the weak material inside. The later phenomenon is known as
»egg-shell” effect. In this context, layers produced by an ion implantation technique are
supposed to have an advantage, since usually a concentration gradient between the layer
and the substrate is formed, which results in better adhesion. Combining ion implantation
of aluminium with a subsequent deposition of aluminium nitride can avoid the "egg-
shell” effect, since the intermediate layer created by implantation improves the interaction
between the hard coating layer and the soft aluminium bulk. Furthermore, it results in
formation of thicker nitride layers with better surface properties than these achieved by a
single process of deposition or implantation. Such combined processes are called duplex
(tow-step) processes, and they exhibit a high potential for surface hardening [3, 4].

The present study is devoted to formation of aluminium nitride layers by ion implan-
tation as it is a method of significant importance for surface modification of aluminium
either as a single or a duplex process. Now a days, the most established implantation
method is the beam line ion implantation. It provides ions with a high energy in a broad
energy range and thus offers a possibility for very good control over the modification
depth. However, beam line ion implantation is not applied for surface modification of
metals on an industrial scale, since it is a complicated and relatively expensive method.
More attractive for the industry is the plasma immersion ion implantation technique
(PIII), which has a possibility for surface modification of large three-dimensional compo-
nents at lower costs. During plasma immersion ion implantation, as the name suggests,
ions are extracted from a plasma surrounding the sample and implanted with a maximum
energy of about 40 keV. Another similar method, which has a potential for industrial
application, is the plasma nitriding (PN). It consists of glow discharge created around
the sample, which provides neutrals and ions with an energy of several hundred volts
only. Due to the energy limitation in this methods, the depth of modification is limited.
Therefore in both, PIIT and PN, diffusion is used to grow nitride layers with a sufficient
thickness. Such a combination of nitrogen implantation and diffusional transport is suc-
cessfully applied to improve the surface properties of steel, since the nitrogen atoms diffuse
quickly into the steel substrate and form a protective layer [5, 6, 7, 8, 9]. However, the
mechanism of diffusional transport during nitriding of aluminium is not understood yet.
Another problem which occurs at low-energy ion implantation is related to the influence
of the surface oxide layer. If the energy of the ions is not sufficient to penetrate through
the oxide, it can act as a barrier against nitriding or induce a contamination with oxygen
[10, 11]. In particular, the lack of understanding leads to difficulties in achieving control
over the process and limited reproducibility. Therefore, it is of practical interest to obtain
knowledge about the mechanism of aluminium nitride layer formation.

The aim of the present study is to investigate the mechanism of aluminium nitriding by
techniques that employ implantation of low-energy nitrogen ions and diffusional transport
of atoms. By definition ion nitriding consists of a heat treatment involving diffusion,
whereby nitrogen is introduced into the surface area of a solid substrate [12, 13]. The term
*jon” is used to indicate that the nitrogen is mainly supplied to the substrate by nitrogen
ions. In the present study the nitrogen ions are delivered by an ion beam produced from a
hot filament ion source. This has some of the advantages of the beam line ion implantation
such as a very good control over the ion energy, fluxes, substrate temperature and a low
contamination. Furthermore, the process parameters can be independently controlled and



therefore closely related to physical characteristics, which allows the physical description
of the mechanism of aluminium nitriding. It should be pointed out, that ion nitriding
differs from the above mentioned PIII and PN due to the way of ion delivery but a close
similarity between the methods exists. Therefore, ion nitriding can be used as a model
system for plasma nitriding and plasma immersion ion implantation. By applying ion
beam diagnostic and different methods of surface analysis such as ion beam ;nalysis,
X-ray diffraction, electron microscopy etc., the phenomena of aluminium ion nitriding
will be studied. Recently, the nitriding mechanism of austenitic stainless steel during ion
nitriding has been successfully investigated [14]. In this study, a similar approach is used
to investigate the mechanism of aluminium ion nitriding.

To fulfill the aim of this study, first the interaction between the nitrogen ions and
the solid aluminium surface in terms of nitrogen incorporation and sputtering will be
studied. Of particular importance is an investigation of the role of the surface oxide on
the mechanism of nitrogen incorporation. Special emphasis will be given to a study of
the diffusion phenomenon during nitriding of aluminium. An investigation of the growth
kinetic of the aluminium nitride layers as a function of the process parameters will be
presented. Characterisation of composition, phase formation, structure, surface morphol-
ogy and other properties of the obtained nitride layers as density, hardness and corrosion
resistance will be described, since they are of significant importance for the final applica-
tion of this technique. In addition, a study on the ion nitriding of AlMg, sMn alloy will be
performed and the obtained results will be compared to those obtained by ion nitriding
of pure aluminium.

The present study is structured as follows: In chapter 2, after reviewing the properties
of aluminium nitride and the different techniques for its production, a short overview of
the fundamental phenomena taking place during ion nitriding of aluminium is presented.
In chapter 3, the description of the used experimental system as well as the applied
diagnostics of the ion beam and surface analyses is given. The main part of the thesis
is chapter 4, where the results are shown and discussed. The last chapter contains a

summary and conclusions.



2 Fundamentals

2.1 AIN properties and methods of formation

2.1.1 Properties

In equilibrium aluminium nitride (AIN) has a hexagonal closed packed wurtzite structure,
as shown in Fig. 2.1. In this lattice, the aluminium and nitrogen atoms are 4 - fold
coordinated in a tetrahedral geometry. AIN has a mass density of 3.26 g/cm? and a high
atomic density of 9.58x10% at/cm? [15]. Its hardness of 1200 HV is high, resulting to a low
wear [16]. The melting temperature of AIN is about 2800 °C. This high thermal stability is
accompanied by good chemical stability and corrosion resistance. Beside the tribological
properties, AIN has interesting thermal, electrical, optical and acoustic properties. For
instance, it has a small thermal expansion coefficient of 4.84x1078 K=! in a temperature
range of 25 °C to 600 °C and a high thermal conductivity of 30.1 W/mK and 20.06
W/mK at 25 °C and 600 °C respectively [17]. Aluminium nitride is a wide band gap
semiconductor with a direct band gap of 6.2 eV. The binding is partially ionic with a
significant degree of covalency. Also, AIN has a high specific electrical resistivity of about
10" Qm, a static dielectric constant of 8.5 and low dielectric loss. Pure AIN is highly
transparent over a broad wavelength range from 200 nm to approximately 12.5 um. The
acoustic wave velocity of AIN along the c-axis with a value of 10.4 km/s is one of the
highest among those of piezoelectric materials [18].

Due to these properties, AIN is a material of preference in many different areas. For-
mation of an AIN layer on the surface of aluminium can be used to improve its hardness,
wear and corrosion resistance. Moreover, AIN thin films can find applications in mi-
croelectronic and optoelectronic devices as passivation and dielectric layers in integrated
circuit short wavelength emitters. AIN is a very good buffer layer for deposition of GaN
on sapphire or silicon substrates [19]. It can also be used as a phase contrast layer in
optical discs [20]. Due to its high surface acoustic wave velocity, AIN thin films can be
used as low frequency filters, which are utilized for example in mobile communication
equipments [21, 22]. Aluminium nitride films find an application as pyroelectric sensors
because AIN exhibits a temperature dependent spontaneous polarization along the c-axis
and therefore are used to measure heat irradiation [23].

Because of the wide range of applications, AIN has been studied for many years.
However, its properties depend very sensitively on the production method and also on

contamination, especially of oxygen.
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Figure 2.1: AIN wurtzite structure whit lattice constants a = 3.11 A and ¢ = 4.98 A.

2.1.2 Methods of formation

The techniques which are used for production of AIN layers can be subdivided in two
main groups: deposition and implantation methods. Deposition methods are mainly used
for formation of AIN layers on silicon and sapphire substrates, because when deposited
on aluminium they often have a poor adhesion to the substrate. The second group of
methods are applied for surface modification of aluminium and aluminium based alloys.

Deposition methods can be classified as chemical vapour deposition (CVD) or physical
vapour deposition (PVD). In a CVD process a vapour phase dispersion of the material
to be deposited is created. A thermally driven chemical reaction takes place either in
the vapour phase very near to the surface or on the substrate itself. A low pressure
is not always required. CVD depends on the availability of volatile chemicals which
can be converted by some reactions into the desired solid. AIN has been produced by
reaction of organometallic compounds [24, 25, 26, 27]. CVD of AIN requires a very high
reaction temperature above 1000 °C. This drawback can be overcome by using plasma
enhanced CVD (PECVD), where a plasma activates the species and thus decreases the
deposition temperature [28, 29, 30, 31]. However, the nitride layers produced by this
technique contain a lot of contaminations. Now a days the CVD technique is almost
exclusively used in laboratory environments and is practically not applicable for industrial
purposes. PVD consists in production of the atomic, molecular or ionic species needed for
deposition by evaporation or sputtering from a solid target. These species are transported
to the substrate, where an atomic assembly takes place. Thermal evaporation requires
a sufficiently low pressure to allow the vapour to propagate freely to and condense on
the substrate. PVD ineludes techniques such as molecular beam epitaxy (MBE), electron
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beam melting and evaporation and laser ablation. MBE deposition has been used to grow
AIN single crystals and highly textured AIN films with excellent quality [32, 33, 34]. For
production of AIN epitaxial layers a high temperature, above 800 °C, is also necessary.
This prevents the application of MBE for coating of aluminium, since this temperature
is above its melting point. Using plasma source MBE the substrate temperature can be
decreased down to 600 °C [35]. Another PVD method which has been proven to produce
AIN films with good quality and low oxygen contamination is pulsed laser deposition
(PLD) [36, 37, 38, 39]. Due to the congruent evaporation of compounds and their transfer
to the substrate it results to a high deposition rate without significant contamination.
However, the application of PLD for industrial purposes is limited due to the sophisticated
equipment and requirement for scanning of the laser beam or target manipulation in
order to obtain layers with desirable thickness uniformity. The atomic vapour is not
only produced by thermal evaporation, it can be created also by sputtering of the target
material. This method gives a possibility to use many different solid materials as a
target, since a physical momentum-exchange process is applied. There are numerous
variants of sputter deposition in use today, which can be classified as DC diode, RF
diode, magnetron or ion beam deposition. Sputter deposition may be carried out in a
variety of systems, which may differ in the sputtering configuration, geometry, target
type, substrate position, gas type and pressure. In DC diode, RF diode and magnetron
sputtering systems, both the sputter target and the substrate are immersed in the plasma
from which the ions for sputtering are extracted. In an ion beam deposition system,
the ions needed for sputtering are generated in an external ion source. The difference
between the systems does not change the basic sputtering process itself but it results in
different fluxes and energies of sputtered atomic or ion species impacting the substrate.
Using sputtering techniques AIN films with confrollable stoichiometry, composition and
with a high thickness uniformity have been produced at high deposition rate also on an
industrial scale [40, 41, 42, 43, 44, 45, 46]. However, problems due to process instability
as a result of inhomogeneous sputtering and poisoning of the target by the reactive gas

exist.

To the second group belong all methods in which energetic nitrogen ions are implanted
into the a substrate of aluminium or aluminium alloy. Depending on the way of providing
the ions, these methods can be classified as implantation with or without mass separa-
tion. Conventional beam line ion implantation is carried out in a vacuum environment
in which an ion source is used to create ions of the species to be implanted. Then after
mass separation the ions are accelerated by a potential of tens to hundreds of kilovolts
and directed onto the sample. This technique is preferable for modification of materials
for which a high temperature treatment is not required. A very good control over the im-
planted species, fluxes, ion energy and thereby the depth of modification can be achieved.
Several studies have been published on the formation of AIN by conventional implanta-
tion of nitrogen ions into aluminium substrates [47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 7).
Howeéver, as a line of sight method the implantation has its shortcomings, mostly related
to the small size of the beam spot. For treatment of larger substrates, the beam has to
be scanned across the surface, which requires long processing times in particular, if high
doses are necessary. This, in addition to the complexity of a conventional implanter makes
the method economically unattractive. However, for many purposes a mass separation
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is not important. In this case, more simple equipment can be used, which decreases the
cost and makes the method more attractive for application. Such techniques are plasma
nitriding (PN), plasma immersion ion implantation (PIII) and broad beam ion implanta-
tion. A drawback is that these methods provide low energy ions, which limits the depth of
material modification to the near surface area. To overcome this obstacle, the substrate is
heated to a temperature, which allows diffusion of atoms. As a result the depth of modi-
fication can be sufficiently increased. When heat treatment and diffusion are involved for

the formation of the AIN layer the method is often called ion nitriding, as used in the
present study.

The conventional plasma nitriding uses a glow discharge of diode type in a high pres-
sure of nitrogen (100 - 1000 Pa). A DC voltage (typically 0.3 - 1 keV) is applied between
a cathode on which the sample is placed and the chamber wall [58]. Under this condi-
tions, an anomalous glow discharge builds up around the sample. A flux of neutrals and
ions bombards the surface and provides the activation energy for chemical reaction. At
present, plasma nitriding is more often performed by pulsed DC voltage. It has some
advantages such as the possibility to adjust the substrate temperature without altering
the plasma parameters and control over the nitriding process by selection of the ratio of
pulse duration to pulse repetition. The early attempts to nitride aluminium by plasma
nitriding failed because of the native oxide, which exist on every aluminium surface. Arai
et al. [10] were the first to show that plasma nitriding of aluminium is possible, if the
oxide layer is removed by a sputtering process prior to the nitriding. After applying a
sputter cleaning with argon or argon-hydrogen mixture, thick nitride layers (up to 10
pm) were obtained by plasma nitriding of aluminium alloys [59, 60, 61, 62]. In contrast,
Reinhold et al. reported formation of AIN layers with sufficient thickness (about 8 pm)
without additional pre-treatment sputtering [63]. The authors assume that removal of
the oxide layer occurs simultaneously to the nitriding process. However, the nitride layers
produced by plasma. nitriding often contain a high amount of oxygen contamination [64].
Plasma nitriding at low pressure (0.5 - 10 Pa) can be performed by using an additional
thermionic electron source to the conventional diode system [65, 66, 67]. The electrons
are used to increase the plasma ionisation. Another modification of plasma nitriding at
low pressure is the arc-assisted plasma process [68, 69]. In this method, a thermionic
arc discharge is generated in argon in a ionisation chamber mounted on the top of the
reactor. Segmented anodes lining the reactor wall spread the plasma emanating from the
ionisation chamber uniformly over the nitriding chamber. These segmented anodes and a
hot filaments in the ionisation chamber create a uniform, low pressure plasma (0.4 - 0.8
Pa). In arc-assisted plasma process, samples can be nitrided at floating potential or based
to a DC voltage. However, Renevier et al. [70] reported that aluminium can be nitrided
only if bias is applied. The mechanism of plasma nitriding has been investigated in sev-
eral studies. Optical emission spectroscopy and mass spectrometry have been applied to
analyse the glow discharge [58, 68, 69, 70, 71, 72, 73]. A model at which the nitrogen ions
(atoms and molecules) are responsible for the formation of the nitride layer is presented
in Ref. [74, 75]. A mechanism governed by physisorption of molecules on metal surfaces
followed by low-energy ion bombardment induced surface nitride formation is published
in Ref. [76, 77, 78]. In other studies {79, 80] it is concluded that during plasma nitriding
process the active species are the nitrogen atoms.
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The plasma immersion ion implantation technique combines elements from ion implan-
tation with elements from conventional ion nitriding. In PIII, the substrate to be nitrided
is immersed in a plasma, generated by an external source such as filament discharge,
radio-frequency and electron cyclotron resonance source [81]. Positive ions are extracted
from the plasma and accelerated by applying a series of negative high-voltage pulses (10
- 40 kV). A plasma sheath forms around the sample and ions bombard the sample. This
method is also often called plasma source ion implantation (PSII) and it is widely used
for nitriding of aluminium and aluminium alloys [2, 8, 82, 83, 84, 85, 86, 87, 88]. Richter
et al. [89] have reported formation of 15 pm thick nitride layer with a stoichiometric
concentration and good adhesion by PIII of AlMg,sMn at 40 kV bias voltage and 500
°C substrate temperature. A big advantage of the method is its ability to implant the
whole surface of large three dimensional components with satisfying uniformity in a short
implantation time since it provides an high ion current density. However, the absence of
the mass separation system can be a reason for sample contamination, because all ionized
species are implanted.

During broad beam ion implantation the sample is exposed to a high flux of energetic
ions produced by an ion source. The ions are created in a plasma discharge in the volume
of the source. They are accelerated and formed as a diverging beam, usually by means of
simple grid systems. The broad beam gas ion sources have a limitation in ion energy of
about 5 keV. This method allows good control over ion energy and flux. Moreover, since
the plasma is located only in the volume of the ion source a process can be achieved, which
is basically free of contamination. The method allows precise and independent control
over the substrate temperature during the nitriding process. Nitriding of aluminium and
aluminium alloys by an ion source at low energies is reported in Ref. [53, 90, 91, 92, 93].

A combination of deposition and plasma immersion techniques is the so called plasma
immersion ion assisted deposition (PIIAD) method. During PITAD a metal plasma, nor-
mally produced by a cathodic arc, is combined with applying high voltage pulses to the
substrate. Formation of compound films is possible by using reactive gases. In order
to avoid deposition of droplets, which are emitted from the arc, the plasma can be fil-
tered by magnetic field [94] or by shield plate [95]. Recently, a study on the formation of
high textured AIN layers on silicon and sapphire substrates by PIIAD has been published

[96, 97].
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2.2 Surface interactions during ion nitriding

2.2.1 lon-solid state interaction

When an energetic ion interacts with a solid state, it loses its kinetic energy due to elec-
tronic interactions and nuclear collisions. As a consequence of the interaction, the incident
ion is slowed down to energies in the order of the solid state binding energies (collisional
phase) and finally to thermal energies by excitation of phonons. In electronic interaction
the ion slows down but does not change its direction. Nuclear collisions cause a change
of the ion direction and in the extreme case the ion is backscattered. Moreover, during
nuclear interaction the energy of the ion transferred to the collision partners may cause
radiation damage. In dependence on the transferred energy the atoms of the substrate
can be displaced than a short time or be deposited at a site different from their original
one. For sufficiently large energy transfer, an ion may create fast recoil atoms which in
turn may initiate collision cascades of uncoordinated moving atoms. If atoms suffer col-
lisions close to the surface, they can be scattered out of the solid state, which is known
as sputtering. For an extended irradiation, sputtering causes a removal of the surface
layer. After slowing down, the ions are incorporated into the substrate materials. They
create a change of the composition and structure of the solid state. Lattice defects such
as vacancies, interstitials, self-interstitials and substitutional impurities are created. If
chemically active ions are used, different chemical reactions may occur resulting in the
formation of new phases [98].

For details of the ion-solid state interaction the interested reader is referred to e. g.,
Refs. [99] and [100]. Here only a brief description will be given.

To calculate the nuclear energy loss in the solid state per unit distance the interaction
potential has to be known. Normally, this is a screened Coulomb potential:

1 zmme? (r
V(r)m47rso T X(E) (2.1)

where 2, and 2; are the atomic numbers of the incident ion and target atoms, respectively,
& is the dielectric constant in vacuum and r/a = z is the distance in units of the screening
length a and X (r/a) = x(z) is the screening function as, e. g., the Thomas Fermi screening

function.
The average energy loss per covered distance x can be defined by the stopping power

—dFE /dx or the stopping cross section:
1dE
(2.2)
where n denotes the atomic density of the solid substrate. Assuming that the nuclear and

the electronic interactions act independently, the total stopping cross section is composed
of a nuclear and an electronic fraction:

S =S, +8.. (2.3)

The stopping cross section can generally be written as:
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S = / Tdo(T), (2.4)

where T' denotes the energy transfer and do the interaction cross section. In case of the
nuclear interaction, the elastic energy transfer is given by:

T = By sin” —, 2.5
e VS VAT R (2.5)
where Ej is the initial ion energy, M, is the mass of the incident ion, M is the mass of the
substrate atoms and ¥, is the scattering angle in the center of mass system. The nuclear
interaction cross section can be determined from the interatomic interaction potential Eq.
2.1.
In the present study, the electronic energy loss (Se) plays a minor role due to the
relatively low ion energy (< 3 keV). If the velocity of the ion is small compared to the
Bohr velocity vg, which is the case here, S, is proportional to the square root of the ion

energy, k.
S, x vE (2.6)

For incident N* ion energies between 0 keV to 10 keV in aluminium and AIN, the
nuclear and electronic stopping power are shown in Fig. 2.2.
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Figure 2.2: Comparison of nuclear stopping power (solid line) and electronic stopping power
(dashed line) for atomic nitrogen ions in Al and AIN substrate, taken from SRIM 2000 [101].
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Depending upon the amount of deposited energy per unit volume, three different
regimes of a collision cascade can be distinguished: i) single collision, ii) linear cascade
and iii) thermal spike. In the single collision regime the cascade does not really develop
and the atomic motion is stopped after a few collision events. In the linear cascade regime
the collisions take place essentially only between fast ions and atoms being at rest. In
the thermal spike regime the lattice atoms within the cascade become a thermal ensemble
with a high temperature, which may exceed the melting temperature of the solid state.
For the energies mainly used in this work, the collision cascade is assumed to be in the
linear regime. However, for the case of energy < 250 eV the cascade is in the single
collision regime [102].

For practical ion implantation the mean projected range R, is the most important
parameter. It is defined as the most probable distance of the stopped ion to the surface.
There are analytical formulas to calculate the distribution of the projected range, but they
contain many approximations. In a simple approximation the distribution is Gaussian
like. Fig. 2.3 shows the mean projected range R, calculated by TRIM [103] as a function
of energy for N* ions into Al and AIN at normal incidence. The ion energy is chosen
corresponding to the energy range of the ion source used here. R, shows an almost linear
dependence on the incident ion energy. It is larger in case of the aluminium than for AIN

due to the difference in atomic density.
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Pigure 2.3: The mean projected range of atomic nitrogen ions implanted into Al and AlN as a
funetion of ion energy obtained by TRIM simulations. 5000 projectiles were caleulated for each

energy.
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During ion implantation sputtering plays an important role since it may set the limit
to the maximum concentration of atoms that can be incorporated in a material. The
sputtering yield is defined as number of sputtered atoms per incident ion and depends
on ion species, ion energy, substrate material and incidence angle of the ion onto the
substrate surface. According to the ”Sigmund model” [104] (linear cascade regime) the
sputtering yield, Y, for normally incident ions with energy Fjy is given by:

C10M 2 /]
v (By) = 22 () SulE), (27)

where E; is the surface binding energy (see below) and ( is tabulated as a function of
the mass ratio. For the case of low incident energies (single collision regime) the above
formula is not valid anymore due to the existence of a sputtering threshold energy. In
this case semiempirical formulas have to be applied [99, 100, 102]. For ions incident at
an angle 6 with respect to the surface, the normal linear cascade theory predicts a rise in
the yield proportional to cos™f 8, where the exponent f is a function of M>/M;. Knowing
the sputtering yield for a given energy and the incident ion flux jo, the flux of sputtered
atoms, jsp, can be calculated by:

jsp =Y. jO (2-8)

In practice, computer programs based on the binary-collision approximation are often
used for simulation of the ion-solid state interaction. In this study the projected ranges
of ions are simulated by TRIM [103, 101] and TRIDYN [105, 106] is applied to estimate
the sputtering and backscattering yields. TRIM considers only a static substrate and
therefore it is strictly valid only in the limit of low implantation fluences. TRIDYN is
a "dynamic” version of TRIM, which simulates the dynamic change of thickness and
composition in the substrate during high-dose ion implantation. In both programs, the
incoming ions are characterised by their mass, atomic number, angle of incidence and
kinetic energy. TRIDYN considers also the incident fluence. For the case of molecular ions,
as N3 used here, it has to be taken into account that the collision with the surface causes
a dissociation of the molecule. Then, the incident energy of the molecule is distributed
according to the atomic masses of the molecule components (”Shrapnel model”). For
instance, the N3 molecule ions dissociates to two single N atoms, each of them taking one
half of the incident energy. The substrate is characterised by its density and composition.
The simulations were performed using the standard atomic density of AIN (9.58 x10%*
at/cm® ) and assuming composition of stoichiometric AIN. For calculation of the oxygen
sputtering yield due to implantation into an aluminium oxide layer the atomic density
of AlO3 (1.17 x 10% at/cm?®) is used [15]. Other important input parameters of the
substrate for TRIDYN and TRIM are the following binding energies:

1. The surface binding energy E,. It is the energy that a target atom must overcome to
leave the surface of the substrate. According to Eq. 2.7 this energy determines critically
the sputtering yield, being proportional to the inverse of the surface binding energy. E, is
often set equal to the sublimation enthalpy AH,. For the case of a metal-gas compound
AnBm, where B is the gaseous element, the surface binding energy can be calculated by
taking into consideration the thermodynamic balance as following [107]:
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n—+m, . n-+m
AH,, (B
4n, m (B)+ 2nm

where AH¢(AnBy,) denotes the formation enthalpy per molecule of the compound and
AH,, the molecular binding energy of B. The surface binding energy in AIN, E,(Al - N),
is calculated to by 9.1 eV by taking AH, = 3.36 eV, AH,,(Ny) = 9.84 eV, AH;(AIN) =
2.5 eV [15] and applying Eq. 2.9. The surface binding energy in Al;03, E (Al — 0),
is found to be 12.1 eV for AH, = 3.36 eV, AH,,(0;) = 5.16 eV and AH(Al,O3) =
17.36 eV [15]. Es(Al — Al) is taken equal to the sublimation enthalpy of aluminium
(AH, = 3.36 eV'). Neglecting any chemistry between the gas atoms, it is assumed that
Es(N —N) =E,(O—0)=0¢V.

2. The bulk binding energy E;. It is the energy that each recoil atom loses when
leaving its lattice site and collides with other substrate atoms. A well-defined value for
this energy is difficult to obtain and therefore it is often set to zero. The experience shows
that such a choice leads to reasonable results, if the surface binding energy is chosen
properly [107]. v

3. The cutoff energy E.. It determines the energy at which any projectile or atom in
a collision cascade is stopped. For a correct calculation of sputtering, a reasonable value
for the cutoff energy should be equal or less then the surface binding energies.

The TRIDYN simulations were performed in a stationary mode, i. e. by assuming that
the AIN matrix remains unaltered. The obtained sputtering and backscattering yields are
shown in Fig. 2.4 as a function of the incident ion energy. The sputtering yield of both
nitrogen and aluminium increases as the beam energy rises up to 1.2 keV and shows only
a weak energy dependence at higher beam energies. The backscattering yield exhibits a
different behaviour with a slight decrease as the beam energy increases. These values are
used for theoretical estimation of nitrogen loss due to sputtering and backscattering as

described in section 4.3.

B,(A—B) = %AHS (4)+ AH; (AnBr),  (2.9)

2.2.2 Gas-solid state interaction

Besides the influence of the energetic ions, the substrate is also exposed to the interaction
with the residual gas. The effect of gas-solid state interaction is often not taken into
consideration but in fact it can contribute to the growth of the nitride layer. The neutral
species can be reflected from the surface or be selectively bound from the gas phase to
the surface of the solid state. The last phenomenon is called adsorption. The adsorbed
species can be bound by weak Van-der-Waals bounds (physisorption) or by chemical
binding (chemisorption).

For this study it is of importance to consider the interaction of oxygen and nitrogen
neutrals with the aluminium surface. The effect of oxygen chemisorption on a clean
aluminium surface has been investigated for example in Refs. {108, 109]. It has been
observed that the chemisorbed oxygen atoms form a coverage layer on the aluminium
surface. Due to an effect of high temperature (300 °C) the oxygen atoms become mobile
and a transformation to the oxide phase takes place. To the knowledge of the author, at
present no information is available on the effect of nitrogen neutral species. There are
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Figure 2.4: Partial sputtering yields of nitrogen and aluminium, and backscattering yield of
nitrogen as function of the ion energy, calculated by TRIDYN. The simulations were performed
for atomic nitrogen ions implanted into an AIN substrate using E;(Al—N) = 9.1 eV, E;(Al— Al)
=336eV,Es(N—-N)=0¢eV and E, =0 ¢V.

some similar studies (for example Ref. [110]) on the adsorption of ammonia on a NiAl
substrate and subsequent decomposition, which leads to formation of AIN layers.

In addition, the effect of neutrals might be enhanced by the ion irradiation since
synergisms between ion bombardment and chemistry might exist. This phenomenon is
known as ion induced interaction. The ions might have two effects on the adsorbed
neutrals: i) they can stimulate desorption of the adsorbed neutrals (ion - stimulated
desorption) or ii) they can also increase the chemisorption of the neutral species. The
mechanism of ion induced interaction is not well understood up to now and there are a
lot of open questions. Its effect on the N - Al system is also not known. An example
for an jon induced nitriding of a metal substrate can be found in Ref. [111]. In this
study, a Nb sample has been exposed to nitrogen gas under Art ion bombardment. It
has been shown that the bombardment with argon ions stimulates the reaction between
the adsorbed nitrogen and the metal atoms producing a NbN layer.
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2.3 Processes in the solid state during ion nitriding

When atoms of a foreign element are added to a solid state system, they cause an in-
crease in the free energy. Since every system tends to reach its equilibrium state with the
minimum energy, a transformation can occur and a new phase can be formed. One of the
most fundamental processes by which a system attempts to reach a stable arrangement
of its atoms is diffusion. These two phenomena, phase formation and diffusion, are of
significant importance for the formation and growth of the nitride layer during ion ni-
triding of aluminium. Therefore, they will be briefly discussed here with respect to the
Al-N system. A more detailed information is available for example in Refs. [112, 113]. In
addition, it should be noted that when the new element is introduced into the system by
ion implantation, several other effects such as defects formation, ion induced segregation
and diffusion, ion mixing etc. can occur [98]. This makes the description of the processes
in the solid state a quite complicated task.

2.3.1 Phase formation

The phases which a system of two elements forms at different concentration of the ele-
ments in dependence on temperature, when the system is in equilibrium, are given by
a binary phase diagram. For Al - N system the binary phase diagram is shown in Fig.
2.5. The established equilibrium solid phases are the solid solution of nitrogen in the Al
f.c.c. lattice and hexagonal AIN. The solid solution phase exists stably only at a very
small concentration of nitrogen, less than 0.002 % [50]. A system can also form different
phases under an influence of pressure. At low hydrostatic pressure the aluminium nitride
has a wurzite type structure (see Fig. 2.1). At clevated pressure AIN can undergo a
transformation to a cubic zinc-blende or a NaCl type structure [114].

In fact, as mentioned above, the phases formed as result of ion implantation are of-
ten different from what is predicted by the equilibrium thermodynamics, giving rise to
order-disorder transformations, metastable phase formation and growth, grain growth,
preferred texture, densification etc. The phase formation during nitrogen ion implanta-
tion of aluminium was studied by Lucas et al. [115, 116]. They have shown that nitrogen
embedded in the f.c.c. Al lattice causes a metastable transition to the f.c.c. AIN phase,
which has a crystallographic relationship with the aluminium matrix. At low concentra-
tion of nitrogen, the nitrogen atoms occupy the tetrahedral interstitial sites in the {111}
planes of the aluminium lattice. When the solid solubility is exceeded, slip of atomie
planes of the f.c.c. Al occurs, which leads to formation of AIN precipitates in the more
stable hexagonal close packed form.

Once small precipitates are formed (nucleation), further supply of nitrogen atoms to
the system can make them growing. In principle, nucleation induces change of the free
energy of the system due to three main factors: i) creation of a volume with the new
phaseé, which causes a reduction of the volume free energy, ii) creation of an interface
area, which gives an increase in the free energy and iii) the fit of the volume with the new
phase in the space of the original matrix, which gives rise to the misfit strain energy. The
growth of the nuclei is controlled by the requirement of energy minimization of the system.
Again, Lucas et al. [116] have shown that during nitrogen implantation into aluminium
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Figure 2.5: Al - N binary phase diagram taken from Ref. [114], for details see text.

the nuclei grow preferably in the (111) direction favouring to the large space available. A
dependence of the nucleus size on the process temperature was observed. At temperatures
equal to or lower than 300 °C small precipitates are created. At higher temperature larger
but few precipitates are formed, most probably due to the higher diffusivity of the atoms.

2.3.2 Diffusion

In general, by introducing a fraction of an element into a solid system the chemical
potential of this element in the system changes. Then, due to the difference in the
chemical potentials, atoms start to diffuse down the chemical potential gradient, if the
provided mobility is sufficiently high. It is often said that the atoms diffuse away from the
regions of high concentration to the regions of low concentration. This is not always the
case, but in practice the concentration differences are easier to measure and therefore it
is more convenient to relate diffusion to the concentration gradient than to the chemical
potential gradient. In this sense, the flux j of diffusing atoms is proportional to the
concentration gradient:

dc
ox’
with the diffusion coefficient D, which is given by:

j=-D (2.10)
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Figure 2.6: The magnitude of the diffusion coefficient for different mechanisms of diffusion,
according to Ref. [119]. The temperature range is not specified.

, U
D = Dyexp (_ﬁ") , (2.11)

where Dy denotes the diffusion constant and U the activation energy of diffusion, % the
Boltzmann constant and 7 the temperature. Eq. 2.10 is known as first Fick’s law, can
be used only for a steady-state regime, i.e., when the flux is independent of time. In the
time dependent case, for species that obey a conservation low and the diffusion coefficient
is assumed to be independent of time the first Fick’s law can be transformed to a second
order partial differential equation known as second Fick’s law:

dc(z,t) . &c(x,t)

Several analytical solutions exist for this equation corresponding to different initial
and boundary conditions. These solutions express the dependence of the concentration
on depth and time, which can be used to defermine the value of the diffusion coefficient 1.
For i) constant surface concentration and ii) zero initial time the solution is given by the
error function. The last indicates that the penetration depth varies with the square root of
the time. If a constant surface recession is also considered as a boundary condition, than
the evolution of the diffusion layer differs from the square root function of the time. This
effect has been observed by Dimitrov et al. during plasma nitriding of steel [117, 118].
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In practice, the kinetics of the diffusional growth depends also on the mechanism of
diffusion. There are two common mechanisms by which atoms can diffuse in a crystal
lattice. The diffusing atoms can take an interstitial location, if interstitial sites are vacant
and if the radius of the diffusing atoms is smaller than that of the substrate atoms. The
other mechanism is substitutional, where the diffusing atoms have a larger radius and
they displace the substrate atoms and take their positions. However diffusion can also
occur, if there are extended defects in the crystal such as dislocations, interfaces and
grain boundaries. Usually the grain boundary diffusion is more pronounced compared
to the diffusion within the grain, because the activation energy of diffusion along grain
boundaries is lower than the activation energy in the lattice. The highest diffusivity in
a solid state is observed for amorphous materials. Fig. 2.6 illustrates the range of the
diffusion coefficients for the different mechanisms of diffusion, according to Ref. [119].
The diffusion scale in the figure is based on bulk process and the temperature range at
which the diffusion coefficient are determined is not specified.
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3.1 Experimental equipment

The experimental system used for this work is schematically shown in Fig. 3.1. An
ultrahigh vacuum chamber, 300 mm in diameter and 600 mm in height, houses three
main units: A) a vacuum system, B) an ion source connected with a power supply and
a gas flow control system and C) a sample manipulator equipped with a movable sample
holder, a heater, and a thermocouple. A residual gas analyser and a Faraday cup are
also located in the chamber. The description of these units and the analysis techniques,

applied in this work, is given below.

3.1.1 Vacuum system

The chamber is evacuated to a typical base pressure of about 3x107% Pa by a 200 I/s
turbomolecular pump coupled with a rotary pump and a 1800 1/s cryogenic pump. The
total pressure in the chamber is measured by a pirani gauge head and a cold cathode

gauge calibrated for nitrogen.

3.1.2 lon source

The ion source is a hot filament ion source (Kaufman type), which was developed by the
"Institut fiir Oberflichenmodifizierung” in Leipzig [120, 121]. Fig. 3.2 shows a sketch of
the ion source and the power supplies. The ion source is housed in a cylindrical stainless
steel body 70 mm in diameter and fitted with a ring of permanent magnets 95 mm in
diameter. A tungsten filament is mounted on the cup at the rear side of the source. The
inner discharge chamber is a tube made of stainless steel 40 mm in diameter and 50 mm
in length. The ring anode is made of high purity graphite with an inner diameter of 30
mm. Two planar multiaperture grids of high purity graphite are used to extract and form
a collimated beam of 30 mm in diameter. The screen grid with a thickness of 0.5 mm and
the accelerator grid with a thickness of 1 mm are mounted 2 mm apart from each other.

The inner body of the ion source, the ring anode and the screen grid are held at a
positive potential, which is the sum of beam voltage U, and discharge voltage Uy given by
a "beam” and a "discharge” DC power supply, respectively (see Fig. 3.2). This potential
determines the ion energy and can be set to a maximum value of 2400 V. The potential
of the filament is lower than the potential of body, anode and screen grid. The filament
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Figure 3.1: A sketch of the ion nitriding system showing: (1) the ion source, (2) the power
supply of the ion source, (3) the gas flow controlling system, (4) the sample manipulator, (5) the
movable sample holder, (6) the boron nitride heater, (7) the cryogenic pump, (8) the quadropole

partial pressure analyser and (9) the Faraday cup mounted on a movable holder used also as a
shutter for the ion beam.

is heated by an AC power supply (filament voltage Us) which controls the current of the
discharge. Due to the difference in the potentials, the electrons which are emitted from
the filament are accelerated to the ring anode. On their way the electrons dissociate and
ionise the molecules of the gas injected into the ion source. The accelerator grid is held
at a negative voltage Uy, with respect to the ground by an independent DC accelerator
supply, which can be varied from - 500 V to 0 V. The potential difference between the
screen and accelerator grids defines the ion optical parameters of the source.

Mass flow controllers type AFC — 260, ASM and a control unit type 247C, MK S
are used to select the gas flow through the ion source (Fig. 3.1). As process gas, argon
and nitrogen with a purity of 99.999 % were used. The gas flux can be also injected
directly into the chamber by a separate gas pipe situated near the source. In this way, for
example, gas inlet of oxygen (99.999 %) was used in order to provide a different partial
pressure of oxygen in the processing chamber.
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Figure 3.2: A sketch of the ion source with power supply.

3.1.3 Sample mounting, heating and temperature control

The sample can be mounted without breaking the vacuum in the chamber by a load
lock and a transfer system. The sample manipulator enables zyz translation and has a
rotational degree of freedom around the horizontal plane, which allows to turn the sample
from the mounting position to the position of the ion beam. The manipulator also houses
a boron nitride heater situated on the rear side of the movable sample holder, about 1 mm
apart. The sample is heated to the desired temperature by adjusting the power applied
to the boron nitride heater. Additionally, a hot filament mounted on the rear side of
the Faraday cup and in front of the sample (see Fig. 3.1) is used in order to provide a
similar heat to the sample as the heat caused by the ion beam. This prevents from a
rapid increase of the temperature in the first minutes of the process. The temperature of
the sample was measured by a thermocouple type K (Ni/CrNi) fixed into a hole drilled
sideways in the sample. The thermocouple consists of two parts: one belongs to the
movable sample holder and the other to the manipulator, which are fixed together during
mounting the sample in the processing chamber. The sample temperature is monitored

by EUROTERM 200.

3.1.4 Sample material and preparation

Drawn rods of 20 mm diameter from high-purity (99.999 %) polyerystalline aluminium
were purchased from Goodfellow. From these roads, samples with 2 mm thickness were
cut and mechanically polished to mirror finish. Al (111) oriented single crystal samples
delivered by MaTecK were also used. Prior to the treatment all of the samples were
ultrasonically cleaned in ethanol.
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3.2 Analysis techniques

3.2.1 Diagnostics of the ions and neutrals

The current density of the ion beam was measured by a Faraday cup, which is mounted on
the movable holder in front of the ion source and near to the sample (see Fig. 3.1). The
radial ion current distribution was investigated by shifting the Faraday cup and measuring
the current density at different positions. During the measurements the retarding field
aperture of the Faraday cup was held at a negative voltage of 150 V in order to suppress
secondary electrons generated at the cup. The incoming ion current reaching the cup was
measured via an ampermeter.

The beam extracted from the ion source, was characterised by an energy selective mass
spectrometer (HIDEN EQP 500), known as plasma monitor. For the measurements,
the mass spectrometer was located 50 cm opposite the ion source in its axis of symmetry,
while the sample manipulator was removed. A schematic view of the probe of the plasma
monitor is shown in Fig. 3.3. The main units are: an extractor with a 100 gm in diameter
aperture followed by an electron impact ion source and a 45° electrostatic energy analyzer

(0to 1000 eV) matched to a quadrupole mass filter (0 to 500 amu) and a secondary electron
multiplier (channeltron).

45° electrostatic

energy analyser
Extractor /
/ /
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Figure 3.3: A scheme of the probe of the energy selective mass spectrometer (HIDEN EQP

500) used for characterisation of ion energy and beam composition.
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The plasma monitor allows to determine mass and energy spectra of neutrals and
ions. In the neutral detection mode, neutral species diffuse from the chamber into the
mass spectrometer through the extractor. Neutral species are ionized by the integrated
electron impact ion source. In the positive ion detection mode, ions pass through the
orifice and are focused into the energy analyser selected according to their energy. The
energy analyzer works at a constant pass energy, and an energy scan is performed by
shifting the reference potential of the probe. The ionic species enter the quadrupole RF
mass filter to be detected as function of their mass-to-charge ratio (m/z). Scanning the
mass at fixed ion energy allows the acquisition of the various ionic species and scanning
the energy at a fixed mass allows the measurement of the ion energy distribution (IED).

The mass dependence of the transmission of the probe was determined by comparing
the electron-impact mass spectrum for He, CHy, Ny and Ar. The transmission was found
to be constant up to 40 amu. For the IED measurement, the probe of the plasma monitor
was correctly calibrated for each mass in order to get the optimum intensity. As the ion
transmission of the probe is constant over the present range of mass (0 - 40 amu), the
fraction of each ionic species can be estimated from the area of the ion energy distribution.
This method has been proven to provide a more reproducible measurement of the beam
composition, in contrast to the peak height of the ion mass spectrum.

The partial pressures of Hy, HoO, Ny, Oz and CO, were measured by a quadrupole
partial pressure analyzer (Balzers QMG 064) mounted on the top wall of the chamber
as shown in Fig. 3.1. Its working principle is similar to this of the plasma monitor at
the neutral detection mode. Some of the molecules entering the analyzer are ionised
by electrons emitted from a filament. Than, only the ions with specific mass-to-charge
ratio are selected by a quadrupole mass filter (most of the ions are single charged). The
quantity of ions at each mass is measured by an ion detector and the magnitudes of these
signals are used to determine the partial pressures of the respective gases.

3.2.2 Surface analysis
3.2.2.1 lon beam analysis

Ion beam analysis (IBA) was used for compositional surface analysis as a fast and quanti-
tative method. It is based on the interaction between accelerated charged particles (ions)
and the atoms of the investigated material. There are three main physical concepts of
IBA:

1. The energy and momentum transfer between a fast particle and a nucleus of the
substrate atoms leads o the concept of the kinematics of a single binary scattering event.
It reveals the capability to determine atomic number or mass from the energy of the
detected particle. The scattering process can be elastic or inelastic. It is elastie, if the
total kinetic energy is conserved after the collision and the internal energy of the particles
does not play a role. It is inelastic, if the scattering does not conserve the kinetic energy
and atomic or nuclear excitation occurs.

2. The probability of a scattering event or a nuclear reaction leads to the concept of
a scattering or reaction cross section, which gives the capability of guantitative analysis
of the atomic composition. The scattering cross section can be caleulated from the foree
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acting during the collision between the incident particle and the atom of the investigated
material. If the force can be described as an unscreened Coulomb repulsion of the two
positively charged nuclei, the cross section is given by the well known Rutherford formula
[122]. If the incident particle has sufficient energy to overcome the Coulomb’s barrier of
the sample nucleus, than it feels the nuclear forces and its energy is transferred to the
nucleus. The reaction cross section can not be expressed with a simple analytical function
and has to be experimentally determined.

3. The average energy loss of an ion moving through a medium, which leads to the
concept of the stopping power and to the capability of depth determination. The stopping

power can be considered as known by applying semi-empirical data and the Bragg’s rule
[123].

Rutherford backscattering spectrometry (RBS)

Rutherford backscattering spectrometry (RBS) consists of irradiation of a sample by a
light ion beam (normally H* or Het) in the 1 - 3 MeV energy range. The incident ions
are elastically backscattered from the atoms in the sample and further detected at a given
scattering angle. A schematic diagram of the RBS experiment is shown in Fig. 3.4. The
energy of the detected ion E; depends on the initial energy Ejp, the mass M; of the ion,
the mass of the sample atoms M, and the depth where the collision takes place. For an
atom at the surface, the ratio between the energy of the scattered ions and the initial
energy, in the laboratory frame of reference, is given by the kinematic factor K:

2
Fi(z=0) ﬁ[g — M?sin® 0 + M, cosf
Ey N M + M,

, (3.1)

where § is the scattering angle. When the collision takes place at a certain depth =z, there

is an additional loss of energy during the way in and out of the sample A Ey, and A oy,
respectively.

El(m) = K(EO - AEm) — AEgy; (3'2)

The total number of ions that are recorded with an energy Fi at a certain angle 6 is
given by the product of the ion fluence, solid angle of the detector 2, area density of the
atoms in the sample and the cross section ¢. The Rutherford cross section is given by:

2
dogps (ZIZ:,\e2 ) 2y [\ﬁ”zz — M?sin®6 + M, cos 0}
Y~ \TiE (3.3)

dQ AE ] sin M/ M3 — M7 sin? 0

The experimental RBS spectrum represents the number of scattered ions per energy
interval. RBS is a technique mainly applied for depth profiling of heavy elements. A
weak concentration of a light element can not be detected, if its energy distribution is
overlapping with heavier components of the sample.
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Figure 3.4: A schematic diagram of RBS scattering geometry.

For this study, RBS analysis was performed using 1.7 MeV “He* ions provided by the
Rossendorf Van de Graaff accelerator. The beam was incident normally on the sample
surface and the backscattered particles were analysed by a silicon solid state detector,
mounted at a scattering angle of 170°. The defector has a nominal thickness of 100 um,
a solid angle of 1.3 msr and an energy resolution of about 13 keV.

Elastic recoil detection analysis (ERDA)

Elastic recoil detection analysis (ERDA) uses a beam of particles heavier than the sample
atoms of interest. The lighter sample atoms can be than knocked forward in the elastic
collision and recoil out of the sample. In order to detect them, the sample is tilted at a
grazing angle with respect to the direction of the incident beam. In difference to RBS,
in ERDA several different types of atoms are detected (recoils and the forward scattered
ions). Therefore, a separation between them is needed, which is realized by specific
detectors. The equations for the analysis of ERDA are analogous as for RBS, considering
that in this case atoms from the sample are detected:

Honn — Ey(z=0) 4MMscos?é
S > S § VAN VAT

{3.4)
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Figure 3.5: A schematic diagram of ERDA scattering geometry.
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Ey(z) = Kppp(Ey — AES™) — AETY, (3.5)

out
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aQ 2M, Ey cosd ¢’

where ¢ is the recoil scattering angle with respect to the incoming beam. A schematic
diagram of the ERDA experiment is shown in Fig. 3.5.

ERDA experiments were performed using a 35 MeV CI'* ion beam, supplied from
the Rossendorf 5 MeV Tandem accelerator. For the different purposes of this work three
configurations were used, which are briefly described below.

ERDA was applied for an in-situ real time investigation of the influence of oxygen
partial pressure on the nitriding of aluminium described in section 4.2. The sample surface
was simultaneously exposed to the nitrogen ion beam and to the CI™" beam. The analysing
beam was directed at an incident angle of 17.5°. The recoiled atoms were detected at
scattering angle of 35° by a AE - E ionisation chamber, known as ”gas telescope”, with a
1.2 pm thick entrance Mylar window and filled with isobutane at a pressure of 4x10° Pa.
This detector has a large acceptance angle, which allows determination of a large number
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Figure 3.6: Experimental configuration fof mass and energy dispersive TOF ERDA. The
carbon foil and the solid state detector are separated by a flight part of L = 1.05 m.

of recoils in a short time. Sufficient energy resolution maintains by trajectory identification
depth of large solid angle. This is a necessary condition for real time analysis, because the
time for the measurement has to be comparable to the time of the process. The principle
of the ionisation chamber is based on the specific energy loss, which the particles undergo
over their trajectories inside the detector volume [124, 125]. In the AE - E ionisation
chamber a transversal electrical field, perpendicular to the ion path is applied, which
allows to determine the energy loss per distance beside the total energy . This gives
a possibility for determination of the atomic number 7 using AE ~ Z and the kinetic
energy F of the recoil atoms.

Some of the ERDA measurements were performed ex-situ at an incident angle of 15°
and a scattering angle of 30° using a Bragg ionisation chamber with 1.2 ym Mylar entrance
window, operated with isobutane at a pressure of 1x10° Pa. This detector uses a similar
principle like the ”gas telescope” but a longitudinal electric field, parallel to the ion path
is applied. It also determines the atomic number and kinetic energy of the recoils. The
Bragg ionisation chamber has a smaller acceptance angle compared to the "gas telescope”
and therefore the trajectories of the recoils are better aligned, which results in a better
energy resolution. More details are given in Refs. {125, 1286].
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Figure 3.7: TOF ERDA spectrum obtained from an aluminium sample ion nitrided with N
and 15N.

In the cases when the mass separation is of importance, the time-of-flight (TOF)
ERDA technique [126] illustrated in Fig. 3.6 was used. It allows a simultaneous measure-
ment of TOF and the kinetic energy of the recoils. The TOF is determined by signals
obtained from a thin carbon foil (60 nm) situated near the sample and from a solid state
detector after a flight distance L. The solid state detector provides both the signal for the
"stop” time and the energy of the detected particle. Determination of the TOF allows
a separation between recoils of different mass but with the same energy. An example of
a TOF ERDA spectrum obtained from an aluminium sample ion nitrided with *N and
5N is shown in Fig. 3.7. The spectrum consists of different branches corresponding to
the specific atomic mass, in this case of scattered Cl and the recoils Al, °N, and ™N.
The colour scale in the figure represents the total number of recoils or scattered CL. It
has to be noted that for a fixed energy, heavier recoils give smaller TOF constant due
to an inversion in the stop and start signals. The well separation between N and N
demonstrates the mass resolution of the method. For a given mass, the atoms scattered
from the surface have higher energy than those from the depth and therefore they appear
at the right edge of each branch. Due to the small difference in mass between “N and
5N their surface energies are very close. The different energy range of N and 3N recoils
in Fig. 3.7 indicates that °N is situated only near the surface, while *N is found to be
in the depth. The corresponding depth profile is shown and discussed in Fig. 4.11 b).
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Nuclear reaction analysis (NRA)

In nuclear reaction analysis (NRA) the ion beam suffers an inelastic collision with the
sample nucleus and nuclear reaction occurs. Generally, it results in an emission of reaction
products, particles or gamma rays, which are further detected.

NRA was applied to analyse nitride layers which exceed the depth range of ERDA.
The analysis was performed at the same experimental set up as used for RBS with 1.4
MeV incident energy of the deuterium (d) ions. The reaction  N(d, a;)'2C was used,
where N and d are the reactants, oy and *C are the products. An example of a typical
spectrum obtained from an ion nifrided aluminium sample is shown in Fig. 3.8. It
consists of elastically backscattered deuterium at low energies, followed by peaks which
can be attributed to protons and a-particles of the excited high energy states as denoted
in Fig. 3.8. The non identified peaks in the spectrum are most probably due to deuterium
reactions with the aluminium atoms. The o peak used for the determination of nitrogen
depth profiles appears at high energy (6669 keV) due to the high positive Q value (9146
keV) of the nuclear reaction. In order to suppress the background due to protons in the
energy range of the used a; peak, the detector was operated at a reduced voltage of 15V.
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Figure 3.8: NRA spectrum for the ion nitrided aluminium sample obtained using the “N{d,
1)12C reaction at 1.4 MeV incident energy and a scattering angle of 170 °.
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Evaluation of IBA spectra

In this study, the data obtained from IBA measurements were evaluated manly by the
WiNDF 6.5 computer code [127]. The program uses a simulated annealing algorithm
described in detail in Ref. [128]. For ERDA, the required input parameters are only the
measured spectrum, the experimental conditions and the elements present in the sample
(which for the most cases are known). For NRA, an additional information of the Q value
of the reaction and the cross sections is needed. WiNDF 6.5 can fit simultaneously all
spectra collected from one sample which for instance can be RBS, ERDA, NRA, taking
into consideration all information in a self-consistent way. An example for a fitted NRA
spectrum is given in Fig. 3.9, where the part of elastically backscattered deuterium and
the alpha peak resulting from the nuclear reaction are simultaneously fitted.
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Figure 3.9: NRA spectrum (triangles) obtained from an ion nitrided aluminum sample and a
data fit (solid line) performed by WiNDF 6.5.

As aresult, the program provides the so called ”best simulated layer structure” shown
in 3.10 a), which represents the number of simulated layers with their atomic fraction.
Moreover, the program calculates ”point-by-point” depth profiles shown in Fig. 3.10 b),
where one concentration value is calculated from each data point in the spectrum by
using the algorithm given in Ref. [129]. It has to be taken into consideration that the
” point-by-point profile” is convoluted with the energy resolution. In general, the quantity
obtained by IBA is the atomic fraction in dependence on the area density (at/cm?) of the
material being studied as a measure of depth. The obtained profiles can be transferred
to a real depth scale by using the atomic density of the investigated material.
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Figure 3.10: Elemental profiles calculated using the data fit shown in Fig 3.9: a) "best struc-
ture” profiles for nitrogen and aluminium and b) ”point-by-point” profile for nitrogen.

Additionally RUMP [130] and the computer program ECPE (Element Concentration
Profiles from ERDA) [131] were used to determine concentration depth profiles.

3.2.2,.2 X-Ray diffraction

X-Ray diffraction (XRD) is a widely used, non-destructive technique for integral inves-
tigation of the crystal structure of materials. In the present study, XRD was applied
for identification of the phase composition and structure analysis of the obtained nitride
layers. The method is based on the diffraction of an incident X-ray beam from atomic
planes of a crystal. The interference of coherent scattering planes causes intensity max-
ima of the diffracted radiation in dependence on the scattering angle. These maxima are
known as diffraction peaks or also Bragg reflections. The scattering angle 20 at which the

diffraction peaks occur is given by the Bragg law:

2dsin 6 = n, (3.7)

where d is the lattice spacing (the planar distance in the crystal lattice), ) is the wave-
length of the X-rays and n is the diffraction order. For a polycrystalline material with
random orientation of the crystallites the diffraction does not depend on sample orienta-
tion.

XRD was performed at grazing incidence technique using CuK,, radiation with a mean
wavelength of 1.542 A at an incident angle of 0.5 and 1°. This method is appropriate for
investigation of thin layers, as obtained in this study. The principle of the XRD at grazing
incidence is shown in Fig. 3.11. The X-ray beam is directed at a small incident angle
0 < 1° to the sample surface in order to limit the penetration depth and to enhance
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Figure 3.11: A schematic diagram of XRD at grazing incidence.

the diffraction peaks obtained from the layer with respect to these from the substrate.
The detector is moved along a circle around the sample, where the angle between the
incident beam and the detector is denoted as 2. The measured property is the diffracted
beam intensity (/) in dependence on the diffraction angle. From the obtained diffraction
pattern the following information can be obtained:

1. The distance between the crystal planes {hkl} (h, k, 1 - Miller indices) in the lattice
and the lattice constants can be calculated from the position of the diffraction peaks. The
phases can be determined by comparison of these values the with the data base of Powder
Diffraction Files (PDF) [132]. If the intensity relations of the Bragg reflections are found
to be different compared to the PDF data, then preferred crystallite orientation (texture)
exists in the layer.

2. A shift of the diffraction angles from the tabulated positions is an indication that
the crystal lattice is disturbed. Smaller §-values show that the crystal lattice is expanded,
whereas a shift of the diffraction angle to larger values corresponds to a compression of
the lattice. From the shift of the diffraction angles in dependence on sample orientation,
an information about macroscopic strains acting in the layer can be obtained.

3. From the broadening of the diffraction peaks of polycrystalline material the average
grain size of the crystallites and microscopic strains in the layer can be determined.
Diffraction peaks obtained from a perfect single crystal are very narrow. Broadening can
oceur due to three different reasons. First, due to the grain size, as crystallites with smaller
size cause stronger broadening of the diffraction peaks. Second, there is a broadening due
to microscopic strains, which describe the effect of local fluctuation of the macroscopic
strain. And at last, there is always an effect of line broadening given by the experimental
set-up.

To separate the effect caused by the grain size and microscopic strain, the ”Integral
width method” has been applied. In principle, it is a method for investigation of bulk
materials, but it has been successfully used also for investigation of thin films [133, 134].
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It considers that the integral width b of the diffraction peak can be determined as:

b= /b3 — Vst (3.8)

exp

where bexp is the experimentally measured width and by is the width caused from the
instrumental components. be, is defined as f I(s)ds/I(8)max, Where I(8)max is the peak
intensity and s denotes the scattering vector (s = 2sin@/)\). For the set-up used here
binst is 0.25°. Furthermore, if the diffraction peaks are assumed to have a Gaussian shape,
the following relationship holds:

b*(s) = % +2m <52> % (3.9

where 1/(&?) is the microscopic strain and C is the average size of the coherently diffracting
domains (crystallites). Since * depends linearly on s2, by plotting b? versus s> a straight
line is obtained with a slope equal to 27 (¢?) and the intercept to 1/C2. In this way the
average size of the crystallites and the microscopic strains can be determined separately.
" For the analysis of the diffraction patterns the computer code PowderCell was used

[135].

3.2.2.3 Electrdn microscopy

Electron microscopy is.an analytical technique, which uses interaction between an electron
beam and a solid state for an image formation as well as for structural and elemental
characterisation of materials.

Scanning electron microscopy (SEM) uses secondary electrons or backscattered elec-
trons that are emitted from a thick sample to image a surface. It is applied for studying
the surface morphology or measuring particle sizes. The electron beam is scanned across
the sample surface and the secondary electrons are produced as a result of the inter-
action. The intensity of the secondary electrons and thus the brightness of the image
depends on the local surface relief and therefore the topography is represented on the
image. Backscattered electrons are more sensitive to material (elemental) contrast. In
this study, SEM was performed on a DSM 926 scanning electron microscope at 30 keV,
which has a resolution of about 20 nm.

Transmission electron microscopy (TEM) images the electrons that pass trough a
thin sample (cross-section). These electrons are either scattered or they may remain
unaffected. In result, a nonuniform distribution of electrons emerges from the exit surface
of the sample, which contains the structural information. By selecting the direct beam,
which passes through the sample a bright field (BF) image is formed. If one of the beams
which is scattered at different angle is selected, then a dark field (DF) image is obtained.
High resolution transmission electron microscopy (HRTEM) is a variation of TEM that
uses phase-contrast imaging to provide a resolution of atomic scale. The main difference
betwéen the phase-contrast imaging and the other forms of TEM is the number of collected
beams. While the BF and DF image uses only a single beam, the phase-contrast image
requires selection of more than one. In general, the more beams are used, the higher is the
resolution. In the present study, HRTEM was carried out on a Philips CM 300 electron
microscope, operated at 300 kV.



36 3 Experimental

3.2.2.4 Auger electron spectroscopy

Auger electron spectroscopy (AES) is another analytical technique, which uses the inter-
action between an electron beam and a solid state. It detects the Auger electrons emitted
from the surface of the investigated material and it is applied for determination of the
surface composition. In combination with sputter etching of the surface AES is also used
for depth profiling. The physical principle of the method is shown in Fig. 3.12. Under
the irradiation by the excitation electrons the atoms in the investigated material emit
electrons from core levels. In the case of light elements, the electrons are emitted from
the K shell. Then the atom relaxes via electrons with a lower binding energy dropping
into the core hole. The energy difference (Er;-Ex) is converted to a third electron, which
is emitted. The last is known as Auger electron. In the given example this is an electron
from the L, level (see Fig. 3.12). In general, such transitions can take place between other
atomic shells (K, L, M, ...) and they are labelled as KLL, LMM etc., in correspondence
with the atomic levels involved. The kinetic energy of an Auger electron depends only on
the involved atomic levels and not on the excitation source and it is used for identification
of the element.
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Figure 3.12: A diagram of an Auger transition.

In this study, AES was applied for determination of concentration depth profiles of
layers exceeding the depth range of the ion beam analysis. The measurements were
performed by a scanning Auger spectrometer MICROLAB 310F. For depth profiling argon
ions with an energy of 3 keV were used. The final depth of the sputtered crater was
determined by a profilometer DEKTAK and used to obtain the depth scale by assuming
a constant sputter coefficient for the whole sputter time. For the quantitative evaluation
of the atomic concentration relative sensitivity factors for aluminium and nitrogen were
determined on the base of results obtained by ERDA.




4 Results and discussion

4.1 Characterisation of the ion beam and residual gas
composition

4.1.1 Introduction

The performance of successful ion nitriding experiments requires a preceding study of the
beam characteristics as ion current density, ion energy and uniformity. It is of essen-
tial importance to establish a stable operation regime for the ion source over long time.
Knowledge about the identity and energy distribution of the ions reaching the substrate
surface is also crucial for a better understanding and a quantitative determination of the
ion nitriding process.

In this section, the dependence of the ion beam characteristics on the electrical pa-
rameters of the source and the gas flow will be discussed. The beam composition and ion
energy is determined. In addition, the composition and the partial pressure of the gas in
the experimental chamber is characterised.

4.1.2 Experiment and discussion
4.1.2.1 lon current density and beam uniformity

The ion current density of the extracted beam depends on the gas flow through the ion
source. Therefore, the dependence of the ion current density on the applied flow of Ny was
measured and the results are shown in Fig. 4.1 a). In the beginning of the obtained curve,
a significant increase in the ion current density with increasing the Ny flow is observed.
This evolution is correlated to an increase of the plasma density in the source due to a
higher possibility for collisions between electrons and neutrals. After a gas flow of about
1.2 scem is approached, the ion current density becomes almost constant. At this repime
the discharge in the source remains stable and a sufficient ion current density can be
extracted without fluctuations. On the base of this investigation a gas flow of 1.3 scem
is chosen for the performance of the ion nitriding experiments in the present study. This
value is in the beginning of the plateau in Fig. 4.1 a), which insures a stable operation of
the ion source and long life time of the filament.
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Experiments were carried out to characterise the operation of the ion beam current
density with respect to the applied voltages. As mentioned in section 3.1.2, the ion
current density can be set by the AC filament voltage (Uy) and DC anode discharge
voltage (U;) (see Fig. 3.2 on page 23). For the performance of ion nitriding experiments
the discharge voltage is chosen to be constant (U; = 100 V) and the desirable current
density of the beam is adjusted by the filament voltage. An exactly reproducible setting
of the ion current density by Uy is not possible because with increase of the working
time the thickness of the filament decreases, which leads to a reduced electron emission.
Nevertheless, the dependence and the operation range can be described. Fig. 4.1 b) shows
a linear increase of the ion current density with increasing AC amplitude of the filament

Uy. The maximum ion current density at which a stable beam is extracted is about 0.4
mA /cm?.
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Figgre 4.1: Ton current density as a function of a) gas flow of Ny at Uy = 25 V and b)
applied filament potential, measured in the centre of the ion beam at a gas flow of 1.3 sccm and
Up = 1500 V, Uz = 100 V, Uy, = 300 V.

The uniformity of the beam was investigated by measuring the radial distribution of the
ion current at the sample position. For this purpose, different accelerating voltages (Usec)
were applied since the focusing of the ion beam depends on the difference in potentials
between the accelerating grid and the inner body of the source. The obtained results are
shown in Fig 4.2. For Up,, of 300 V the ion beam can be considered as uniform over the
diameter of the sample (20 mm) within 5 %, while for 100 V the uniformity is within

10 %. Therefore, for the operation of the ion source an accelerating voltage of 300 V is
chosen.
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Figure 4.2: The radial distributions of ion density measured at the sample position for
Ugee = 100 V and Ugee = 300 V.

4.1.2.2 Beam energy and composition

The ion beam composition was determined by an energy and mass selective spectrometer
described in section 3.2.1. Fig. 4.3 shows a characteristic ion mass spectrum obtained
during operation with a Ny flow of 1.3 scem, a current density of 0.2 mA/cm?, a beam
voltage of 300 V and a discharge voltage of 100 V. The main peak in the spectrum appears
at 28 amu/e and indicates that the dominating ions in the beam are single charged nitrogen
molecules N3 . They are created by ionisation of the Ny molecules in the discharge of the
ion source. The second important peak in the spectrum is at 14 amu/e due to single
charged nitrogen atoms NT, formed by the dissociative ionisation of Ny molecules. A very
small amount of doubly ionised N atoms (N?*) is also detected as well as small satellites
arising from a contribution of the singly ionised nitrogen isotope BN*,

The ion energy distributions (IEDs) of the dominating ionic species Ni' and Nt were
measured at 300 V beam voltage, 100 V discharge voltage and 0.2 mA/ em? jon current
density. This analysis was performed at lower beam voltage than the values typically used
for the ion nitriding of aluminium (U = 300 - 2300 V), since the plasma monitor allows a
scan in energy up to 1.1 keV. Previous studies [120, 121] showed only a slight dependence
of IED on the beam energy, thus it is reasonable to assume that the results obtained
here are also representative for higher energies. Fig. 4.4 shows the measured IEDs, which
consist of a single narrow peak with a full width at half maxima (FWHM) of about 10
eV. Consequently, the ion beam can be considered as quasi monoenergetic. The position
of the peak corresponds well to the energy fixed by the sum of the beam and discharge
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Figure 4.3: Characteristic ion mass spectrum of the reactive nitrogen ion beam. Beam param-
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voltages demonstrating a good control over the ion energy by the potentials applied to
the source. As already mentioned above, the discharge voltage is chosen to be constant
and equal to 100 V. Consequently, the control over the ion energy is realised by the beam
voltage. Here it has to be noted, that further in this study as a process parameter the
ion energy, i.e. the energy of the N§ and N* which is equal according to Fig. 4.4, will be
given. This is the value corresponding to the peak position in the IED.

The narrow IED and the small tail at lower energy indicate that collisions of ions with
neutrals in the chamber can be neglected. This is in good agreement with the relation
between the ion mean free path for ion neutral collision and the chamber dimensions.
The mean free path A/, is defined as the average distance which an ion undergoes before
colliding with a gas particle at a given pressure. It can be calculated by the following

formula, [136]:

ET
Aijn = oo (4.1)
where % is the Boltzmann constant, 7" is the gas temperature, p is the gas pressure and o
is the collision cross section. Considering the two dominating collision processes: charge

exchange and elastic collision, the last one can be expressed as [137]:

o =7r?, (4.2)

where 7 is the radius of the molecule or atom. The cross section is calculated to be 1x10~29
m? using the radius of the nitrogen molecule 1.09x107%° m, since the main neutral species
present in the chamber are Ny molecules (see below). Then, the ion mean free path
for ion-neutral collisions is found to be about 11 m at a gas pressure of 3.8x10~% Pa
(corresponding to a gas flow of 1.3 scem) at room temperature. This value is almost two
orders of magnitude higher than the chamber dimensions and indicates a low probability
for ion-neutral collision.

The fraction of N§ and N7 ions in the ion beam is determined as explained in section
3.2.1, after collecting a number of IEDs for both ionic species. The resulting fraction of
NF and N7 is found to be about 80 % and 20 %, respectively.

4.1.2.3 Gas compaosition

The partial pressures of Hy, HyO, Nz, Oz and CO; in the experimental chamber were
measured using a quadrupole mass analyzer. Fig. 4.5 shows the results obtained at o
nitrogen gas flow of 1.3 scem when the discharge in the source is successively switehed
off and on. For both conditions, the main species are N2 molecules due the diffusion of
the process gas through the grids from the ion source to the chamber. The other species
as Hy, HoO, Oy and COq are present in a very small amount with a partial pressure of
few orders of magnitude less than the partial pressure of Na. When the souree is on, an
incredse in the partial pressure of COs is observed and a related decrease in the partial
pressure of HyO and Os. This effect indicates that HaO and 0., dissociate in the source
discharge, induce etching of the graphite parts of the ion source {the ring anode and
grids), thus producing CQO,. However, the partial pressure of CO, remains at a very low
value (dx10~% Pa), therefore the pollution in the chamber ean be considered as negligible.
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Figure 4.5: Partial pressure of Hy, H;0, Oz, N and CO; in the experimental chamber when
the ion source is switched on and off.

It has to be taken into consideration that an atomic nitrogen is also present in the
chamber, since it is created by the dissociation of N3 in the ion source. The atomic nitrogen
may play an important role for the nitriding of aluminium and therefore knowledge about
its flux at the sample position is required. Under the present experimental conditions,
the atomic nitrogen could not be detected by the plasma monitor. However, its flux
and partial pressure can be estimated in a simple way. At an electron temperature of
4 eV in the discharge of the ion source [138], the production rate of nitrogen atoms is
about 2 times higher than the production rate of nitrogen ions, according to the rate
coefficients of dissociation and ionisation [139, 140}, respectively. The effective sticking of
the ion source walls can be assumed to be close to one for both species, since both will
most probably be reemitted into the source volume as nitrogen molecules. Therefore, the
flux of atoms through the extraction system is about two times higher than the flux of
ions. The directed ion flux has a mean diameter of about 8 cm at the sample position.
In contrast, the atomic nitrogen flux is approximately distributed according o a cosine
distribution, when a plane emission is assumed. The extraction grids will cut a large
fraction of the atomic nitrogen, but little influence the formed flux info the direction of
the sample. Thus, less than about 3 % of the total flux falls onto the above area of 8
em diameter. Following the above given consideration, the flux of atomic nitrogen jy is
estimated to be about 7x10'* at/cm?s for the ion current density of 0.2 mA/cm?, mostly
used in this study, with a corresponding ion flux of 1.25x10' ions/cm?s. Then, the partial
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pressure of atomic nitrogen py can be calculated from:

o DN
IN o i (4.3)

where k denotes the Boltzmann constant, 7' the gas temperature and m the mass of the
nitrogen atom. Then, py is about 2x107° Pa, which indeed is too low to be detected by
the plasma monitor, since it will be also reduced due to the conductance of the extraction

aperture (refer to section 3.2.1).

4.1.3 Summary

The influence of applied voltages and gas flow through the ion source on the beam param-
eters as ion current density, energy and uniformity was investigated. The optimum value
of N gas flow is found to be 1.3 sccm. A stable operation of the jon source is achieved.
The ion current density and energy are independently controlled by the filament and the
beam voltage, respectively. A sufficient uniformity of the ion beam over the sample area
is achieved at an accelerating voltage of 300 V. The analysis of the ion beam shows that it
consists of NJ and N'* ions with a composition of about 80 % and 20 %, respectively. The
ion beam can be considered as a quasi monoenergetic, since the ion energy distribution
of both Nj and N7 consists of a single narrow peak. The shape of the jon energy distri-
butions identifies a low possibility for ion-neutral collisions, which is in good agreement
with the estimation of the ion mean free path.

The analysis of the gas composition shows that the main molecules present in the
experimental chamber are Ny. The partial pressures of Hy, H,0, O, and CO, are very low
and therefore the impact of this contamination on the process of aluminium ion nitriding
can be neglected. The flux of atomic nitrogen at the sample position is estimated to be

about 20 times lower than the flux of ions.
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4.2 The role of the oxide layer

4.2.1 Introduction

As already mentioned in section 2.1.2, the main difficulty for nitriding of aluminium and
its alloys at low energies is related to the natural affinity of aluminium to react with
oxygen and thus to form a dense surface oxide layer. Arai et al. [10] have shown that this
layer acts as a barrier against nitriding and successful nitriding of aluminium takes place,
if the surface oxide is removed prior to nitriding. Furthermore, it is of crucial importance
to prevent a continuous reoxidation during the nitriding process itself. Parascandola et
al. [11] have recently shown that the interplay between the oxide growth rate and oxide
removal rate due to sputtering is a key parameter for successful ion nitriding. If the oxide
growth rate is lower than the sputter rate, the surface oxide layer is essentially removed
and nitridation takes place. In the opposite case, the surface oxide layer grows and can
either hamper or stop the nitriding process. The thickness of the surface oxide layer
becomes stationary when the two rates balance.

In this section, experiments of ion nitriding of aluminium at different oxygen partial
pressure are reported. The aim of this investigation is to define a critical partial pressure

of oxygen for the present ion beam parameters, under which aluminium can be successfully
nitrided.

4.2.2 Experimental results

The experiments were performed in two steps. First, the samples were heated up to a
temperature of 500 °C % 15 °C at three different values of oxygen partial pressure of
3x107* Pa, 3x10™* Pa and 3x10~5 Pa for 10 min. Second, ion nitriding was performed
at an ion energy of 1.6 keV and an ion current density of 0.2 mA/cm? for 15 min. The
samples were analysed before and during ion nitriding by in-situ real time ERDA. Fig.
4.6 shows the time resolved depth profiles of oxygen (left) and nitrogen (middle) obtained
for the three different partial pressures of oxygen. The colour scale gives the atomic
density of oxygen (blue) and nitrogen (green). The nanometer depth scale is calculated
by assuming stopping powers of stoichiometric Aly05 and AIN and using their standard
densities. The right graphics in Fig. 4.6 show the corresponding evolution of the oxygen
and nitrogen area densities. The time at which ion nitriding starts is indicated with t = 0.
The negative time corresponds to the time when the samples are exposed to the influence
of oxygen pressure only. Fig. 4.6 shows that originally all samples exhibit a native surface
oxide layer with an oxygen area density of about 6x10'® Oat./cm? (notice that the sale
of oxygen is multiplied 5 times). The corresponding oxide layer thickness is calculated to
be about 8.5 nm by assuming stoichiometric Al,O3. It can be seen that at the highest
oxygen partial pressure of 3x10~? Pa the surface oxidation results in a significant increase
in the oxygen area density up to 1.8x10'" O at./ cm2. For the two other oxygen partial
pressures only a slight increase is detected. Upon starting the ion nitriding (t = 0) the
oxide layer thickness is reduced for all three cases.
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Figure 4.6: Time evolution of oxygen (left) and nitrogen (middle) depth profiles and their
corresponding area densities (right) obtained by in-situ real time ERDA at different oxygen

partial pressure. The colour scale gives the respective atomic density.
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At partial pressures of 3x1073 Pa and 3x10™* Pa a stationary oxide layer establishes
after about 10 min from the beginning of the ion nitriding with an area density of 8x10'6
O at./ cm? and 6x10'6 O at./ cm?, respectively. At the lowest partial pressure of oxygen
(p(0O2) = 3x1075 Pa) the surface oxide layer is essentially removed within 5 min. The
influence of the surface oxide layer on the nitriding kinetic of aluminium can be clearly
seen in the corresponding nitrogen depth profiles. When the oxide layer is present on
the surface, the nitrogen profiles have a limited thickness and area density below the
stoichiometric value of AIN. When the surface oxide layer is successfully removed, the
incorporation rate of nitrogen is much higher than in the other case. The nitride grows
at a constant rate for the time of the ion nitriding (15 min).

4.2.3 Discussion

The oxide layer forms on the surface of aluminium due to adsorption of oxygen atoms
from the residual gas in the experimental chamber. The oxide growth rate (rgg, in terms
of the oxygen area density per unit of time) depends on the flux of oxygen atoms arriving
at the surface. For simplicity, it is assumed that the oxygen is delivered only as molecular
oxygen and that the sticking coefficient of oxygen to the sample surface is one. Then,
according to the kinetic gas theory the rgg is given as:

2p(0s)
TGR = —F——=—, 4.4
GR 2emkT (“4)
where p(Oz) denotes the oxygen partial pressure, k the Boltzmann constant, T’ the tem-
perature and m the mass of the oxygen molecule. Applying Eq. 4.4 the growth rate of
the oxide layer is calculated for the three different partial pressures of oxygen at room

temperature and using the mass of the oxygen molecule (5.3x10726 kg). The obtained
results are listed in Table 4.1.

On the other hand, the oxygen removal rate (rgg) is caused by sputtering and depends
on the ion energy and flux according to:

rse=Jo | F(B)Yo(E)IE, (4.5)

where jo denotes the incident ion flux, f(E) the ion-energy distribution and Yo(E) the
sputtering yield of oxygen. TRIDYN simulations were performed to estimate the sputter-
ing yield of oxygen due to nitrogen implantation in stoichiometric Al;O3 at an incident
angle of 17.5° (this is the angle at which ion nitriding and in-situ real time ERDA were
carried out, as described in section 3.2.2.1). The sputtering yield of oxygen is calculated
to be 0.32 for N* and 0.27 for N§. Considering the Ny and Nj fractions in the beam
and the ion current density of 0.2 mA/em? the total removal rate of oxygen is found to
be equal to 7.4x10™ Oat./cm?s. This value is listed together with the values for rgg in
Table 4.1. It can be seen that at the lowest oxygen partial pressure of 3x10~° Pa the
oxide growth rate is lower than the sputtering rate. This is in good agreement with the
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experimental results, which show that the surface oxide layer is successfully removed. For
the two other partial pressures of oxygen, the oxide growth rate is higher than the sput-
tering rate. As the experiment shows, in this case a stationary oxide layer is formed on
the surface which decreases the incorporation rate of nitrogen. The obtained ares, density
of the stationary surface oxide layer is also shown in Table. 4.1. The results for rar and
rgr together with the experimental data confirm that the interplay between oxide growth
rate and oxide removal rate is a key parameter for successful ion nitriding. It is observed
that the surface oxide layer acts as a barrier against nitriding. This phenomenon can be
explained by comparing the oxide layer thickness (~ 8.5 nm) with the mean projected
range of N* (~ 6 nm) and Nj (= 4 nm), see Fig. 2.3 on page 13. This reveals that the
nitrogen is implanted in the oxide layer, where most of the aluminium atoms are bound
in oxide. Then, nitrogen atoms might remain in solid solution, diffuse into the bulk where
free aluminium is present, or diffuse back through the surface in the gas phase. The
experiment shows, that a very small amount of nitrogen is found behind the oxide layer,
therefore it can be concluded that most of the nitrogen which has been implanted in the
oxide leaves through the surface.

The experiments presented here, clearly demonstrate the benefit of surface bombard-
ment on the nitriding process, The energetic ions can cause cleaning of the surface oxide,
formed during the nitriding. This result explains the need to bias the sample during

plasma nitriding as reported in Ref. [70].

p(0s) IGR ISR Stationary layer
(Pa) | (O at./cm?s) (O at./em?s) | (O at./cm?)
3x107% | 1.6x10% | > | 7.4x10Y 8x10
3x10™* 1.6x10% > 7.4x1014 6x10
3x107° 1.6x10%* < 7.4x10% none

Table 4.1: The growth rate (rgr) and the sputter removal rate (rsp) of the surface oxide layer
obtained from Eqs. 4.4 and 4.5 for different partial pressures of oxygen. The area density of the
stationary oxide layer measured by ERDA is also shown.

4.2.4 Summary

In this section, the influence of the surface oxide layer on the nitriding of aluminium has
been investigated. The obtained results clearly show that when an oxide layer is present
on the surface it hampers the incorporation of nitrogen in the aluminivm substrate. If
the sample surface is free of oxide, successful nitriding of aluminium takes place at a
constant growth rate. It is confirmed that the thickness of the oxide layer is controlled
by the interplay between the oxide growth rate due to adsorption of oxygen atoms from
the residual gas and the oxide removal rate due to sputtering by the ion beam. The
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bombardment with low-energy ions induces cleaning of the surface oxide simultaneously
to the nitriding process. The Eqgs. 4.4 and 4.5 can be used for determination of the critical
oxygen partial pressure in dependence on ion energy and current density. For the used
here ion energy of 1.6 keV and current density of 0.2 mA /cm?, the critical partial pressure
of oxygen is found to be 3x10~% Pa. All further experiments performed in this study were
carried out at an oxygen partial pressure equal or lower than this value in order to insure
the successful nitriding of aluminium.
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4.3 Nitrogen incorporation and loss

4.3.1 Introduction

During ion nitriding of aluminium, nitrogen ions are supplied to the surface by the ion
beam. Considering the ion-solid state interaction, one part of the incident ion flux is
incorporated into the substrate and an other part is lost due to backscattering and sput-
tering. The nitride layer growth depends on the amount of incorporated nitrogen atoms.
On the other hand, sputtering induces surface erosion, thus reduction of the nitride layer
thickness. Knowledge about the influence of the ion beam parameters as ion energy and
current density on the nitrogen incorporation and loss is important for an understanding of
the nitriding process and for achieving control over the nitride layer growth. Furthermore,
during ion nitriding a gas-solid state interaction can also take place, since the substrate
surface is simultaneously exposed to the influence of neutrals. Nitrogen adsorption from
the residual gas, additionally stimulated by the ion bombardment, may contribute to the
incorporation of nitrogen. Moreover, desorption of nitrogen from the solid state to the
residual gas may enhance the nitrogen loss.

In this section, studies of nitrogen incorporation and loss due to sputtering and
backscattering are presented. As it will be discussed in section 4.5, where the kinet-
ics of aluminium ion nitriding is studied, the experiments described here are performed
at such a substrate temperature and nitriding times for which the nitride layer growth is
controlled by the rate of nitrogen supply. At these conditions, diffusion does not play a
limiting role for the nitride layer growth, thus does not affect the mechanism of nitrogen
incorporation and loss. The results presented here are subdivided into two subsections
considering i) ion-solid state and ii) gas-solid state interaction.

4.3.2 lon-solid state interaction

4.3.2.1 Experimental results

For an investigation of nitrogen incorporation and loss in terms of ion-solid state inter-
action two series of experiments were carried out. First, samples were ion nitrided at
different ion energies varying from 0.4 keV to 2.4 keV with an ion current density of 0.2
mA /ecm? for 20 min. Second, nitriding of aluminium was performed at a constant ion
energy of 1.6 keV with two ion current densities of 0.1 mA/cm? and 0.2 mA/em? and
for different time increasing from 5 min up to 30 min. Prior to the nitriding, the native
oxide layer was removed by sputtering with Ar" at an ion energy of 1.6 keV and an ion
current density of 0.2 mA/em? for 10 min. The substrate temperature was 350 = 20 °C
during the Art sputtering and the nitriding process. After treatment, the samples were
cooled down in the vacuum chamber. The obtained nitride layers were analysed by NRA.
TRIDYN simulations were performed to estimate the sputtering and backscattering yields
of nitrogen.

The measured total amount of nitrogen atoms incorporated in the aluminium substrate
is shown in Fig. 4.7 by squares as function of the ion energy. The amount of nitrogen
is presented in units of at./em?, which is a direct result from the NRA spectra analysis
obtained by the WiNDF code. The corresponding thickness of the nitride layers caleulated
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Figure 4.7: Dependence of nitrogen incorporation on the ion energy determined by NRA
(squares) and calculated by TRIDYN (circles). Process parameters: ion current density of 0.2

mA/cm?, nitriding time 20 min and substrate temperature 350 °C. The incident fluence of
nitrogen is shown by the solid line.

from the total amount of incorporated nitrogen and the atomic density of the nitride layers
(determined in section 4.7.1) is also shown on the right axis. The incident flux of nitrogen
is estimated to be 2.25x10% at./cm?s using the fraction of Ny and N* ions in the beam and
the ion current density of 0.2 mA /ecm?. The flux of nitrogen loss can be determined from

the difference between the incident flux of nitrogen atoms and the flux of incorporated
nitrogen as:

JN loss = JN incident — N incorp. (4.6)

Here the loss of nitrogen is considered to be due to sputtering and backscattering only:

jN lpss — jN sp + jN bs (47)

The incident fluence of nitrogen atoms supplied to the surface for a time of 20 min
is 2.7x10'® at./em®, which is represented in Fig. 4.7 by a solid line. The amount of
nitrogen, which is lost during the ion nitriding process can be experimentally determined
by applying Eq. 4.6 using the amount of incorporated nitrogen measured by NRA. On the
other hand, the nitrogen loss due to sputtering and backscattering can be theoretically
estimated on the base of computer simulations. The results obtained by TRIDYN as a
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Figure 4.8: Time dependence of incident nitrogen fluence (solid line), total amount of incor-
porated nitrogen determined by NRA (squares) and calculated by TRIDYN (circles). Process
parameters: ion energy of 1.6 keV, ion current density of 0.1 mA /cm? and substrate temperature
of 350 °C. The amount of nitrogen loss is grey patterned.

function of the ion energy are presented in Fig. 2.4, on page 16. One has to be aware,
that the simulation is performed for atomic nitrogen ions. The correct estimation of
the sputtering and backscattering yields requires consideration of Ni and N* fraction
in the beam, as well as the fact that the molecular ions dissociate upon impact on the
surface and each nitrogen atom takes the half of the energy. Then, the sputtering and
backscattering fluxes can be calculated applying Eq. 2.8. From these and using the known
flux of incident nitrogen, the amount of nitrogen which is expected to be incorporated in
the substrate can be calculated. The results are shown in Fig. 4.7 by circles. They are in
reasonable good agreement (within 20 %) with the experimentally determined amount of
incorporated nitrogen for beam energies higher than 0.8 keV. A discrepancy is observed
at lower beam energies with an estimated amount of incorporated nitrogen higher than

the experimental values.

The results obtained from the experiments performed at a constant ion energy are
shown in Figs. 4.8 and 4.9 as a function of the ion nitriding time for ion current densities
of 0.1 mA/cm? and 0.2 mA/ cm?, respectively. The total amount of nitrogen atoms incor-
porated in the aluminium substrate is shown by squares. A linear dependence on time is
observed. In Figs. 4.8 and 4.9 it can be seen that the nitriding process has an ineubation
time (tipens.) of about 4 min and 2 min, respectively. The fluence of incident nitrogen
arriving at the surface is estimated for each nitriding time and shown with a solid line in



52 4 Results and discussion

4 1061
I incident fluence 1
| --0O-- incorporated (TRIDYN)
| --®-- incorporated (exp.) §
3L -1 796
< | Z
= F ,/,O g
< | et J ~
% 2t o B 53t 8
l_./ - ’,r‘ ”,’ p 5
c O T o
£t o B ;
Z 1} Pttt + 265
L o //i .
o mT
R o Sl
N 2
0 ez 1 " 'Aln N PR 3 1 i 1 . L ] 1 . " " 0
0 tcw. 500 1000 1500 2000

Nitriding time (s)

Figure 4.9: Time dependence of incident nitrogen fluence (solid line), total amount of incor-
porated nitrogen determined by NRA (squares) and calculated by TRIDYN (circles). Process
parameters: ion energy of 1.6 keV, ion current density of 0.2 mA /cm? and substrate temperature
of 350 °C. The amount of nitrogen loss is grey patterned.

Figs. 4.8 and 4.9. The corresponding amount of lost nitrogen is the difference between
the incident fluence and the incorporated nitrogen, which is grey patterned. Furthermore,
by applying TRIDYN the total sputtering yield of nitrogen is found to be 0.36 and the
fraction of backscattered nitrogen is estimated to about 4 % of the incident fluence of
nitrogen. Thus, the computer simulations result in 60 % incorporated nitrogen, which
is shown in Figs. 4.8 and 4.9 by circles. Again, the experimentally and theoretically
determined amount of incorporated nitrogen are in reasonably good agreement.

4.3.2.2 Discussion

The results presented above illustrate that the mechanism of nitrogen incorporation and
loss can be successfully described in terms of ion-solid state interactions for the present
range of nitriding times and substrate temperature. In this approach, only nitrogen supply
by the ion beam and nitrogen loss due to sputtering and backscattering are considered.
The experimentally determined amount of incorporated nitrogen per unit of time is found
to be a stationary value, indicating that the flux of incident nitrogen and the flux of
nitrogen loss are in balance during the process. A comparison between the sputtering
and backscattering yields estimated by binary collision computer simulations reveals that
the nitrogen loss is dominated by sputtering. Fig. 2.4 in section 2.2.1 shows that the
sputtering yield is in the range from 0.16 up to 0.4 nitrogen atoms per incident particle,
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whereas the backscattering yield is only in the range from 0.03 to 0.05. The results
obtained by the simulations are consistent with the experimental data. A discrepancy is
observed only at low ion energies of 0.4 keV and 0.6 keV. Such a difference may be the
result of the influence of the surface oxide layer as discussed in the previous section. It
has to be noted that the experiments presented here were performed at an oxygen partial
pressure of about 3x1075 Pa, which was determined as a critical value for an ion energy
of 1.6 keV. Similar to the results of Fig. 2.4, the sputtering yield of oxygen is lower at ion
energies of 0.4 keV and 0.6 keV. Thus, a stationary oxide layer may be formed, which as
seen in Fig. 4.6, decreases the incorporation rate of nitrogen.

Figs. 4.8 and 4.9 show that for the present experimental parameters, the growth
kinetics of the nitride layer is linear. Moreover, the thickness of the layer is proportional
to the ion current density of the beam. Consequently, control over the growth rate can
be achieved by the ion current density taking into account the reduction due to nitrogen
loss caused by sputtering and backscattering.

The observed incubation time ti,.up. has also to be discussed here. This period can
be as well related to the existence of a thin surface oxide layer built up during the time
when the source is switched off in order to change from Ar to N gas (about 2 min). Until
the oxide layer is not sputtered again (now by the nitrogen beam) there is not noticeable
growth of the nitride layer. This is consistent with the observed different incubation time,
since the beam with higher ion current density induces higher sputtering rate of oxygen
and thus shorter tipeup.. On the other hand, a certain time for formation of a critical size
of AIN nuclei may be necessary, after which a significant growth of the nitride layer takes

place.

4.3.3 Gas-solid state interaction

4.3.3.1 Experimental results

In principle, adsorption can contribute to the process of nitrogen incorporation, since
the performed in section 4.1 analysis of the gas composition in the experimental chamber
shows that a high amount of N2 molecules is present. The impinging flux of Ny, estimated
from the Ny partial pressure and applying Eq. 4.3, is about one order of magnitude higher
than the ion flux arriving at the surface. Moreover, it has to be taken into consideration
that the ion bombardment can enhance the reaction between Ny and aluminium. In order
to test the role of Ny molecules on the nitriding process the following experiment was
performed. First, the surface oxide layer was sputtered by an argon ion beam at a current
density of 0.2 mA/ecm? and an ion energy of 1.6 keV for 10 min. Then, simultaneously to
the ArT beam a gas flux of Ny was directly introduced in the chamber from a separate
gas inlet. A Ny gas flow of 1.3 sccm was applied in order to provide a neutral flux of
N, similar to this during the ion nitriding process, where the ion source was operated
with 1.3 secm Ny. The experiment was carried out for 20 min. After treatment, the
sample was analysed by NRA, which shows that no nitrogen has been incorporated into
the aluminium substrate.
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4.3.3.2 Discussion

This result clearly demonstrates that Ny adsorption from the ambient does not take part
in nitriding of aluminium. The role of the atomic nitrogen has also to be taken into
consideration, since it can react with aluminium easier than the nitrogen in molecular
form. The flux of atomic nitrogen at the sample position has been estimated in subsection
4.1.2.3. Tt is found to be about 20 times lower than the flux of ions. Therefore, even by
assuming 100 % sticking of nitrogen atoms at the sample surface, the contribution of
atomic nitrogen to the nitriding process can be considered as negligible.

The determination of nitrogen desorption is more complicated. The thermal desorption
alone is not expected to play a significant role, since AIN has a high binding enthalpy of
3.36 6V, and it is unlikely that a chemically bonded nitrogen atom leaves the solid state.
However, if nitrogen is free, for instance in over stoichiometric concentration, it might
contribute to the desorption. The ion-stimulated desorption was not investigated here,
since the ion bombardment causes also sputtering and the effect of nitrogen loss due to
desorption in practice can not be distinguished.

4.3.4 Summary

A quantitative determination of nitrogen incorporation and loss in terms of ion-solid state
interaction was done by performing experiments of aluminium ion nitriding at different ion
energies, current densities and nitriding times. Dynamic binary collision simulations were
performed to estimate the sputtering and backscattering yields of nitrogen. The obtained
results are about 20 % lower than that the experimentally determined ones, which is a
reasonable good agreement, because the computer simulations can not fully reproduce
the experiment. Consequently, it can be concluded that the nitrogen incorporation is
controlled by the ion implantation, while the nitrogen loss is controlled by sputtering and
backscattering, whereby sputtering is dominating.

The contribution of neutrals (N molecules and N atoms) to the incorporation of
nitrogen because of adsorption from the ambient is found to be negligible. The role of
nitrogen desorption was not investigated.
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4.4 The mechanism of diffusional transport

4.4.1 Introduction

Diffusion plays an important role for formation of the nitride layer during ion nitriding.
A significant thickness can be achieved only by a diffusional transport, since the direct
implantation depth is small. In general, the diffusion is affected by the motion of all atomic
species. However, it is interesting to know whether the nitride layer grows due to diffusion
of both species nitrogen and aluminium (growth at two interfaces) or by one dominating
element. A commonly accepted opinion about the diffusional transport during nitriding
of aluminium is that nitrogen atoms diffuse into the aluminium bulk. Such an approach
can be found in several publications, as for example Refs. [50, 51, 60, 66, 70, 85, 115, 141].
Nevertheless, there is no clear evidence for the dominating diffusion of nitrogen.

In this section, a study of the mechanism of diffusional transport during ion nitriding of
aluminium is presented. For the identification of the main diffusing species, experiments
by means of a marker layer and isotope sequence techniques are performed.

4.4.2 Experimental results

First, a stoichiometric AIN layer was formed by ion nitriding with N at an ion energy of
1.6 keV, a fluence of 3.36x10'® at./cm? and a substrate temperature of 500°C. Afterwards,
a dilute marker layer of gold (Au) was implanted approximately into the middle of the
nitride layer. The implantation was carried out at an ion energy of 1 MeV at normal
incidence and a fluence of 1x10% at/cm?® at room temperature. The ion energy was
chosen on the base of TRIM calculations performed for a substrate with stoichiometric
composition and standard density of AIN resulting in a mean projected range of about
200 nm with 100 nm straggling. The type of the marker and the fluence were chosen
corresponding to the requirements of RBS, used for determination of the marker layer
position. The simulated peak maximum concentration is about 1 at.%. Such a low
concentration renders improbable that the diffusion of aluminium and nitrogen atoms
will be affected by the implanted gold atoms. On the other hand, this amount of Au
atoms is sufficient to be detected by RBS. Subsequently, the sample was reinstalled in the
ion nitriding system and ion nitrided with N at an ion energy of 1.6 keV and a fluence
of 2.8x10'8 at./cm? at 400°C. During the ion nitriding with N, a part of the sample was
covered by a Si wafer. Before and after ion nitriding with PN, the sample was analysed
by RBS and TOF ERDA.

Fig. 4.10 a) shows the results obtained by RBS after ion nitriding with N and ion
implantation with Au. This spectrum was simulated using the computer code RUMP.
The nitrogen to aluminium ratio is determined to be about 1, which corresponds to the
stoichiometric concentration of AIN. The thickness of the nitride laver is found to be
about 400 nm using the standard density of AIN. The implanted gold layer is situated in
a 160 nm thick zone starting at a depth of 130 nm with an average Au concentration of
0.65 at.% in the implanted zone. The results are in good agreement with the simulated
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Figure 4.10: RBS spectra obtained after a) ion nitriding with 4N and ion implantation with
Au, b) additional heat treatment at 400°C (capped sample area) and c) subsequent ion nitriding
with 15N, The arrows denote the surface backscattering energies of 14N, N, Al and Au.

projected range, straggling and concentration of the marker layer. In Fig. 4.10 it can be
seen that the signal obtained from the implanted gold layer has the Gaussian shape being
typical for ion implantation at high energy.

For this experiment it is of essential importance to ensure that the marker layer does
not move itself due to diffusion of the Au atoms in AIN. To investigate the effect of high
temperature on the marker layer, RBS analysis was performed at the part of the sample,
which was capped by the Si wafer during the ion nitriding with ®N. Only in the case
that the marker layer remains stable here, it can be also used as an indication for the
relative migration of aluminium and nitrogen atoms. The obtained RBS spectrum is
shown in Fig. 4.10 b) and as it can be seen the position and the shape of the Au peak
remain nearly unaffected due to the temperature effect. Consequently, purely thermal
diffusion of the gold atoms can be neglected. The capped part of the sample was also
investigated by TOF ERDA and the obtained elemental depth profiles of 4N, aluminium
and oxygen are shown in Fig. 4.11 a). No other elements were detected in a significant
amount. The measurement confirms the formation of a 400 nm thick stoichiometric AIN
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Figure 4.11: Elemental depth profiles of 4N (full circles), 1N (open circles), aluminium
(squares) and oxygen (triangles) obtained by TOF ERDA after a) heat treatment at 400°C
(capped sample area) and b) subsequent ion nitriding with 15N.

surface layer. There is a well established plateau with equal atomic density of aluminium
and nitrogen with an average value of 0.48 + 0.04x10% at/cm? each. A small amount of
oxygen is found at the surface and close to the interface between the nitride layer and the
aluminium substrate.

The effect of ion nitriding on the position of the gold marker layer was investigated
in the part of the sample, which was exposed to the N ion beam. The obtained RBS
spectrum is plotted in Fig. 4.10 c). It shows clearly that the marker is shifted towards the
bulk. According to a RUMP simulation, now the gold implanted zone starts at about 380
nm from the new surface. This indicates that the thickness of the nitride layer in front of
the gold marker layer is significantly increased, even though the surface was eroded due
to sputtering. On the other hand, the shape and average concentration of the gold layer
remain nearly unchanged. Fig. 4.11 b) shows the elemental depth profiles of 1N, N,
aluminium and oxygen obtained by TOF ERDA after ion nitriding with N. It can be
seen that N is situated only in the bulk, while the post-implanted N is located near
the surface. Taking into account the limited depth resolution of the depth profiling by
ion beam analysis the profiles are considered to have a rectangular shape for each of the
isotopes.
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4.4.3 Discussion

Three different mechanisms of diffusional transport can be discussed: i) dominating dif-
fusion of nitrogen towards the interface AIN/Al, ii) diffusion of aluminium towards the
surface or iii) a simultaneous diffusion of nitrogen and aluminium. The last one can be
excluded because the diffusion of both elements is not consistent with the observed well
separated rectangular nitrogen profiles. If simultaneous diffusion of nitrogen and alu-
minium takes place, the N and *N depth profiles would overlap and no sharp interface
between them would be observed. To decide between nitrogen or aluminium dominated
diffusion, first the observed shift of the gold marker layer will be considered. As noted
above, the diffusion of gold atoms in the nitride due to the high temperature during the
ion nitriding process can be neglected and therefore the observed shift must be due to
diffusional transport of nitrogen or aluminium atoms. If the diffusional transport would
be dominated by inward diffusion of nitrogen, the nitride layer would grow behind the
marker. Then the nitride thickness at front of the marker would even decrease because
of surface erosion caused by sputtering, thus the gold peak should be shifted in the op-
posite direction relative to the surface. In contrast, the observed change of the gold peak
position after N ion nitriding shows that the nitride layer grows in front of the marker,
indicating transfer of mass from the bulk trough the marker layer to the surface. This
mechanism is further confirmed by the ERDA elemental depth profiles in Fig. 4.11 b),
which reveal that the nitride phase formation takes place at the surface. If nitrogen would
diffuse through the existing nitride layer, one would expect a reverse distribution of the
pre-implanted and the post-implanted isotope. It might be argued that the incoming N
dissociates the Al-N bonds at the surface and than recombines with the free aluminium.
The substituted “N could than be pushed into the bulk, continuing this substitution.
Such a substitutional mechanism can be excluded from an energetic point of view, since
behind the implantation depth the atoms obtain only a thermal energy of about 0.1 eV
(estimated for a substrate temperature of 500 °C), which is much less than the binding
enthalpy of AIN (3.36 V). Moreover, as explained above the diffusion of nitrogen atoms
trough the bulk would shift the position of the gold marker layer to the surface. Col-
lisional mixing as it is reported in Ref. [50] is also not an appropriate explanation for
the observed depth distributions, taking into account the small implantation range and
the shape of the observed depth profiles of N and '°N. Hence, it can be concluded that
during ion nitriding of aluminium the nitride layer grows due to dominating diffusion of
aluminium atoms from the underling bulk towards the surface where a new AIN is formed.

In addition, it should be noted that the picture of diffusional transport dominated by
diffusion of aluminium atoms is also consistent with the obtained depth profiles of oxXygen
(see Fig. 4.11). After the ion nitriding small amounts of oxygen are found, besides at the
surface, in particular near the interfaces. These interface peaks can be attributed to the

original surface positions, which are now buried by the aluminium which is diffused to
the surface.

Furthermore, the distribution of “N and **N profiles reveals a layer-by-layer growth of
the nitride Inyer. Since the nitride formation takes place at the surface, the newly formed
nitride layer shifts the already existing one in direction of the bulk.
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4.44 Summary

In this section, the mechanism of diffusional transport during ion nitriding of aluminium
was investigated. To define whether the nitride layer grows due to diffusion of nitrogen or
aluminium atoms an experiment by means of a dilute gold marker layer was performed.
The obtained results reveal that the diffusional transport is dominated by the diffusion
of aluminium rather than nitrogen. This mechanism is confirmed by the results obtained
after ion nitriding with two different isotopes of nitrogen. The post-implanted PN is
found near the surface, while the pre-implanted N is situated deeply in the bulk. The
rectangular shape of the isotope depth profiles excludes a simultaneous diffusion of nitro-
gen and aluminium atoms. Furthermore, the depth distribution of N and N indicates
that the formation of AIN takes place close to the surface with the nitrogen being de-
posited there by the ion beam and the aluminium being provided by diffusion from the
underlying bulk through the nitride which is formed before. The phenomenon of domi-
nating aluminium diffusion and AIN phase formation at the surface during nitriding of
aluminium is observed for the first time in the present study.
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4.5 Growth kinetics of the nitride layer

4.5.1 Introduction

Achieving control over the nitride layer growth during ion nitriding of aluminium requires
an investigation of the influence of all process parameters on the nitride layer growth
kinetic. Since nitriding is a diffusional process, the substrate temperature is expected
to play a critical role for the evolution of the nitride layer. Therefore, in this section, a
study of the nitride layer growth kinetic at different substrate temperatures and fixed ion
beam parameters is presented. The influence of ion flux and ion energy on the kinetics of
aluminium nitriding at the temperature of 350 °C has been already investigated in section
4.3. On the base of the obtained results and considering the mechanism of diffusional
transport presented in section 4.4, a model of the aluminium ion nitriding process is
suggested. Equations describing the growth of the nitride layer are obtained. Diffusion
coefficients and an activation energy of aluminium diffusion in the AIN matrix are derived.

4.5.2 Experimental results

Ton nitriding was performed at an ion energy of 1.6 keV and a current density of 0.2
mA /em? for temperatures of 250 °C, 300 °C, 350 °C and 400 °C, which were kept constant
within == 20 °C during the process. For each of these temperatures a series of experiments
was done, thereby increasing the nitriding time from 5 min up to 60 min. Before ion
nitriding, the samples were cleaned by sputtering with Art at an ion energy of 1.6 keV
and a current density of 0.2 mA /em? for 10 min. The samples were analysed by NRA.

Fig. 4.12 shows the obtained nitrogen profiles for the different temperatures and times.
Taking into account the depth resolution of NRA, which is about 250 nm at the surface
and increases towards the depth, the shape of the profiles is consistent with a rectangular
depth distribution as already discussed in section 4.4. In this context, it should be noted
that the profiles obtained from layers with a small thickness are significantly affected by
the depth resolution. This effect is especially pronounced in the case of 250 °C, where
the layers have a maximum thickness of about 180 nm only. Here the maximum nitrogen
concentration is strongly reduced. In Fig. 4.12 it can be also seen that the profiles at
400 °C and 350 °C have a slightly different nitrogen maximum concentration of 48 at. %
and 44 at. %, respectively. Since these layers are of comparable thickness the observed
difference can not be explained by the depth resolution of the method and will be further
investigated in section 4.7.4.

The thickness of the nitride layers was defined from the total amount of incorporated
nitrogen and the atomic density of the layers (determined in section 4.7.1). The results are
shown in Fig. 4.13 by squares as a function of nitriding time for the different temperatures.
Again an incubation time of about 2 min is observed. Moreover, two different dependencies
of layer thickness on nitriding time can be distinguished. At 400 °C the dependence is
linear. This can be interpreted as layer growth proportional to the supply of nitrogen
atoms by the ion beam. At temperatures of 300 °C and 250 °C the layer thickness
obeys an apparently different dependence on time, which appears to be parabolic one and
indicates a diffusion controlled process. The evolution of the layer thickness at 350 °C is
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Figure 4.12: Nitrogen profiles obtained by NRA after ion nitriding of aluminium at an ion

energy of 1.6 keV and a current density of 0.2 mA /em? for different nitriding times and substrate
temperatures of a) 400 °C, b) 350 °C, ¢) 300 °C and d) 250 °C.

a combination of both cases. For nitriding times less than 2400 s the data are consistent
with a linear dependence, which later transforms to a parabolic function of the processing
time. It should be also noted, that the data presented in Fig. 4.13 are limited to a
maximum nitriding time of 60 min. Actually, experiments at longer nitriding time were
performed too, but the obtained results do not obey any of the dependencies described
here. This phenomenon will be discussed in detail in section 4.7.2.

4.5.3 Model of aluminium ion nitriding

Considering the mechanism of aluminium ion nitriding presented in the previous section,
a simplified picture of the process can be drawn. Fig. 4.14 shows an elemental piece of the
sample with three different zones as follows: 1) a near surface region, where the nitrogen
is implanted and AIN formation takes place, 2) a zone of the nitride layer the thickness
of which is zero in the beginning and increases during the process and 3) the underlying
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Figure 4.13: Nitride layer thickness as a function of the processing time for substrate temper-
atures of 250 °C, 300 °C, 350 °C, and 400 °C. The experimental data (squares) are fitted by Eq.
4.10 (a solid line) for n = 3.8x10%2 at/cm3, na = 6x10%2 at./cm®, jy = 1.125x10'5 at./cm?s
and s = 9x107° cm/s.

bulk, which is a source for aluminium atoms. Since the ion beam can be considered as
homogeneous over the sample area (refer to Fig. 4.2 in section 4.1), a one dimensional
approach to describe the ion nitriding phenomenon will be applied here.

The nitride layer grows only if both elements nitrogen and aluminium are delivered to
the first, here named ”reaction” zone. The transport of nitrogen and aluminium atoms can
be described by means of corresponding fluxes jv and ja;, as shown in Fig. 4.14. The flux
of nitrogen is a constant flux, defined by the flux of nitrogen atoms delivered by the ion
beam and reduced by the sputtering loss of nitrogen. In this sense, jy can be considered
as an effective flux. Let us assume that this is also valid for ja;, because sputtering of
aluminium atoms can also occur. The flux of aluminium is caused by the concentration
gradient in the system. To define the difference in concentration only the free aluminium
will be taken into consideration. The aluminium, which is bound in AIN is fixed and
therefore it can not contribute to the diffusion as shown by the absence of intermixing
in the isotope nitriding experiment of section 4.4. At the surface the concentration of
free aluminium is assumed to be zero, since in the "reaction” zone all arriving aluminium
is consumed by the formation of AIN. The bulk consists only of aluminium with the
concentration m4;. Then, the concentration gradient in the system is determined by the
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Figure 4.14: An elemental piece of the sample, indicating the different zones formed during ion
nitriding of aluminium: 1) "reaction zone” situated near the surface where nitrogen is implanted
and formation of AIN takes place, 2) the zone of the nitride layer the thickness of which is zero
in the beginning and increases during the process and 3) the underling bulk, which is a source

for aluminium atoms.

difference in aluminium concentration between bulk and surface divided by the thickness
of the nitride layer z, i. e. it is equal to ng;/z. For a steady-state regime the first Fick’s
law can be applied (Eq. 2.10) and the aluminium flux is given by:

. A .
Jar = D-? — Jaus (4.8)
where D is the diffusion coefficient of aluminium through the nitride layer determined by
Eq. 2.11 and j9,; is the flux of sputtered aluminium. The diffusional flux is directed down
the concentration gradient i.e. towards the surface as shown in Fig. 4.14.

The growth of the nitride layer is limited either by the flux of nitrogen atoms delivered
from the ion beam or by the diffusive flux of aluminium atoms. In this sense, the nitride
layer growth rate can be written as:

T n | Ja otherwise

de 2 [ jn if v <ja s
dt n{ ’ (9

where n is the atomic density in the nitride layer. The factor 2 appears since each
incorporated nitrogen or aluminium atom, in both cases, involves the incorporation of
one atom of the other species due to the surface reaction.

From Eqgs. 4.8 and 4.9 the thickness of the nitride layer is given by the analytical
solution:
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kt if t<t

z(t) = (4.10)

(1428
ds™* (1 + ProductLog (—e (H ¢ >)) otherwise

where k = 2jx/n, d = 2Dna/n, s = 2j%;/n and ty is the transition time at which the
nitride layer growth changes from the regime controlled by the rate of nitrogen supply to
the regime controlled by the rate of aluminium diffusion.

The transition time is defined by a consideration for continuity as:

~(1+4)
t, = ds™? (k + s + kProductLog (— (k + 8)]: i . (4.11)

to can be determined also graphically as the crossing point between the two functions
given in Eq. 4.10.

Eq. 4.10 is used to fit the experimentally determined layer thickness as a function of
nitriding time, as shown in Fig. 4.13. To fit the data, the exact solution of 4.10 in the
case of t > #p was expanded in a power series to the third order of ¢, which is given by:

d 2{;£ 2 s .3_21;3/2 3t2 53 _sf.ts/2 4 5t3
m(t>t0)=—~s—d~——s—t d 250 FV4 2

3 9/2 135d  540+/2d 850542

+O[* (4.12)

The parameters jy and n are chosen on the base of the following experimental results.
The effective flux of nitrogen atoms has been determined in section 4.3. For an ion current
density of 0.2 mA/cm? the effective flux of nitrogen atoms (jy) is taken as 1.125x10'%
at./cm?s on the base of experimentally determined nitrogen loss (refer to Fig. 4.9). The
atomic density of the nitride layer is 7.5x10%2 at/cm?, which is determined in section 4.7.1.

The atomic density of aluminium in the bulk (n4;) is chosen to be equal to the standard
of aluminium (6x10%2 at/cm?).

The best fit, which satisfies all data with the same sputter rate of aluminium 3.4x104
at/cm? (s = 9x10~° cm/s) is shown in Fig. 4.13 by a solid line. It can be seen that
the obtained fit is in good agreement with the experimental data. Only in the case of
250°C there is a difference, which is in the order of the experimental error. A diffusion
constant Dy = 1.1x107 & 0.6x10~2 cm? /s and an activation energy U = 1.1 £ 0.3 eV are
determined from the parameters d obtained by the fit for temperatures of 250 °C, 300 °C
and 350 °C. The large error for Dy is due to the high correlation of d and s parameters
in Eq. 4.10. Than, diffusion coefficients for the different temperatures are determined
by Eq. 2.11 and listed in Table 4.2. The transition time ¢, for the different substrate

'The ProductLog function gives the solution for w in z = we™.
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temperatures and for d and s values determined by the fit are calculated by Eq. 4.11 and
listed in Table 4.2 too. The graphical solution for ¢y at the temperature of 250 °C, 300
°C and 350 °C can be seen in Fig. 4.13. It should be noted that for the determination of
D and tp, the incubation time ;.4 Was taken into consideration.

In the above model, it has been assumed that freely diffusing aluminium atoms are
available at the layer/substrate interface with a concentration being equal to the atomic
density of the metal. Alternatively, a thermally activated solution of aluminium into AIN
might be proposed. However, any corresponding data. of solubility are not available to the
knowledge of the author. Formally, the above model would remain unaltered since only

the product of D and ny4; appears.

Temperature | Diffusion coefficient (D) | Transition time (Zg)
(°C) (cm?/s) (s)
250 2.8x10~1* 246
300 2.3x10713 697
350 1.4x10~12 2360
400 6.4x10712 16140

Table 4.2: Diffusion coefficients of aluminium in AIN and transition times obtained by fitting
of the experimental data in Fig. 4.13 with Eq. 4.10 (Dp = 1.1x1073 + 0.6x10~3 cm2/s and U

=1.1+03eV.

4.5.4 Discussion

The obtained experimental results together with the model presented here allow to distin-
guish two different regimes of nitride layer growth depending on the process parameters.
For nitriding times shorter than the transition time ¢ the nitride layer grows with a con-
stant rate determined in terms of nitrogen delivery by the ion beam and nitrogen loss
due to sputtering and backscattering. The desired growth rate can be adjusted by the
current density of the ion beam considering the effect of sputtering (refer to Fig. 4.8
and Fig. 4.9 in section 4.3). In this regime the diffusion does not play a limiting role,
because the nitride layer is relatively thin and for the given temperature the diffusion
rate of aluminium is faster than the rate of nitrogen supply. After the transition time,
the layer thickness becomes significant and hampers the diffusion of aluminium atoms.
In this regime the rate of aluminium diffusion plays a limiting role, which determines the
nitriding kinetic. Basically, the nitride layer thickness is a square root function of time,
slightly reduced by the erosion due to sputtering. This result is in agreement with other
studies on the evolution of the nitride layer during ion nitriding of steel [14, 117]. They
have shown that at similar diffusion and sputtering rates, a significant deviation from the
parabolic law takes place for nitriding times larger than 60 min.

The sputter rate of aluminium was calculated by TRIDYN {see Fig. 2.4 on page 16).
For an ion energy of 0.8 keV and 1.6 keV the computer simulations results in a sputtering
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yield of 0.17 and 0.21, respectively. Considering the composition of the ion beam and
the flux of nitrogen, the sputtered flux of aluminium is found to be 3.8x10 at./cm?s,
which is about 10 % higher than the value obtained from the fit (3.4x10™* at/cm?s).
It has to be taken into consideration that in the diffusion controlled regime the supply
of aluminium atoms to the "reaction” zone is lower. This may lead to a decrease in
the sputtered yield of aluminium, since less aluminium atoms are present in the near
surface region. This effect should be most pronounced for the lowest temperature and
may be the reason for the observed difference between experiment and fit at 250 ° C.
Moreover, in the diffusional regime the amount of nitrogen loss might be also different to
that determined in section 4.3. Taking into account that an AIN compound forms only
if free aluminium is delivered to the "reaction” zone, a limitation in the arriving rate of
aluminium limits also the incorporation rate of nitrogen. Then, the exceeding amount of
nitrogen can form Ny molecules, which for instance, can be incorporated in cavities of the
nitride layer. However, most probably the excess nitrogen is released through the surface
to the gas phase. In the last case, an essential contribution to the nitrogen loss is added
to the nitrogen loss due to sputtering and backscattering discussed in section 4.3. The
different layer thickness observed in Fig. 4.13 for the same incident fluence but different
temperatures indicates that in the diffusional controlled regime the amount of nitrogen
loss significantly increases in relation to the lower incorporation rate. In the extreme case
of ion nitriding performed at 250 °C for 60 min, the amount of incorporated nitrogen is
estimated to be only 15 % of the supplied nitrogen.

The mechanism of aluminium diffusion through the nitride layer has not been inves-
tigated. Interstitional diffusion of aluminium is not appropriate, because the aluminium
atoms have a larger atomic radius (1.82 A) in comparison to nitrogen (0.75 A). Alu-
minium may diffuse substitutionally via vacancies or along grain boundaries and other
defects. The values of the diffusion coefficients determined here (Table 4.2) are in the
range of diffusion coefficients characteristic for grain boundary diffusion according to Fig.
2.6 on page 17. However, it has to be noted that the temperature range, material and
diffusing species used for the determination of the diffusion coefficients in Fig. 2.6 are not
specified and therefore this argument is not sufficient to draw a conclusion. On the other
hand, concerning the fine size of AIN crystallites, which is less than 10 nm (refer to section
4.6), the diffusion along grain boundaries appears to be the most possible mechanism.

4.5.5 Summary

The growth kinetic of the nitride layer formed by ion nitriding of aluminium at an ion
energy of 1.6 keV and an ion current density of 0.2 mA/cm? for temperatures of 250 °C,
300 °C, 350 °C and 400 °C was investigated. The nitride layer growth is controlled either
by the delivery of nitrogen atoms from the ion beam or by the diffusion of aluminium
atoms through the formed nitride layer. The two regimes are characterised as a function
of process parameters. A modelling approach results in determination of a diffusion

activation energy of 1.1 eV and diffusion coefficients of aluminium, which are listed in
Table 4.2.
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4.6 Phase formation and structure analysis

4.6.1 Introduction

In this section, an investigation of the phases and structure of the nitride layers is pre-
sented. For an integral investigation, XRD at grazing incidence is applied. The obtained
results are compared with results of HRTEM images, which give an information from a

selected area only.

4.6.2 Experimental results

Fig. 4.15 a) shows an example of an X-ray diffraction pattern obtained after ion nitriding
of an aluminium polycrystalline sample at an ion energy of 1.6 keV, a current density of
0.2 mA/cm?, and a substrate temperature of 300 °C for 20 min. The appearance of Bragg
peaks at 20 = 33.2°, 49.8°, 59.3° and 71.4° clearly indicates formation of hexagonal AIN.
There is a good agreement with the diffraction angles for hexagonal AIN taken from the
PDF data base, shown by squares in Fig. 4.15. The measured peaks are of broad shape,
indicating a fine grained polycrystalline structure of the nitride layer. It has to be taken
into consideration that the thickness of the investigated layers (about 250 nm) is smaller
than the penetration depth of the X-ray beam, even for the grazing incidence technique
(0 = 1°) used here. Therefore, an occurrence of diffraction peaks from the aluminium
substrate is unavoidable. This can be seen in Fig. 4.15 a), where these peaks have strong
intensity and narrow shape. Their smaller width indicates a larger grain size. Moreover,
the deviation of the measured peak intensity ratios from the calculated ones (diamonds)
indicates the existence of preferred orientations in the substrate. The texture is an effect
of the manufacturing process of the aluminum rods, from which the samples are cut. The
superposition of diffraction peaks from the layer itself and the aluminium substrate is an
obstacle for the determination of a metastable f.c.c. AIN phase (refer to section 2.3.1).
Due to the very small difference in the lattice constant of f.c.c. AIN (a = 4.055 A) and f.c.c
Al (a = 4.049 A) the diffraction angles 20 are almost the same, as shown by triangles and
diamond symbols in Fig. 4.15. Therefore, in practice the Bragg peaks from the cubic AIN
phase will fully overlap with the strong reflections from aluminium. In order to overcome
this problem, an aluminium single crystal with (111) orientation was used as substrate
instead of the polycrystalline sample. The advantage of the single crystal substrate is that
XRD analysis can be done at such an crystal orientation at which diffraction is avoided
and no aluminium Bragg peaks will occur. In Fig. 4.15 b) the diffraction pattern of the
aluminium single crystal substrate after wet chemical removing of the damaged surface
layer is shown by the dotted line. It can be seen that indeed no diffraction peaks are
observed. Further, the aluminium crystal was ion nitrided at 1.6 keV ion energy, 0.2
mA /em? current density and 300 °C substrate temperature for 50 min. The diffraction
pattern obtained for the same crystal orientation after ion nitriding is shown in Fig. 4.15
b) by the solid line. From the position and intensity of the observed Brags peaks it can be
seen that the main phase present in the layer is the hexagonal AIN. In addition, diffraction
peaks arise at 26 = 38.33°, 44.55°, 64.85 and 78.47. They can be interpreted as diffraction
peaks from the f.c.c. AIN phase. The diffraction intensity of these peaks is very low in
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comparison to those from the hexagonal phase. From the intensities of the corresponding
peaks the content of the cubic phase is roughly estimated to be about 5 % only. For
the hexagonal AIN phase no indication for a preferred orientation of the crystallites is
observed. In contrast to that, the cubic phase shows a preferred (111) orientation. An
average grain size of the crystallites in the nitride layer is estimated from the width of the
corresponding diffraction peaks in Fig. 4.15 b). The average grain size of the crystallites

of the hexagonal AIN phase is determined to be about 5 nm, while this of the cubic phase
is larger, about 16 nm.

30
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Figure 4.15: X-ray diffraction pattern obtained at 0.5° grazing incidence from a) an Al poly-
crystalline sample after ion nitriding at an ion energy of 1.6 keV, a current density of 0.2
mA/cm?, a substrate temperature of 300 °C for 20 min and b) an Al (111) single crystal before
ion nitriding (dotted line) and after ion nitriding at an ion energy of 1.6 keV, a current density
of 0.2 mA /ecm?, a substrate temperature of 300 °C for 50 min (solid line). The squares show the

PDF peak positions for hexagonal AIN, the triangles and diamonds indicate the peak positions
of the cubic phase of AIN and Al respectively.

A more detailed investigation of the crystallites with the hexagonal AIN structure was
carried out. The influence of the temperature was investigated by annealing an already
formed nitride layer at 500 °C for 54 h in vacuum. The performed XRD analysis reveals
that the size of the crystallites is weakly increased from 5.5 nm up to 7 nm. The effect of
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Figure 4.16: Average grain size of the crystallites having hexagonal AIN structure for ni-
tride layers with a different thickness. The layers are obtained after ion nitriding at 1.6 keV,
0.2 mA/cm?, 400 °C for times varied from 20 min to 60 min by intervals of 10 min.

ion nitriding for different times, hence of different layer thickness on grain size was also
investigated. For this reason, a series of nitride layers was analysed, which were grown by
ion nitriding of aluminium polycrystalline samples at an ion energy of 1.6 keV, a current
density of 0.2 mA /em?, substrate temperature of 400 °C and nitriding times varied from
20 min to 60 min by intervals of 10 min. Fig. 4.16 shows that the average grain size of
the hexagonal AIN crystallites increases from 4 nm up to 10 nm as the layer thickness

increases.

The presence of crystallites with cubic structure in the nitride layer is also confirmed
by HRTEM analysis. Fig. 4.17 shows an image taken from a selected area in the ni-
tride layer near to the interface with the aluminium substrate. The investigated layer is
obtained by ion nitriding of an aluminium polycrystalline sample at 1.6 keV' ion energy,
0.2 mA /cm? current density and 500 °C substrate temperature for 15 min. By applying
Fourier transformation from the marked areas in Fig. 4.17, the local lattice spacing is
determined. Again, together with regions having a lattice constant of hexagonal AIN
regions are observed with a lattice constant, which can be attributed either to fc.c. Al
or the f.c.c. AIN phase.
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Figure 4.17: HRTEM cross-sectional image and Fourier transform showing the existence of
crystallites with a cubic phase.

4.6.3 Discussion

The experiment performed with the (111) oriented aluminium single crystal sample clearly
proves the presence of a cubic phase in the formed nitride layer. In this case, an influence
of the aluminium substrate on the obtained diffraction pattern can be excluded because
of two reasons. Pirst, the XRD analysis was done at such an orientation of the crystal
for which it was proven that no diffraction peaks occur. Second, the observation of the
peaks at 20 = 38.33°, 44.55°, 64.85 and 78.47 indicates that the diffracting material is
polyerystalline. Taking into consideration the low ion energy at which the ion nitriding
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was performed, it is not to expect that the single crystalline structure of the aluminium
substrate behind the nitride layer can be damaged to a polycrystalline one. Another
possible explanation for the origin of observed additional diffraction peaks is that some
aluminium crystallites may be present in the nitride layer. This would be consistent
with the mechanism of aluminium nitriding which requires a fraction of free aluminium
atoms diffusing through the nitride layer. On the other hand, the cubic phase could be a
metastable f.c.c. AIN phase. By the performed XRD and HRTEM analysis it is not possi-
ble to distinguish between the cubic phases of Al and AIN because of the small difference
in lattice constants. However, considering the large size of the crystallites having a cubic
structure (about 16 nm), it is most likely that the observed phase is metastable f.c.c.
AIN. The aluminium atoms which travel through the nitride layer in order to approach
the surface, should not be able to form such large grains. Moreover, the preferred (111)
orientation shows a clear relation to the aluminium substrate. Therefore, it is expected
that the cubic AIN phase is present near the interface. This is confirmed by HRTEM
analysis of the local lattice spacing. It shows that the regions with a cubic structure are
localized in the nitride layer near to the interface with the aluminium substrate.

The formation of metastable cubic AIN as a result of aluminium nitridation by PIII
was also reported by Manova et al. [87]. In this study, f.c.c. AIN is observed only
at substrate temperatures of 300 °C and below. The authors explain this effect by the
enhanced mobility of aluminium atoms at higher temperature, leading to a rearrangement
of the crystal lattice to the energetically favoured hexagonal AIN phase. In the present
study, an indication that the f.c.c. AIN phase is more pronounced at low temperatures
is also observed. Nevertheless, the HRTEM analysis reveals formation of the cubic AIN
phase also after ion nitriding at 500 °C (see Fig. 4.17).

The present study shows that the nitride layers exhibit a nano-crystalline structure.
It should be noted that in the determination of the average grain size of the crystallites
by means of the ”Integral width method” the influence of microscopic stress is taken into
account. The XRD analysis of the nitride layer annealed for a long time (54 h) at 500 °C
shows that the average grain size increases only weakly from 5 nm to 7 nm. Therefore, it
can be concluded that the temperature alone does not play a significant role for the growth
of the crystallites. More pronounced is the effect observed by prolongation of the nitriding
time. Ton nitriding for 1 h at 400 °C results in formation of grains with an average size of
10 nm. This could be an effect of depth dependent crystalline size. The crystallites formed
in the beginning may grow during the process. This will result in formation of larger grains
near to the interface with aluminium bulk and influence the average grain size determined
by XRD. On the other hand, the increased crystallite size could be caused by radiation
defects. Even that only the near surface region is damaged by the implantation, the high
temperature allows migration of defects into depth. Moreover, the nitride layer grows at
the surface, which means that the surface and the created there defects are continuously
buried during the process. Most probably the mechanism by which the grains grow is
the s6 called Ostwald ripening [142]. During this process the smallest erystallites dissolve
giving rise to the growth of the largest ones. The transformation occurs because larger
crystallites with their greater volume to surface area ratio, represent a lower energy state
and therefore they are thermodynamically more favoured. Furthermore, the grain growth
can be caused by the aluminium atoms, which diffuse through the layer. If a small amount
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of over-stoichiometric nitrogen is present in the nitride layer (refer to 4.7.4), it may react
with some of the aluminium and contribute to the growth of the AIN crystallites.

4.6.4 Summary

The study presented in this section shows that the main crystallographic phase formed
after ion nitriding of aluminium is hexagonal AIN phase, randorly oriented. In addition,
a small content of metastable f.c.c. AIN phase is also observed. The cubic AIN phase has
a preferred orientation related to that of the aluminium substrate and it is found to be
present in the nitride layer near to the interface with aluminium. No other phases are
detected in the layer.

The formed nitride layers have a nano-crystalline structure. Investigation of the crys-
tallites with hexagonal structure shows that the average grain size increases from 4 nm
up to 10 nm by increasing the nitriding time from 20 min up to 60 min. The effect of
annealing on the grain growth is small.
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4.7 Characteristics and properties of the nitride layers

4.7.1 Atomic density

In general, the density of thin layers created by implantation or deposition techniques
can strongly deviate from the bulk density. Incorporation of gas molecules or crystalline
disorder may produce holes and pores which reduce the layer density of the material.
This may have an influence on several other properties of the layers such as: adhesion,
hardness, electrical and optical properties, etc. In this study, the atomic density of the
nitride layers produced by ion nitriding of aluminium was determined by means of ion
beam analysis and thickness measurements.

Figure 4.18: SEM micrograph from a cross-section of aluminium sample ion nitrided at 1.6
keV ion energy, 0.2 mA/cm? current density, 400 °C substrate temperature for 50 min. The
layer has a nitrogen area density of 3.7 8x10%2 ab./ cm? determined by NRA.

First, the area density of nitrogen atoms in the nitride layers was defined by NRA.
Than, the atomic area density of the nitride is taken twice as the area density of nitrogen,
since the formed layers have almost stoichiometric concentration of AIN (N/Al =~ 1).
Second, the thickness of this layers was determined independently. For this reason, cross-
sections of the samples investigated by NRA were prepared and analysed by SEM. An
example of a micrograph obtained after ion nitriding at an ion energy of 1.6 keV, a current
density of 0.2 mA/em? and a substrate temperature of 400 °C for 50 min is shown in Fig.
4.18. The atomic density of the nitride is calculated applying the relation:

(4.13)

ey oF i

] . at area density (——%)
atomic density <~——§) = - om
cm thickness {cm)

After investigating a number of nitride layers, an average atomic density of 7.53x10%
at/cm? has been determined. This value is about 20 % lower than the standard density
of AIN bulk material (9.58x10%* at/cm®). No significant difference in the atomic density
of layers produced at different substrate temperatures is observed. However, it has to be
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pointed out that the accuracy of density determination is not very high, since the nitride
layers are rather rough which induces an error of about 6 % in the thickness determination.

4.7.2 Morphology and adhesion

The morphology of the nitride layers was studied by SEM. The results presented here
are obtained from layers produced at an ion energy of 1.6 keV, a current density of 0.2
mA /cmn? and substrate temperature of 300 °C for different nitriding times. Fig. 4.19 a)
shows the surface morphology of a layer obtained after 20 min. It can be seen that the
surface is rough and completely covered with small nitride particles. Taking into account
the scale of the image, it is assumed that this nitride particles consist of several AIN
crystallites (the average crystalline grain size is about 5 nm, as shown in section 4.6).
Such a inhomogeneous and undulated structure can be explained by a preferred diffusion
of aluminium along grain boundaries towards the surface and low surface mobility. With
prolongation of the nitriding time, the nitride particles in the layer grow further and
coalescence between them occurs as shown in Fig. 4.19 b) after 60 min. The layer
surface becomes smooth but furrowed by deep grooves. Further increase in the nitriding
time confirms the tendency of coalescence. However, cracking of the plane layer is also
observed in Fig. 4.19 ¢). As a consequence of cracking the nitride layer breaks into parts,
which loose contact with the substrate. This effect can be better seen in the SEM cross-
sectional image of Fig. 4.20, obtained from a sample ion nitrided for 80 min. Together
with the cracks within the layer, also cracks which penetrate deeply into the aluminium
substrate (at the left edge of the micrograph) are observed. Most probably the latter is
a crack along the boundary between two grains of the aluminium substrate. Moreover,
spalling of the layer occurs even without visible from the top view microcracks, as seen
on the right edge of the micrograph.

After a nitriding time of about 60 min, a corresponding peculiarity is also observed
in the nitrogen profiles. At a substrate temperature of 300 °C, 350 °C and 400 °C, a
strong deviation from the rectangular shape occurs. Representative examples are shown
in Fig. 4.21 for 400 °C and compared to a rectangular one. The nitrogen profiles change
to a triangular shape with an apparent smooth slope at the interface between layer and
aluminium substrate. Moreover, the transformation of the shape is also accompanied by a
change in the nitride layer thickness. Rather then increasing with prolongation of nitriding
time, the layer thickness suddenly decreases. Fig. 4.22 shows the results presented in Fig.
4.13 in section 4.5.3 plus additional data obtained for nitriding times longer than 60 min.
It can be seen that after a certain upper time limit no clear correlation between layer
thickness and nitriding time can be stated. This phenomenon is correlated with a change
of the surface morphology. The spalled parts of the layer can peel off or become sputtered.
Consumption by sputtering may occur because the contact with the substrate is lost and
the supply of aluminium atoms is interrupted. Fig. 4.19 d) shows the surface morphology
obtained from a sample ion nitrided for 120 min. Most probably, it reveals the underlying
morphology of the nitride layer, open after delamination or sputtering of the upper part.
Both effects, delamination and sputtering can explain the observed sudden decrease of
the nitride layer thickness.
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Figure 4.19: Surface morphology of the nitride layers grown at an ion energy of 1.6 keV, a
current density of 0.2 mA/cm? and a substrate temperature of 300 °C for nitriding times of a)
20 min, b) 60 min, ¢) 80 min and d) 120 min.

Figure 4.20: Cross-section of an aluminium sample nitrided at an ion energy of 1.6 keV, &
current density of 0.2 mAfem? and a substrate temperature of 300 °C for 80 min obtained by
SEM.
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Figure 4.21: Example for the deviation of the nitrogen profile from rectangular to triangular
shape. The profiles are obtained by NRA after ion nitriding at 1.6 keV, 0.2 mA/ cm? and
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Figure 4.22: Nitride layer thickness as a function of the processing time for substrate temper-
atures of 250 °C, 300 °C, 350 °C, and 400 °C as presented in Fig. 4.13 plus additional data for
nitriding time longer than 60 min. The delamination regime is gray patterned.
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4.7.3 Stress

The effect of delamination is usually related to stress in the formed layers. Moreover,
it is well known that stress has a great influence on the mechanical properties of these
layers. It may modify properties as resistivity, magneto-electric and tribologic behaviour,
etc. Therefore, it is important to obtain an information about the stress incorporated in
the nitride layers produced by ion nitriding of aluminium.

The global stress (S) in layers at room temperature represents a sum of intrinsic
stress (Sin) and thermal stress (Sj). The intrinsic stress builds up during the layer
growth and depends on material properties and process conditions. In crystalline systems
the formation of strain due to point defects and dislocation in the lattice causes intrinsic
stress. In nano-crystalline layers, as the layers here, stress may depend also on texture and
grain size. The thermal stress builds up during cooling of the sample after ion nitriding
down to room temperature. It is caused by a thermal strain, which is generated from
the difference in thermal expansion coeflicients between layer and substrate. Sy, can be

estimated from the relation:

Sin = Eav (cav — aa) (T — Tg), (4.14)

which assumes that the thickness of the nitride layer is much less than the thickness of
the aluminium substrate. Here Eav is the Young’s modulus of AIN (Eyy =~ 350 GPa
[143]), aa; ~ 25.5x107SK ™" [144] and oy =~ 5.7x1075K~! [143] are the linear thermal
expansion coeficients of AIN and Al, T" and Tx are the substrate temperature during ion
nitriding and room temperature, respectively. Applying equation 4.14 for 400 °C, the
thermal stress in such an AIN/Al system is calculated to be rather high, about - 2.6 GPa.
This value can be reduced by decreasing the process temperature. The thickness at which
the layer delaminates depends on the force acting on the layer-substrate interface. The
layer force on the substrate is expressed in term of the force per unit width (FPUW) as:
FPUW = S - z, where z is the thickness of the layer. If the thermal stress is the main
contribution to the global stress, lowering the thermal stress by growing the layer at lower
temperature should result in thicker layers because the critical FPUW for delamination
is reduced. In contradiction, the experiment shows that the nitride layers obtained at
lower temperature are significantly thinner (see Fig. 4.22) but they also delaminate after
an nitriding time of about 60 min. Moreover, it is observed that the surface morphology
changes during further progress of nitriding (see Fig. 4.19 d)). Consequently, thermal
stress can not be the main reason for the poor adhesion and delamination of the layers.
Other reasons like intrinsic stress and growth morphology have to be addressed to explain
the limited layer thickness.

X-ray diffraction is often applied for investigation of stress in thin films. In this
method, the strain in the crystal lattice is measured and the residual stress producing the
strain is caleulated, assuming a linear elastic distortion of the crystal lattice. The nitride
layers obtained in the present study have a small thickness and a fine erystallinity, which
results in low diffraction intensity and strong peak broadening. All this does not allow
a precise determination of stress. Nevertheless, some information about the macroscopic
and microscopic strains present in the nitride layers can be obtained.
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Figure 4.23: Macroscopic strain determined by XRD at 0.5° graizing incidence. The layers

are obtained after ion nitriding at 1.6 keV, 0.2 mA/cm?, 400 °C for times varied from 20 min
to 60 min by intervals of 10 min.

Macroscopic stress acts over distances much larger than the grain size of the crystal-
lites. It produces an uniform distortion, shifting the position of the diffraction peaks.
In this study, the macroscopic strains are estimated from the position of the diffraction
peaks by the PowderCell code. The measured diffraction pattern are fitted considering
the two main phases: hex. AIN and fc.c. Al For both phases the XRD pattern were
evaluated separately. By matching phase content, lattice constants, preferred orientation
besides background and angular dependent peak width, the summed intensity is fitted to
the measured one. From these full profile fit, the mean value of lattice parameters and
information about the possible preferred orientation (texture components) are obtained.
Further follows crystalline grain size and microscopic strain determined by applying the
» Integral Width Method” (refer to section 3.2.2.2). However, for the correct evaluation of
strain and texture a Bragg-Brentano diffraction pattern has to be used [145, 146]. For the
grazing incidence technique used here, with the increasing detector angle (~ 20) the ori-
entation of the selected net plane changes too (~ 8). Therefore, the measured diffraction
pattern contains an information obtained from diffraction planes with different orienta-
tion and fitting of this pattern can give only mean values, which will be used here for the
strain determination.

The macroscopic strains are determined as (a — ag)/ao and (¢ — cg)/co, where a and ¢
are the fitted lattice constants for the hexagonal AIN phase and ag and ¢p are the stress-
free Iattice constants for this phase taken from the PDF data base. The obtained results
are shown in Fig. 4.23 as a function of layer thickness. In fact, the magnitude of the
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Figure 4.24: Microscopic strain determined by XRD at 0.5° graizing incidence. The layers are
obtained after ion nitriding at 1.6 keV, 0.2 mA /cm?, 400 °C for times varied from 20 min to 60
min by intervals of 10 min.

macroscopic strain is low, less than 1.5 %. Furthermore, the measured lattice constants
are larger than the stress-free parameters. Increased lattice constants are indication for
extension of the crystal lattice, which corresponds to a tensile stress. This is consistent
with the result obtained from the density determination of the nitride layers, since a
density that is lower than the nominal one results in tensile stress. Fig. 4.23 shows that
the macroscopic strain described by the lattice constant o does not depend on the layer
thickness. In contrast, that one obtained from c decreases as the layer thickness increases.
This different behaviour could indicate a preferred orientation of the crystallites in the
layer. The observed decrease of (¢ — cp)/co for larger layer thickness may be correlated
with the partial delamination in the layer. The interpretation of the results has to take into
consideration, that the XRD analysis gives an information integrated over the illuminated
area and the depth of penetration of the X-ray beam.

Microscopic stress arises from fluctuation of the global stress within the layer. There-
fore the microscopic strain varies from point to point within the crystals producing fluc-
tuations in the lattice spacings and broadening of the diffraction peaks. In this study, the
effect of microscopic strain on the peak broadening is separated by applying the " Integral
width method”. Fig. 4.24 shows the obtained microscopic strains for layers with a differ-
ent thickness. The obtained values of microscopic strain are in the order of this obtained
for the macroscopic ones (compare to Fig. 4.23). As it can be also seen the scattering of
these values is quite large but a tendency of increasing microscopic strain with increase
of layer thickness can be noted, i.e. thicker layers have higher microscopie stress.
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In summary, the thermal stress is not the main reason for the layer delamination de-
scribed in subsection 4.7.2. The performed XRD analysis reveals existence of microscopic
and macroscopic stress in the nitride layers. The determined mean values of macroscopic
strains indicate lattice extension, thus tensile stress. It is observed that the microscopic

strain increases for larger layer thickness and its magnitude is comparable to this of the
macroscopic one.

4.7.4 Stoichiometry

As already mentioned in section 4.5, the nitrogen concentration profiles evaluated by NRA
after ion nitriding at different temperatures exhibit a difference in maximum concentra-
tion. Fig. 4.12 on page 61 shows that the layers produced at 400 °C have an average
maximum concentration of about 48 at.%. For the layers produced at 350 °C and 300 °C
it decreases to about 44 at.% and 42 at.%, respectively. The nitrogen profiles measured
after ion nitriding at 250 °C show a significantly lower apparent concentration of nitrogen,
but it has to be taken into consideration that this low value is strongly affected by the
depth resolution of the NRA measurement due to the small layer thickness (less than 200
nm). The dependence of nitrogen concentration on the process temperature was verified
by ERDA. Fig. 4.25 shows the ERDA profiles for selected samples ion nitrided at 300 °C
and 400 °C. The average maximum concentration of nitrogen, determined by ERDA, is
about 55 at.% and 50 at.% for substrate temperatures of 400 °C and 300 °C, respectively.
In contrast to the NRA profiles, due to the better depth resolution here a well established
plateau with almost equal concentration of nitrogen and aluminium is measured for the
case of 300 °C. The layers produced at 400 °C clearly show an over-stoichiometric con-
centration of nitrogen atoms. However, ERDA has the advantage to measure the profiles
of N, Al, O and H separately in contrast to the NRA where only the nitrogen is detected.
The over-stoichiometry may be caused by an enhanced mobility of atomic nitrogen at
higher substrate temperature, which allows nitrogen to penetrate deeply into the layer
and to be solved in the AIN. However, most probably the excess amount of nitrogen forms
Ny molecules, which can be trapped in cavities as the structure of the nitride layers is
porous. In order to investigate this phenomenon, a layer with over-stoichiometric concen-
tration of nitrogen was annealed at 500 °C for 24 h at vacuum and subsequently analysed
by ERDA. The obtained concentration profiles of nitrogen and aluminium do not show a
noticeable change after annealing. Again, the concentration of nitrogen is slightly higher
than this of the aluminium. Most probably, the Ny molecules can not diffuse out due to
their relatively large size. On the other hand, the thermal energy at 500 °C is estimated
to be about 0.1 eV, which is not sufficient to dissociate Np molecule with a binding energy
of 9.84 eV and create a mobile atomic nitrogen.

1t should be also noted that the amount of oxygen and hydrogen within the nitride
layers is negligible in comparison to nitrogen. Only a slightly higher maximum concen-
fration of oxygen atoms in the near surface region is observed for the layer nitrided at
300 °C. In the bulk of the nitride layers the oxygen concentration is very low, less than 2
at.%. No other contamination from heavier elements is observed by RBS analysis.
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Figure 4.25: ERDA profiles of aluminium, nitrogen, oxygen and hydrogen obtained after ion
nitriding of aluminium at a) 400 °C and b) 300°C.

4.7.5 Electrical properties

An investigation of the electrical properties of the nitride layers grown by ion nitriding of
aluminium was also performed. For this reason, contacts of aluminium were deposited on
the top of the layers through a hole mask by magnetron sputtering. In result a structure
of Al (contact) - AIN (layer) - Al (bulk) was formed. The contacts have a round shape
with a diameter of 0.8 mm and an area of 5x10~7 m?. Current measurements through this
structure were performed using a Keithley I - V source type SMU- 237. Fig. 4.26 shows
an example of a measured current-voltage (I - V) curve for a sample with 690 nm thick
nitride layer. It can be clearly seen that the obtained I - V characteristic is nonlinear with
low values of the electrical current, which reveals the insolating nature of the nitride layer.
The resistance (R) of the layer is roughly estimated by applying a constant voltage V and
measuring the current through the AI-AIN-Al structure. It is found to be higher than
1.7x10'% Q. Only the lowest value of R is given, because the current tends to decrease
very slowly with time as typical for capacitors. An estimation of R can be also done from
the slope of the I -V curve and it is found to be about 3.4x10"  (see Fig. 4.26).

The specific electrical resistivity (o), which is the material property, can be estimaterd
by the relation:

= R% (4.15)

and assuming a wire with a length (L) equal to the thickness of the nitride layer and
a cross sectional area (A) equal to the area of the deposited contact. Using the above
determined resistance, p is calculated to be higher than 1.2x10" Q.m. This value is in
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Figure 4.26: I - V characteristic of an Al-AIN-Al structure with a nitride layer of 690 nm.
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Figure 4.27: Breakdown characteristic of an AL-AIN-Al structure with a nitride layer of
690 nm.

the range of the specific electrical resistivity for AIN given in the literature (2x10° Q'm -
1x10" Q-m) [17]. In the estimation the effect of aluminium contact and bulk is not taken
into consideration, since the specific resistivity of aluminium is very low, about 2.6x10~8
Q-m.

A breakdown test of the nitride layer was also performed and an example of an I1-V
curve is shown in Fig. 4.27. The measurement reveals that the nitride layer breaks at very
low voltage of 3.5 V. Considering the thickness of the nitride layer, the breakdown per
unit distance is calculated to be about 5 kV/mm, which is very low in comparison to the
this of AIN bulk material (14 - 16 kV/mm) [147, 148]. Most probably, this is caused by the
specific morphology of the nitride layers (see subsection 4.7.2). For instance, the current
flux can preferentially flow along grain boundaries. Moreover, it has to be taken into
account that any imperfection of the layers as defects, roughness, macrocracks, distortions,
etc. can have a significant influence on the electrical properties. In confirmation of this it
should be said that for some other places in the nitride layer a linear I - V characteristic

was obtained, indicating high conductivity. Most probably, this is caused by the cracks
and partly delamination of the nitride layers.
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4.7.6 Tribological and corrosion properties

It is known that formation of a nitride layer on the surface of aluminium and aluminium
based alloys leads to improvement of hardness, wear and corrosion resistance [1, 2, 149].
Here, an investigation of the tribological properties of the nitride layers formed by ion
nitriding of aluminium will be presented.

A study of depth-dependent changes of hardness as result of the ion nitriding was done
by measuring the dynamic microhardness with an ultra-microhardness tester Shimadzu
DUH-202. During such a measurement the load P of the indenter increases with constant
rate up to a preset maximum value and the resulting penetration depth X is recorded. For
the measurements a Vickers indenter was used. The dynamic hardness is than defined as
DH = P/A = 37.838 (P/X?), where A is the area of the indenter [150]. A maximum load
of 3 mN was used. The results were corrected for the deviation of the diamond tip from
the ideal shape. The influence of the elastic deformation on the dynamically measured
hardness is small for a soft material like aluminium, therefore no such corrections were
carried out in the determination of the depth dependent hardness.

In order to show the influence of the ion nitriding treatment on the mechanical surface
properties of aluminium the relative hardness was determined, i.e., the dynamic hardness
of the nitrided samples measured in a given depth normalized by the corresponding value
of the untreated sample. Fig. 4.28 shows the depth dependence of the relative hardness
increase for samples with different thickness of the nitride layer. It should be noted that
actually the penetration depth of the indenter is deeper than required for correct hardness
determination (less than one tenth of the layer thickness). In the case here, the measured
hardness is a combination of the layer hardness and that of the soft aluminium substrate.
Therefore, in the present investigation absolute values of hardness are not determined.
The results are used only for comparison with respect to the untreated aluminium. In
Fig. 4.28 it can be seen that for all nitrided samples the hardness increases beyond the
surface up to a depth of about 100 nm. The highest increase by a factor of 12 is observed
for the sample with the thickest nitride layer. Moreover, the penetration depth of the
indenter at the maximum load of 3 mN decreases with increasing nitride layer thickness
demonstrating the protective behaviour of the nitride layer. For a 500 nm thick layer
the indenter breaks through and penetrates into the aluminium substrate, whereas the
penetration depth is limited to 20 % and 15 % of the thickness for 692 and 1060 nm thick
nitride layers, respectively. The observed results demonstrate the benefit of ion nitriding
for the mechanical properties of aluminium. By increasing the nitride layer thickness, the
hardness also increases.

An investigation of the wear behaviour of the nitride layers was not possible due to
their small thickness.

A corrosion test was performed by potentiodynamic polarisation technigue using an
EG&G Potentiostat [151]. The polarisation curves were obtained at room temperature in
3.5 wt.% NaCl solution with 6.7 pH. This solution approximates sea water and was chosen
because aluminium surfaces can not repassivate when exposed to chloride electrolytes.
The potential was measured against a standard calomel electrode (SCE). Air was bubbled
through the solution to hold the oxygen concentration in the solution approximately
constant and to avoid localized concentration polarization effects. The corrosion potential
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Figure 4.28: Depth dependence of the relative hardness enhancement as a result of ion nitriding
for nitride layers with different thickness.

was determined by fitting the measured curves using the software of EG&G.

Fig. 4.29 shows the potentiodynamic scans from an untreated and an nitrided alu-
minium sample with 1 pm thick nitride layer. The polarisation curve obtained from the
untreated aluminium sample is typical for conductive materials. It consists of cathodic
and anodic polarisation parts. The potential at which the transition occurs, i.e., the ca-
thodic current is equal to the anodic current, is known as corrosion potential (Beorr)- It is
found to be - 892 mV. The polarisation curve obtained from the nitrided sample shows a
different behaviour. Due to the insolating property of the nitride layer, no anodic part is
observed. The polarisation curve has a broad range of potentials where the current density
is low and almost constant. Over this range, the surface repassivates until the potential
is increased up to the pitting potential (Ep;), at which the nitride layer breaks down and
pitting occurs. The obtained E,; is about - 400 mV and - 320 mV for the untreated
and ion nitrided sample, respectively. Moreover, the polarisation curve obtained from the
nitrided sample has a lower current density, which corresponds to an increase of corrosion
resistance. The observed shift of E; to a more positive value for the ion nitrided sample
with respect to the untreated one together with the enhanced corrosion resistance, clearly
indicates the benefit of the nitride layer on passivation in NaCl solution.

The mechanism responsible for the corrosion of aluminium in chloride solution is well
studied {152, 153]. In brief, it is based on the electrochemical reaction between aluminium
with the CI™ ions resulting in formation of chlorine salt (AlCls). Negatively charged
chlorine ions on the surface set up an electric field that drives the migration of AI**
through the native oxide layer. The surface oxide is not enough for passivation, since it
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Figure 4.29: Potentiodynamic scans for untreated and nitrided aluminium samples with a
nitride layer of 1 pm.

is soluble in acidic solutions. When a continuous layer of AIN is present on the surface
of aluminium, a similar process occurs. However, AIN first has to dissociate in order to
provide AI** ions or the created electric field must be sufficient to draw aluminium from
the underlying bulk. This adds an additional energy barrier, so the corrosion potentials
are shifted to more noble values. Moreover, the insolating properties of AIN impede the
flow of electrons and ions, thus reducing the corrosion current.
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4.8 lon nitriding of the AlMg,;Mn alloy

4.8.1 Introduction

For industry and technological purposes components made of pure aluminium are rarely
used. By addition of alloying elements the properties of the pure aluminium can be
positively modified. There is a broad range of alloys with various properties which
are suitable for a wide spectrum of applications. With respect to surface modifica-
tion by nitriding, several studies have been carried out using different aluminium alloys
[2, 62, 72, 73, 86, 154, 155, 156]. The main problem is related to the fact that the high
temperature required for the nitriding process deteriorates other properties of the alloys
such as toughness, elastic qualities and phases [157]. Therefore the application of nitriding
is restricted to a certain aluminium alloys. ITn Ref. [63] the nitriding behaviour of several
alloys has been investigated by plasma nitriding. The highest growth rate is observed for
AlMgy sMn, which is about 0.17 nm/s at a substrate temperature of 400 °C. Moreover,
PIII of the same alloy results in formation of 15 pm thick nitride layer (at 500 °C and 5
h nitriding time), which has not be achieved in the case of pure aluminium [89)].

In the present study, experiments of ion nitriding of AlMg,;Mn were performed too.
Investigation of the nitride layer growth kinetic at 400 °C was carried out at the same
ion beam parameters as in the case of pure aluminium. Analysis of phase formation,
structure, macro- and microscopic strains and surface morphology were performed. The
results are compared with those obtained by ion nitriding of pure aluminium.

4.8.2 Experimental results

The composition of the AlMg,sMn alloy is given in Table 4.3 according to Ref. [158].
The ion nitriding was performed at an ion energy of 1.6 keV and a current density of
0.2 mA/cm? for different nitriding times, increasing from 20 min up to 4 h. A substrate
temperature of 400 °C was chosen because, as observed in section 4.5, this temperature
enables a high growth rate and thus the formation of thick nitride layers.

Element | Symbol | Concentration (mass %)
Silicon Si 0.25
Iron Fe 0.40
Copper Cu 0.05
Manganese Mn 06-1
Magnesium Mg 43-52
Chromium Cr 0.05 - 0.25
Zinc n 0.25
Titanium Ti 0.15
Aluminium Al balance

Table 4.3: Composition of AlMgssMn according to Ref. [158].
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Figure 4.30: Depth profiles of aluminium, nitrogen, oxygen and magnesium obtained by AES
after ion nitriding of AIMgy sMn at 1.6 keV, 0.2 mA /em?, 400 °C for 4 h.

The elemental depth profiles were determined by AES, since the layers exceed the
detection depth range of ion beam analysis. An example of such a profile obtained after
ion nitriding for 4 h is shown in Fig. 4.30. It can be seen that it has a pronounced
rectangular shape and a thickness of about 4 pym. The nitrogen to aluminium ratio
corresponds to the one reported in section 4.7.4 for a substrate temperature of 400 °C,
since the results obtained by ERDA were used for calibration of the relative sensitivity
factors of AES. The amount of oxygen contamination in the nitride layer is low, less than 2
at.% and slightly higher at the surface. Magnesium is homogeneously distributed through
the layer. The concentration of the other elements in the alloy is too low to be detected.

The growth kinetics of the nitride layer is shown in Fig. 4.31 by squares. For com-
parison, the results obtained by ion nitriding of pure aluminium at the same substrate
temperature and ion beam parameters are shown by triangles. It should be noted, that in
the case of pure aluminium the thickness was determined from the results of NRA and the
atomic density of the nitride layers. For nitriding time shorter than 80 min there is a very
good agreement, while for larger time a difference in the nitriding behaviour is observed.
The nitride layers formed by ion nitriding of AlMg4;Mn grow thicker than the maximum
thickness achieved in the case of pure aluminium. Ouly a linear dependence between layer
thickness and nitriding time is observed, which is in good agreement with the transition
time &y of about 4:50 h determined in section 4.5.4 for substrate temperature of 400 °C.

Phase formation and structure were investigated by means of XBRD. The diffraction
pattern (not shown here) reveals formation of hexagonal AIN. Bragg reflections from
aluminium were also obgerved due to a superposition of signals caused by the substrate.
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Figure 4.31: Nitride layer thickness as a function of the processing time for AlMgssMn
(squares) determined by AES and pure Al (triangles) cleterlzlrlined2 by NRA and the density
of the nitride layers. Ion nitriding parameters: 1.6 keV, 0.2 mA/cm?, 400 °C.

No special effort for determination of the cubic AIN phase was carried out. Diffraction
peaks, which could be related to the alloying elements are not observed, since XRD is not
sensitive to the phases with a volume fraction less than 10 % [159]. An average crystallite
size of 8 nm is determined for a layer grown for 20 min. For the same layer, a microscopic
strain of 0.3 % is found. An analysis of the macroscopic strain results in a value of 0.5 %
for the lattice parameter a. A virgin sample of AlMg, sMn was also investigated by XRD
in order to check, if there is a difference in the lattice parameters of the pure aluminium
and the alloy. The result reveals that the lattice constant of AlMg, sMn is only 0.48 %
larger than that of pure aluminium.

Fig. 4.32 shows a comparison between the surface morphology of layers obtained by
ion nitriding of AlIMgssMn and pure aluminium at different magnifications. The layers
were grown for 80 min at the same substrate temperature and ion beam parameters. It can
be seen that the macrostructure of the two layers is different. Ton nitriding of AlMg, sMn
results in formation of macroscopic nitride particles (Fig. 4.32 a) which make the sample
surface rougher and seems to be not so dense like in the case of aluminium (Fig. 4.32 b).
The image taken at lower magnification from the layer grown on the alloy reveals that the
nitride particles are almost homogeneously distributed over the sample surface (see Fig.
4.32 ¢). No creaking or distortion of the layer are observed as for the pure aluminium (see
Fig. 4.32 d). Nevertheless, it should be noted that after long nitriding times (200 min
and 240 min ) an indication for partly delamination of the nitride layers is observed too.
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Figure 4.32: Surface morphology of nitride layers grown by ion nitriding of AIMgysMn and
pure Al. The layers are produced at 1.6 keV, 0.2 mA/cm?, 400 °C for 80 min.

This is in agreement with Refs. [59] and [63], where is reported that the nitride layers
produced by plasma nitriding are uniform up to a maximum thickness of about 3 pum,

after which creaking occurs.

4.8.3 Discussion

The results presented above show that ion nitriding of AIMg, sMn leads to formation of
nitride layers thicker than these achieved in the case of pure alumininm. The obtained
elemental depth profiles reveal the existence of a sharp interface between the layer and
substrate, even for the 4 um thick nitride layer. The analysis of the surface morphology
shows that the layer obtained on the AlMgs sMn substrate is free of cracks and distortions
as compared to that obtained at the same process parameters in the case of alumininm.
Al] this indicates that the layer grown by ion nitriding of AlMg, sMn interacts with the
substrate in a different way. One possible reason could be a better matching between
the lattice constants. However, the XRD analysis of an AlMg, sMn virgin sample shows
that the difference in the lattice constant in comparison to that of the pure aluminium
is negligible small. Consequently, the better performance of the alloy is not due to the
structure of the bulk material. On the other hand, the analysis of the nitride layer shows
that it consists of crystallites with hexagonal AIN structure with an average grain size
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similar to the one formed after ion nitriding of pure aluminium. The only distinction,
which is observed, is in the surface morphology of the nitride layers grown by ion nitriding
of the alloy. These layers are composed from several macroscopic nitride particles, even
after a relatively long nitriding time of 80 min (see Fig. 4.32 a and ¢). In the case of pure
aluminium, macroparticles are observed only for short nitriding times (about 20 min),
while the layer grown for 80 min (see Fig. 4.32 b and d) is more smooth, apart from
the observed cracks. Obviously, the less dense arrangement of particles results in lower
stress and formation of nitride layers without cracking. In fact, the obtained value for
the microscopic strain of 0.3 % is lower than that of aluminium (compare to Fig. 4.24
on page 79) but because of the large error in its determination, no clear conclusion can
be drawn. The macroscopic strain determined by XRD is in the range of that obtained
by using pure aluminium. Nevertheless, the specific growth morphology appears to be
the teason why thicker nitride layers can be grown by ion nitriding of AlMg,sMn. The
influence of the alloying elements and their role for the formation of such a morphology
was not investigated.

4.8.4 Summary

The nitriding kinetic of the AlMgysMn alloy at an ion energy of 1.6 keV, a current
density of 0.2 mA/cm? and a substrate temperature of 400°C was investigated. For
nitriding times less than 80 min the results are similar to those obtained by ion nitriding
of pure aluminium. For longer nitriding times, & different behaviour is observed. The
nitride layers grow thicker than the maximum layer thickness achieved in the case of
aluminium. This effect is related to the specific growth morphology of the layers formed
by ion nitriding of AlMg, sMn alloy.
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The present study is devoted to the investigation of the mechanism of aluminium
nitriding by a technique that employs implantation of low-energy nitrogen ions and dif-
fusional transport of atoms. The nitriding of aluminium is investigated, because this is
a method for surface modification of aluminium and has a potential for application in
a broad spectrum of fields such as automobile, marine, aviation, space technologies, etc.
However, at present nitriding of aluminium does not find any large scale industrial appli-
cation, due to problems in the formation of stoichiometric aluminium nitride layers with
a sufficient thickness and good quality. For the purposes of this study, ion nitriding is
chosen, as an ion beam method with the advantage of good and independent control over
the process parameters, which thus can be related uniquely to the physical properties of
the resulting layers. Moreover, ion nitriding has a close similarity to plasma nitriding and
plasma immersion ion implantation, which are methods with a potential for industrial
application.

The main results and conclusions of this study are summarised below:

An investigation of ion beam current density, energy and uniformity in dependence on
the parameters of the ion source is performed. A stable operation regime is established by
choosing the optimum values for the gas flux and electrical potentials applied to the ion
source. The ion beam is characterised in terms of composition and energy distribution.
The obtained results show that it consists of N3 and N* jons with a composition of about
80 % and 20 %, respectively. The ion beam can be considered as quasi monoenergetic,
since the ion energy distributions of both N and N* consist of a single narrow peak with
a full width at half maxima of about 10 eV. These results are used for a quantitative
determination of the nitrogen incorporation and loss during ion nitriding of aluminium.

An analysis of the gas composition in the experimental chamber is also performed and
shows that the main gas species are N» molecules. The other species as Hy, HyO, O aind
COs are detected in a very small amount and therefore their impact on the contamination
during the ion nitriding of aluminium can be neglected. The partial pressure of atomic
nitrogen at the sample position is estimated to be about 2x10~? Pa.

The influence of the surface oxide layer on the nitriding of aluminium is investigated
by means of in-situ real time elastic recoil detection analysis. Experiments are performed
at different oxygen partial pressures and at fixed ion beam energy and current density. It
is observed that, if an oxide layer is present on the surface of aluminium it hampers or
stops the nitriding process. If the sample surface is free of oxide, nitriding takes place at
a constant growth rate. It is confirmed that the thickness of the oxide layer is controlled
by the interplay between the rate of surface oxidation due to adsorption of oxygen atoms
from the residual gas and the rate of surface removal due to sputtering induced by the
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ion beam. This result demonstrates the positive effect of low-energy ion bombardment,
since it induces cleaning of the surface oxide simultaneously to the nitriding. For an ion
energy of 1.6 keV and a current density of 0.2 mA /cm?, which are mainly used in the
present study, the critical partial pressure of oxygen is found to be about 3x10~° Pa.

The mechanism of diffusional transport during ion nitriding of aluminium is investi-
gated by means of a marker layer. For this reason gold atoms with a low concentration are
implanted in a stoichiometric AIN layer, which is grown on bulk aluminium. Then, ion
nitriding is performed and its influence on the position of the marker layer is investigated.

The result shows that the gold layer is shifted in direction of the bulk due to the nitriding.
Additionally, it has been proved that the gold atoms do not diffuse themselves due to the
high process temperature. Therefore, it is concluded that the diffusional transport during
nitriding of aluminium is dominated by the diffusion of aluminium rather than nitrogen.
This mechanism is confirmed by applying an isotope sequence technique. Ion nitriding of
aluminium is performed with 4N and *N isotopes and their location in depth is inves-
tigated. The obtained results reveal that the formation of AIN takes place close to the
surface with the nitrogen being deposited there by the ion beam and the aluminium being
provided by diffusion from the underlying bulk through the nitride, which is formed be-
fore. This phenomenon of found out for the first time in the present study. It is opposite
to the commonly accepted opinion that during nitriding of aluminium the nitrogen atoms
diffuse in direction of the bulk.

The growth kinetics of the nitride layer is investigated during ion nitriding of alu-
minium at an ion energy of 1.6 keV and ion current density of 0.2 mA /em? for temper-
atures of 250 °C, 300 °C, 350 °C and 400 °C. Two regimes of nitride layer growth are
distinguished. First, in the beginning of the process, the nitride layer grows linearly in
time with the same growth rate for all temperatures. In this regime the nitride layer
growth is controlled by the rate of nitrogen delivery from the ion beam reduced due to
sputtering. Second, after a certain nitriding time, which depends on the substrate tem-
perature, the nitride layer thickness transforms into a nearly square root function of time.
This reveals that in the second regime the rate of aluminium diffusion is lower than the
rate of nitrogen supply and therefore it plays the a limited role for the nitriding kinetic.
The two regimes are characterised as a function of process parameters, which provides a
key for achieving control over the aluminium jon nitriding process. A modelling approach
results in determination of a diffusion activation energy of 1.1 eV and diffusion coefficients
of aluminium in AIN, which are between 2.8x107** cm?/s and 6.4x107'* em?®/s for the
temperature range from 250 °C to 400 °C.

An investigation of nitrogen incorporation and loss during ion nitriding of aluminium
is performed. For the linear regime of nitride layer growth the loss of nitrogen is deter-
mined quantitatively by considering the ion beam composition and the measured amount
of incorporated nitrogen. Dynarmic binary collision simulations are performed to estimate
the sputtering and backscattering yields of nitrogen. For an ion energy of 1.6 keV the
sputtering yield of nitrogen is calculated to be 0.36, while the fraction of backscattered
nitrogen is found to be about 4 % of the incident fluence. This result is in reasonably
good agreement with the experimentally determined loss of nitrogen (within 20 %) for two
current densities of 0.1 mA /em? and 0.2 mA/cm?®. Experiments at different ion energies
varied from 0.4 keV to 2.4 keV and a current density of 0.2 mA/cm? are also carried out.
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Again, the estimated sputtering and backscattering yields are close to the experimental
results, except for the two lowest energies of 0.4 keV and 0.6 keV. The contribution of neu-
trals (N2 molecules and N atoms) to the incorporation of nitrogen because of adsorption
is found to be negligible. Consequently, it is concluded that in the linear growth regime
the mechanism of nitrogen incorporation and loss is mainly defined by the ion-solid state
interaction. In the diffusional controlled regime the nitrogen loss is found to be higher
than that in the linear one. In this regime more nitrogen than aluminium atoms are
delivered to the near surface region, where the AIN formation takes place. The nitrogen,
which is in over-stoichiometric concentration diffuses to the gas phase, giving rise to loss
of nitrogen. The sputtered rate of aluminium in the diffusional controlled regime for ion
energy of 1.6 keV and current density of 0.2 mA /em? is investigated too. It is determined
by the deviation from the parabolic law and it is found to be 3.4x10™ at/cm?s. The
binary collision simulations result in 3.8x10* at/cm?®s sputtering rate of aluminium.

An investigation of phase formation and structure of the nitride layers is performed.
It shows that, the hexagonal AIN without significant texture is the main crystallographic
phase formed as a result of the ion nitriding of aluminium. A small content of a metastable
f.c.c. AIN phase is also observed. It is found to be present in the nitride layer near to the
interface with aluminium and has a preferred orientation related to that of the aluminium
substrate. The aluminium nitride layers have a nano-crystalline structure. Investigation
of the average size of the the hexagonal structured crystallites shows that it increases from
4 nm up to 10 nm by increasing the nitriding time from 20 min to 60 min respectively.
The effect of annealing on the grain growth is found to be small.

A characterisation of the obtained nitride layers in terms of stoichiometry, atomic
density, surface morphology as well as electrical and tribological properties is performed.
The layers grown by ion nitriding of aluminium have a concentration close to the sto-
ichiometric AIN. The amount of oxygen in the layers is negligible low (less than 2 at.
%). No contamination of other elements is observed. This result fulfils one of the re-
quirements for surface modification of aluminium. However, density and morphology
of the obtained nitride layer are not very satisfactory. An atomic density of 7.5x10%
at/cm? is determined, which is about 20 % lower than the standard value of AIN. The
surface of the nitride layers is rough and after a nitriding time of about 60 min cracking
and partly delamination of the layer occurs. The spalled parts peel off or get sputtered,
which limits the thickness of the nitride layer. The maximum thickness achieved by ion
nitriding of pure aluminium is about 1 pym. An investigation of the macroscopic and
microscopic strains in nitride layers with different thickness is performed by XRD, since
the delamination suggests high stress in the layers. The measured macroscopic strains
are lower than 1 %. The microscopic strains are determined to be hetween 0.3 9% and
1.7 %. These results provide evidence for the stress in the nitride layer but a clear con-
clusion from the obtained results cannot be made, since the measurements are strongly
affected by the local morphology. The analysis of the electrical properties demonstrates
the dielectric character of the nitride layers. However, the electrical characteristies of the
layers are also influenced by defects such as cracks and grain boundaries. The investi-
gation of the tribological properties shows an improvement of the surface hardness and
corrosion resistance as a resulf of the ion nitriding.
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A study of the nitriding kinetic of the alloy AIMgssMn at an ion energy of 1.6 keV, a
current density of 0.2 mA /em? and a substrate temperature of 400 °C for nitriding times
up to 4 h is performed. The results show that the nitride layer grows linearly with time
at the same rate as in the case of pure aluminium. No limitation in thickness is observed.
The layers produced by ion nitriding of AlMgssMn have a different surface morphology
than that of pure aluminium. They are composed by several AIN particles, which arc
homogeneously distributed over the surface and therefore less cracks in the layers are
created. In this context, ion nitriding of AlMg, sMn alloy fulfils better the requirements
for surface modification and therefore it is more appropriate for application purposes.

Considering the above presented results, it can be said that an improved understand-
ing of the mechanism of aluminium ion nitriding is achieved by the present study. The
obtained knowledge of the basic physical phenomena governing nitriding of aluminium and
the influence of different process parameters and experimental conditions allows control
over the formation, growth and properties of the nitride layers produced by ion nitriding
of aluminium. Furthermore, this knowledge can also be applied to describe the mechanism
of aluminium nitriding during PIII. The success in nitriding of aluminium by PIII can be
explained by the influence of the surface oxide layer. Due to the relatively high energies
provided by this method, a large amount of nitrogen is implanted behind the surface
oxide and contributes to the growth of the nitride layer. It is also found that in methods
which use low-energy ions, the ion bombardment can induce cleaning of the oxide surface
simultaneously to the nitriding. Therefore, good vacuum conditions, in particular low
partial pressure of oxygen, which is closely related to the ion energy and current density
are required for the success of the nitriding process. This result can have an impact on the
plasma nitriding in achieving a better reproducibility of the nitride layers. The industrial
relevance of the obtained results has to be considered too. The obtained understanding
of the nitriding process and the quantitative description of nitride layer growth kinetics
as a function of process parameters and conditions could be used as a base to set a ni-
triding process on a large scale. The results obtained in the present study clearly show
the advantage of AlMg,sMn alloy over pure aluminium. However, the ion nitriding is re-
stricted to certain alloys, which do not loose other properties due to the high temperature
treatment. Finally it should be pointed out that the technological application requires
nitride layers with better adhesion, smoother surfaces and higher density than the layers

obtained in the present study. The later can give a direction for further research in the
field of aluminium nitriding.
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